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1 Introduction

1.1 The challenge of water

Water, one of the most abundant molecules, is essential to all life on earth.
Its omnipresence and - at first glance - simple appearance (colorless, odorless,
tasteless) may lead us to believe that we know everything there is to know about
water. However, this is far from true.1,2 Nowadays, theoretical scientists are
able to simulate complex reactions and systems,3–8 nonetheless, predicting the
behaviour of water remains a great challenge.9–11 The main reason why it is so
difficult to compute the behaviour of water is because water forms a hydrogen
bond network.

A hydrogen bond is an interaction between the lone pair of an electronegative
atom, and a hydrogen atom bound to an electronegative atom. This results in
an interaction that is weaker than a covalent bond, but stronger than van der
Waals interactions. In water, this means that the oxygen atom, which has
two lone pairs, is acting as a hydrogen bond acceptor, and the hydrogen is
the hydrogen bond donor. Each water molecule can form four hydrogen bonds

Figure 1.1. Tetrahedral structure of hydrogen bonded water. The hydrogen bonds
are depicted as dotted lines.

11
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12 Introduction 1.2

in total: two donating hydrogen bonds with its two hydrogen atoms, and two
accepted hydrogen bonds with its oxygen lone pairs. This leads to a three-
dimensional hydrogen bond network (Figure1.1). In its ideal configuration,
these four hydrogen bonds have a tetrahedral configuration, as is the case in
ice. In liquid water however, the hydrogen bond network is disordered because it
is dynamic: water molecules are rotating and constantly breaking and forming
new hydrogen bonds on a picosecond timescale.12–14 This thesis presents an
experimental study of the dynamics of water, in of one of the many forms in
which water occurs: in nanostructured aqueous systems.

1.2 Nanostructured aqueous systems

There are many aqueous systems which have structures in the nanometer length-
scale, in which water plays an important role. These systems range from natural
materials, such as lipid bilayers15,16, hydrogels17,18 and even cells2,19, to syn-
thetic materials, including (but not limited to) nanotubes 20–22, metal organic
frameworks23–25, reverse micelles and emulsions26–29. A lot of studies on water
in nanostructured systems are focused on studying water in confinement, so
looking at water molecules that are trapped in nanoconfined spaces. In this
work however, we look at systems where water forms the continuous phase of
nanostructured systems. We focus on two different aqueous nanostructures. We
study water surrounding oil droplets, in the form of oil-in-water emulsions, and
we study the role of water in hydrogels.

1.2.1 Emulsions

Emulsions are either oil droplets dispersed in water, or water droplets dispersed
in a continuous oil phase. Here, we focus on oil-in-water emulsions. Under
normal circumstances, oil and water don not mix, and if one tries to make a
mixture of oil droplets in water, these two components will quickly phase sepa-
rate and form two layers of oil and water. When a surfactant is added to this
mixture the oil droplets get stabilized, which makes it possible to have a mix-
ture of oil droplets in water. Surfactants (schematically shown in Figure 1.2) are
amphiphilic molecules composed of a hydrophilic headgroup and a hydrophobic
tail. When surfactants are dissolved in water, they adsorb at the liquid-water
interface, thereby lowering the surface tension. When surfactants are dissolved
at a concentration above the critical micelle concentration (cmc), the surfac-
tant molecules aggregate into micelles: spherical structures with a hydrophobic
core. Although this core is hydrophobic, it is possible for the surrounding water
molecules to penetrate into this core.30 These micellar structures can be swollen
with oil - which will accumulate inside the hydrophobic core of the aggregate.
Swelling these micelles with oil (often aided by a short chain alcohol as cosur-
factant), leads to the spontaneous formation of micro-emulsions, with droplet
sizes from 10-100 nm. Micro-emulsions are thermodynamically stable emul-
sions, which are formed at very specific compositions involving high surfactant
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surfactant

micelle micro-emulsion

nano-emulsion

Figure 1.2. Overview of studied emulsion systems.
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A B

Figure 1.3. (A) Schematic representation of a hydrogel with interactions. (B) An
example of a responsive hydrogel: hyaluronic acid at pH 1.9 (left) and pH 2.5 (right)

concentrations. Another special class of emulsions are nano-emulsions: these
are not thermodynamically stable, but kinetically stable emulsions. They have
the benefit that they can be prepared with lower surfactant concentration, and
can be prepared with a wide range of compositions. We study the properties of
water in micelles, micro-emulsions and nano-emulsions.

1.2.2 Hydrogels

A hydrogel is a gel, composed of a three-dimensional polymer network, that is
capable to hold over 90% of water. The polymer network is created by crosslinks
between the polymer molecules (see Figure 1.3A). These crosslinks can either be
chemical (in the form of covalent bonds), or physical (through hydrogen bond-
ing, hydrophobic interactions, etc). In this thesis, we study hydrogels that are
responsive to their environment, which is only possible for hydrogels with phys-
ical crosslinks. The first hydrogel that we study is a biomolecular hydrogel of
hyaluronic acid. Hyaluronic acid is a glycosaminoglycan, composed of repeating
disaccharide units, consisting of D-glucuronic acid and N-acetyl-D-glucosamine.
Hyaluronic acid is found in many biological systems as an important part of the
extracellular matrix. The responsive behaviour of hyaluronic acid can take dra-
matic forms: it forms a gel in a narrow pH range around pH 2.5, denoted as
putty state (Figure 1.3B). The second hydrogel that we study is a synthetic,
biomimetic hydrogel: polyisocyanotripeptide (TriPIC). These molecules form
a β-helical backbone, containing side chains of polyethylene glycol. TriPIC
polymer solutions are thermoresponsive and form a gel at temperatures above
50◦. For both hydrogels, we investigate the influence of gel formation on the
molecular-scale dynamics of the water molecules.
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symmetric stretch
~3300 cm-1

antisymmetric stretch
~3500 cm-1

bend
~1600 cm-1

Figure 1.4. The vibrational modes of a water molecule.

1.3 Spectroscopy

We study water in these various nanostructured aqueous materials using vi-
brational infrared spectroscopy. As said, water is a colorless liquid in visible
light. However, water is not transparent to infrared light. Water strongly ab-
sorbs infrared light that is resonant with the vibrations of the water molecule.
The vibrations of the water molecule are depicted in Figure 1.4. The vibra-
tional modes of water, and in particular the stretching modes, are sensitive to
the hydrogen bond strength.12,31,32 This property makes these vibrations good
reporters of their environment. For instance, the OH stretch vibration of ice ab-
sorbs at a lower frequency than the OH stretch vibration liquid water, because
in ice the hydrogen bonds are stronger than in water. The presence of the hy-
drogen bond makes the covalent bond between the hydrogen and oxygen atom
slightly weaker, resulting in a lower resonance frequency. Linear vibrational
spectroscopy gives us information about the average hydrogen-bond strength
and the width of the distribution of hydrogen-bond strengths. Here we want to
study the fluctuations in the hydrogen-bond interactions, in particular in the
orientation of the water molecules in different nanostructured materials. To
this end, we use polarization-resolved pump-probe infrared spectroscopy. In
this technique we employ ultrashort laser pulses to look at ultrafast processes.
We obtain information about the vibrational relaxation dynamics and the re-
orientation dynamics of the water molecules.

1.4 Outline of this thesis

In chapter 2, we describe how we performed our measurements. To give a good
understanding of our polarization-resolved infrared pump-probe experiments,
we start by briefly outlining the theory of linear vibrational spectroscopy, fol-
lowed by a description of nonlinear vibrational pump-probe spectroscopy. We
also show how we generate the required infrared pulses with use frequency
mixing in nonlinear crystals. In the last part of this chapter, we describe the
practical details of the pump-probe setup used throughout this thesis, and we
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16 Introduction 1.4

conclude with a description of the method of data analysis. In chapter 3, we
show how we developed a setup that can operate at high repetition rates (from
1 kHz, as is conventional for these measurements, to 16.7 kHz). We discuss
the benefit of doing measurements at high repetition rates, the practical imple-
mentation of a high repetition rate system, and we show the proof of principle.
We also discuss the sample heating that occurs during high repetition rate
measurements. In chapters 4 and 5, results on water dynamics surrounding oil-
in-water emulsions are shown. Chapter 4 shows our experimental study of the
reorientation dynamics of water surrounding micelles and micro-emulsions. We
show that for these thermodynamically stable systems, the oil molecules in the
inner core of these systems, are completely shielded from the surrounding wa-
ter. In chapter 5, we present results for a similar system, nano-emulsions, with
much bigger droplets. For this system, water molecules do interact with the oil
molecules, however, the amount of interaction does not scale with the amount
of total surface area. In chapters 6 and 7, we show the behaviour of water
in responsive hydrogels. Chapter 6 presents the biological hydrogel hyaluronic
acid. High molecular weight hyaluronic acid shows an interesting pH responsive
behaviour: in aqueous solution, it forms a gel in a very narrow pH range around
pH 2.5. We see that at this pH, less water molecules are immobilized than at pH
values at which the solution is a liquid. We observe the same pH dependence
of the water dynamics for low-molecular weight hyaluronic acid, which does not
form a hydrogel. In chapter 7, we turn to a synthetic, but biocompatible and
biomimetic, hydrogel: polyisocyanotripeptides (TriPIC). Aqueous solutions of
TriPIC are temperature responsive: at temperatures below 50◦C, they are liq-
uid, above that temperature they form a gel. In contrast to hyaluronic acid
hydrogels, we see in this case that that more water molecules are immobilized
when the system forms a gel.

In conclusion, in this thesis we show that materials with similar macroscopic
properties can have very different molecular-scale interactions with water.
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2 Experimental methods

The following chapter describes the experimental methods that were used to
obtain the results presented in this thesis. We first describe the principles of the
experiment, including linear infrared absorption, polarization-resolved infrared
pump-probe spectroscopy and infrared light generation. Second, we describe
the practical implementation of these methods, including the description of the
experimental setup used to obtain the results of this thesis. Lastly, we describe
the data analysis procedure used to model the pump-probe data.

2.1 Experimental principles

2.1.1 Vibrational Spectroscopy

In linear vibrational spectroscopy, we irradiate a sample, with thickness L, with
infrared light with intensity I0 (see Figure 2.1). If the frequency of the light
is in resonance with an excitation of the sample, light is absorbed resulting in
light with intensity I. We measure the transmission T which is defined given
by the Lambert-Beer law:

T =
I(ω)

I0(ω)
= e−σ(ω)CL (2.1)

The attenuation of the incoming light is dependent on the concentration C of
absorbing molecules, the sample thickness L and the absorption cross section
σ(ω). The absorption cross section is an excitation (vibration, electronic exci-
tation) specific parameter, and in chemistry the convention is to use the molar

I0 I

L

Figure 2.1. Schematic representation of linear spectroscopy: Light with intensity I0
is attenuated by passing through a sample with thickness L, resulting in light with
intensity I.

19
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Figure 2.2. (A) Schematic representation of vibrational excitation. (B) Spectrum
resulting from vibrational excitation.

extinction coefficient ε. The absorption cross section is related to the molar
extinction coefficient by

σ = ln(10)
103

NA
ε (2.2)

where NA is Avogadro’s constant. In general, we work with the quantity ab-
sorbance α(ω), which depends linearly on the important parameters

α(ω) = ln(T ) = σ(ω)CL. (2.3)

In practice, when we perform a linear vibrational spectroscopy experiment, we
measure the absorbance of the sample as a function of frequency, as depicted in
Figure 2.2.

Molecular vibrations A non-linear molecule composed of N atoms has
3N − 6 different vibrations, while a linear molecule has 3N − 5 different vibra-
tions. The water molecule as depicted in Figure 2.2, thus has three different
types of vibrations: the symmetric stretch, the antisymmetric stretch and the
bending mode. When a molecule absorbs an amount of energy ∆E, related to
the frequency of the vibration ω, the vibration is excited:

∆E = ~ω (2.4)

Where ~ is the reduced Planck constant. We consider a diatomic molecule,
which has only one vibrational mode. In a simple model, this vibration can
be described classically as a harmonic oscillator. 33 Its motion is described by
Newton’s second law of motion:

F = µ
d2x

dt2
= −kx (2.5)

where µ is the reduced mass of two oscillators with mass m1 and m2

µ =
m1m2

m1 +m2
. (2.6)

A solution to the differential equation in equation 2.5 is

x(t) = A cos(ωt) (2.7)
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2.1 Experimental methods 21

where the frequency of the oscillation ω is defined as

ω =
√
k/µ. (2.8)

The frequency ω thus depends on the reduced mass of the vibration and the
spring constant. The total energy of the system is described by the sum of the
kinetic energy and the potential energy:

E =
p2

2µ
+

1

2
kx2, (2.9)

where the first term is the kinetic energy, dependent on the momentum p and the
reduced mass, and the second term is the potential energy which is quadratic in
the vibrational coordinate x in the case of a harmonic oscillator. For molecular
vibrations we need to consider the fact that the energy levels are quantized,
which we cannot describe with our classical model. To take this quantization
into account, we use a quantum mechanical description of system. The system
has the following Hamiltonian:

Ĥ0 =
p̂2

2µ
+

1

2
kx̂2 (2.10)

with p̂ and x̂ as the momentum and position operators. It can be seen that
the energy is still the sum of the kinetic and the potential energy as in the
classical case. The energy levels of the oscillator can be calculated by solving
the time-independent Schrödinger equation

Ĥ0ψ = Eψ (2.11)

Leading to the energy of the different levels:

Ev =

(
v +

1

2

)
~ω0 (2.12)

where v is the quantum number and ω0 the resonance frequency. This describes
the system without an external perturbation. When irradiating the system
with light, as we do in our spectroscopic experiment, we perturb the molecular
system. This allows the system to go from one vibrational state to another
vibrational state. The Hamiltonian of the perturbed system is 34

Ĥ(t) = Ĥ0 + V̂ (t) (2.13)

where V̂ (t) is a time-dependent perturbation. The transitions between the levels
can be described by solving the time-dependent Schrödinger equation 34

Ĥ(t)Ψ = i~
∂Ψ

∂t
. (2.14)

For a small perturbation, the transition rate Rab (for a transition from state |a〉
to state |b〉 is given by Fermi’s golden rule:

Rab =
π

2~2
|〈b|V̂ (t)|a〉|2(δ(ωab − ω) + δ(ωab + ω)) (2.15)
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22 Experimental methods 2.1

The time-dependent perturbation is defined as

V̂ (t) = −~̂µ · ~E(t) = −~̂µ · ~E0 cos(ωt) (2.16)

where ~̂µ is the dipole moment operator. Substituting V̂ (t) in equation 2.15 with
equation 2.16 results in

Rab =
π

2~2
|E0|2 cos2(θ)(δ(ωab − ω) + δ(ωab + ω))|〈b|µ̂|a〉|2, (2.17)

Where θ is the angle between the electric field ~E(t) and the transition dipole
moment 〈b|µ̂|a〉. From this equation, it follows that the rate of transition is
highest when the polarization of the light is polarized in the same direction
of the dipole moment, since the transition rate is proportional to cos2 θ. This
phenomenon forms the background to polarization-resolved pump-probe spec-
troscopy, which is explained in the next section. The states 〈b| and |a〉 represent
wavefunctions in all degrees of freedom, including the electronic degrees of free-
dom. For a vibrational transtion, both 〈b| and |a〉 represent the same electronic
state, usually the electronic ground state. Integrating out all coordinates, ex-
cept the wavefunctions in the vibrational coordinate x, the dipole operator ~̂µ
can be written as:

~̂µ = ~µ0 + x̂
∂~µ

∂x
, (2.18)

where ~µ0 is the expectation value of the dipole operator. Substituting equation
2.18 into 2.17 results in

Rab =
π

2~2
|E0|2 cos2(θ)

(
∂~µ

∂x

)2

(δ(ωab − ω) + δ(ωab + ω))|〈b|x̂|a〉|2, (2.19)

where the states 〈b| and |a〉 now only represent the vibrational wavefunctions in

the vibrational coordinate x. From the term
(
∂~µ
∂x

)2
it follows that the vibration

can only be excited by the light if the transition dipole changes during the
vibration, only in that case the vibration is infrared active. The transition
can only take place when the frequency of the interacting light matches the
transition frequency because of the delta function (δ(ωab − ω) + δ(ωab + ω)).

Molecular vibrations are coupled to each other, leading to a nonlinear re-
lation between the displacement and the restoring force. This means that in
reality vibrations are anharmonic. The description of the quantum anharmonic
oscillator is out of the scope of this short introduction, and can be found else-
where33–36. The most important outcome of the description of the anharmonic
oscillator is that the different energy levels are not equidistant.

2.1.2 Pump-probe spectroscopy

Linear vibrational spectroscopy provides us with information about the prop-
erties of molecules in equilibrium. With pump-probe spectroscopy, we can
measure the dynamics of vibrational relaxation, by putting the system out of
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I0 I

Figure 2.3. Schematic representation of pump-probe spectroscopy: Intense laser
light is used as a pump to excite molecules in the sample, and the resulting absorption
changes are measured using a second, weaker laser pulse, denoted as the probe.

equilibrium. In addition, pump-probe spectroscopy can be used to probe the
molecular reorientation. In pump-probe spectroscopy, we first excite our sam-
ple with an intense pump pulse, and then we probe the resulting absorption
changes with a weaker probe pulse (see Figure 2.3). The measured quantity is
∆α, the difference between the absorbance with and without pump:

∆α(ω, t) = α(ω, t)− α0(ω) (2.20)

Figure 2.4B shows an example of absorbance spectra without (α0(ω)) and with
(α(ω, t)) pump excitation, and Figure 2.4C shows the resulting difference spec-
trum. The absorbance spectrum without pump gives us a similar result as the
linear infrared experiment discussed in the previous section. However, if we
first excite part of the molecules with a pump pulse, the resulting absorbance
spectrum looks different: we observe a decrease in absorbance of the original
peak at ω01, and a new peak at lower frequency ω12. In the difference spectrum
we will thus observe a negative signal at ω01, which we call the bleaching signal,
and a positive signal at ω12, an induced absorption. The absorbance without
pump pulse is given by equation 2.3

α0(ω) = σ01(ω)N0 (2.21)

where N0 = CL. With pump excitation, multiple processes take place. The
pump pulse excites a part of the molecules from the ground state to the first vi-
brationally excited state. When we probe the pumped system, there will be less
molecules in the ground state, resulting in a smaller absorption. This process is
called ground-state depletion. A second process leading to decreased absorption
is stimulated emission from the excited state. The molecules that are excited
by the pump to the first vibrationally excited state can be further excited to
the second vibrationally excited state, leading to an increased absorption at the
frequency of the 1 to 2 transition, which is called the excited state absorption.
The absorbance in the presence of the pump pulse can thus be described as:

α(ω, t) = σ01(ω)(N0 − 2N1(t)) + σ12(ω)N1(t). (2.22)

Combining equations 2.21 and 2.22 leads to

∆α(ω, t) = −2σ01(ω)N1(t) + σ12(ω)N1(t). (2.23)
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Figure 2.4. Pump-probe process. (A) Energy diagram of the pump-probe experi-
ment. (B) Absorbance spectrum with and without pump excitation. (C) Pump-probe
differential absorption spectrum at t=0. (D) Pump-probe differential absorption spec-
trum at different delay times.

The excitation by the pump pulse is short living, and the excited molecules will
relax back to the ground state. We can measure the rate of the vibrational
relaxation by varying the time delay between pump and probe. As shown in
Figure 2.4D, when we measure the difference absorption difference at different
delay times, ∆α(ω, t) decays with increasing time delay. In the simplest case,
where a molecule relaxes exponentially from the excited state to the ground
state, the vibrational relaxation takes place according to

N1(t) = N1(0)e−t/T1 (2.24)

where T1 is the vibrational relaxation time.

Polarization-resolved infrared pump-probe spectroscopy We
showed in equation 2.17 that the excitation of the molecule is most effi-
cient when the transition dipole moment of the molecule is parallel to the
polarization direction of the excitating light, following a cos2(θ) dependence.
In polarization-resolved pump-probe spectroscopy we use this polarization
dependence of the excitation efficiency to follow the reorientation of molecules.
The principle of the polarization-resolved pump-probe experiment is illustrated
in Figure 2.5. Figure 2.5A shows the sample (in this example HDO molecules
in water) in equilibrium. The molecules are randomly oriented. Figure 2.5B
shows the excitation with the linearly polarized pump pulse and the preferential
excitation of the molecules that have their transition dipole moment parallel to
the polarization of the light. Subsequently, we measure the induced absorption
changes with probing pulses with polarization directions that are parallel and
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Figure 2.5. Illustration of the polarization-resolved infrared pump-probe experiment.
The displayed molecules represent HDO molecules. (A) In equilibrium molecules are
randomly oriented, their transition dipole moment is depicted with a grey arrow. (B)
A linearly polarized pump pulse that is in resonance with the OD stretch vibration,
excites the molecules that have their transition dipole moment aligned parallel to the
pump polarization direction most efficiently (white arrows). (C) After the pump exci-
tation, the absorption changes are probed with a second laser pulse, polarized either
parallel or perpendicular to the pump polarization. (D) the absorption differences
∆α‖ and ∆α⊥ as a function of delay time between pump and probe. From these
two signals, the isotropic absorption change ∆αiso is calculated. (E) The anisotropy
parameter R as a function of delay time between pump and probe.
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perpendicular to the polarization direction of the pump pulse. Directly after the
pump excitation, the measured absorption change will be larger for the parallel
probe (∆α‖(ω, t)), than for the perpendicular probe (∆α⊥(ω, t)). When the
delay time between pump and probe is increased, ∆α‖(ω, t) and ∆α⊥(ω, t)
change because of two processes: the signal decreases due to vibrational re-
laxation, as explained in the previous section, and the difference between the
two signals decreases because of molecular reorientation. Using ∆α‖(ω, t) and
∆α⊥(ω, t), we are able to construct the isotropic transient absorption ∆αiso,
which is independent of the reorientation of the molecules (Figure 2.5D) 37

∆αiso =
1

3
(∆α‖(ω, t) + 2∆α⊥(ω, t)) (2.25)

where the factor of 2 for ∆α⊥ results from the fact that in three-dimensional
space, there are two directions perpendicular to the pump polarization. We
can also construct the anisotropy parameter R, which is independent of the
vibrational relaxation (Figure 2.5E)37,38. The anisotropy is the difference be-
tween the absorption signal in parallel direction and the signal in perpendicular
direction, normalized by the isotropic signal:

R =
∆α‖(ω, t)−∆α⊥(ω, t)

∆α‖(ω, t) + 2∆α⊥(ω, t)
. (2.26)

The dynamics of the anisotropy represents the reorientation dynamics of the
studied molecule.39,40 In this thesis, we use the anisotropy to investigate the
reorientation of HDO molecules in different environments.

2.1.3 Infrared pulse generation

In our pump-probe experiments, we use intense ultrashort infrared light pulses.
As such pulses are not directly available from a laser, we make use of optical
frequency-conversion processes to create these pulses from a near-infrared laser.
At low light intensities, the polarization P induced by light depends linearly on
the electric field E:

P (1)(t) = ε0χ
(1)E(t) (2.27)

where ε0 is the vacuum permittivity and the constant χ(1) is the linear suscep-
tibility. However, in the case of nonlinear light-matter interactions, the induced
polarization can be described with a power series of the electric field:

P (t) = ε0(χ(1)E(t) + χ(2)E2(t) + χ(3)E3(t) + ...)

= P (1)(t) + P (2)(t) + P (3)(t) + ...
(2.28)

where χ(2) is the second order nonlinear susceptibility, and χ(3) the third order
nonlinear susceptibility. In equations 2.27 and 2.28 we assume the light to be far
from resonances of the medium, contrary to the resonant interactions described
in the previous section. We consider the interaction of two electric fields, E1
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and E2, with frequencies ω1 and ω2, interacting with a material with non-zero
χ(2). The total electric field can be described as:

E(t) = E1e
−iω1t + E2e

−iω2t + c.c. (2.29)

The resulting second-order nonlinear polarization response is:

P (2)(t) = ε0χ
(2)E2(t) (2.30)

When we substitute the electric field, we obtain the various components of the
nonlinear polarization, each representing a specific frequency-conversion pro-
cess41:

P (2)(t) = ε0χ
(2)(E2

1(e−i2ω1t + ei2ω1t) (SHG)

+ E2
2(e−i2ω2t + ei2ω2t) (SHG)

+ 2E1 · E2(e−i(ω1+ω2)t + ei(ω1+ω2)t) (SFG)

+ 2E1 · E2(e−i(ω1−ω2)t + ei(ω1−ω2)t) (DFG)

+ 2(E2
1 + E2

2)) (OR)

(2.31)

The nonlinear processes are displayed visually in Figure 2.6. The terms in-
cluded in the second-order nonlinear response are second harmonic generation
(frequency doubling, SHG), sum frequency generation (SFG), difference fre-
quency generation (DFG) and optical rectification (OR).

Phase matching As shown in equation 2.31, the nonlinear response contains
multiple conversion processes. However, usually the nonlinear susceptibility of
a material is low. To increase the efficiency of a particular nonlinear process,
we need the conversion to be constructive over a long interaction length. The
spatial variation of the propagating fields in equation 2.29 is given by eik1x and

eik2x, where ki is the wavevector ki(ω) = ni(ωi)ωi
c , where ni is the refractive

index at frequency ωi and c the speed of light. For the DFG process:

ω3 = ω1 − ω2 (2.32)

phase matching is achieved when:

n3ω3 = n1ω1 − n2ω2 (2.33)

To fulfill the phase matching condition, we use a nonlinear birefringent material
for frequency mixing. In birefringent materials, the refractive index is dependent
on the polarization direction. By choosing the polarizations of the interacting
beams and the orientation of the birefringent medium, phase matching can be
achieved. We achieve phase matching using angle tuning of the birefringent
crystal. For light that is polarized perpendicular to the optical axis of the
crystal the refractive index is the ordinary refractive index n0. Light polarized
in the direction of the optical axis, the generated field in the frequency mixing
process, experiences the extraordinary refractive index n0(θ)

1

n2e(θ)
=

cos2 θ

n2o
+

sin2 θ

n2e
, (2.34)
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A

C

B

SHG

SFG

DFG

Figure 2.6. Second-order frequency conversion processes described by equation 2.31
for (A) second harmonic generation (SHG), (B) sum frequency generation (SFG) and
(C) difference frequency generation (DFG). The left side shows the geometry of the
interaction, the right side an energy-level description of the interaction.

in which θ is the angle of the incoming beam with respect to the optical axis.
The dependence of ne on the crystal angle allows us to fulfill the phase matching
by turning the crystal angle.

Optical parametric amplification For the generation of intense infrared
laser pulses, we use optical parametric amplification (OPA), which is a frequency
conversion process that is highly similar to difference frequency generation. In
optical parametric amplification, a weak pulse which we call the seed, with
frequency ωs is amplified by an intense light beam with frequency ωp. This
pump beam amplifies the seed, and a new beam with frequency ωi is created,
under the condition ωi = ωp − ωs. The amplified seed is called the signal, and
the newly created beam is called the idler.
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First amplifica�on stage Second amplifica�on stage Third amplifica�on stage

From Pharos

1030 nm

SHG

BBO

WLG

515 nm

Signal 680-850 nm

Signal 680-850 nm

Signal 1350-2060 nm

Idler 1350-2060 nm

Idler 1350-2060 nm

Idler 2060-4500 nm

BBO

Residual fundamental 1030 nm

BBO KTA

Figure 2.7. Schematic overview of generation of mid-infrared pulses. SHG: second
harmonic generation. WLG: white light generation. BBO: β-barium borate crystal.
KTA: potassium titanyle arsenate crystal.

2.2 Practical implementation

2.2.1 Pulse generation

In our experiments, we use pump and probe pulses centered at 2500 cm−1.
These pulses are created by frequency conversion of the output of a Yb:KGW
(ytterbium doped potassium gadolinium tungstate) based laser system (Pharos,
Light Conversion) using a tunable OPA (Orpheus-ONE-HP, Light Conversion).
A schematic overview of the pulse generation scheme is depicted in Figure 2.7.
The laser produces 400 µJ pulses, with a wavelength of 1030 nm and a pulse
duration of ∼400 femtoseconds, at a maximum repetition rate of 50 kHz. Using
a pulse picker we select the desired repetition rate. Part of the light is used to
generate white light in a white light generation medium (WLG), and part of
the light is used for second harmonic generation (SHG). In the first frequency
conversion step, white light is parametrically amplified in a BBO crystal, being
pumped by the second harmonic light (515 nm), resulting in tunable signal (680-
850 nm) and idler pulses (1350-2060 nm). In the second frequency conversion
step, the signal and idler pulses are amplified in a second BBO crystal, using
again second harmonic light (515 nm) as the pump. Subsequently the idler
pulses are used as an input seed (please note: now the idler is used as a seed
and will become the signal) in a third OPA process in a KTA crystal that is
pumped with part of the fundamental output of the pump laser at 1030 nm.
This OPA process results in a strong signal pulse (1350-2060 nm) and a new
idler (2060-4500 nm) pulse. By using a wavelength separator, we select the
idler pulse for our pump-probe experiment. With this method we generated
idler pulses at 4000 nm (2500 cm−1) with an energy of 12 µJ, a bandwidth of
100 cm−1, and a pulse duration of 200 fs.
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Figure 2.8. Pump-probe setup. L: lens. BS: ZnSe wedge beamsplitter. P: Polarizer.
W: Wobbler. λ/2: Half wave plate. S: Sample. R: Rotating polarizer.

2.2.2 One-color polarization-resolved infrared pump-
probe setup

Figure 2.8 shows the overview of the pump-probe setup. After the generation,
the 2500 cm−1 pulses are sent through a CaF2 lens to collimate the beam, before
splitting the pulses using a ZnSe wedge beamsplitter. The transmitted beam
is the pump pulse, and the reflected beam is split into a probe and reference
beam. In the reference path, an extra beamsplitter is placed to enable an
independent measurement of the power of the light for calibration purposes.
The polarizations of the probe and reference beam are cleaned up using a wire
grid polarizer. The pump beam passes over a motorized delay stage, which
enables the time delay between pump and probe pulses, and is then passed
through a chopper that blocks every other pulse. After the chopper, the beam is
guided through a wobbler, which allows us to suppress the effects of interference
of scattered pump light with the probe light. A λ/2 plate was used to rotate
the pump polarization 45◦ with respect to the polarization of the probe and the
reference pulse. All three beams, pump probe and reference are then directed
on a gold-coated parabolic mirror (90◦C f=150 mm), which focuses the beams
in the sample. The pump and probe are spatially overlapped in the sample, and
the reference has a small spatial offset with respect to these beams. After the
sample, the pump beam is blocked and a rotating polarizer selects probe and
reference pulses that are either polarized parallel or perpendicular with respect
to the pump polarization. The probe and reference beam are subsequently
collimated using a second parabolic mirror, and focused into a spectrograph
that disperses the beams, after which the two beams are detected with two
rows of a 3x32 pixel mercury-cadmium-telluride array detector (MCT, Infrared
associates). The details of the detection of the signals and the electronics of the
pump-probe setup are presented in chapter 3.
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2.2.3 Samples

In the pump-probe measurements presented in this thesis, we pump and probe
the OD stretch vibration of HDO molecules in H2O. We prepare isotopically
diluted water by mixing 4% D2O with 96% H2O, resulting in an 8% HDO in
water mixture. Studying the OD stretch vibration of isotopically diluted water
has several advantages compared to studying the OH stretch vibrations in pure
water.

• In H2O, the OH stretch vibrations are strongly mixed which results in sym-
metric and antisymmetric stretching modes with a small frequency differ-
ence. In HDO, the OD and OH stretch modes are isolated vibrations that
absorb at quite different frequencies.

• In pure H2O, the excitation of the OH stretch vibration is delocalized be-
cause of intermolecular dipole-dipole coupling. This interaction strongly
depends on the distance between the interacting oscillators. By keeping the
concentration of OD oscillators low, the effects of dipole-dipole coupling of
OD vibrations can be minimized, so that an excited OD stretch vibration
stays quite well localized.42

• OH and OD stretch vibration absorb strongly. By isotopical dilution, we
keep the concentration of the studied oscillators low, allowing us to use
a practical sample thickness (10-100 µm). The low concentration of OD
stretch vibrations also strongly reduces the heating of the sample following
the vibrational relaxation.

• The measurement of the reorientation of the water molecules via the
anisotropy of the excitation is only possible over the time that the vibrations
remain excited to a certain minimal degree. The OD stretch vibration has
a longer vibrational lifetime than the OH stretch vibration, thus allowing
us to study reorientation processes over much longer timescales. By using
isotopically diluted water, the majority of the sample is still H2O, so our
results are reflecting the molecular dynamics of water. 43–46

The samples are measured within a circular stainless-steel sample cell. In this
sample cell, the sample is applied between two CaF2 windows (25 mm ∅, 2
mm thickness, Crystran Ltd), and separated by a Teflon spacer (10 to 100
µm). To perform temperature-dependent measurements, we mounted the sam-
ple cell into a temperature-controlled sample holder. A control unit (TE Tech-
nology) controls the temperature using a Peltier element and a thermocouple
attached to the sample cell for active feedback. In some of the experiments,
the temperature-controlled sample holder was mounted on a rotating sample
holder, which prevents local heating of the sample.

Emulsions In this thesis we describe different types of emulsion systems:
micelles (technically not an emulsion), micro-emulsions and nano-emulsions.
Micelles and micro-emulsions are thermodynamically stable systems, and form
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spontaneously. We prepare micelles by dissolving surfactants into isotopically
diluted water. When dissolved at a concentration above the critical micelle con-
centration (CMC), micelles form spontaneously. Micro-emulsions contain not
only surfactants and water but also a hydrophobic liquid (oil). Micro-emulsions
can be formed by first dissolving the surfactants in (isotopically diluted) water,
followed by the addition of oil to the solution. Most micro-emulsions require a
co-surfactant (usually an alcohol) to form, but by carefully choosing the surfac-
tant we were able to prepare micro-emulsions without cosurfactant. Whether
oil-in-water or water-in-oil droplets are formed, can be checked by diluting the
micro-emulsion with oil or water. The emulsion can easily be diluted with the
continuous phase of the emulsion, but will phase separate when diluted with
the dispersed phase.

Nano-emulsions are not thermodynamically stable, and are thus prepared in
a different way. For the preparation of nano-emulsions, we first prepare a macro-
emulsion by mixing surfactant, oil and water. After macroemulsion formation,
the solution is processed through an impinging jet mixer. By processing the
emulsion at different pressures, different droplet sizes are obtained. For the
nano-emulsions, the isotopic dilution is created after nano-emulsion formation,
by adding the desired amount of D2O to the nano-emulsion.

Hydrogels We study two different hydrogels: hydrogels from hyaluronic acid
and hydrogels from polyisocyanotripeptides (TriPIC). Both of these hydrogels
are highly responsive to their environment: aqueous hyaluronic acid solutions
form a hydrogel around a pH of 2.5, aqueous TriPIC solutions form a hydrogel
at temperatures above 50◦C. Both hydrogels are prepared by dissolving the
polymer in the form of a powder into isotopically diluted water. For hyaluronic
acid, the pH was adjusted after dissolving the powder completely. The solutions
were stored at 4◦C. For TriPIC solutions, the solution was prepared at 4◦C. It
was possible to recycle the TriPIC solutions by freeze-drying the solutions, and
dissolving the remaining powder again. TriPIC solutions were stored at -20◦C.

2.3 Data analysis

As stated in section 2.1.2, the isotropic transient absorption spectrum, ∆αiso,
reflects the vibrational relaxation dynamics of the excited oscillators. In the
most simple case, all oscillators are excited to the same state and relax directly
back to the ground state, as depicted in Figure 2.4. However, relaxation dy-
namics are often more complicated than this simple case: relaxation can occur
via different intermediate states, multiple vibrational species can be excited,
and the excitation energy can be converted into a long living heating signal.
For instance, if we look at the isotropic spectrum of 4% D2O in H2O in Figure
2.9, we observe that at long time delays, the spectrum does not decay to zero,
but shows the spectral signature of a heated ground state. 39 The total observed
anisotropy Rtotal is the average of the anisotropies of the individual components
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Figure 2.9. Isotropic transient absorption change of the OD stretch vibration of
HDO molecules in isotopically diluted water, at different delay times. The grey arrow
indicates the shift of the spectrum resulting from sample heating.

Ri, weighed by their amplitude ∆αi:

Rtotal =

∑
i ∆αi ·Ri∑
i ∆αi

(2.35)

To distinguish the anisotropy dynamics of the different oscillators, without the
influence of other contributions, we perform a kinetic modeling of the tran-
sient isotropic spectrum.47 After this, we are able to fit the anisotropy decay
distinguishing the different contributions.

2.3.1 Kinetic modelling

The transient absorption spectrum can be decomposed in spectral components.
Each component has its own spectral signature σi, and a time dependent pop-
ulation Ni(t). The transient absorption is described as:

∆αmdl(t, ω) =
∑
i

Ni(t) · σi(ω) (2.36)

For the vibrational relaxation of the OD stretch vibration, we find that this
can be best described by a cascade relaxation model, depicted in Figure 2.10.
In this model, the excited vibration relaxes from the first vibrationally excited
state (1) via an intermediate state (0*) to a heated ground state (0’). The
populations of these states, N1, N∗0 and N ′0 can be described by:

d

dt

N1(t)
N∗0 (t)
N ′0(t)

 =

−k1 0 0
+k1 −k∗ 0

0 +k∗ 0

N1(t)
N∗0 (t)
N ′0(t)

 (2.37)

Where k1 is the vibrational relaxation rate of the OD stretch vibration, and k∗

the thermalization rate. Solving these differential equations yields the following
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Figure 2.10. Kinetic model used to describe a relaxation process with delayed in-
growing heating. The excitation of a population N1 and spectral signature σ1 decays
from the excited state 1 with a relaxation rate of k1 to an intermediate state 0∗. Sub-
sequently, the population N∗0 decays to the heated ground state 0′ with relaxation
rate k∗, resulting in a population N ′0.

solutions for the populations:

N1(t) = N1(0)e−k1t

N∗0 (t) = N1(0)
k1

k∗ − k1
(e−k1t − e−k

∗t)

N ′0(t) = N1(0)

(
k1

k∗ − k1
e−k

∗t − k∗

k∗ − k1
e−k1t

) (2.38)

Combining equations 2.36 and 2.38, we obtain the description of the transient
signal:

∆αmdl(t, ω) =σ1(ω)N1(0)e−k1t

+ σ∗(ω)N1(0)
k1

k∗ − k1
(e−k1t − e−k

∗t)

+ σ′(ω)N1(0)

(
k1

k∗ − k1
e−k

∗t − k∗

k∗ − k1
e−k1t

) (2.39)

In the case of vibrational relaxation of the OD stretch vibration in isotopically
diluted water, the intermediate state has no spectral signature, which implies
that the absorption spectrum from this state is the same as from the ground
state. In the case of the relaxation of the OD vibration in isotopically diluted
water, the intermediate state thus primarily serves to delay the rise of the
response of the heated ground state. The spectral signature of the heated ground
state, σ′, is equal to the transient spectrum at long delay times (t>15 ps).

In our fitting routine, we find the best fit to the model by minimizing the
error-weighted square error, which is the difference between the measured tran-
sient spectrum ∆α(t, ω) and the model ∆αmdl(t, ω), divided by the standard
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deviation ε(t, ω) of the measured spectrum.

χ2 =

∫∫ (
∆α(t, ω)−∆αmdl(t, ω)

ε(t, ω)

)2

dtdω (2.40)

We minimize χ2 numerically by varying the relaxation rates k:

χ2(k) =

∫∫ (
∆α(t, ω)−

∑
iNi(k, t) · σi(ω)

ε(t, ω)

)2

dtdω (2.41)

The best fitting spectra are obtained by finding the minimum of χ2 with respect
to the spectral signatures σi at the measured frequency ωj :

d

d∀σi(ωj)

∫ (
∆α(t, ωj)−

∑
iNi(k, t) · σi(ωj)

ε(t, ωj)

)2

dt = 0 (2.42)

Using the calculated spectra, and the guessed k values, χ2 is calculated. The k
values are varied (followed by the calculation of the spectra), until a minimum
χ2 is found.

2.3.2 Anisotropy dynamics

The kinetic modeling yields the spectral signatures and time dependent popu-
lations of the different spectral components contributing to the transient spec-
trum. Using these results, the anisotropy dynamics of the excited vibrations
can be distinguished, i.e. the total anisotropy can be corrected for the heating
contribution to the transient absorption. The transient absorption signal due
to sample heating is usually isotropic, meaning that it is equal in the parallel
and perpendicular probed signal. If the heating contribution is not subtracted,
the anisotropy dynamics do not reflect the reorientation of the excited oscilla-
tors. We subtract the heating signal from both the parallel and perpendicular
probing signal to obtaining the pure signal of the excited oscillator only:

∆α‖,pure(t, ω) = ∆α‖(t, ω)−N ′0(t)σ′(ω) (2.43)

∆α⊥,pure(t, ω) = ∆α⊥(t, ω)−N ′0(t)σ′(ω) (2.44)

From these signals, the anisotropy is calculated:

R(ω, t) =
∆α‖,pure(ω, t)−∆α⊥,pure(ω, t)

∆α‖,pure(ω, t) + 2∆α⊥,pure(ω, t)
(2.45)

The resulting anisotropy dynamics is usually fitted to an exponential func-
tion. In the case of neat isotopically diluted water, the anisotropy decay can
be described with a single exponential function, where the time constant re-
flects the reorientation time of the reorientation of the water hydroxyl groups.
However, in this thesis, we study the reorientation dynamics of water in nanos-
tructured systems, and we find that in that case the anisotropy decay can best
be described with an exponential decay with an offset:

R = R0e
−t/τr +Rslow (2.46)
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Where the time constant τr is the reorientation time of neat water, which is
attributed to the reorientation of bulk water molecules. The offset Rslow is
attributed to the water molecules that are strongly slowed down in their reori-
entation due to their interaction with the solute.
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3 Towards pump-probe
measurements at high
repetition rate

Within the work of this thesis, the experimental pump-probe setup as described
in 2.2 was adapted to go from a 1 kHz repetition rate system to a 16.7 kHz
repetition rate system. Increasing the repetition rate will allow for more mea-
surements in shorter time, this will lead to an improvement in the signal to
noise ratio (SNR), since the number of measurements and the signal to noise
are related to each other:

SNR ∝
√
n (3.1)

where n is the number of measurements. This chapter explains the practical
implementation of pump-probe measurements at high repetition rate.

3.1 Error calculation

To evaluate the improvement in the pump-probe measurements upon increasing
the repetition rate, we need to compare the errors of measurements at low and
high repetition rate. The following section discusses how the error is defined.
In the pump-probe experiments the intensity of the probe spectrum Iprobe(ν) is
divided by the intensity of the reference spectrum Iref (ν) to obtain the trans-
mission spectrum T (ν):

T (ν) =
Iprobe(ν)

Iref (ν)
(3.2)

In the pump-probe measurement, we measure the change in absorption upon
pump excitation. The absorption change ∆α(ν) is related to the relative change
in transmission:

∆α(ν) = −ln
(
T (ν)

T0(ν)

)
(3.3)

Where T (ν) is the pumped transmission spectrum and T0(ν) is the unpumped
transmission spectrum. T (ν) and T0(ν) are measured on a shot-to-shot basis.
After measuring i shots (with pump), we determine T by performing a linear
least squares fit, which results in:

T (ν) =

∑
i Iprobe,i(ν)Iref,i(ν)∑

i Iref,i(ν)2
(3.4)

37
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38 Towards pump-probe measurements at high repetition rate 3.2

Where the standard deviation σIprobe is:

σIprobe =

√∑
i(Iprobe,i − TIref,i)2

N − 1
(3.5)

And the standard deviation of the transmission is:

σT =
σIprobe√∑
i I

2
ref,i

(3.6)

In the pump-probe experiment we are interested in the standard deviation of
T/T0, which we find by propagating the standard deviation of T and T0:

σT/T0
=

√(
σT
T0

)2

+

(
σT0

T

T 2
0

)2

(3.7)

In the following sections, we will use σT as a measure for the quality of the
experiment, and study the effect of different measurement settings on this pa-
rameter.

3.2 Optimization of triggering timing

To perform pump-probe infrared measurements at high repetition rate, some
practical issues have to be considered. First of all, one needs a laser that
operates at high repetition rates. In our case, we use a Pharos system from
Light Conversion, which produces pulses with a repetition rate of 50 kHz. Using
a built-in pulse picker, we divide the number of pulses by an integer. In the
current setup, we can measure up to 16.7 kHz by setting the pulse picker to
divide the 50 kHz with 3. Secondly, one must be able to detect the infrared
pulses with the same repetition rate, as we wish to measure the signals on a
shot-to-shot basis to obtain an optimal correction for fluctuations in the probe
pulse intensity and spectrum. The infrared pulses are detected with a mercury
cadmium telluride (MCT) detector. The signal is then amplified and integrated
by a boxcar amplifier. The analog signal from the boxcar amplifiers is converted
to a digital signal by the ADC-cards. These ADC-cards must be able to convert
the signal fast and frequent enough to work at high repetition rates.

For the electronics to work optimal, the triggering of the complete pump-
probe setup is vital. Figure 3.1 shows the electronic triggering scheme. The
master trigger pulse from the laser is delayed with time tgate and broadened
with time tgatewidth using pulse generators. This trigger signal controls the
time that the gate of the boxcar amplifiers is open. Another trigger is delayed
with time tADC and starts the readout of the boxcar amplifiers by the ADC-
cards. This readout should start after the integration by the boxcar amplifiers,
thus tADC = tgate + tgatewidth. The boxcar amplifiers are reset using a reset
trigger signal that is given at time treset. The reset signal should be given after
the ADC-cards finished the readout of the boxcar amplifiers, and before the
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Laser trigger
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Figure 3.1. Left: schematic representation of the electronic setup for our pump-probe
experiment. Right: Timing of the triggering signals.

next master trigger pulse. To be able to increase the repetition rate, the reset
pulse should be timed as far as possible before the next master trigger pulse.
The maximum repetition rate of the set-up is limited by 1/(treset + tresetwidth).

Of all these trigger timings, σT and the intensity on the detector are influ-
enced most by the settings of tgate and tgatewidth. Figure 3.2 shows the intensity
and σT as a function of the gate width and gate start position. As shown in
Figure 3.2C and D, We observe that the intensity on the detector increases
with increasing tgatewidth, until a maximum at 1.5 µs, and decreases after that.
However, when the width is increased too much, this also yields more noise,
resulting in a higher σT . The optimal setting for tgatewidth was found to be
1 µs. Figure 3.2A and B show the effect of changing the starting time of the
gate tgate (where 0 is the time of the master trigger from the laser, and the
time refers to the start of the rising edge of the trigger pulse). We find that the
intensity is highest with a start time -100 ns, however, σT is lowest when the
start time is chosen shortly after the master trigger, at 200 ns.

3.3 Proof of principle

In Figure 3.3, we compare a measurement at 1 kHz repetition rate with a mea-
surement at 16.7 kHz. In Figure 3.3A, we plot the intensity at the probe array
versus the intensity at the reference array, for each shot. In these measurements,
we have kept the overall measurement time the same, with 200 shots at 1 kHz
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Figure 3.2. Optimization of the gate timing. (A) Probe intensity as a function of
the gate open starting time. (B) Standard deviation of the transmission as a function
of the gate open starting time. (C) Probe intensity as a function of the gate width
timing. (D) Standard deviation of the transmission as a function of the gate width
timing. In each figure, the red dot resembles the setting that was chosen as optimal.

and 3340 shots at 16.7 kHz. The increase in the number of shots leads to an
improvement of σT and the signal to noise ratio, which we calculate as:

SNR =
T

σT
(3.8)

The improvement in the SNR is ∼3.3, which is a little bit lower than the theo-
retical improvement of

√
16.7 = 4.1.

To asses the influence of the improved signal to noise ratio on pump-probe
experiments, we performed a transient absorption measurement for a solution
of 4% D2O in H2O, where we pump and probe the OD stretch vibration at
2500 cm−1, and measure the anisotropy as described in chapter 2. The results
of this measurement, performed at 1 kHz and 16.7 kHz, are shown in Figure
3.3B. Again, we kept the measurement time equal for both measurements, with
200 shots for each delay point for 1 kHz, and 3340 shots for each delay point at
16.7 kHz. From these data, the advantage of measuring at a higher repetition
rate is evident. The improvement of signal to noise ratio enables us to measure
the anisotropy accurately over longer delay times. However, we also observe a
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Figure 3.3. Effect of the repetition rate on the signal to noise ratio. (A) Intensity of
the probe versus intensity of the reference for individual shots in a low (red) and high
(yellow) repetition rate experiment, with equal measurement times. The black lines
represent T , the linear fit to these points. (B) Anisotropy decay as a function of delay
time for a solution of 4% D2O in H2O at low (red) and high (orange) repetition rate.

change in the decay rate of the anisotropy. This change will be discussed in the
following section.

3.4 Sample heating

As shown in Figure 3.3B, the time constant of the anisotropy decay decreases
upon increasing the repetition rate. To examine the origin of this decreased
time constant, we study the isotropic and anisotropic signals as a function of
the repetition rate. Figure 3.4A shows the spectrum of the ground state bleach
signal at different repetition rates. We observe a clear blueshift of the spectrum
upon increasing the repetition rate. In Figure 3.4B, we show the vibrational
relaxation time and the thermalization time as a function of the repetition
rate. These time constants are obtained from a fit of the data to the kinetic
model described in section 2.2. The thermalization time does not depend on the
repetition rate, while the vibrational relaxation time increases with increasing
repetition. In Figure 3.4C, we show the anisotropy decay time constant as a
function of repetition rate. We extract these time constants from exponential
fits of the measured anisotropy decays. The time constant decreases from 2.4
ps at 1 kHz to 1.8 ps at 16.7 kHz. These three observations all indicate that the
laser pulses induce a long-living heating effect that increases with increasing
repetition rate. As the heating of water leads to a weaker hydrogen-bonded
network, the OD stretch vibration will shift to a higher frequency. The weak-
ening of the hydrogen-bonded water network also leads to longer vibrational
relaxation times and allows water molecules to rotate faster, 48,49 thus explain-
ing the faster decay of the anisotropy with increasing repetition rate. There are
several ways to tackle this problem of laser-induced sample heating. One way
would be to rotate the sample in such a way that each new pump laser shot
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Figure 3.4. (A) Spectral shape of the ground state bleaching signal of the OD stretch
vibration measured for a solution of 4% D2O in H2O at different repetition rates. (B)
Vibrational lifetime (T1) and thermalization time (T*) as a function of the repetition
rate. (C) Anisotropy decay time constant as a function of the repetition rate.

is hitting a new (still cold) part of the sample. Making a sample holder that
rotates fast enough for high repetition rate measurements is not impossible but
certainly a technical challenge. Another, more pragmatic approach, is to cool
the complete sample in such a way that the temperature during the experiment
becomes equal to room temperature. We show the results of this approach in
Figure 3.5, where we show a pump-probe measurement of a solution of 4% D2O
in H2O at 16.7 kHz, cooled down to 9◦C, in comparision to room temperature
measurements at 1 and 16.7 kHz. In Figure 3.5A we show the influence of cool-
ing the sample on the spectral shape of the OD stretch vibration. We see that
the spectral shape of a sample at 9◦C measured at high repetition rate is simi-
lar to the spectral shape of a sample at room temperature measured at 1 kHz.
In Figure 3.5B we show the influence of cooling the sample on the anisotropy
decay. When cooling the sample to 9◦C, the decay time constant is the same as
for 1 kHz room temperature measurements. This shows that cooling down the
sample to compensate the heating resulting from high repetition laser shots is
an effective way to perform high repetition rate pump-probe measurements.
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Figure 3.5. (A) Spectral shape of the ground state bleaching signal of the OD stretch
vibration of a solution of 4% D2O in H2O measured at 1 kHz and 23◦C (red), 16.7
kHz and 23◦C (orange) and at 16.7 kHz and 9◦C (blue). (B) Anisotropy decay as a
function of the delay time at the same conditions.
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4 Structure of micelles and
micro-emulsions

We study the structural properties of dodecyltrimethylammonium bromide
(DTAB) micelles and micro-emulsions by probing the molecular reorientation
of water with polarization-resolved infrared pump-probe spectroscopy. For all
systems studied, we observe that a fraction of water reorients on a much slower
timescale than bulk water. This slow water fraction increases sublinear with
increasing DTAB concentration, indicating an increase of the micelle size and
enhanced micelle aggregation with concentration. We observe that the addition
of oil to the micelle solutions, leading to the formation of a micro-emulsion, does
not lead to a significant change of the fraction of slow water, showing that the
added oil molecules are well solvated within the core of the micelles, and thus
completely shielded from water.

45
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4.1 Introduction

Emulsions are mixtures of water and oil, stabilized by surfactants. These can
either be a mixture of oil droplets in water (oil-in-water) or water droplets in
oil (water-in-oil). The surfactant molecules that stabilize emulsions are am-
phiphilic molecules (consisting of a hydrophilic moiety and a hydrophobic moi-
ety). Without oil, the surfactant molecules tend to form spherical aggregates
denoted as micelles. When aqueous solutions of surfactants are mixed with oil,
different types (macro-, nano- and micro-emulsions) of emulsions can be formed.
A special type of emulsion is the micro-emulsion. They consist of very small
oil droplets from 10-100 nm. Micro-emulsions are prepared by swelling micelles
with oil and form spontaneously. They are the only type of emulsions that is
thermodynamically stable, which makes micro-emulsions an interesting model
system of emulsions. The use of emulsions is widespread: in food industry, as
carriers of pharmaceuticals and in oil recovery 50–53. Macro- and nano-emulsions
emulsions degrade over time,54 and phase separate, a process known as synere-
sis. Syneresis is thus an important issue in the long term stability of macro-
and nano-emulsions.

Micelles and micro-emulsions have been intensely studied with a variety of
techniques such as Dynamic Light Scattering, rheology, titrations and conduc-
tivity measurements55–58. These techniques give insight in the overall properties
and structure of these systems, but they do not provide information about their
molecular properties. The molecular-scale properties of micelles and micro-
emulsions can be studied with methods like pump-probe infrared spectroscopy,
optical Kerr effect spectroscopy and Raman spectroscopy, 27,28,30,59–61. Up to
now, these techniques have been mostly applied to the study of reverse mi-
celles: small water droplets surrounded by surfactants dispersed in oil 27,28,59,60.
These reverse micelles are considered to be a good model for water in confine-
ment27,28,59,60.

Recently, the hydration of normal micelles was studied using multivariate-
curve-resolution (MCR) Raman spectroscopy30. Evidence was found that wa-
ter molecules penetrate deeply into the micelle. Using the same method, it
was found that alkane molecules added to the micelles, thus forming a micro-
emulsion, are largely adsorbed in the dry core of the micelles.

In this chapter, we study the reorientation dynamics of water molecules inter-
acting with dodecyltrimethylammonium bromide (DTAB) micelles, and of water
molecules in a micro-emulsion system of toluene droplets stabilized by DTAB
in water. We measure the reorientation dynamics with polarization-resolved in-
frared pump-probe spectroscopy (fs-IR). With this technique we can determine
the fraction of water molecules that reorients like bulk water molecules, and the
fraction of water molecules for which the dynamics are changed by the micelles
and surfactant-covered oil droplets.
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4.2 Experimental Methods

Sample preparation We measure the reorientation dynamics of water in
micelle solutions and micro-emulsions using polarization-resolved femtosecond
infrared spectroscopy. The micelle solutions are prepared by dissolving dif-
ferent concentrations of dodecyltrimethylammonium bromide (DTAB, 99%,
Sigma-Aldrich) or sodium dodecyl sulfate (SDS, 99%, Sigma-Aldrich) in 4%
D2O (99.9%D, Cambridge Isotope Laboratories) in H2O (ultrapure milli-Q
grade). Micro-emulsions are prepared by first dissolving different concentra-
tions of DTAB in 4% D2O in H2O, and then adding a certain amount of toluene
(99.8%, anhydrous, Sigma-Aldrich), benzene (99.9%, Sigma-Aldrich), p-xylene
(99%, anhydrous) or hexane (95%, anhydrous, Sigma-Aldrich). The solutions
were mixed with a vortex mixer and the micro-emulsions formed spontaneously,
forming a transparent solution.

Spectroscopy The pump-probe measurements described in this chapter are
performed with the setup described in section 2.2. The FT-IR spectra are
measured with a Bruker Vertex 80v FT-IR spectrometer.

4.3 Results and Discussion

4.3.1 Micelles

Figure 4.1 shows isotropic transient absorption spectra measured at different
pump-probe delay times for a solution of 2.2 molal (=moles added to 1 kilo-
gram of solvent) DTAB in isotopically diluted water. At short delay times (0.5
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Figure 4.1. (A) Isotropic transient absorption change of the OD stretch vibration of
HDO molecules for a solution of 2.2 molal DTAB in isotopically diluted water for six
different delay times. The solid lines results from a fit to the model described in the
text. (B) Isotropic transient absorption change as a function of delay time, measured
for a solution of 2.2 molal DTAB in isotopically diluted water, for three different probe
frequencies.
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Figure 4.2. Schematic overview of the kinetic model that describes the relaxation
dynamics of the excited OD stretch vibrations. The excited OD stretch vibrations of
the OD hydrogen bonded to water, and the OD hydrogen bonded to Br−, decay from
their excited state with relaxation rates k1 and k2, respectively, to an intermediate
state. From the intermediate state, the oscillators decay to the hot ground state with
relaxation rate k∗.

ps) we observe a ground-state bleach, and at long delay times (<10 ps) we ob-
serve a thermal-difference spectrum, indicating that the vibrational relaxation
is complete and that the energy of the pump pulse has become thermal over
the focus of the pump pulse. In Figure 4.1B we show pump-probe transients at
three different probe frequencies. At all three frequencies we observe a bleaching
that decays on a picosecond time scale. Depending on the probe frequency, the
decay ends in a residual bleaching or in an induced absorption, reflecting the
frequency dependence of the eventual heating effect on the absorption spectrum
of the OD stretch vibration.

In order to determine the anisotropy of the transient absorption signal as-
sociated with the excitation of the OD stretch vibration, the ingrowing heating
contribution to the transient absorption signal has to be subtracted. To this
end, the spectra are fitted to a kinetic model describing the vibrational relax-
ation and the resulting rise of the heating contribution, as presented in Figure
4.2. Previous studies showed that the vibrational relaxation of the OH and
OD stretch vibrations of HDO molecules strongly depends on the nature of the
donated hydrogen bond of the OH/OD group16,62,63. For OD/OH groups do-
nating a hydrogen bond to large halide anions like Br− and I− the vibrational
lifetime is substantially longer than for OH/OD groups donating a hydrogen
bond to the oxygen atom of a D2O or H2O molecule. The micelle solution
contains water molecules donating hydrogen bonds to other water molecules
and to Br− ions. We thus model the relaxation with a kinetic model in which
we consider two populations of excited OD vibrations, OD vibrations hydrogen
bonded to H2O molecule, and OD vibrations hydrogen bonded to Br− ions.
The excited OD vibrations decay to an intermediate state, and the intermedi-
ate state to the hot ground state39. We use the transient spectrum and the
relaxation time constants that have been determined before for neat water (1.7
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ps for the vibrational lifetime and 1.2 ps for the relaxation time constant of the
intermediate state). The initial populations of the two excited OD vibrations
are determined from the concentration of Br− ions. We find a vibrational life-
time of the excited OD vibration of HDO molecules hydrogen bonded to Br−

ions of 8± 2 - 5.2± 0.4 ps for 0.36-2.2 molal DTAB.
Figure 4.3A shows the anisotropy of the transient absorption change mea-

sured for solutions of different concentrations of DTAB in isotopically diluted
water. The anisotropy is constructed from the parallel and the perpendicular
probing signal, that are both corrected for the ingrowing heating signal of which
the dynamics is determined from the fit to the kinetic model. We compare the
anisotropy dynamics of the DTAB solutions with that of neat isotopically di-
luted water. The anisotropy of neat water decays exponentially with a time
constant of τr =2.5 ps, in agreement with previous work39. For the micelles
we observe that the anisotropy transients contain a fast and a slow compo-
nent. We thus fit these transients with an exponential function with an offset,
R = R0e

−t/τr + Rslow. For all DTAB solutions (0.36-2.2 molal) we find a
reorientation time τr = 2.1 ± 0.1 ps, similar to the time constant of neat iso-
topically water39. This fast component is attributed to the reorientation of
water molecules interacting with other water molecules and showing bulk-like
behaviour. The offset Rslow is attributed to water molecules interacting with
DTA+ and Br− ions. Previous work showed that the orientation dynamics
of water molecules hydrogen bonded to halide ions like Br− indeed contain a
slow component63. To determine the number of slow water molecules hydrat-
ing DTA+ we correct the anisotropy offset for the contribution of water that
is slowed down by the bromide ions in DTAB solutions. To this purpose we
measured the anisotropy dynamics of KBr as a function of concentration. The
resulting anisotropy is shown in Figure 4.4A. We find that KBr slows down
only a small fraction of OH groups.The normalized offset of the anisotropy is
depicted in Figure 4.4B. The datapoints were fitted with a linear function with
a slope of 0.027±0.004, meaning that ∼ 3 OH groups are slowed down per Br−

ion, i.e. the amplitude of the slow component attributed to water interacting
with Br− ions is 0.011± 0.002 per molal Br−.

Figure 4.3B shows the offset as function of the surfactant concentration. It
is seen that the slow water fraction increases sublinearly with the surfactant
concentration. After correcting Rslow for the Br− contribution, we can deter-
mine the number of slow water hydroxyl Nslow groups per surfactant molecule
by dividing the fraction of slow water (Rslow/(Rslow +R0)) by the DTAB con-
centration c (in mol/kg) and multiplying with the number of moles of water OH
groups in 1 kilogram of water:

Nslow =
Rslow/(Rslow +R0)

c
· 110.514 (4.1)

The number of slow OH groups per surfactant molecule is depicted in Figure
4.3C. We see that at low surfactant concentration, 23 ± 1 OH groups per sur-
factant molecule are slowed down. These slow OH groups are probably located
near the three methyl groups of the DTA+ surfactant head group. Previous
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Figure 4.3. (A) Anisotropy decay as function of delay time for different solutions of
DTAB in isotopically diluted water and neat isotopically diluted water. The solid lines
are fits to an exponential function with an offset. (B) Offset of the anisotropic decay as
a function of DTAB concentration. (C) Number of slow OH groups per surfactant ion
as a function of DTAB concentration. The number of slow OH groups per surfactant
ion is obtained after subtraction of the part of Rslow that can be attributed to water
molecules hydrating Br− ions. The solid lines in (B) and (C) are a guide to the eye.
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Figure 4.4. (A) Anisotropy decay as function of delay time of neat water and different
KBr concentrations. The solid lines are a fit to a single exponential decay with an
offset. (B) Normalized offset of the anisotropic decay at different KBr concentrations.
The solid line is a linear fit with a slope of 0.027.

work on slow water surrounding hydrophobic groups showed that every methyl
group slows down ∼ 5 water OH groups, meaning that probably ∼ 15 of the
slow OH groups is slowed down due to their close position to the methyl groups
of the DTA+ head group64,65. The remaining ∼ 8 OH groups are probably
slowed down due their interaction with the hydrophobic tails, which implies
that these OH groups belong to water molecules that penetrate into the mi-
celle. With increasing surfactant concentration, we observe a decrease of the
number of slowed down water molecules per surfactant molecule, from 23 ± 1
slowed down OH groups per surfactant molecule to 11 ± 1 slowed down OH
groups per surfactant molecule.

For comparison, we also measured the anisotropy dynamics of water in SDS
solutions, as shown in Figure 4.5A. SDS has a different head group, without
methyl groups. In the case of SDS, we find much smaller offsets, as illustrated
in Figure 4.5B. For SDS at 0.8-1.4 molal, we find only 4.0 ± 0.5 slowed down
water OH groups per surfactant molecule. This finding supports the assignment
of the main fraction of slow water molecules in the DTAB solutions to water
molecules hydrating the methyl groups of the DTA+ head group.

For the DTAB micelle solutions the number of slow OH groups per sur-
factant molecule strongly decreases with increasing surfactant concentration.
There are two possible explanations for this observation: at higher concentra-
tions, the micelles become larger, thus reducing the total surface exposed to the
water solvent, or the hydration shells of the micelles start to overlap, leading to
competition for solvating water molecules. The latter effect will be enhanced if
the micelles aggregrate.

It is known that for micelles the aggregation number (number of surfactants
per micelle, Nagg) and thus the micelle size, increases with increasing concen-
tration67–71. This change in size leads to a change in surface area. The increase
in Nagg of DTAB with concentration has been described with a power law by
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Figure 4.5. (A) Anisotropy decay as function of delay time of neat water and different
SDS concentrations. The solid lines are fits to an exponential function with an offset.
(B) Offset of the anisotropic decay as a function of SDS concentration. The solid line
is a guide to the eye.

Bales and Zana, Nagg = N0(Caq/cmc0)γ , where N0 is the aggregation number
at cmc0, cmc0 is the critical micelle concentration (which is 14.9 mM) in the
absence of salt and Caq is the concentration of the surfactant counterion in the
aqueous phase and γ is 0.14668,71. From this equation we find that Nagg in-
creases from 73 for 0.4 mol/kg to 109 for 2.2 mol/kg. The corresponding change
in surface-volume ratio leads to a decrease from 23 to 20 slow OH groups per
surfactant molecule (see Figure 4.6). It thus follows that the growing of the mi-
celle size with concentration only partially accounts for the observed decrease
of the number of slow OH groups per surfactant molecule: we observe only 11
slowed down OH groups at 2.2 mol/kg DTAB.

The number of slow OH groups per surfactant molecule will further decrease
if there is a competition for solvation water molecules at high concentrations,
which implies that the hydration shells of the DTA+ ions start to overlap.
To calculate if this effect could explain the further decrease of the number
of slow OH groups per surfactant, we followed the approach of Petersen et
al.66, in which the effect of the competition for hydration water is described
with a chemical equilibrium, under the assumption that there is no specific
interaction between the solutes, i.e. the solutes are statistically distributed over
the solution. We find that this effect cannot account for the strong further
decrease of the number of slow water molecules, because the competition for
solvation water molecules leads to a decrease of only 2.4 slow OH groups at
the highest concentration of surfactant (see Figure 4.6). From this we conclude
that there must be a much stronger overlap of the micelle hydration shells
than would be expected for a statistical distribution of micelles in the solution.
This means that the micelles aggregate, and thereby strongly reduce the total
micelle surface area that is exposed to water. Micelle aggregation implies that
the head groups of the DTA+ surfactant ions of different micelles aggregate,
with the negatively charged Br− ions as glue in between the positively charged
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Figure 4.6. Number of slowly reorienting OH groups resulting from the pump-
probe measurements (blue), calculated from the increase in aggregation number Nagg

(green), calculated from the overlap of hydration shells which results in a competition
for hydration water, based on the model described by Petersen et al. 66 (red), and the
combined effect of increased Nagg and overlapping hydration shells (black).

head groups. This finding is in line with other studies of aqueous solutions of
quaternary ammonium ions (that constitute the head group of DTA+). Aqueous
solutions of tetra-n-alkylammonium salts also show strong aggregation at higher
concentrations, leading to a strong decrease of the number of hydrating water
molecules per tetra-n-alkylammonium ion63.

4.3.2 Micro-emulsions

We prepared micro-emulsions by swelling the DTAB micelles with toluene. To
check whether the added oil is taken up by the micelles we measured the infrared
absorption spectrum of the emulsions. In Figure 4.7A the IR absorption spectra
of emulsions with different concentrations of toluene, and of pure toluene are
shown. We subtracted the spectrum of DTAB from all spectra. Figure 4.7B
shows the spectral region of the C-H in plane aromatic bending modes that are
specific for toluene. Figure 4.7C shows the area under the 1082 cm−1 peak as a
function of the toluene concentration. We observe a linear increase of the peak
area with the concentration of toluene. This result demonstrates that all added
toluene is taken up by the micelles.

Figure 4.8A shows the anisotropy decay of a solution of 1.4 mol/kg DTAB
and different toluene concentrations in water. Surprisingly, we observe that the
offset of the anisotropy decay does not change significantly when changing the oil
concentration. This is surprising, because at the highest oil concentration, the
volume of oil added to the micelles is 1.8 times the volume of the micelles.Using
the offset of the anisotropy decay, we calculated the number of slow OH groups
per surfactant molecule, as shown in Figure 4.8B. The number of slow OH
groups per surfactant molecule does not change with increasing concentrations
of oil. Apparently, the added oil molecules are well embedded within the core
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Figure 4.7. (A) FTIR spectra of emulsions with a concentration of 1.4 mol/kg DTAB
and different toluene concentrations. The spectrum of DTAB is subtracted from the
spectra. (B) Zoom-in of the spectral region of the in plane aromatic C-H bending
bands. (C) Area of the 1082 cm−1 peak as a function of toluene concentration.

of the surfactant covered oil droplets, and thus completely shielded from water.
In Figure 4.9A we show the anisotropy dynamics of solutions containing a

constant oil concentration of 10 wt%, and different surfactant concentrations.
We observe that at all surfactant concentrations the offset of the anisotropy is
similar for the micro-emulsion and the micelle with the same surfactant con-
centration. Figure 4.9B depicts the number of slow OH groups per surfactant
molecule as a function of surfactant concentration for surfactant solutions with
10 wt% oil (micro-emulsions, red) and without oil (micelles, blue). Even at the
highest oil to surfactant ratio (10% oil in 0.36 molal DTAB, Voil/VDTAB = 2.4),
there is no significant difference in number of slowed down OH groups.

The results above show that in toluene-based emulsions with the surfactant
DTAB, the oil is completely embedded in the emulsion core, leading to no
observable change in the anisotropy and thus in the fraction of slowed-down
water molecules. To test the generality of this result, we also measured the
anisotropy of emulsions with other oils. To this end we prepared emulsions
consisting of 1.4 mol/kg DTAB and 10 wt% xylene, benzene or hexane. The



i
i

“output” — 2020/10/2 — 13:51 — page 55 — #55 i
i

i
i

i
i

4.3 Structure of micelles and micro-emulsions 55

concentration toluene (wt%)

0 5 10 15 20

N
s
lo

w
 p

e
r 

s
u
rf

a
c
ta

n
t 
m

o
le

c
u
le

0

5

10

15

20

delay (ps)

0 2 4 6 8

R

0

0.1

0.2

0.3

0.4
water
20 wt% oil
15 wt% oil
10 wt% oil
5 wt% oil
0 wt% oil

A B

Figure 4.8. (A) Anisotropy decay as function of delay time for emulsions with a
DTAB surfactant concentration of 1.4 mol/kg and different concentrations of toluene.
The solid lines are fits to an exponential function with an offset. (B) Number of slow
OH groups per surfactant molecule as a function of toluene concentration. The solid
line is a guide to the eye.
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Figure 4.10. Anisotropy decay as function of delay time for emulsions with 10 wt%
of different oils, at a 1.4 mol/kg surfactant concentration. The solid lines are fits to
an exponential function with an offset.

anisotropy of these different emulsions is shown in Figure 4.10. We observe
that the anisotropy dynamics of the emulsions with different oils is remarkably
similar to each other, and more importantly, similar to the anisotropy dynamics
of a 1.4 mol/kg DTAB solution without oil. The observation that the added oil
molecules are well embedded in the core of the droplet and completely shielded
from the surrounding water is thus a quite general result, independent of the
nature of the oil. For all micro-emulsions and the DTAB solution without oil,
we find that 17 ± 1 water OH groups are slowed down, consistent with Figure
4.3C.

4.3.3 Comparison with other work

Recently, similar micellar systems were studied using multivariate-curve-
resolution (MCR) Raman spectroscopy30. The group of Ben-Amotz found
that water molecules penetrate into micelles, and over 20% of the surfactant
tail methylene groups stay in contact with water. We find similar results for
micelles composed of DTAB surfactant molecules. For SDS micelles we observe
that only 4 water OH groups are slowed down, which means that not more
than ∼10% of the surfactant methylene groups can be in contact with water.

Bales and Zana studied the hydration of DTAB micelles using electron para-
magnetic resonance (EPR), and found that the number of hydration water
molecules per surfactant molecule decreases with increasing Nagg and thus in-
creasing DTAB concentration,68 which is in agreement with our findings.

The group of Ben-Amotz also studied the uptake of hydrophobic oil
molecules by micelles, similar to our approach of creating micro-emulsions
by adding oil to the micellar systems. Based on the vibrational frequencies
of the CD stretch vibration of the hydrophobic probes, they found that the
added hydrophobic probes are well solubilized within the dry oil-like core of the
micelle30. This finding is in good agreement with our present results, in which
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we see no change in slow water fraction upon adding oil to micelles, showing
that the added hydrophobic molecules are completely embedded in the micelle
and shielded from water. In a previous EPR study it was also found that the
number of hydrating water molecules per surfactant molecule does not change
upon adding heptane to SDS micelles72.

4.4 Conclusions

We studied the reorientation dynamics of water molecules surrounding micelles
and micro-emulsions using polarization-resolved femtosecond pump-probe spec-
troscopy. We observed that a fraction of the water molecules has very slow reori-
entation dynamics. For micelles, the number of slow OH groups per surfactant
molecule decreases with increasing surfactant concentration, from 23 ± 1 slow
OH groups per surfactant molecules at low concentrations to 11 ± 1 slow OH
groups at high concentrations. This decrease results in part from an increase in
size of the micelles with increasing surfactant concentration, and in part from
the increase in overlap of the hydration shells of the micelles. The latter con-
tribution is much stronger than would be expected in case the micelles would
be statistically distributed over the solution, which indicates that the micelles
aggregate at high surfactant concentration. For micro-emulsions we find no sig-
nificant difference in the number of slow OH groups per surfactant upon the
addition of oil, even in case the volume of oil added to the micelles is 1.8 times
the volume of the micelles. This indicates that in micro-emulsions, the added
oil molecules are completely embedded in the cores of the droplets.
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5 Water reorientation
dynamics in nano-emulsions

Nano-emulsions are water-oil mixtures consisting of 20-500 nm droplets of one
component embedded in a liquid of the other component. Nano-emulsions are
usually kinetically stable and can be prepared with low concentrations of surfac-
tants. Even though nano-emulsions are used ubiquitously, their molecular prop-
erties are poorly understood. Here we study the orientational dynamics of wa-
ter molecules in oil-in-water nano-emulsions using polarization resolved pump-
probe infrared spectroscopy, for varying surfactant concentrations, droplet sizes,
and temperatures. We find that the majority of the water molecules reorients
with the same time constant as in bulk water, but that a small fraction of the
water molecules reorients on a much longer time scale. These slowly reorienting
water molecules are interacting with the surface of the oil droplet. The frac-
tion of slowly orienting water molecules depends on the oil volume fraction, but
shows a negligible dependence on the average droplet size. This finding indi-
cates that the total surface area of the oil droplets is quite independent of the
average droplet size, which suggests that the oil droplets do not have a smooth
spherical shape and probably are quite corrugated showing protrusions into the
water phase.

59
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5.1 Introduction

Emulsions constitute a very interesting type of mixture, since it combines two
immiscible liquids into one solution. Emulsions either consist of oil droplets
dispersed in water, or of water droplets dispersed in oil. The droplets are of-
ten stabilized by surfactant molecules. Emulsions find many applications in
the food and the pharmaceutical industry.73–75 The droplet size of emulsions
can range from a few nanometers to tens of micrometers. The emulsions with
the biggest droplet size, the macroemulsions, contain droplets with diameters
between 1 and 100 µm, and are known to be unstable. The emulsions with
the smallest droplets, the so-called micro-emulsions, have droplet diameters on
the order of 10 to 100 nm. These emulsions are thermodynamically stable, but
usually require a high concentration of surfactant, making them unappealing
for practical applications in industry. The emulsions with intermediate droplet
sizes, from 20 to 500 nm, are called nano-emulsions (please note that nano-
emulsions have bigger droplet sizes than micro-emulsions. These systems were
named independent from each other). Nano-emulsions are not thermodynami-
cally stable, but they are kinetically stable (they usually have a long shelf life
time) and they can be prepared with a low concentration of surfactants. The
combination of these factors make nano-emulsions a very attractive platform
for industrial applications.73,74,76

There have been a lot of studies exploring how nano-emulsions can best
be prepared, in particular on how the droplet size can be predicted and con-
trolled.75,77–79 In contrast, there have only been a few studies of the prop-
erties of nano-emulsions on the molecular level, mainly exploring the role of
the surfactant of the oil phase in the droplet stabilization. 80–84 In this Chap-
ter, we report on a study of the reorientation dynamics of water molecules in
diglyceride-in-water nano-emulsions using polarization-resolved infrared pump-
probe spectroscopy. We performed these measurements for different surfactant
concentration, droplet sizes and temperatures.

5.2 Experimental Methods

Sample preparation The studied nano-emulsions consist of deionized wa-
ter (ultrapure milli-Q grade, prepared using MILLIPORE Synergy 185 sys-
tem), econa oil containing 80 wt% of diacyglycerols and 20 wt% triacylglyc-
erols (Kao, Tokyo, Japan), and the surfactant sodium dodecyl sulfate (Sigma
Aldrich, Schnelldorf, Germany). The nano-emulsions are prepared according to
the recipe presented in Ref.77. All chemicals are used as received. To create
the nano-emulsions, an aqueous solution of the desired SDS concentration (116
mM, 87 mM and 58 mM) was prepared by adding SDS slowly to the water
while stirring using a rotor-stator mixer (Silverson L4RT-A) until full dissolu-
tion was reached. Subsequently 53 wt% of oil was added slowly to the aqueous
solution, while stirring at 8000 rpm using a stator grating with 2 mm holes.
The emulsion was then mixed for 5 minutes to obtain a microscale emulsion.
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To create nanoscale emulsions from these microscale emulsions, they were fur-
ther processed using an ultra high-pressure impinging jet mixer (Microfluidizer
M-110S, Microfluidics), with an inlet pressure of 120 MPa. A Y-type ceramic
chamber (F20Y) was used with a minimum passage of 75 µm. The microscale
emulsion was processed through the interaction chamber at different pressures.
The temperature of the emulsion was controlled with a water bath to not exceed
room temperature. The thus prepared nanoscale emulsions were stored at 4◦C
until further use.

Droplet size characterization The droplet size of the nano-emulsions
was measured using dynamic light scattering, using a Zetasize Nano ZS (Malvern
Instr., Malvern, UK) in backscattering geometry. Before the measurement, the
nano-emulsions were strongly diluted with demineralized water to minimize mul-
tiple scattering and to make the bulk viscosity very similar to that of water. One
ml of the diluted nano-emulsion was pipetted into a plastic cuvette and placed
into the instrument. In order to compare the main features of the multiple, of-
ten bimodal, size distributions, we show data mainly as surface-mediated mean
particle size D[3, 2] of the dominating peak, in combination with the relative
volume fraction of the dominating peak against the whole distribution. The

measure is defined as D[3, 2] =
[∑M

i
φi
di

]−1
. The size distribution as measured

involves the diameter di and relative percent-based volume fraction φi for each
size class i. The sum over all relative volume fractions in the distribution is 1.

Spectroscopy The pump-probe measurements described in this chapter are
performed with the setup described in section 2.2.

5.3 Results

We prepared several nano-emulsions with different surfactant concentrations
and at different processing pressures. All these emulsions were prepared with
the same amount (53 wt%) of oil. Figure 5.1 shows the oil droplet diameter of
the emulsions, including the droplet sizes of micro-scale emulsions that were not
processed using the impinging jet mixer (shown at 0 bar). We see that for the
micro-scale emulsions, the droplet size is inversely proportional to the surfac-
tant concentration. After processing the emulsions to form nano-emulsions, the
droplet size does not have this surfactant concentration dependence anymore.
We observe that at higher processing pressures, smaller droplets are formed.
The diameter of the droplets of the nano-emulsions ranges between ∼120 and
∼290 nm. Figure 5.2 shows the droplet size as a function of processing pressure
for all surfactant concentrations, at the day of preparation (day 1) and 30 days
later. We observe that within this time window, the emulsions prepared using
the ultra high-pressure impinging jet mixer, do not change significantly in size.

Figure 5.3A shows isotropic transient absorption spectra at different de-
lay times, resulting from pumping and probing the OD stretch vibration in a
nano-emulsion solution of 53% econa oil droplets with a diameter of 145 nm
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Figure 5.1. Droplet diameter as a function of processing pressure of the ultra high-
pressure impinging jet mixer, for different surfactant concentrations. The values at
0 bar are the droplet sizes of micro-scale emulsions that were not processed using
the ultra high-pressure impinging jet mixer. The values reported at the highest pres-
sure correspond to emulsions that passed through the impinging jet mixer twice at a
pressure of 1200 bar. The solid lines are guides to the eye.

(processed at 1200 bar) and 116 mM SDS in isotopically diluted water. At
early delay times we observe a decreased absorption due to the bleaching of
the ground state and stimulated emission out of the first excited vibrational
state back to the ground state. At long delay times, we observe a thermal dif-
ference spectrum. Figure 5.3B shows the transient absorption signals at 2520
cm−1 measured in parallel and perpendicular polarization configuration as a
function of delay time, and the isotropic signal that is constructed from these
signals using equation 2.25. The isotropic, parallel and perpendicular signals
do not decay completely to zero, because of the long lasting thermal difference
signal that is also shown in the transient absorption spectrum of Figure 5.3A.
This final thermal difference signal has the same magnitude in the parallel and
perpendicular polarization configuration, meaning that the thermal difference
signal is isotropic. To distinguish the signal of the OD stretch vibrational exci-
tation from the total transient absorption signal, we fit the isotropic signal to a
kinetic model that describes the vibrational relaxation of the OD oscillators and
the ingrowing heating signal. The result of this fit is shown as the solid lines in
Figure 5.3A. After subtracting the isotropic heating, we obtain the pure OD vi-
brational excitation signal of which we can determine the delay-time-dependent
anisotropy.

Figure 5.4A shows the anisotropy decay of solutions of different concentra-
tions of SDS in isotopically diluted water. For neat water, we fit the anisotropy
decay with an exponential function, and we obtain a reorientation time of 2.5
ps. For the solutions containing SDS the anisotropy does not decay to zero.
We fit the anisotropy decay of the SDS solutions with an exponential decay
with an offset. The extracted reorientation time for the SDS solutions is 2.3 ps,
and the offset increases with increasing SDS concentration. This means that
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Figure 5.2. Droplet diameter as a function of processing pressure of the ultra high-
pressure impinging jet mixer, for surfactant concentrations of (A) 58 mM (B) 87 mM
and (C) 116 mM SDS. We show the stability of the emulsions by reporting the droplet
diameter measured on the day of emulsions preparation (day 1) and 30 days later (day
30). The solid lines are guides to the eye.

a large fraction of the water molecules is reorienting with the same reorienta-
tion time as bulk water, while a small fraction is reorienting on a much longer
times scale. We assign the slow water molecules to water molecules that are
in direct contact with the SDS solute molecules. Figure 5.5 shows the offset
of the anisotropy of the SDS solutions, Rslow, as a function of concentration.
We fit Rslow with a linear function with a slope of 0.089±0.009, meaning that
each surfactant molecule slows down 25±2 water OH groups. Figure 5.4B shows
the anisotropy decay of three nano-emulsion solutions, with the same surfactant
concentrations as shown in Figure 5.4A. The oil droplets of three nano-emulsion
displayed here are all of similar size, possessing a diameter of 195 nm. For the
nano-emulsions, we fit the reorientation time with the same reorientation time
that we found for the SDS solutions, of 2.3 ps. We observe a larger offset for the
nano-emulsions than for the solutions that only contain SDS, which means that
more water is slowed down in the nano-emulsions. This larger fraction of slow
water can be explained from water molecules interacting with the oil molecules
of the emulsion. The offset of the nano-emulsions increases with increasing sur-
factant concentration just as in the case of the solutions only containing the
surfactant.

To get a better understanding of the influence of the surfactant concentra-
tion and droplet size on the amount of slow water, we measured the anisotropy
decay for a series of droplet sizes at different surfactant concentrations. The
concentration of oil is kept constant throughout the whole experiment. Figure
5.6A shows the anisotropy decay of nano-emulsions with different droplet diam-
eters at 116 mM SDS concentration. As in Figure 5.4, the offset of the emulsion
is higher than that of the solution only containing the surfactant. Interestingly,
we do not observe a significant difference between the offsets of nano-emulsions
with different droplet sizes. At the other surfactant concentrations, shown in
Figure 5.6B, we also do not observe a significant effect of droplet size on the
offset. We do see that the total offset is increasing with surfactant concentra-
tion, similar to what we found for solutions only containing the surfactant. This
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Figure 5.3. (A) Isotropic transient absorption spectrum of the OD stretch vibration
of HDO molecules for a nano-emulsion composed of 50% econa oil and 116 mM SDS,
and a diameter of 145±0.6 nm in isotopically diluted water, for different delay times.
(B) Transient absorption change as a function of delay time at 2520 cm−1, for the
parallel, perpendicular and isotropic signal, for a nano-emulsion composed of 50%
econa oil and 116 mM SDS, and a diameter of 145±0.6 nm in isotopically diluted
water.
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Figure 5.4. (A) Anisotropy decay as a function of delay time for solutions of 116, 87
and 58 mM SDS in isotopically diluted water. (B) Anisotropy decay as a function of
delay time for nano-emulsions containing 50% econa oil and 116, 87 and 58 mM SDS
in isotopically diluted water. All nano-emulsions have a similar droplet diameter of
∼195 nm. The solid lines are fits to an exponential function with an offset.
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Figure 5.5. Offset of the anisotropic decay for as a function of SDS concentration.
The solid line is a linear fit with a slope of 0.089.

observation is striking: the slow water molecules are water molecules interact-
ing mainly with the oil and surfactant on the droplet surface. If the droplets
would have a smooth spherical surface, the total surface area of the droplets
is expected to decrease when the droplet diameter increases and the oil con-
centration is kept constant. However, from our results we conclude that the
amount of water interacting with the droplets stays more or less the same for
droplets with average diameters ranging from ∼120 to ∼290 nm, as measured
with dynamic light scattering is different. This indicates that the interacting
surface area with water stays more or less the same for all these droplet sizes.

Figure 5.7 shows the droplet size of a nano-emulsion composed of 50% econa
oil and 116 mM SDS in isotopically diluted water as a function of temperature.
The droplet size does not change significantly upon changing the temperature.
We measured the influence of temperature on the water reorientation dynam-
ics for a 116 mM 123 nm diameter nano-emulsion, by again measuring the
anisotropy of the OD stretch vibrational excitation as a function of delay time.
We measured in a range of 20-60◦C, at higher temperatures the nano-emulsion
could not be measured because it became strongly scattering in the mid-IR.
Figure 5.8A shows the anisotropy dynamics of this nano-emulsion at different
temperatures. It is clearly seen that the anisotropy decay becomes faster with
increasing temperature.

To analyze the anisotropy decay curves of the nano-emulsion, we first deter-
mined the reorientation time τr of neat isotopically diluted water at different
temperatures in an independent set of measurements. Figure 5.9A shows the
anisotropy decay of isotopically diluted water as a function of delay time for
different temperatures. These anisotropy decays can be fitted well with an ex-
ponential function without an offset. The obtained exponential time constants
are shown in figure 5.9B, where they are plotted on a logarithmic scale as a
function of inverse temperature. The time constant decreases with increasing
temperature, and this this temperature dependence can be well described with
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Figure 5.6. (A) Anisotropy decay as a function of delay time for nano-emulsions
composed of 50% econa oil and 116 mM SDS in isotopically diluted water, with dif-
ferent oil droplet diameters. The solid lines are fits to an exponential function with
an offset. (B) Offset of the anisotropic decay for nano-emulsions at different SDS con-
centrations as a function of droplet diameter. The solid lines are the average of each
SDS concentration series. The dashed lines represent the offsets observed for solutions
only containing SDS.

the following Arrhenius equation:

1/τr = Ae−Eact/RT (5.1)

Where A is the pre-exponential factor, Eact is the activation energy (in J/mol),
and R is the gas constant. For isotopically diluted water we find the activation
energy to be 14 kJ/mol, in agreement with previous findings 49,65,85.

Subsequently, we fitted the anisotropy decays of the nano-emulsion at dif-
ferent temperatures to an exponential decay with an offset, where we fix the
exponential time constant to a value that follows from the Arrhenius fit of the
time constants observed for neat water. Figure 5.8B shows the offset that we
obtain with this procedure. The resulting offset is constant which means that
temperature has little effect on the amount of water molecules that is interacting
with the oil droplets.

5.4 Discussion

5.4.1 Comparison micro- and nano-emulsions

Figures 5.4 and 5.6 clearly show that nano-emulsions containing Econa oil plus
SDS possess a larger fraction of slow water molecules than solutions that only
contain the same amount of SDS. This extra amount of slow water is attributed
to water molecules that are interacting with the oil. In this respect, the prop-
erties of nano-emulsion are different from those of micro-emulsions that we
investigated with the same technique before. 86 In that study, we performed a
similar experiment, but instead of nano-emulsions we created micro-emulsions
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Figure 5.7. Droplet diameter as a function of temperature, for a a nano-emulsion
composed of 50% econa oil and 116 mM SDS in isotopically diluted water.

for which the droplets are much smaller, possessing diameters <10 nm. For
micro-emulsions, we observed that adding oil to the surfactant solutions did
not change the anisotropy offset and thus did not change the fraction of slowly
reorienting water molecules. This means that for micro-emulsions, the water
phase is not in direct contact with the oil phase. There is thus a clear differ-
ence between the two types of emulsions, where in the case of micro-emulsions,
the surface of the oil droplets is completely covered with surfactant molecules
shielding the oil surface, and in the case of nano-emulsions, the surface of the
oil droplets is not completely covered with surfactant molecules, thus allowing
the water molecules to interact with the oil.

5.4.2 Independence of slow water fraction on droplet
size

Figure 5.6 shows that the fraction of slowly reorienting water is not dependent
on the droplet size. This is surprising, because the amount of slow reorienting
water is dependent on the amount of droplet surface with which the water
interacts. If the oil droplets would possess a smooth spherical shape, their
total surface is expected to increase with decreasing droplet size and thus the
amount of slowly reorienting water. The total droplet surface exposed to water
can be estimated from the fraction of slow water and a reasonable assumption
about the thickness of the hydration layer that is affected in its reorientation
dynamics by the near presence of the oil droplet surface. The nano-emulsion
contains ∼50% of oil and ∼50% of water. From Fig. 5.6 it follows that a fraction
of ∼0.03/0.4 = 0.075 of the water is slow for all studied droplet sizes, which
corresponds to 0.038 m3 in 1 m3 emulsion. Hydrophobic hydration effects have
been found to be short range. If we estimate the thickness of the affected water
layer to be ∼0.5 nm, the affected water volume corresponds to a total surface
of 0.038/5×10−10=7.5×107 m2. It is interesting to compare this surface with
that of perfect spherical nanodroplets with a diameter of 150 nm. The volume
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Figure 5.8. (A) Anisotropy decay as a function of delay time at different tempera-
tures, for a nano-emulsion composed of 50% econa oil and 116 mM SDS in isotopically
diluted water with a diameter of 123 nm at room temperature. The solid lines rep-
resent fits of the data to an exponential function with an offset. (B) Offset of the
anisotropic decay as a function of temperature, for a nano-emulsion composed of 50%
econa oil and 116 mM SDS in isotopically diluted water with a diameter of 123 nm at
room temperature. The solid line shows the average of the offsets.
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Figure 5.9. (A) Anisotropy decay of the OD stretch vibration as a function of delay
time for a solution of 4% D2O in H2O, at different temperatures. The solid lines are
fits to an exponential function. (B) Reorientation time τr as a function of inverse
temperature, obtained from the fit to the anisotropy decay. The solid line represents
an Arrhenius-type fit.
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of such a nanodroplet is 1.77×10−21 m3 and its surface is 7.07×10−14 m2. In 1
m3 nano-emulsion there are 0.5/1.77×10−21 = 2.83×1020 droplets with a total
surface area of 2×107 m2, which is 3.75 times smaller than the surface area that
we derive from the fraction of slowed down water. This comparison indicates
that the oil droplets in the nano-emulsion do not have a smooth spherical shape
and probably are quite corrugated showing protrusions into the water phase.

The non-spherical, corrugated shape of the oil droplets offers an explanation
for the observation that the amount of slow water does not depend on the
average droplet size (as shown in Fig. 5.6). The experimentally derived effective
surface area of 7.5×107 m2 to a characteristic radius. A volume of 1 m3 of
nano-emulsion contains n=0.5/((4/3)πR3) droplets with a total surface area
of n × 4πR2 m2. It follows that R = 1.5/7.5 × 107 = 20 nanometer, which
can thus be interpreted as the characteristic curvature of the protrusions of
the nanodroplets, that is independent of the overall size of the nanodroplet.
This independence of the characteristic radius of the protrusions on the average
droplet size, implies that larger nanodroplets will show more protrusions than
nanodroplets with a small diameter, with the result that the surface of the
nanodroplet increases proportional to its volume, instead of proportional to its
volume divided by its diameter. As a consequence, the amount of water that
is slowed down by the interaction with the oil droplets is independent of the
average droplet size.

5.5 Conclusions

We studied the reorientation dynamics of water molecules surrounding nano-
emulsion droplets using polarization-resolved femtosecond pump-probe spec-
troscopy. The nano-emulsions contain oil droplets with average diameters rang-
ing from 120 to 290 nm, as determined with dynamic light scattering (DLS). We
observe that a fraction of the water molecules in these nano-emulsions shows a
much slower reorientation than the water molecules in bulk liquid water. This
fraction of slow water is higher for nano-emulsions than for solutions that only
contain surfactant molecules at the same concentration. This indicates that,
contrary to what we found before for micro-emulsions, water is in contact with
oil molecules at the surfaces of the nano-emulsion droplets. For a nano-emulsion
consisting of 50% oil and 50% water, we find that the fraction of slow water
amount to 7.5% of the total water volume. Assuming an affected water layer
thickness at the oil droplet surface of ∼0.5 nanometer, this volume fraction cor-
responds to a total oil droplet surface of 7.5× 107 m2 per m3 of nano-emulsion.
This surface would correspond to perfectly smooth spherical droplets with a di-
ameter of 40 nanometer, which is significantly smaller than the average droplet
size of the nanodroplets that we determine with DLS. This finding indicates
that the droplets do not have a smooth spherical shape but probably are quite
corrugated showing protrusions into the water. We observe that the amount
of slowed-down water is independent of the average droplet size. This indi-
cates that nanodroplets with a large average diameter show more protrusions
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than nanodroplets with a small diameter, with the result that the surface of
the nanodroplets increases more or less proportional to their volume, instead of
proportional to their volume divided by their radius, as would have been the
case for perfectly spherical nanodroplets.
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6 Hyaluronan biopolymers
release water upon
gelation

We study the relation between the macroscopic viscoelastic properties of aque-
ous hyaluronan polymer solutions and the molecular-scale dynamics of water us-
ing rheology measurements, differential dynamic microscopy, and polarization-
resolved infrared pump-probe spectroscopy. We observe that the addition of
hyaluronan to water leads to a slowing down of the reorientation of a fraction
of the water molecules. Near pH 2.4, the viscosity of the hyaluronan solution
reaches a maximum, while the number of slowed down water molecules reaches
a minimum. This implies that the water molecules become on average more
mobile while the solution becomes more viscous. This observation indicates
that the increase in viscosity involves the expulsion of hydration water from the
surfaces of the hyaluronan polymers, and a bundling of the hyaluronan polymer
chains.

71
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6.1 Introduction

Hyaluronan is a biopolymer that is present in many biological tissues and fluids,
including cartilage and synovial fluid.87,88 Hyaluronan is composed of repeating
D-glucuronic acid and N-acetyl-D-glucosamine disaccharide units (see Figure
6.1), and is found in nature in a large range of sizes (from oligosaccharides to
millions of Daltons). Hyaluronan is involved in a wide range of biological func-
tions, including skin hydration and joint lubrication, 89–91 cancer progression
and metastasis92,93 and regulation of cell behaviour.93,94 Its unique properties
are to a large extent thought to be linked to its high water-binding capacity (the
ability to hold water during centrifugation95,96). This water-binding capacity
was found to be the largest in a quite narrow pH range around pH 2.4, where
solutions of hyaluronan turn into an elastic gel referred to as a putty state. 97

The origin of the sol-gel transition at pH=2.4 was extensively studied by
measuring the rheology.97–101 It was hypothesized that near pH 2.5, interchain
hydrogen bonds are formed between the carboxylic acid and acetamide groups,
thereby forming a high density of crosslinks leading to the formation of a putty
state.98,99 This hypothesis, was recently confirmed by two-dimensional fem-
tosecond infrared spectroscopy.102 In this paper, we study the fate of the water
molecules in aqueous hyaluronan solutions during pH-induced changes in macro-
scopic viscoelastic properties, using a combination of rheology measurements,
differential dynamic microscopy, and polarization resolved femtosecond infrared
pump-probe spectroscopy.

6.2 Experimental Methods

Sample preparation for the spectroscopy experiments We prepare
hyaluronic acid solutions by dissolving 20 mg high- or low-molecular weight
hyaluronan (hyaluronic acid sodium salt from Streptococcus equi, ∼1.5-1.8
MDa, Sigma Aldrich, or sodium hyaluronate, Research grade, 100-150 kDa,
Lifecore Biomedical, respectively) in 1 ml solution containing 150 mM sodium
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Figure 6.1. Molecular structure of hyaluronan.
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chloride (NaCl, 99.5%, Sigma Aldrich) and 4% D2O (99.9%D, Cambridge Iso-
tope laboratories) in H2O (ultrapure milli-Q grade). We adjust the pH by
adding an amount of perchloric acid (HClO4, standard solution 1M, Fluka Sigma
Aldrich). Perchloric acid was used because this acid has only a very small con-
tribution to the water signal in the anisotropy experiments. This is due to the
fact that the OD groups of HDO molecules hydrogen bonded to the perchlorate
anion (ClO−4 ) absorb at a significantly higher frequency (∼2650 cm−1) than the
OD groups forming hydrogen bonds to the oxygen atoms of water molecules or
hyaluronan (∼2500 cm−1). The samples were mixed using a vortex mixer and
left to equilibrate for at least 12 hours, and used for a maximum time of one
week, since the samples eventually undergo hydrolytic degradation.

Spectroscopy The pump-probe measurements described in this chapter are
performed with the setup described in section 2.2.

Sample preparation for the rheology measurements The samples
were prepared in a glass vial by first weighing and adding hyaluronic acid sodium
salt in powder form (Streptococcus equii, Sigma Aldrich, 1.5-1.8 MDa molecular
weight), and subsequently adding water, NaCl (Sigma Aldrich), and HCl (Sigma
Aldrich) to achieve different molarities of HCl (ranging from 0-60 mM), 0.15 M
NaCl and a final concentration of 10 mg/mL hyaluronic acid. For each sample,
the pH was measured using a pH meter (Hanna Instruments). The samples
were left to equilibrate at room temperature until they were homogeneous.

Rheology The rheological properties of the solutions were measured with a
stress-controlled rheometer (Anton Paar Physics MCR 501) using a PP40 geom-
etry (parallel plates, 40 mm diameter) at a 100 µm gap and at a temperature of
22◦C set by a Peltier system. The elastic and viscous shear moduli were probed
by oscillatory shear rheology, with an oscillation frequency of 0.5 Hz and a small
strain amplitude of 0.5% to ensure a linear response. At each pH we averaged
the results of at least three measurements.

Differential dynamic microscopy Differential dynamic microscopy
(DDM) measurements were done using probe particles with diameters of
0.6 µm, from Sigma Aldrich (Latex beads, polystyrene). In order to avoid
non-specific interactions of the particles with hyaluronan, the particles were
passivated with poly(ethylene glycol) chains following an established proto-
col.103 The beads were added to the hyaluronan gels in a ratio of 1:100 (v/v)
and the samples were vortexed to ensure a homogeneous distribution of the
particles. The samples were then placed between two coverslips (MenzelTM

Microscope Coverslips 24x60mm, #1, Thermo Scientific) separated by a sili-
cone chamber (Grace Bio-Labs CultureWellTM chambered coverglass, Sigma
Aldrich). The samples were imaged in bright field mode on an inverted Ti-
Eclipse microscope (Nikon) with a 100x oil immersion objective and a fast
camera (Hamamatsu, Orca-Flash 4.0). The samples were imaged at least 10
µm above the surface to avoid non-specific interactions with the glass slides.
Videos of 5000 frames were recorded with a frame rate of 100 frames per second



i
i

“output” — 2020/10/2 — 13:51 — page 74 — #74 i
i

i
i

i
i

74 Hyaluronan biopolymers release water upon gelation 6.3

and an exposure time of 10 ms. The measurement was repeated in at least
three different portions of the sample.

Differential dynamic microscopy analysis The videos obtained were
analysed with a custom written MatLab program. The principle of the tech-
niques were introduced in Ref.104 The thermal motion of the particles in the
viscous medium causes fluctuations of the intensity. The recorded intensity I
(x,y,t) is transformed to the Fourier space and the images measured at different
lag times ∆t can be correlated to obtain the image structure function:

D(q,∆t) =< |i(q, t+ ∆t)− i(q, t)|2 > (6.1)

where q is the wavevector, which is defined as q = 2π/λ Next, the intermediate
scattering function can be obtained from the image structure function through
the formula:

D(q,∆t) = A(q)[1− f(q,∆t] +B(q) (6.2)

Here A(q) is a proportionality factor between the intensity and the correlation
fluctuations, while B(q) represents the noise of the camera. By fitting the inter-

mediate scattering function f(q,∆t) to a stretched exponential decay e−(
∆t
τ(q)

)n ,
it is possible to retrieve the diffusion coefficient of the particle D = 1/(τ(q)q2).
In all of the cases examined, the fit yielded a value of n = 1, indicating simple
diffusion. We infer the viscosity η of the solution from the generalized Stokes-
Einstein relation:

Dm =
kBT

6πηa
(6.3)

Where a is the particle radius. The viscosities were obtained from correlation
functions recorded at a q-value of 7.2 µm−1 units, and the values shown are an
average over data obtained from three different locations in the sample.

6.3 Results and Discussion

In Figure 6.2A we show the isotropic transient absorption spectra measured in
the frequency region of the O-D stretch vibration of HDO at different pump-
probe delay times for a solution of 20 mg/ml high-molecular weight hyaluronic
acid and 60 mM HClO4 in isotopically diluted water. The isotropic spectra show
a ground-state bleach at short time delays, and a thermal difference spectrum at
long time delays. To extract the anisotropy of the excited OD stretch vibration,
we subtract the heating contribution by fitting the spectra to a kinetic model
which describes the vibrational relaxation and the rise of the heating contri-
bution, as described in chapter 2. The result of this fit is shown as solid lines
in Figure 6.2A. Figure 6.2B shows the resulting anisotropy of the OD stretch
vibration as function of frequency, for different delay times. These results show
that the anisotropy decay is frequency independent.

Figure 6.3 shows the anisotropy decay of solutions of hyaluronan at dif-
ferent HClO4 concentrations in isotopically diluted water. For solutions of
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hyaluronan we observe that the anisotropy decay contains an additional slow
component. We fit this anisotropy with an exponential decay with an offset,
R = R0e

−t/τr + Rslow. We find a time constant τr of 2.2 ± 0.1 ps for all
hyaluronic acid solutions, similar to the reorientation time constant of neat
liquid water.39 This exponentially decaying reorientation component thus rep-
resents water molecules for which the reorientation is not influenced by the
presence of the hyaluronan polymer chains. The offset Rslow is attributed to
water molecules for which the reorientation is strongly slowed down due to the
interaction with hyaluronan polymer chains or with the other ions present in
the solution.63

In Figure 6.4 we show the normalized offset, Rslow/(Rslow+R0) as a function
of HClO4 concentration (red points). We observe a decrease in the normalized
offset of hyaluronan solutions with increasing concentration until 44 mM HClO4,
followed by an increase in offset until 60 mM HClO4, and then again a decrease
in offset. We also measured the anisotropy for a solution only containing ions
(no hyaluronan), in order to distinguish between the fraction of slow water
molecules resulting from the interaction with hyaluronan and the fraction of
slow water molecules resulting from the interaction with the ions. The result
of these measurements (solutions of 150 mM NaCl and a varying concentration
of HClO4) are also shown in Figure 6.4 (blue). For the solutions that only
contain ions, the fraction of slow water molecules increases linearly with the
concentration of HClO4. Comparison of the red and blue points shows that at
most concentrations the hyaluronan has a much stronger slowing down effect
than the ions.

Figure 6.5 shows the anisotropy decay for solutions of low-molecular weight
hyaluronan in isotopically diluted water. The data in this figure are analyzed in
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Figure 6.2. (A) Isotropic transient absorption change of the OD stretch vibration
of HDO molecules for a solution of 20 mg/ml high-molecular weight hyaluronic acid
and 60 mM HClO4 in isotopically diluted water, for different picosecond delay times.
The solid lines result from a fit to the model described in the text. (B) Anisotropy as
a function of frequency for a solution of 20 mg/ml high-molecular weight hyaluronic
acid and 60 mM HClO4 in isotopically diluted water, for different picosecond delay
times.
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Figure 6.3. (A) Anisotropy decay as a function of delay time for solutions with
20 mg/ml high-molecular weight hyaluronan and different HClO4 concentrations in
isotopically diluted water, averaged over the frequency range 2450-2550 cm−1. The
solid lines are fits to an exponential function with an offset. (B) Zoom-in of the
anisotropy decay at delay times >4 ps.
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Figure 6.4. Normalized offset Rslow of the anisotropy decay as a function of HClO4

concentration of solutions containing HClO4, high molecular weight hyaluronan and
150 mM NaCl (red), and only containing HClO4 and 150 mM NaCl (blue). All
solutions are in isotopically diluted water. The solid lines are guides to the eye.

the same way as the data in Figure 6.3, i.e. fitted with an exponential decay and
an offset. We observe that the offsets behave quite similarly as was observed
for high-molecular weight hyaluronan, in spite of the fact that low-molecular
weight hyaluronan does not form an elastic putty state near pH 2.4. 105,106 As
shown in Figure 6.6, the normalized offset Rslow shows a similar dependence on
the HClO4 concentration as for high-molecular weight hyaluronan, reaching a
minimum at an HClO4 concentration of 54 mM.
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cm−1. The solid lines are fits to an exponential function with an offset. (B) Detail of
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are in isotopically diluted water. The solid lines are guides to the eye.

The dynamics of the anisotropy of the OD stretch vibration represents the
reorientation of the water hydroxyl groups. The value of Rslow represents the
fraction of water hydroxyl groups that are slowed down due to their interaction
with hyaluronan and the ions present in solution. To determine the fraction
of water hydroxyl groups that are slowed down because they are bound to
hyaluronan, we first corrected the offset Rslow for the contribution of water
molecules interacting with Na+, Cl− , H+ and ClO−4 by subtraction. The offset
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Figure 6.7. (A) Number of slow OH groups per disaccharide unit of the high molec-
ular weight hyaluronan polymer as function of pH. (B) Number of slow OH groups per
disaccharide unit of the low molecular weight hyaluronan polymer as function of pH.
The number of slow OH groups per disaccharide unit is obtained after subtraction of
the contribution of water molecules hydrating Na+, Cl− and ClO−4 ions. (C) Elastic
(green) and viscous (orange) modulus of 10 mg/ml high molecular weight hyaluro-
nan solutions in water. (D) Viscosity 20 mg/ml of low molecular weight hyaluronan
solutions in water. The solid lines are a guide to the eye.

of solutions that do not contain hyaluronic acid, but only NaCl and HClO4, are
shown in Figures 6.4 and 6.6. The offset caused by NaCl and HClO4 clearly
increases with increasing HClO4 concentration. For a solution without HClO4,
the offset is not zero because all solutions contain 150 mM NaCl, contributing
to the offset. The data points were fitted with a linear function y = ax + b.
From the slope of this function we conclude that 10±3 OH groups per ClO−4 ion
are slowed down, and from the offset it follows that 9± 1 OH groups are slowed
down by an Na+ ion plus a Cl− ion. After subtracting these contributions, we
calculated the number of slowly reorienting water hydroxyl groups Nslow per
disaccharide unit of the hyaluronan polymer using the following expression:

Nslow =
Rslow/(Rslow +R0)

c
· 110.514 (6.4)

where c represents the molar concentration of disaccharide units, and 110.5
is the number of moles of water hydroxyl groups contained in 1 liter. The
resulting numbers of slowly reorienting hydroxyl groups per disaccharide unit
of the hyaluronan chain are reported in Figure 6.7A and B for low and high
molecular weight hyaluronan, respectively.

For the low-molecular weight variant, we observe an increase of the number
of slow OH groups per disaccharide unit when the pH is increased up to pH 1.9.
Then the number of slow OH groups sharply decreases, from 61± 10 at pH 1.9
to 25 ± 2 at pH=2.1. When the pH is further increased to 3, the number of
slow groups increases again to 55 ± 12, and stays more or less constant when
the pH is further increased. For high-molecular weight hyaluronan, we observe
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28 ± 4 slow water OH groups per disaccharide unit at pH 1.5. This number
increases with increasing pH to 79± 5 slow OH groups at pH 1.9. After pH 1.9,
the number of slow OH groups sharply decreases, to a minimum of 12 ± 1 OH
groups at pH 2.5. When the pH is further increased, the number of slow OH
groups increases again.

In Figure 6.7C we show the viscous and elastic shear moduli of the high-
molecular weight hyaluronan solution (10 mg/ml) as a function of the pH. At pH
2.4, a sharp increase in the elastic and viscous modulus is observed, reflecting
the formation of the putty state. This finding agrees with previously reported
rheology measurements.99 For low-molecular weight hyaluronan, the rheolog-
ical differences were too small to measure using conventional rheology as the
molecular weight is too small for the chains to entangle and to form an elastic
putty state. Therefore, we determined the viscosity of solutions of 20 mg/ml
low molecular weight hyaluronan with differential dynamic microscopy (DDM)
(Figure 6.7D).107–109 For low-molecular weight hyaluronan we also observe a
sharp increase of the viscosity around pH 2.4.

Figure 6.7 shows that there exists a strong correlation of the macroscopic
rheology and the changes in water dynamics probed by polarization-resolved
pump-probe spectroscopy. The pH values at which we observe minima in the
number of slow OH groups differ by less than 0.2 units from the pH values at
which we observe the maxima in the viscosity. We thus arrive at the coun-
terintuitive result that the strong increase in viscosity near pH 2.4 of aque-
ous hyaluronan solutions correlates to a substantial decrease of the fraction of
slow water, i.e. an increase of the average orientational mobility of the water
molecules. This change in interaction between water and hyaluronan is not
visible from the pH dependent FTIR spectra of hyaluronic acid 102, which can
be explained from the fact that the hydrogen bonds that are formed by wa-
ter molecules in the hydration shell of hyaluronic acid are similar in strength
and number as the hydrogen bonds that are formed between water molecules
in bulk liquid water. The change in local environment from hydration shell to
bulk thus has little effect on the vibrational spectrum of the water molecules but
obviously a strong effect on the orientational mobility. Femtosecond nonlinear
infrared spectroscopy has as a unique capability that it can probe this change
in molecular orientational mobility.

The observed reduction in number of slowed-down water implies that ∼ 80%
of the water molecules are being expelled from the polymer surfaces near pH
2.4. We ascribe this expulsion to the bundling of the polymer chains into fibres.
Other research also suggests that the polymer chains bundle into fibres in the
formation of the putty state.102,110–113 The expulsion of water molecules during
the formation of a connected network of fibers accounts both for the macroscopic
observation of increased viscosity, and the molecular-scale observation of a de-
crease in slow water molecules interacting with the hyaluronic acid molecules.
Interestingly, we observe the expulsion of water not only for high molecular
weight hyaluronan, but also for low molecular weight hyaluronan that does
not form a putty state.105,106 This finding suggests that low-molecular weight
hyaluronic polymer chains also form strong interchain connections near pH 2.4.
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However, in this case the polymer chains are not long enough to form a macro-
scopically connected network. As a result, low-molecular weight hyaluronan
does not form an elastic putty state.

As shown in Figure 6.7, the number of slowly reorienting water hydroxyl
groups also decreases when the pH is decreased from pH 1.9 to pH 1.5, both for
high molecular weight and low molecular weight hyaluronan solutions. Lalevée
and co-workers showed, using light scattering techniques, that at these very low
pH values, the radius of gyration of hyaluronan decreases indicating a chain
collapse.114 Hence, also at these pH values water molecules get expelled, but
not because of the formation of interchain connections (chain bundling) but
because of the curling up of the individual hyaluronan chains. 102

In an earlier femtosecond mid-infrared study by Hunger et al. of the prop-
erties of the solution state of hyaluronan at pH 7, it was found that 15 ± 3 wa-
ter molecules per disaccharide are affected in their reorientation dynamics. 115

This number is approximately 2 times smaller than the number of slow water
molecules that we observe at pH 7. An important difference with this previous
work is that we study solutions with a relatively low concentration of hyaluro-
nan (20 mg/ml), while the measurements of Hunger et al. involved concentra-
tions up to 200 mg/ml. At these high concentrations, saturation effects due
to aggregation and sharing of hydration shells will occur, leading to a substan-
tially lower number of slowed-down water molecules per hyaluronan disaccharide
unit. In another femtosecond mid-infrared study the hydration numbers of sev-
eral monomeric sugar molecules were determined. In this study, a hydration
number of 46 ± 5 was found for the disaccharide trehalose.116 This number is
higher than the number of slowly reorienting waters of 33 ± 5 (or 67± 10 slow
OH groups) per disaccharide unit that we find here for high-molecular weight
hyaluronan in the solution state. This difference can be well explained from the
fact that the disaccharide units of the hyaluronan polymer chains are in close
proximity to each other, and that these chains will be somewhat folded, thus
reducing the net amount of hydrating water molecules per disaccharide unit.

6.4 Conclusions

We studied the relation between the viscoelastic properties and the reorien-
tation dynamics of water molecules for aqueous solutions of high-molecular
weight and low-molecular weight hyaluronan. The viscoelastic properties are
determined with rheology and differential dynamic microscopy (DDM), the wa-
ter reorientation dynamics with polarization-resolved femtosecond mid-infrared
pump-probe spectroscopy. We observe that the interaction between water and
hyaluronan leads to a slowing down of the reorientation of a significant fraction
of the water molecules.

We find both the viscosity and the reorientation dynamics to be strongly
dependent on pH. For both low-and high-molecular weight hyaluronan the vis-
cosity reaches a maximum near pH 2.4, while the number of slowed-down water
molecules reaches a minimum. This finding implies that the water molecules
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show faster average reorientation dynamics when the solution is more viscous.
This observation can be explained from the fact that around pH 2.4 hyaluro-
nan the polymer chains bundle to form fibres, accompanied by expulsion of
hydration water from the polymer chains.

For high-molecular weight hyaluronan, the expulsion of water and the
bundling into fibers results in the formation of an elastic putty state. The reduc-
tion in number of slowed-down water shows that ∼80% of the water molecules
are being expelled from the polymer surfaces in the formation of this state.
For low-molecular weight the putty state is not observed. However, the molec-
ular water reorientation dynamics show that the molecular-scale interactions
between low-molecular weight hyaluronan and the water solvent are highly sim-
ilar to those of high-molecular weight hyaluronan. For low-molecular weight
hyaluronan likely no putty state is formed because the fibers formed near pH
2.4 are too short to form a macroscopically connected network. These results
illustrate that the molecular-scale water dynamics can provide important ad-
ditional information on the mechanism of macroscopic gelation in biopolymer
solutions.
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7 Structure and dynamics of
a temperature sensitive
hydrogel

Polyisocyanotripeptides (TriPIC) are biomimetic polymers which consist of a
β-helical backbone stabilized by hydrogen bonds between amide groups. Their
polyethylene glycol side chains give TriPIC aqueous solutions a thermorespon-
sive behavior: at 50◦C the solution becomes a hydrogel. In this chapter we
study the molecular structure and water dynamics of TriPIC aqueous solutions
while undergoing gelation, using FT-IR spectroscopy and polarization-resolved
femtosecond infrared spectroscopy (fs-IR). We find evidence that the polyethy-
lene glycol side chains trap part of the water molecules upon gel formation, and
we propose that the interaction between the polyethylene glycol side chains and
water plays an essential role in the bundling of the polymers and thus in the
formation of a hydrogel. We observe that the helical backbone and the amide
groups closest to this backbone form a hydrophobic core that is inaccessible to
water, and that stays inaccessible when the solution is heated above the gelation
temperature.

83
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7.1 Introduction

Many biological gels consist of polymers which assemble in a helical structure,
which give them stiffness and stability.117,118 These biological hydrogels often
show a special mechanical responsiveness that plays an essential role in cel-
lular processes.119–121 It is interesting to mimic biological hydrogels with gels
based on synthetic polymers, as these synthetic gels will find many applica-
tions.122,123 Rowan and coworkers developed a biomimetic hydrogel, based on
polyisocyanopeptides (PICs), which not only possesses a similar mechanical
responsiveness as many biological gels, but also shows thermoresponsive be-
haviour.124 PICs consist of a helical backbone that is responsible for the gel
stiffness and that can be chemically modified to add a targeted functionality to
the polymer. PICs adopt a 41 β-helical conformation (four repeating units per
turn). This conformation is stabilized by a β-sheet-like hydrogen-bond network
between the amide groups of monomers n and n + 4.125,126 When the poly-
isocyanidepeptides are grafted with ethylene glycol side chains, they exhibit a
thermoresponsive behavior that causes the polymer to form a gel at elevated
temperatures.124,127 These synthetic gels have been shown to form a network
of semiflexible bundles and to truly mimic biological gels and. These gels have
been studied with several microscopy techniques, small-angle X-ray scattering,
and rheology measurements. Nevertheless, the molecular mechanism of the
gelation process of PICs remains largely unknown.127,128

In order to fully understand the gelation process of PICs, and to be able
to design other biomimetic hydrogels, it is essential to fully understand their
molecular structure and intermolecular interactions. Here we study solutions
of the polymer TriPIC that consists of a helical PIC backbone and three adja-
cent alanine groups (see Figure 7.1). The stiff, helical backbone of the TriPIC
polymer chain is stabilized by two parallel hydrogen-bonding arrays between
the amide groups, which provide the polymer with thermal stability, while the
ethylene glycol tails provide TriPIC with a thermoresponsive functionality, re-
sulting in gelation at 50◦C. Using FT-IR, we study the molecular structure
of the polymer below and above the gelation temperature. Using polarization-
resolved femtosecond infrared spectroscopy, we study the dynamics of the water
molecules in TriPIC polymer solutions, and how these dynamics change when
the temperature is increased above the gelation temperature.

7.2 Experimental Methods

Sample preparation The samples measured with FT-IR spectroscopy were
prepared by dissolving monomer or polymer TriPIC in D2O and by stirring the
solution for 24 hours in a cold room at 4◦C under N2 atmosphere.

The monomer and TriPIC polymer solutions for polarization-resolved
femtosecond infrared spectroscopic studies were prepared by dissolving the
monomer or polymer in 4% D2O (99.9%D, Cambridge Isotope Laboratories) in
H2O (ultrapure milli-Q grade) and by stirring the solution for 24 hours at 4◦C.
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Figure 7.1. (A) Molecular structure of the TriPIC monomer. (B) Molecular structure
of the TriPIC polymer. (C) Cartoon of the β-helical structure of TriPIC and the
hydrogen-bonded network between the amide groups.

Linear and nonlinear spectroscopic measurements The pump-probe
measurements described in this chapter are performed with the setup described
in section 2.2. The FT-IR spectra are measured with a Bruker Vertex 80v
FT-IR spectrometer.

7.3 Results and Discussion

7.3.1 FT-IR spectroscopy
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Figure 7.2. FT-IR spectra of TriPIC polymer (blue) and the corresponding monomer
(green) solutions of 17 mg/ml in D2O at room temperature. The peak assignments
are discussed in the text.

Solvent accessibility The helical backbone conformation of TriPIC is sta-
bilized by hydrogen-bonding arrays, and as such, water is expected to have
a significant impact on the stability and the rigidity of the helix. We used
H/D exchange experiments in conjunction with FT-IR and ATR spectroscopy
to study the solvent accessibility of the helical backbone. Figure 7.2 shows the
FT-IR spectrum of a TriPIC polymer solution, together with that of a TrPIC
monomer solution, both using D2O as the solvent. The absorption band at 1735
cm−1 is due to the ester C=O stretching vibration, and the band at 1645 cm−1

corresponds to the amide I modes of the two amide groups. This latter band is
much narrower for the polymer than for the monomer solution, while the area
under the band is more or less the same. The large width of the absorption
band of the amide I mode of the monomer indicates that the amide groups
form hydrogen bonds with water molecules, as these hydrogen bonds show a
large variation in strength, leading to a broad absorption band. In the polymer
the amide A groups form mutual intrachain hydrogen bonds (see Figure 7.1C),
with a much smaller distribution in hydrogen-bond strengths, thus leading to
a much narrower absorption band. The low-frequency shoulder at 1620 cm−1

(which is only observed for the polymer) is attributed to the C=N stretch vi-
bration. Interestingly, we also observe a strong amide II (which has mainly
NH-bending character) absorption band at 1523 cm−1 for the polymer, which
is entirely absent in the monomer spectrum. This band points to the persistent
presence of protonated NH groups in the polymer, even though the polymer is
dissolved in D2O. These NH groups are apparently extremely well shielded from
the solvent because they show no sign of H/D exchange, even after keeping the
polymer for several weeks in D2O solution.

In order to test whether all NH groups in the polymer are inaccessible to the
solvent, we also measured ATR spectra for a 1:1 mixture of D2O:H2O (Figure
7.3B). We find that the amide II band (1523 cm−1) increases in intensity when
H2O is added to the solvent, and that the band at 1440 cm−1 (due to the
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Figure 7.3. (A) ATR spectra of monomer solutions in D2O (dark green) and in
a mixture of 1:1 D2O:H2O (light green) at room temperature. (B) ATR spectra of
TriPIC polymer solutions in D2O (dark blue) and in a mixture of 1:1 D2O:H2O (light
blue) at room temperature.

amide II’ absorption of deuterated amide groups) decreases in intensity. This
indicates that the polymer contains not only solvent-inaccessible NH groups but
also solvent-accessible NH groups. The ATR spectra also show two well-resolved
bands in the amide I region (at 1645 and 1671 cm−1). The band at 1671 cm−1

blue-shifts a few cm−1 when H2O is added to the solvent, whereas the band
at 1645 cm−1 is unaffected. This leads us to conclude that the two amide I
absorption bands correspond to the two types of helical amide groups (A and
B): the amide groups closest to the helical backbone (A) absorb at 1645 cm−1

and are solvent inaccessible, whereas the amide groups further away from the
central helix (B) and close to the poly(ethylene glycol) chain, absorb at 1671
cm−1 inD2O, and are accessible to the solvent, as evidenced by the small blue
shift upon the addition of H2O. For the monomer, we observe complete H/D
exchange. When the monomer is dissolved in D2O, there is no amide II (NH
bending) band present, and we only observe the amide II’ (ND bending) band
at 1434 cm−1. When the solvent is exchanged for a 1:1 D2O:H2O mixture, the
amide II band is observed at 1558 cm−1, and the amide II’ band decreases in
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Figure 7.4. ATR spectra at room temperature of solid TriPIC polymer (dark blue)
and solid TriPIC polymer with a drop of D2O (light blue), and ATR spectra at 65◦C
of solid TriPIC polymer (red) and solid TriPIC polymer with a drop of D2O (pink).

intensity. This shows that for the monomer, all the amide groups are solvent
accessible and undergo H/D exchange when H2O as a solvent is exchanged for
D2O.

To investigate whether the solvent accessibility of the TriPIC polymer is
temperature-dependent, we also performed H/D exchange experiments at a
temperature above gelation temperature (Tgel = 50◦C), at 65◦C. Figure 7.4
shows the results of this experiment. In this case, we start the experiment with
a solid TriPIC polymer sample. The solid sample will be completely protonated
since the molecule was synthesized under protonated conditions. In both spec-
tra of the solid sample, at room temperature and at 65◦C, we observe the amide
II band and no amide II’ band. After a drop of D2O has been added to the
solid sample, the spectrum shows a shoulder at 1428 cm−1 (the amide II’ band)
both at room temperature and at 65◦C. In addition, the amide II band remains
present, meaning that at both temperatures, the amide closest to the helical
backbone (amide A) is solvent inaccessible.

Temperature dependence To obtain more insight into the mechanism of
the bundling of TriPIC polymers, we performed temperature-dependent FT-IR
measurements (Figure 7.5) of the vibrations of the two hydrogen-bond-forming
amide groups. It has been suggested that the hydrogen bonds formed by the
amide group closest to the isocyanide backbone (amide A) maintain the helical
architecture of the polymer,129 while the hydrogen bonds of the second amide
group (amide B) further stabilize and stiffen the TriPIC polymer backbone.
This view is consistent with the present results regarding the different solvent
accessibilities of these two amide groups. The intensities, peak widths, and peak
centers of the C=O stretch vibrations of both amides and the ester (Figure 7.5B)
change with temperature, which indicates that the local chemical environment
of these groups changes. For the monomer (Figure 7.5A) we observe no changes
in the spectrum in this region as a function of temperature.
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Figure 7.5. (A) FT-IR spectra of monomer solutions of 17 mg/ml in D2O as a
function of temperature. (B) FT-IR spectra of TriPIC polymer solutions of 17 mg/ml
in D2O as a function of temperature.

The ester C=O and the amide I,B vibrational bands show a blue-shift with
increasing temperature, while the center position of the amide I,A band is
independent of temperature. The ester C=O groups and part of the amide
I,B groups are hydrogen-bonded to their aqueous solvation shell, and these
hydrogen-bonds become weaker with increasing temperature, leading to the ob-
served blue-shift and peak broadening of the amide I,B and ester bands. The
amide A hydrogen-bond strength does not change: these groups are already
so tightly bound and shielded from the solvent that polymer bundling does
not alter their already highly ordered conformation. We note that the spectral
changes with the temperature of the aqueous TriPIC polymer solution or gel
are fully reversible: on cooling, the original spectrum is obtained again. To an-
alyze the data more quantitatively, the spectra were deconvoluted by globally
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Figure 7.6. (A) Fitted FT-IR spectra of TriPIC polymer solutions of 17 mg/ml in
D2O at different temperatures. The raw spectra (solid line) in the amide I and ester
regions were fitted with six Gaussian curves (colored curves) centered at 1622, 1645,
1662, 1674, 1734 and 1739 cm−1. The fit result is show as dashed black line. (B)
Normalized area of the fitted Gaussians as a function of temperature. The solid lines
are guides to the eye.
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Anisotropy decay as a function of delay time of TriPIC polymer solutions in isotopically
diluted water, for different concentrations at room temperature. The solid lines are
fits to an exponential function with an offset.

fitting six Gaussian peaks with peak centers at 1622, 1645, 1662, 1674, 1734,
and 1739 cm−1. We fitted the C=N band and the amide I,A band each with
one Gaussian, and the amide I,B band and the ester vibrational band each with
two Gaussians, as this allows us to model the blue-shift and broadening of these
latter two bands with increasing temperature. In Figure 7.6A we show this
fit for four different temperatures from 20◦C to 80◦C. The dashed line shows
that the model with six Gaussian curves provides a good fit of the experimental
spectrum at all temperatures. The areas of the Gaussians are shown in Figure
7.6B. For the Gaussians fitting C=N stretch mode and the amide I,A mode
the area stays constant as a function of temperature. For the Gaussians fitting
the amide I,B mode and the C=O stretch mode, we observe that there is an
inflection point at Tgel = 50◦C, above which the variation of the intensity of
the bands with temperature becomes stronger.

7.3.2 Pump Probe Spectroscopy

Concentration dependence We also studied the dynamics of the solvent
of aqueous TriPIC polymer solutions with polarization-resolved femtosecond
infrared spectroscopy. In this technique we pump and probe the OD stretch
vibration of HDO molecules in isotopically diluted water. By measuring the
anisotropy decay of the transient absorption signal of the excited OD stretch
vibrations, we obtain information on the orientational mobility of the water hy-
droxyl groups. In Figure 7.7, we show the anisotropy decay of the OD stretch
vibration of HDO measured for pure isotopically diluted water and for TriPIC
monomer and polymer solutions at different concentrations. For pure isotopi-
cally diluted water, we find that the anisotropy decay can be fitted well with
an exponential function with a (reorientation) time constant of 2.3 ps. For so-
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Figure 7.8. Offset Rslow of the anisotropy decay as a function of concentration for
the monomer (green) and TriPIC polymer (blue), and isotopically diluted water (grey)
at room temperature. The solid lines are fits to a linear function.

lutions of TriPIC monomer or polymer, we observe a similar exponential decay
and an additional much slower component. We thus fit the anisotropy decay
of the TriPIC monomer and polymer solutions with an exponential function
with an offset, R = R0e

−t/τr + Rslow. We find for all TriPIC monomer and
polymer solutions a reorientation time τr of 2.4 ps, similar to the reorientation
time of isotopically diluted water. This finding indicates that a large fraction
of the water molecules in TriPIC monomer and polymer solutions is behaving
like bulk water, and only a small fraction of the water molecules reorients on a
much longer timescale. In Figure 7.8 we plotted the offset Rslow as a function
of solute concentration (csolute) for both the TriPIC monomer and the polymer
and that Rslow is bigger for the monomer than for the polymer. The clear lin-
ear dependence of Rslow indicates that the slowly reorienting water hydroxyl
groups are associated with water molecules that are in the direct vicinity of the
solute. These water molecules likely interact with the hydrophobic groups or
the polyethylene glycol tails of the monomer and TriPIC polymer. 40,130

From the slope a of the linear fit (Rslow = a · csolute + b) we calculate the
number of slowly reorienting water molecules per monomer molecule (for the
monomer solutions) or repeating unit (for the polymer solutions), Nslow. We
multiply the slope a by the molecular weight Mw of the TriPIC repeating unit
(to change the units from mg/ml to molal) and we divide by 0.4 (to normalize
the number, because 0.4 is the maximum value of the anisotropy parameter, i.e.
the value of Rslow if all water hydroxyl groups would be slow), and multiply
the result with the number of moles of hydroxyl groups in a kilogram of water
(110.514 for 4% D2O in H2O):

Nslow =
a ·Mw

0.4
· 110.514 (7.1)
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Figure 7.9. (A) Anisotropy decay as a function of delay time of 40 mg/ml monomer
solutions in isotopically diluted water, for different temperatures. (B) Anisotropy
decay as a function of delay time of 40 mg/ml TriPIC polymer solutions in isotopically
diluted water, for different temperatures. The solid lines are fits to an exponential
function with an offset.

We find that the monomer slows down 40±2 water hydroxyl groups per molecule
while the polymer slows down 21± 3 water hydroxyl groups per repeating unit.
The difference between the amount of slowly reorienting water hydroxyl groups
between the monomer and polymer can be explained by the conformation of the
adapts. As we showed with our FT-IR results, for the polymer, the inner amide,
amide A, is not accessible for the solvent, meaning that the water molecules are
not interacting with the inner core of the polymer. The monomer is completely
water accessible, and thus water is interacting with the complete monomer
molecule. As more water molecules are interacting with the monomer than
with the polymer, the number of affected (slowed-down) water molecules will
be larger for the monomer. Interestingly, the difference in solvent-accessibility
cannot fully explain the difference of ∼20 slowly rotating water OH groups.
In previous work it was found that one CH bond slows down the rotation of
on average 1.25 water OH groups.40 Upon polymer formation, 8 CH groups
become solvent inaccessible, which is thus expected to lead to a decrease of the
number of slowly reorienting water OH groups by ∼10. Recently, Ensing et
al. showed that polyethylene glycol molecules slow down the reorientation of
water molecules not only because of the interaction of water molecules with the
hydrophobic groups, but also because of the strong interactions of water with
the partially charged polyethylene glycol oxygen atoms. The polyethylene glycol
chains are likely much better exposed to the water solvent more solvent for the
TriPIC monomers than for the polymer, thus explaining why the difference in
number of slow water hydroxyl groups between monomer and polymer is larger
than can be explained from the exclusion of water from the core of the polymer.

Temperature dependence To investigate the relationship between the
gelation and the water dynamics, we measure the water reorientation dynamics
as a function of temperature for both the TriPIC monomer and the polymer
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Figure 7.10. Offset Rslow of the anisotropy decay as a function of temperature for
the monomer (green) and TriPIC polymer (blue) at 40 mg/ml. The solid lines are
guides to the eye.

solutions. The anisotropic decays are displayed in Figure 7.9. In both cases, the
reorientation time becomes faster with increasing temperature. This decrease
in reorientation time is also observed for pure isotopically diluted water. 48 To
analyze the data, we fitted the reorientation time constants measured for pure
isotopically diluted water at different temperatures with an Arrhenius expres-
sion. The temperature-dependent reorientation times resulting from this fitted
Arrhenius expression were then used as the exponential time constants in fits
of the measured anisotropy decays of the TriPIC monomer and polymer solu-
tions. We thus fit these anisotropy decays with an exponential function plus
an offset, like we did for the concentration-dependent measurements at room
temperature. The results of these fits are presented as the solid lines in Figure
7.9, and the offset Rslow that we obtain from this fit is plotted in Figure 7.10.

In Figure 7.10, we show the offset Rslow as a function of temperature for both
the TriPIC monomer and polymer. For the monomer, we observe a decrease of
Rslow with increasing temperature. This is in quantitative agreement with pre-
vious work, where Rslow was measured for proteins at different temperatures 85

within a similar concentration range. Previous dielectric relaxation measure-
ments and NMR experiments on small amphiphilic molecules also showed a
similar decrease in slowly reorienting water molecules with increased temper-
ature.65,131 The amount of slowly reorienting hydroxyl groups decreases with
increasing temperature, because of the hydrogen-bond network becomes more
dynamic and less coordinated at higher temperatures. 65 For the polymer, we
observe a very different behavior. At temperatures below the gelation temper-
ature of 50◦C, Rslow increases with increasing temperature, until a maximum
Rslow at 50◦C is reached after which the offset decreases. The difference in tem-
perature dependence between the monomer and the polymer is striking, and the
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fact that the turning point for the polymer occurs at the gelation temperature,
suggests that for the polymer the change in water dynamics with temperature
is correlated to the gelation of the TriPIC polymer solution.

It should be noted that the increase in slowly reorienting water molecules
below 50◦C cannot be attributed to an increase of the solvent accessibility with
increasing temperature. Our FT-IR results at different temperatures clearly
show that the solvent accessibility does not change significantly upon heat-
ing of the solution. More specifically, in Figure 7.4, we see that the amide II
band, dominated by the NH bending vibration, stays present in D2O solvent,
at temperatures of 65◦C, above the gelation temperature. We thus attribute
the increase of the fraction of slowly reorienting water hydroxyl groups from the
binding of water molecules between the polyethylene glycol side chains of dif-
ferent polymers. We propose that the trapping of water molecules between the
negatively charged oxygen atoms of polyethylene glycol side chains of different
polymers plays a crucial role in the bundling of the polymers. In this picture
the water molecules act as a glue that binds polymers together to form bundles
and a polymer network, which ultimately at 50◦C leads to hydrogel formation.
For TriPIC monomers, the polyethylene glycol chains are already quite strongly
exposed to water at room temperature, and changing the temperature does not
lead to a strong change of this interaction.

At temperatures >50◦C the fraction of slow water molecules is similar for the
TriPIC polymer and the monomer. For TriPIC polymers, water is excluded from
the core, leading to a smaller number of water molecules that is slowed down by
the central part of the molecule, but apparently at temperatures >50◦C, this
lower number is fully compensated by the higher number of water molecules that
are slowed down as a result of their trapping between the polyethylene glycol
chains in the polymer bundles, probably because within these bundles water
molecules can easily bind to two ether oxygen atoms simultaneously, which
leads to a strong slowing down of their reorientation. 130

The increase of the slow water fraction upon gelation of TriPIC polymers
forms an interesting contrast with the observations in our recent study of the
effect of gelation on the slow water fraction in hyaluronic acid hydrogels. For
aqueous solutions of hyaluronic acid (which forms a hydrogel at pH 2.5), we
showed that the slow fraction is decreasing upon gelation. The disparity between
the observations for these two hydrogels can be explained from the different
interactions that govern their molecular structure. In the case of hyaluronic acid,
the network formation that leads to the formation of the hydrogel is the result
of direct hydrogen bonds between the carboxylate groups and the amide groups
of the hyaluronic acid molecules.102 In TriPIC polymers, the polymer molecules
are probably crosslinked by hydrogen bonds to bridging water molecules. As
these water molecules will show a very slow reorientation, TriPIC gel formation
is accompanied by an increase of the slow water fraction.
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7.4 Conclusions

In summary, we studied the molecular structure and water reorientation dynam-
ics of TriPIC monomer and polymer solutions with FT-IR H/D isotope exchange
experiments, and with temperature-dependent FT-IR and polarization-resolved
femtosecond infrared spectroscopy. Our FT-IR H/D exchange experiments show
that the NH groups of the inner amide groups of the central helix of TriPIC
polymers do not change to ND upon solvation in D2O. From our femtosecond
infrared measurements, we find that the TriPIC polymer is interacting less with
water than the monomer. We thus conclude that the TriPIC polymer possesses
a hydrophobic core that is partly shielded from water. When the temperature
is increased, this hydrophobic core stays shielded from water.

With increasing temperature, the fraction of water molecules that are slowed
down by the TriPIC polymers increases, opposite to what is observed for the
monomer and for other solute molecules in water. We explain this increase
from the enhanced binding of water molecules to the polyethylene glycol side
chains. We propose that this binding, in particular the donation of two strong
hydrogen bonds by a water molecule to two negatively charged oxygen atoms
of polyethylene glycol side chains that belong to different polymers, may play
a role in the bundling of the polymers. The water molecules thus may act as a
glue that bind the polymers together, leading to an extended polymer network,
and eventually to the formation of a hydrogel.

At the gelation temperature of 50◦C, the number of trapped water molecules
saturates. When the temperature is increased above the gelation temperature,
the temperature dependence of the number of slowed-down water molecule be-
comes normal, i.e. slowly decreases with increasing temperature, as is observed
for the monomer.
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Summary

Water is essential to all life on earth. Even though water is ubiquitous, under-
standing and predicting the behaviour of water on a molecular level remains a
great challenge. The main reason for the complexity of water lies in the fact
that water molecules are able to form a three-dimensional network, facilitated
by their ability to form hydrogen bonds. A hydrogen bond is a relatively strong
intermolecular connection between the lone pair of an electronegative atom,
e.g. oxygen, and a hydrogen atom. In liquid water, hydrogen bonds are con-
stantly broken and formed and water molecules are rotating on a picosecond
timescale. In this study we investigate the properties of water experimentally
using polarization-resolved pump-probe infrared spectroscopy: a technique that
can be used to measure the dynamics of water with ultrashort laser pulses. In
particular, we use this technique to investigate the water reorientation dynamics
in nanostructured aqueous systems.

Towards pump-probe measurements at high repetition rate
Currently, most infrared pump-probe measurements are performed at a repeti-
tion rate of 1 kHz. To improve the signal-to-noise ratio in these experiments,
we have developed a pump-probe setup that can operate at higher repetition
rates, up to 16.7 kHz. Using this high repetition rate, we are able to perform
more measurements in a shorter time, and since the signal-to-noise ratio scales
with the square root of the number of measurements, the quality of the obtained
data significantly improves. We demonstrate the practical implementation, op-
timization and proof of principle of high repetition rate measurements. We also
observe that the use of a higher repetition rate leads to a stronger heating of
the sample during the measurements. This sample heating can be compensated
effectively by cooling.

Structure of micelles and micro-emulsions
One of the types of nanostructured aqueous materials that we study are emul-
sions. We start by studying the structural properties of dodecyltrimethylammo-
nium bromide (DTAB) micelles and micro-emulsions. In these systems, water
is surrounding DTAB micelles and oil droplets coated with DTAB surfactant
molecules. Using polarization-resolved pump-probe spectroscopy, we observe
that a fraction of the water molecules is reorienting on a much slower timescale
than bulk water. These slow water molecules are interacting with the micelles
and micro-emulsion droplets. For micelles, we observe a sublinear increase of
slow water with increasing DTAB concentration, which indicates an increase in
micelle size and enhanced aggregation. For micro-emulsions, we measure the
slow water fraction as function of increasing oil concentration. We observe that
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the fraction of slow water does not change as a function of oil content. This
result shows that in micro-emulsions, the added oil molecules are absorbed in
the core of the droplets and completely shielded from the surrounding water.

Water reorientation dynamics in nano-emulsions
The second type of emulsions that we study are nano-emulsions. Nano-emulsion
droplets are in fact bigger than micro-emulsion droplets, contrary to what their
name suggests. Nano-emulsions differ from micro-emulsions in size, surfactant
content and stability. Nano-emulsion oil-in-water droplets are not thermody-
namically stable like micro-emulsion droplets, but yet are kinetically stable, al-
lowing us to study them at different compositions with femtosecond pump-probe
spectroscopy. Similar as for the micro-emulsions, we observe for nano-emulsions
a fraction of water molecules to be reorienting on much longer timescales than
for bulk water. In contrast to the micro-emulsions, the fraction of slow water
is now dependent on the oil content. The indicates that in nano-emulsions,
the water molecules are interacting with the oil molecules. Interestingly, the
fraction of slowly reorienting water is not dependent on the size of the droplets.
This independence of the slow water fraction on the droplet size implies that the
total surface area of the droplets is quite independent of the droplet size, which
indicates that the surfaces of the oil droplets are quite strongly corrugated, with
an increasing degree of corrugation with droplet size.

Hyaluronan biopolymers release water upon gelation
Next to our studies on emulsions, we investigated the dynamics of water
molecules in hyaluronan hydrogels. Hyaluronan is a biopolymer found in many
biological tissues and fluids, where it is involved in a wide range of biological
functions. Aqueous solutions of high molecular weight hyaluronan are respon-
sive to their environment, they form a gel at a narrow pH range around pH
2.4. By studying these solutions using polarization-resolved pump-probe in-
frared spectroscopy, we find that hyaluronan slows down a fraction of the wa-
ter molecules. At pH 2.4, this fraction reaches a minimum while the viscosity
reaches a maximum. This implies that water molecules become on average more
mobile when the solution becomes more viscous. This counterintuitive result
can be explained from the gelation mechanism of the polymer. The hyaluronan
polymer chains bundle to form a network, leading to an increased viscosity. The
bundle formation involves the expulsion of hydration water from the surfaces of
the hyaluronan polymers, leading to more bulk water molecules with a higher
mobility.

Structure and dynamics of a temperature sensitive hydrogel
We investigated another responsive hydrogel, based on polyisocyanotripeptides
(TriPIC). This is a biomimetic polymer with a β-helical backbone stabilized by
hydrogen bonds between amide groups. When the polyisocyanidepeptides are
grafted with ethylene glycol side chains, they exhibit a thermoresponsive behav-
ior that causes the polymer to form a gel at temperatures above 50◦C. We stud-
ied the gelation process using FTIR spectroscopy and pump-probe spectroscopy.
From isotope exchange experiments, we observe that the helical backbone and
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the amide groups closest to the backbone form a hydrophobic core that is inac-
cessible to water, which stays inaccessible even at temperatures above gelation
temperature. Contrary to the hyaluronan hydrogels, for TriPIC we observe an
increase in the fraction of slow water molecules upon gelation. We explain this
increase from the enhanced binding of water molecules to the polyethylene gly-
col side chains. We propose that this binding, in particular the donation of two
strong hydrogen bonds by a water molecule to two negatively charged oxygen
atoms of polyethylene glycol side chains that belong to different polymers, may
play a role in the bundling of the polymers. The water molecules thus may
act as a glue that bind the polymers together, leading to an extended polymer
network, and eventually to the formation of a hydrogel.
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Samenvatting

Water is essentieel voor al het leven op aarde. Ondanks dat water alomtegenwo-
ordig is, is het begrijpen en voorspellen van het gedrag van water op moleculair
niveau een grote uitdaging. De voornaamste reden voor de complexiteit van wa-
ter is dat watermoleculen in staat zijn om een driedimensionaal netwerk te vor-
men, doordat elk watermolecuul maar liefst vier waterstofbruggen met andere
watermoleculen kan vormen. Een waterstofbrug is een relatief sterke intermolec-
ulaire verbinding tussen een vrij elektronenpaar van een elektronegatief atoom,
bijvoorbeeld zuurstof, en een waterstofatoom. In vloeibaar water worden wa-
terstofbruggen constant verbroken en gevormd, en watermoleculen roteren op
een tijdschaal van picoseconden. In deze studie onderzoeken we experimenteel
de eigenschappen van water met behulp van polarisatie-opgeloste pomp-probe
infraroodspectroscopie: een techniek die in staat is de dynamica van water te
meten door middel van ultrasnelle laser pulsen. We gebruiken deze techniek om
de water reoriëntatie dynamica te onderzoeken in nanogestructureerde waterige
systemen.

Metingen met hoge herhalingssnelheid
Momenteel worden meeste infrarood pomp-probe metingen uitgevoerd met een
herhalingsfrequentie van 1 kHz. Om de signaal-ruis verhouding te verbeteren,
hebben we een pomp-probe opstelling ontwikkeld die functioneert met hogere
herhalingssnelheden, tot 16.7 kHz. Met deze verbetering zijn we in staat om
meer metingen te doen in kortere tijd, en aangezien de signaal-ruis verhouding
schaalt met de wortel van het aantal metingen, verbetert de kwaliteit van de
data aanzienlijk. We demonstreren de praktische uitvoering, optimalisatie en
bewijs van het principe van hoge herhalingssnelheid metingen. We zien echter
ook dat het gebruik van een hogere herhalingssnelheid leidt tot een sterkere
opwarming van het sample tijdens de meting. Deze sample opwarming kan
effectief worden gecompenseerd door het sample te koelen.

Structuur van micellen en micro-emulsies
Emulsies zijn nanogestructureerde waterige systemen die worden gevormd door
oliedruppels in water of waterdruppels in olie. We bestuderen de structurele
eigenschappen van dodecyltrimethylammonium bromide (DTAB) micellen en
micro-emulsies. In deze systemen zijn de DTAB micellen en oliedruppels
gecoat met DTAB surfactant moleculen, omringd door water. Door middel
van polarisatie-opgeloste pomp-probe spectroscopie observeren we dat een frac-
tie van de watermoleculen op een veel langere tijdschaal reoriënteert dan de
moleculen in bulk water. Deze langzame watermoleculen interacteren met de
micellen en de micro-emulsie druppels. Voor micellen observeren we een sublin-
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eaire toename van het aantal langzame watermoleculen met toenemende DTAB
concentratie. Dit geeft aan dat met toenemende DTAB concentratie de gemid-
delde micelgrootte toeneemt en de micellen aggregeren. Door olie toe te voegen
aan de micellen creëren we micro-emulsies. Voor deze emulsies meten we de
fractie langzaam water als functie van de olie concentratie. We zien dat de frac-
tie langzaam water niet verandert als functie van het oliegehalte. Dit resultaat
laat zien dat de toegevoegde oliemoleculen in de kern van de druppels worden
opgenomen en daardoor compleet afgeschermd zijn van het omringende water.

Water reoriëntatie dynamica in nano-emulsies
Het tweede type emulsies dat we onderzoeken zijn nano-emulsies. In tegen-
stelling tot wat de naam nano-emulsie suggereert zijn de druppels groter dan die
van micro-emulsies. Nano-emulsies verschillen van micro-emulsies in druppel-
grootte, surfactant gehalte en stabiliteit. Nano-emulsie olie-in-water druppels
zijn niet thermodynamisch stabiel zoals micro-emulsie druppels, maar ze zijn
wel kinetisch stabiel. Hierdoor kunnen we ze toch bestuderen met femtosec-
onde pomp-probe spectroscopie. Net als met de micro-emulsies, zien we dat een
fractie van de watermoleculen reoriënteert op een veel langere tijdschaal dan
de moleculen in bulk water. In tegenstelling tot de micro-emulsies, hangt de
hoeveelheid langzaam roterend water voor nano-emulsies wel af van het oliege-
halte. Dit wijst erop dat in nano-emulsies de watermoleculen interacteren met
de oliemoleculen. Interessant is dat de fractie langzaam reoriënterend water niet
afhankelijk is van de druppelgrootte wat impliceert dat de totale oppervlakte
van de druppels onafhankelijk is van de druppelgrootte. Dit betekent dat de
oppervlaktes van de oliedruppels sterk gerimpeld zijn, en dat de rimpeling toe-
neemt met de druppelgrootte.

Hyaluronan biopolymeren laten water los tijdens gelering
We hebben ook onderzoek gedaan naar de dynamica van watermoleculen in
hyaluronan hydrogels. Hyaluronan is een biopolymeer dat prominent aanwezig
is in biologische weefsels en vloeistoffen, en een belangrijke rol speelt in een
verscheidenheid aan biologische functies. Waterige oplossingen van hyaluronan-
polymeren met hoog molecuulgewicht hebben als bijzondere eigenschap dat ze
een gel vormen in een nauw pH bereik rond pH 2.4. We nemen waar dat hyaluro-
nan een fractie van de watermoleculen vertraagd. Bij pH 2.4 bereikt deze frac-
tie echter een minimum, terwijl de viscositeit juist een maximum bereikt, wat
betekent dat watermoleculen gemiddeld meer mobiel worden terwijl de oplossing
meer stroperig en zelfs elastisch wordt. Dit contra-intüıtieve resultaat kan wor-
den verklaard vanuit het geleringsmechanisme van het polymeer. De hyaluronan
polymeerketens vormen bij pH 2.4 een sterk verbonden netwerk, wat leidt tot
een verhoogde viscositeit en elasticiteit. Het vormen van verbindingen tussen de
polymeren betekent dat het hydratatiewater van het oppervlak van de hyaluro-
nan polymeren loskomt, wat leidt tot meer bulk watermoleculen met een hogere
mobiliteit.

Structuur en dynamica van een temperatuur gevoelige hydrogel
Naast hyaluronan, hebben we onderzoek gedaan aan polyisocyanotripeptides
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(TriPIC) hydrogels. TriPIC is een biomimetische polymeer met een β-helisch
skelet. Als de polyisocyanidepeptides worden voorzien van ethyleenglycol zi-
jketens, hebben ze een thermoresponsief gedrag wat er voor zorgt dat het poly-
meer een gel vormt bij temperaturen boven 50◦C. We hebben het geleringsproces
bestudeerd met FTIR-spectroscopie en pomp-probe spectroscopie. Met isotoop
uitwisselingsexperimenten vinden we dat het helische skelet dat de hydrofobe
kern vormt, ontoegankelijk is voor water, zelfs bij temperaturen boven de geler-
ingstemperatuur. In contrast met hyaluronan hydrogels, vinden we voor TriPIC
een toename in fractie langzame watermoleculen bij gelering. We verklaren deze
toenamen door de versterkte binding van watermoleculen aan de polyethyleeng-
lycol zijketens. Wij stellen voor dat deze binding een rol speelt in het bundelen
van de polymeren. Het gaat hier in het bijzonder om de donatie van twee
sterke waterstofbruggen van een watermolecuul aan twee negatief geladen zu-
urstofatomen van polyethyleenglycol zijketens die tot verschillende polymeren
behoren. De watermoleculen plakken als een soort lijm daarmee de polymeren
aan elkaar, wat leidt tot de vorming van een uitgebreid polymeer netwerk, en
uiteindelijk een hydrogel.
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