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CHAPTER 1

Introduction

1.1 Hydrogen bonds

Attractive molecular forces can be considered as “glue” keeping all ordinary matter
together. They prevent the objects in our macroscopic world, including ourselves,
from falling apart into individual molecules. Of the several types of molecular
interactions that can be distinguished perhaps the most interesting one is the
hydrogen bond. The hydrogen bond has been discovered about a century ago.
[1, 2] It is an attractive interaction between a hydrogen-bond donor X—H, where
X is an electronegative atom, and a hydrogen-bond acceptor Y which is another
electronegative atom or moiety. This can be depicted in the following way: X—
H· · ·Y, where · · · denotes the hydrogen bond. [3] The attractive force arises from
Van der Waals forces but also has a covalent contribution. [4] The latter makes
the hydrogen bond much more directional than conventional Van der Waals forces.
[5, 6] Also, it makes hydrogen bonds strongly chemically selective. For example
the binding energy of N—H· · ·N in guanine-cytosine base pair is much stronger
than between the adenine-thymine pair. [7] Since the discovery of the hydrogen
bond this seemingly simple interaction has proved to be tremendously important
for the understanding of the physical and chemical properties of many molecular
systems. The hydrogen bond strength is typically only a few kBT but can in some
cases also be much larger.[8] The binding energy depends on temperature, pressure
and the chemical structure of the donor and acceptor.

The hydrogen bonds play a very important role in the functioning of life at
the molecular level. They are involved in the stabilization and functioning of
the major components that the living cell is comprised of, ranging from DNA
(Figure 1.1a), proteins, membranes, cellulose and, very importantly, water. Why

1
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hydrogen bonds are so important in life at a molecular level remains a matter of
discussion. However, it is clear that the properties of hydrogen bonds such as the
selective binding, directionality and low binding energy meet the requirements for
sustaining the highly dynamic but at the same time structured environment of the
living cell.

Figure 1.1: a) DNA base-pairs are coupled by hydrogen bonds. The atomic coordi-
nates used to generated the image were obtained from the RCSB PDB database. [9]
b) A water molecule bound to four neighboring water molecules.

1.2 Water

Water is a prime example of a compound of which the physical properties are
largely determined by its ability to form hydrogen bonds. It is by far the most
abundant liquid on earth and one of the most abundant molecules in the universe
(together with CO and H2). [10] 70% of the earth’s surface is covered by water
and all living organisms consist of on average around 70% of water. [11, 12] Water
is perhaps the most studied compound. In the living cell, water does not merely
operate as a spectator molecule but it is actively involved in the folding of pro-
teins, cell signaling and binding site recognition. [13] Water, especially in its liquid
form, exhibits many unusual properties that are very different from other liquids.
Well known examples that we experience in our daily lives include that ice floats
on liquid water (which means that the density of the solid state is lower than the
liquid state) and that water is not a gas but a liquid at room temperature, which
is surprising considering its low molecular weight. Over 70 of these anomalous
physical properties have been counted. [14] Many of the remarkable properties of
water can be directly related to the ability of water to from a three-dimensional
network of hydrogen bonds. As demonstrated in Figure 1.1b the number of hy-
drogen bonds that a single water molecule can potentially form is four; it can
accept and donate two hydrogen bonds. In ice all the binding sites are occupied
so that it forms a highly symmetrical tetrahedral network. In liquid water not
all the binding sites are occupied: it is slightly under-coordinated. Most studies
show that on average 3.5 binding sites are occupied. [15–18] This means that
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liquid water has local tetrahedral character but that there is also some disorder.
The hydrogen bond network is highly dynamic due to the low binding energy of
the hydrogen bonds (around 5·kBT [16]): hydrogen bonds are continuously being
stretched, broken and formed on a picosecond time scale by thermal fluctuations.
[19] Furthermore, hydrogen bonding of water affects the electronic distribution of
the lone pairs. As a consequence the binding energy of the hydrogen bond depends
on how many hydrogen bonds (donating or accepting) the water molecules already
possess. This gives water collective properties, i.e. breaking one hydrogen bond
affects the binding properties of all the neighboring water molecules. The fast
dynamics, the cooperativity and the combination of local ordering and disorder
make it extremely challenging to accurately assess the intermolecular structure
and dynamics. Directly studying the hydrogen bond network would require a
combination of Ångstrom spatial resolution and femtosecond temporal resolution.
Unfortunately, at the moment there are no experimental techniques available that
meet both these requirements.

1.3 Confinement and surface effects

In the past decade the effect of confinement on water has gained considerable inter-
est. [20–31] The main motivation for studying water in confinement is that most
of the water in the living cell is found in nanometer volumes. [13] In small water
volumes the hydrogen bond network is spatially limited. Because many physical
properties rely on the ability of water to form an extended hydrogen bond net-
work, it can be expected that the physical properties of water are influenced by
confinement. This raises a number of important questions: does water in these
nanoscopic water volumes behave the same as in the bulk or is there an effect of
confinement? What is the extent of such a confinement effect? To what extent
is this effect determined by the chemical nature of the confining interface (hy-
drophilic, hydrophobic, charged/neutral, non-hydrogen bonding, hydrogen bond
accepting/donating)? What is the influence of the confinement geometry?

Reverse micelles are an excellent model system for studying water in nanocon-
finement. Reverse micelles are isolated surfactant-coated water droplets of well-
defined size dispersed in an apolar solvent. Studying these systems allows for great
flexibility. The size can be easily tuned by changing the water surfactant ratio:
w0 =[H2O]/[Surfactant], and by tuning the parameters such as temperature and
the type of apolar solvent, the geometry of the water volume can be tuned to a
spherical or tubular shape. Furthermore, by choosing between different surfac-
tants with either cationic, anionic or nonionic head groups the chemical nature of
the confining surfaces can be changed.

Information on the dynamics of the hydrogen bond network can be obtained
from the reorientation dynamics of water molecules. Mid-infrared pump-probe
spectroscopy can be used to study the reorientational dynamics of water molecules
ranging from less than a picosecond to several picoseconds (the time window in
which the dynamics can be measured is limited by the vibrational relaxation time
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of the probed vibration, typically the OD or OH-stretch). Such studies have shown
a strong slowing down of the dynamics upon confinement. The reorientational
dynamics of water in ionic surfactants can be well described with a core shell
model, where the core behaves as normal (bulk) water, and the shell exhibits
strongly reduced dynamics [21, 23] In this case the confinement effect does not
extend beyond the first solvation layer. Ions are also known to have an effect on
the reorientation dynamics. The counter-ion concentration in ionic reverse micelles
scales inversely with the size. For small reverse micelles, for example with w0 = 5,
the counter ionic concentration is as high as 11 molal and significantly slows down
the dynamics. [32, 33] In nonionic reverse micelles the interior is not perturbed
by charges and there slowdown is only a result of confinement.

Nonionic reverse micelles are less extensively studied and the core/shell model
has not yet been tested. [27, 34] In chapter 3 the core/shell model of water in
nonionic (Igepal) reverse micelles is carefully investigated by studying both the
water dynamics with time-resolved infrared spectroscopy and the reverse micelle
structure with small-angle x-ray scattering.

The reorientational dynamics of molecules can also be assessed using dielec-
tric relaxation spectroscopy (DRS). This method is not as specific as infrared
spectroscopy as it measures the reorientation of all dipolar species present in a
sample. An advantage, however, is that also slow dynamics can be resolved as the
timescale of the technique has no lower limit in the measured frequency range. An-
other difference is that DRS is more sensitive to the collective reorientation of water
molecules. A combined interpretation of the reorientation dynamics obtained with
DRS and infrared pump-probe spectroscopy has led to a deeper understanding of
the hydrogen bond dynamics in many systems. [35–37] Apart from a slowdown,
confinement effects can also be observed by a change in the magnitude of the
dielectric response. [38, 39]

Studies on water dynamics in reverse micelles have mainly been focused on
a size-dependence in a spherical geometry. [21, 22, 28, 31, 34, 40–43] However,
nanoconfined water in the living cell can take many different shapes. In chapter 4
the dielectric response of water is investigated in nonionic reverse micelles of tubu-
lar and spherical shapes. The results from the dielectric relaxation measurements
are compared with infrared pump-probe measurements.

1.4 Proton transfer

The proton transfer reaction is a fundamental process in chemistry and biology. In
the beginning of the 20th century, conductivity measuremements on aqueous elec-
trolytic solutions revealed that proton diffusion is very different from the diffusion
of other ions. It was shown that the mobility of protons in water is exceptionally
high compared to other ions (see Figure 1.2a). The conductivity of the other ions
(i.e. salts) could be well explained through hydrodynamic diffusion [45, 46] but
accounting for the anomalously high mobility of protons required a new diffusion
mechanism. Inspired by an early 19th century manuscript by Theodor Grotthuss,
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Figure 1.2: a) The molar conductivity of the first four group 1 ions. The red spheres
indicate the relative size of the alkali ions. The proton radius is around 100,000 times
smaller than Li+. For the alkali ions the mobility reduces with the ionic radius. A
smaller ionic radius results in more water hydration and therefore a larger hydrody-
namic radius which means slower diffusion. Based on that trend the proton mobility
is anomalously large. [44] b) Zundel-Eigen exchange resulting in a net movement of
the protonic charge. The proton moiety relocates to a different position by relaying
the covalent bond and the hydrogen bonds. Oxygen atoms are indicated by red dots
and hydrogen atoms by white dots. c) Long-range proton transfer of a water wire
involving multiple water molecules.

it was proposed that the high mobility of protons originates from a fast exchange
of acidic protons for hydrogen atoms from neighboring water molecules. [45–47]
The exact mechanism that allows for the proton exchange is still under debate
and, to date, proton transfer in water or other hydrogen bonded systems remains
an active subject of study. [48–53]

When protons are dissolved in water they immediately react (with water) form-
ing a continuum of different molecular complexes. [48, 53] The presence of a
continuum of structures is demonstrated in the mid-infrared activity of aqueous
protons showing a continuous absorption between 400 and 4000 cm−1. [54, 55] 1

The protonated water complexes can be subdivided in limiting H3O
+ Eigen-type

cations (also known as Hydronium) and H5O
+
2 Zundel-type cations depicted in

Figure 1.2b. [56] In a simplified picture (Figure 1.2b), proton transfer in water
can be achieved by the sequential exchange between Eigen and Zundel structures,
the so-called Grotthuss hopping. [50, 57] Grotthuss hopping results in a large net
movement of the protonic charge with only minimal displacement of the atomic
coordinates. Simulations have indicated that Grotthuss hoping can take place over
multiple water molecules at once (Figure 1.2c). [48, 49]

Photoacids are a convenient system for studying proton transfer reactions.
[51, 52, 58–61] Upon photo-excitation, the pH of a photoacid can drop, by several
orders of magnitude, due to charge transfer from the acidic proton to the aromatic
part of the molecule. [62, 63] Therefore photo-excitation can result in the release
of a proton. The use of (ultra) short laser pulses to excite these molecules enables
the study of proton dynamics with femtosecond time-resolution.

1Note that IR spectra of well-defined complexes give rise well-defined peaks in the IR absorp-
tion spectra.
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In chapter 5 a molecular machine is studied that uses photo acidity to perform
a targeted task, acting as a molecular proton crane. Upon photo-excitation the
molecule transports a proton from one site of the molecule to another site via a
brownian rotatable side group. The structural evolution that is associated with
the proton transfer is followed using UV-pump IR-probe spectroscopy.

In chapter 6 a photo-base is studied that reversibly exchanges a proton or
deuteron for a lithium cation upon photo-excitation. This exchange mechanism is
facilitated by the photo-basic properties of the molecule. The structural changes
that are involved with the exchange are followed using UV-pump IR-probe spec-
troscopy.

Proton diffusion often takes place in nanoconfined water volumes. For exam-
ple, in the living cell, in the intermembrane space in mitochondria [64–66] and
in the thylakoid lumen in chloroplasts [67], where protons are stored for the en-
ergy supply of the living cell. Nanoconfined proton transfer also takes place in
industrial applications such as the Nafion proton exchange membrane in the hy-
drogen fuel cell. [68, 69] Because the diffusion of protons requires the concerted
motion of many water molecules, proton diffusion could be very strongly affected
by nanoconfinement. Up to date such a confinement effect has however not yet
been experimentally investigated. In chapter 7 dielectric relaxation spectroscopy
is employed to measure the conductivity of protons in HCl doped spherical and
tubular reverse micelles of different size in the GHz frequency range. The conduc-
tivity at high frequency reveals the field-induced displacement of ions inside the
reverse micelles which can be related to the microscopic diffusion constant.
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CHAPTER 2

Experimental Methods

2.1 Pump-probe spectroscopy

In a pump-probe experiment an equilibrated system (i.e. sample) is brought out
of equilibrium using a short and intense optical pulse, the pump pulse. In the
pump-probe experiments described in this thesis, the pump pulse excites either an
electronic (UV-pump IR-probe spectroscopy) or a vibrational (vibrational pump-
probe spectroscopy) transition. The pump-induced changes are monitored using a
second, weaker pulse, the probe pulse. The probe pulse is spatially overlapped with
the pump pulse in the sample. After the sample, the spectrally resolved intensity of
the probe Ii,pr(ν, t) is measured, where ν is the frequency of the infrared light. The
pump-induced changes are monitored by comparing the pumped probe intensity
Ip,pr(ν, t) with the unpumped probe intensity Iunp,pr. The pumped and unpumped
probe intensity are measured sequentially. By varying the delay time t between the
pump and probe pulse the time-dependent changes that are induced by the pump
can be followed. A third pulse, the reference, is used to correct for fluctuations in
the laser intensity. The reference pulse passes through the sample at a different
position than the pump and probe pulse. The spectrally resolved intensity of the
reference pulse Ii,ref (ν) scales with the intensity of the laser source. The pump-
induced absorption difference spectrum ∆A(ν, t) is obtained from the normalized
difference between Ip,pr(t) and Iunp,pr:

∆A(ν, t) = − log10
Ip,pr(ν, t)

Ip,ref (ν)
+ log10

Iunp,pr(ν, t)

Iunp,ref (ν)
, (2.1)

In a typical experiment the value for ∆A(ν, t) is obtained from an average of
thousands of repetitions at a rate of typically 500 Hz.

11
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2.1.1 Polarization resolved vibrational pump-probe spectroscopy

Figure 2.1: a) Water molecules excited by a pump pulse resonant with the OD-
stretch vibration. The linear polarization of the pump pulse induces an anisotropy
in the excitation and the depleted ground-state. b) The anisotropy decays due to
rotational diffusion of the water molecules. c) An example of an anisotropy decay
trace. At t = 0 the anisotropy is 0.4.

Polarization-resolved vibrational pump-probe spectroscopy was used to mea-
sure the vibrational relaxation and anisotropy decay of OD-stretch oscillators in
the sample.

The vibrational relaxation is a result of intra and intermolecular transfer of
the excitation energy to other (mainly vibrational) degrees of freedom. [1] At long
time delays, a small residual signal in the absorption difference, which is associated
with heating of the sample by the pump pulse, remains. The heat signal is a result
of a temperature-dependent frequency shift of the OD-stretch vibration. The heat
signal grows in dynamically. [2] For the experiments performed in this thesis the
contribution of heating to the transient signal was relatively small (a few percent
of the total signal). Therefore, the heat was assumed to grow in with the same
dynamics as the vibrational relaxation. The transient response was corrected for
heating as follows:

∆Ac,i(ν, t) = ∆Ai(ν, t) + ∆Ai(ν,∞)
∆Ai(ν, t)−∆Ai(ν, 0)

∆Ai(ν, 0)i −∆Ai(ν,∞)
, (2.2)

where ∆Ac,i(ν, t) is the heat corrected transient signal.
The difference absorption spectra are probed both parallel ∆Ac,‖(ν, t) and

perpendicular with respect the pump polarization ∆Ac,⊥(ν,t). For the purpose
of removing reorientational information from the transient response the isotropic
decay is constructed:

∆Aiso(ν, t) =
∆Ac,‖(ν, t) + 2 ·∆Ac,⊥(ν, t)

3
. (2.3)

On the other hand, the anisotropic response is constructed to isolate the reori-
entational information:

R(ν, t) =
∆Ac,‖(ν, t)−∆Ac,⊥(ν, t)

∆Ac,‖(ν, t) + 2 ·∆Ac,⊥(ν, t)
, (2.4)
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The anisotropy decay reflects the reorientation dynamics of the excited transition
dipoles. In the experiments described in this thesis that is the OD-stretch mode.
As demonstrated in Figure 2.1, the linearly polarized pump pulse introduces an
anisotropy of 0.4 in the excited and depleted ground-state oscillators. Due to
rotational diffusion of the water molecules the anisotropy of the excitation reduces
until all orientational preference is lost eventually reducing the anisotropy to zero.

Figure 2.2: Polarization-resolved infrared pump-probe setup.

The pump-probe setup is schematically depicted in Figure 2.2. A pulsed laser
source generating polarized light pulses with a pulse duration of ∼100 fs FWHM
at 4µm with a repetition of 1 kHz is sent through a wedged BaF2 window from
which the probe (4%) and reference (4%) beam are reflected at different angles.
The remaining light, to be used as the pump, is sent via a chopper, which blocks
every other pump pulse, to a λ/2 plate, which rotates the polarization of the pump
such that the pump pulse polarization is oriented 45◦ with respect to the probe
light. Subsequently, the pump is focused in the sample. The probe light is sent
to a computer-controlled translation stage and focused in the sample where the
beam is spatially overlapped with the pump beam. A rotatable linear polarizer
after the sample selects the component of the probe light that is polarized ei-
ther parallel or perpendicular with respect to the pump of +45◦ and -45◦ with
respect the probe before the polarizer. Subsequently, the probe light is dispersed
in a spectrograph (Oriel MS260i spectrograph) and detected using a custom-built
2×32 pixel HgCdTe detector. The reference beam is focused in the sample a few
millimeters displaced from the pump and probe foci and sent via the spectrograph
on a second array row of the detector.

2.1.2 UV-pump IR-probe spectroscopy

The purpose of the UV-pump IR-probe measurements is to excite an electronic
transition in a chromophore and follow the change in the IR absorption spec-
trum. The change in the electronic wavefunction due to the UV absorption affects
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the vibrational potential, and therefore changes the frequencies of the vibrational
modes, resulting in changes in the infrared absorption spectrum. Some of the
local vibrational modes such as C=O stretch and O-H stretch vibrations can be
easily identified because they show strong absorption and have a characteristic fre-
quency, making them convenient local probes for the molecular structure. Other
approaches that can reveal structural information from the infrared spectrum in-
clude isotope substitution, comparison with DFT calculations or with steady-state
infrared absorption spectra of previously identified structures.

wedge

probe

reference

Spectrograph

1KHz Mid-IR
 ~100fs ~2µJ 

1KHz UV
 ~100fs ~3µJ 

λ/2
pump

4 
ns

 d
el

ay
 s

ta
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sample
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Figure 2.3: UV-pump IR-probe spectroscopy setup.

The setup is shown in Figure 2.3. A pulsed laser source generates linearly
polarized tunable UV pulses with a duration of ∼100 fs (FWHM) and linearly
polarized tunable mid-infrared light pulses with a similar pulse duration. The delay
of the pump light with respect to the probe pulse is adjusted with a computer-
controlled translation stage with a range of 90 cm. The pump light is sent through
a λ/2 plate, which rotates the polarization such that the polarization of the pump
pulse is oriented at magic angle with respect to the probe light. The pump pulse
is also sent through a chopper that blocks every other pulse. Subsequently, the
pump light is focused into the sample. The infrared beam is sent to a wedged
BaF2 plate that reflects the probe (4%) and the reference (4%) beam at different
angles. The probe light is focused into the sample in spatial overlap with the pump
beam. Subsequently, the probe light is sent to the spectrograph (Oriel MS260i
spectrograph). The reference beam is focused in the sample at a few millimeters
from the pump and probe focus and also sent to the MCT-array. The setup was
flushed with dry air in case the infrared light was in the frequency range where it
is absorbed by water vapor.
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2.1.3 Generation of UV and mid-IR femtosecond light pulses

Because there are no tunable femtosecond pulsed lasers available that operate in
the infrared or UV frequency range we use nonlinear conversion techniques to
convert the output of a Titanium:sapphire (Ti:Sapph) femtosecond laser at 800
nm to the required wavelengths in the UV and infrared.

Femtosecond pulses

Two commercial amplified Ti:Sapphire laser setups have been used both produc-
ing 800 nm light with a 1 kHz repetition rate: (1) a Spectra-Physics Mai-Tai seed
laser in combination with a Hurricane regenerative amplifier delivering 800 nm
broadband light pulses with a duration of ∼100 fs FWHM and a pulse energy of
800 µJ; (2) a Coherent Mantis seed laser in combination with a Legend Elite regen-
erative amplifier delivering 800 nm broadband light pulses with a duration of ∼35
fs FWHM and a pulse energy of 3.5 mJ. The generation of the amplified pulse is
achieved as follows. We start off with a femtosecond mode-locked laser generating
800 nm pulses operating at 80 MHz. The pulses are temporally stretched using an
optical grating. An electro-optic switch (using a pockel cell in combination with
a linear polarizer) allows a seed pulse to every millisecond enter a regenerative
amplifier. Here, the pulse is amplified in a cavity by making multiple round trips
through an optically pumped gain medium. When the pulse has acquired the de-
sired intensity the amplified pulse is released using a second electro-optic switch.
Using the same optical grating the pulse is re-compressed. Stretching of the pulse
before entering the regenerative amplifier is required as it prevents damaging of
the optics due to otherwise too high field intensities.

Optical parametric amplification

Both commercial and homebuilt optical parametric amplifiers (OPAs) were used
to generate mid-IR and UV pulses. In the home-built OPA (see Figure 2.4) 200
µJ of the 800nm from the Legend amplified laser light is sent to a beam splitter
BS where 4% of the light is split off and used for the generation of a white-light
continuum. White light is generated by focusing the beam in a 1 mm thick sapphire
crystal. The intensity and stability of the white light continuum is optimized using
a combination of attenuation of the intensity, by rotating a λ/2 plate in front of
a polarizer, and tuning the distance of the sapphire crystal with respect to the
focal point. After the white-light generation the remaining 800 nm pump light is
removed using a dichroic mirror. The white light is sent to a BBO crystal. The
remaining 96% of the main beam is sent to another BS where another 4% is split
off. The reflected beam is both spatially and temporally overlapped with the white
light in the BBO crystal. Temporal overlap is obtained by tuning translation stage
A. In the BBO crystal the signal and idler are generated, which can be tuned in
the ranges 1220 to 1560 nm and 1620 to 2500 nm by adjusting the orientation of
the optical axis of the BBO crystal (by rotating the crystal). The idler is removed
using a dichroic mirror (DC/3) and the signal is sent back and sent through the
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Figure 2.4: Home-built OPA based on the design published by Kaindl et al [3]. The
OPA converts 800 nm light pulse into a signal and idler pulse. The wavelengths of
the signal and idler can be tuned between 1220 and 1560 nm and from 1620 to 2400
nm, respectively. Beam splitters, translation stages and dichroic mirrors are denoted
with BS, TS and DC, respectively.

BBO crystal a few millimeters below the first pass. Here the signal is temporally
and spatially overlapped with the remaining 92% of the 800 nm pump light. The
temporal overlap of the second pass is controlled by translation stage B. The signal
and idler are used to generate UV-light or mid infrared light pulses. On the Legend
setup the home-built OPA has been used to generate UV pulses and a commercial
Opera-Solo (Coherent, Light-Conversion) was used to generate mid-IR pulses. On
the Hurricane setup two identical commercial OPAs (OPA-800C Spectra-Physics)
were used to generate signal and idler pulses that are used to generate UV and IR
light. The commercial OPAs (Coherent OPerA and Spectra-Physics OPA-800C)
work in a similar fashion as the home-built one.

Mid-IR pulses

Mid-infrared pulses are generated through difference-frequency mixing of the signal
and idler output of the OPA. The signal and idler are first separated by using a
dichroic mirror. The idler is sent to a translation stage that controls the timing of
the signal with respect to the idler. Subsequently, the signal and idler are spatially
and temporally overlapped in a AgGaS2 crystal (θ = 39◦, φ=45◦, Type II) which
allows for the generation of IR light between 3 and 13 µm. [3] In the Hurricane
setup the mid-IR pulse are generated by focusing the signal and idler co-linearly in
the AgGaS2 crystal. The signal and idler are prevented from entering the pump-
probe setup using a low pass filter. The mid-IR light generated was typically ∼1µJ
at 1600 cm−1. In the Legend setup the IR light pulses are generated by passing
collimated signal and idler beam non collinearly through the AgGaS2 crystal. This
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allows for the spatial separation of the mid-IR after the crystal. The generated
mid-IR pulse was typically ∼20 µJ at 1600 cm−1.

Femtosecond UV pulses

Femtosecond UV pulses on the Legend setup were generated by sum-frequency
mixing the frequency-doubled signal (obtained by passing the signal through a
BBO crystal (θ = 39◦, φ=45◦)) with residual 800 nm light from the OPA in another
BBO crystal (θ = 35◦, φ = 90◦) oriented at the phase-matching condition. This
results in an output of UV pulses with an energy of 2 µJ and a tunable wavelength
between 330 and 370 nm. In the Hurricane setup 400 nm UV pulses are generated
by frequency doubling the fundamental 800 nm beam resulting in a pulse energy
∼50 µJ. For the experiments the pulses are attenuated to ∼1 µJ using neutral
density filters.

2.2 Dielectric relaxation spectroscopy

In dielectric relaxation spectroscopy one measures the frequency-dependent field-
induced complex polarization of a sample expressed in terms of the complex di-
electric permittivity ε. In the experiments described in this thesis we used a vector
network analyzer in combination with different probe geometries to measure ε. The
vector network analyzer (VNA,Rhode-Schwartz model ZVA67) using a one port
configuration was connected via a phase-stable cable (Rhode-Schwartz, ZV-Z96)
to a probe head in which a liquid sample is contained. Two different cylindrically
symmetric coaxial probe head geometries, depicted in Figure 2.5, were used. For

Figure 2.5: Depiction of the coaxial probes heads: (a) open cell and (b) pin cell,
where d = 1.85/2 mm, D = 2.92/2 mm and l = 4mm.

the high-frequency range (1 to 30 GHz) we used the open-cell geometry based on
the design of Blackham et al. (panel a in Figure 2.5). [5] For the low-frequency
regime (100 MHz to 2 GHz) the pin cell geometry based on the design of Göttmann
et al (panel b in Figure 2.5) was used, the inner electrode sticks into the sample
by a length l. [6].
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In the one-port configuration the scattering parameter X can be defined as
follows:

b = Xa (2.5)

where complex values a and b describe the intensity and the phase of the input
and output signal, respectively. The scattering parameters can be related to the
normalized impedance Y :

X =
1− Y

1 + Y
(2.6)

Using the geometry of the probe cell the impedance can be expressed in the com-
plex dielectric constant of the sample. For the open cell (Figure 2.5a):

Yopen(ω) =
iγ2

m

πγc ln(D/d)

{
i
[
I1 −

γ2
mI3
2

+
γ4
mI5
24

− γ6
mI7
720

+ ...] (2.7)

+
[
I2γ − γ3I4

6
+

γ5
mI6
120

− ...
]}
, (2.8)

where d is the radius of the inner conductor and D is the inner radius of the outer
conductor, γc = ω

√
εcε0µ0 is the propagation constant of the dielectric within the

coaxial probe and γm = ω
√

ε(ω)ε0µ0 is the propagation constant of the sample
containing the frequency dielectric permittivity of the sample ε(ω), where ω is the
frequency of the electric field. Ii is an integral which is defined theoretically for the
principal mode. [5] However, Ii is further optimized empirically using calibrations
which is needed to account for the presence of higher order modes. [5]

For the pin cell [6]:

Ypin(ω) =
[
2πZL ln(d/D)

√
ε0
µ0

· ε(ω) tanh iωl

c

√
ε(ω) + iωε(ω)ZLCs

]−1
, (2.9)

where Cs is the discontinuity capacity of the coaxial-to-circular waveguide transi-
tion, ZL is the capacitance of the cable (50Ω) and l the length of the pin sticking
into the sample.

The value of ε(ω) was calibrated with samples of known permittivity using a
three-term calibration:

ε(ω) = ed(ω) +
er(ω)εuncal(ω)

1− esεuncal(ω)
. (2.10)

where εuncal(ω) is the uncalibrated permittivity and ei(ω) are the complex cal-
ibration parameters. ed(ω) Corrects for leakage of signal, er(ω) corrects for the
phase difference of the source with respect to the sample probe interface, and es(ω)
corrects for losses in the cable. The following calibration standards were used from
which the response is known: water1 (Milli-Q, 18.2 MΩ cm), air and short circuit.

1Water gave the most reproducible results compared to other dielectric liquids such as
methanol and ethanol.
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As a short circuit we used an aqueous 4M NaCl solution for the pin cell and dried
conductive silver paint (Pelco, Ted Pella Inc.) for the open cell.

In the samples studied in this thesis the values of ε is typically small compared
to ε of water (one of the three point calibration liquids). To assess the reliability
of the measurements for small ε we measured the dielectric response of several
polar solvents with a small dielectric response, and compared these to literature
values. We find for the pin cell that the measured ε between 0.2 and 0.3 GHz for

Figure 2.6: Complex dielectric response of apolar solvents cyclohexane, n-hexane and
isooctane before (a) and after (b) the one-point cyclohexane calibration.

cyclohexane 2.026(3), for isooctane 1.939(2) and for n-hexane 1.889(2) agree very
well with the literature values: 2.02, 1.93 and 1.89, respectively. [7] Although the
open cell also predicts the correct trend of decreasing permittivities for cyclohex-
ane, isooctane and n-hexane, we find that the real part is consistently larger than
in literature and that there is a non-zero contribution in the imaginary part. This
artifact is probably a direct consequence of the geometry of the open cell probe
for which the impedance (as described above) is party empirically determined. To
correct for this we employ a second one-point calibration. We subtract the mea-
sured response of cyclohexane from a sample and add the literature value of hexane
at zero frequency. This results in a flat response for cyclohexane, n-hexane and
isooctane as can be observed in Figure 2.6b. This additional one-point calibration
step has been carried out in all the measurements.

2.3 Data analysis

For the data analysis several different software packages have been used. For sim-
ple linear and nonlinear fits that do not contain more than a few fit parameters the
standard fitting routine of Gnuplot was used. [8] For more complicated datasets
containing multiple time traces, spectra and or samples either (1) Python [9] with
the libraries Numpy [10] for data manipulation and Scipy [11] for least squares
fitting routines was used or (2) Gnuplot was used, where the Gnuplot script was
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generated using python. A python routine was also used to calculate the permit-
tivity from the measured scattering parameters using the calibration standards of
the dielectric relaxation spectra described in section 2.2. All graphs were produced
with either Gnuplot or Matplotlib. [12] In the analysis of the UV pump-IR probe
experiments Glotaran was used. [13]
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CHAPTER 3

Structure and dynamics of water in nonionic
reverse micelles1

We study the structure and reorientation dynamics of nanometer-sized water
droplets inside nonionic reverse micelles (water/ Igepal-CO-520/ cyclohexane)
with time-resolved mid-infrared pump-probe spectroscopy and small angle X-ray
scattering (SAXS). In the time-resolved experiments we probe the vibrational
and orientational dynamics of the OD groups of Igepal reverse micelles to which
a small amount of D2O has been added. We find that even small reverse
micelles contain a large fraction of water that reorients at the same rate as
water in the bulk, which indicates that the polyethylene oxide (PEO) chains of
the surfactant do not penetrate into the water volume. We also observe that
the confinement affects the reorientation dynamics of only the first hydration
layer. From the temperature dependent surface-water dynamics we estimate an
activation enthalpy for reorientation of 45 ±9 kJ.mol−1 (11 ±2 kcal.mol−1),
which is close to the activation energy of the reorientation of water molecules
in ice.

1 Adapted from T. H. van der Loop, M. R. Panman, S. Lotze, J. Zhang, T. Vad, H. J. Bakker,
W. F. C. Sager,and S. Woutersen, “Structure and dynamics of water in nonionic reverse micelles:
a combined time-resolved infrared and small angle X-ray scattering study”, J . Chem. Phys. 137,
044503 (2012)

23
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3.1 Introduction

Water confined in nanometer-sized volumes can be found in many biological sys-
tems. Well-known examples include water between lipid layers [1] and in protein
pumps. [2, 3] Understanding the effect of confinement on the properties of water
is crucial in explaining the function of certain proteins. [4] This can be understood
by the fact that the structure and dynamics of proteins are strongly coupled to
the dynamics of the surrounding water molecules. Reverse micelles, self-assembled
structures of isolated surfactant coated water droplets, are a convenient model sys-
tem for studying water in nanoconfinement. [5] Furthermore, reverse micelles can
promote the synthesis of nearly monodisperse nanoparticles of controlled size. [6, 7]
In some examples of nanoparticle synthesis, the use of reverse micelles even allows
for the control of crystal structure. [8] These remarkable properties additionally
stress the relevance of studying these versatile systems.

The addition of water to a two-component reverse micellar system, i.e. surfac-
tant self-assemblies in an apolar solvent, leads to an uptake of water molecules in
the hydrophilic interior of the reverse micelles and finally to thermodynamically
stable water-in-oil (w/o) microemulsions, in which nanosized water droplets are
stabilized by a saturated surfactant monolayer. The properties of these systems,
such as water droplet size, shape, polydispersity and droplet interaction, as well
as their single phase existence regions, depend besides composition mainly on the
elastic properties of the interfacial surfactant layer. These elastic properties have
been described in terms of a preferred curvature (radius of spontaneous curvature)
and film stiffness (rigidity constants for mean and Gaussian curvature). They
are, for a given surfactant and oil, influenced by parameters such as temperature
and/or salt concentration of the aqueous phase. [7, 9–13] In principle, spherical
water droplets exist over a certain range of composition and formulation variable
space. Their size has been found to depend linearly on the ratio between water
and surfactant and can thus be easily tuned, where the molar ratio is commonly
defined as

w0 =
[H2O]

[Surfactant]
. (3.1)

However, one should keep in mind that if the radius of the spherical droplets does
not correspond to the radius of spontaneous curvature, the droplets are subject to
size and/or shape transformation that will finally lead to phase separation. If the
radius of spontaneous curvature is smaller than the droplet radius, the droplets
will shrink by expelling water into an excess water phase (solubilisation boundary
limit). If the interfacial film is less curved towards water, the droplets will adapt to
the preferred curvature by changing their interaction from repulsive to attractive
[11, 12] and/or by forming more and longer cylinders, [13] whereby interconnected
cylindrical networks will separate into a bilayer phase.

Reverse micellar systems can be prepared with ionic or nonionic surfactants.
The type of surfactant used determines the overall properties of the ternary surfac-
tant system. For instance, ionic and nonionic microemulsions reveal an opposite
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phase behavior with temperature. The dominant factor that influences the prop-
erties of the interfacial surfactant layer is temperature for nonionic surfactants and
salt concentration for ionic surfactant systems. [14] Ionic reverse micelles or w/o
microemulsions have been more extensively investigated. In this context, how-
ever, it is important to realize that ionic reverse micelles intrinsically carry a large
counterion concentration, which decreases with increasing amount of added water
and is thus inversely proportional to w0. For instance, an ionic reverse micelle
with w0 = 5 has a counterion concentration as high as 11 molal (0.56 molal at
w0 = 100), reaching salt concentrations that are known to drastically affect the
dynamics of water. [15, 16] In ionic reverse micelles the effect of confinement on
the dynamics of water thus cannot be independently studied, especially for small
w0.

For nonionic surfactants with, e.g., an ethylene glycol (ethylene oxide or oxyethy-
lene) chain as the hydrophilic moiety, the water in the reverse micellar interior is
not perturbed by charges. In general, the (complex) temperature dependence of
the interaction between water and ethylene oxide is responsible for the rich phase
behavior that this type of nonionic surfactant systems display. [17]

There are numerous techniques available to study different properties of reverse
micellar systems. The size and structure of reverse micelles can be resolved with
neutron [18] and X-ray [19, 20] scattering. Terahertz spectroscopy in reverse
micelles has revealed the low vibrational modes characteristic for confined water.
[21] These modes are size-dependent and support the idea of a behavior specific
to water in nanoconfinement. NMR has also proven to be a valuable tool for
measuring the effect of confinement on the rotational dynamics by means of a
molecular probe. [22] Probe molecules are also used in optical techniques. [23, 24]
Optical techniques have the advantage of having long lived excited-states, thus
creating a large time window for dynamic measurements. However, the difficulty
with using molecular probes lies in determining where the molecule is located
inside the reverse micelle, thus making it challenging to determine which part of
the water in the reverse micelle is being probed. [25]

The rotational dynamics of water molecules can be observed using time-resolved
polarization-dependent vibrational pump-probe spectroscopy. This is achieved by
measuring the anisotropy decay of the OD- or OH- stretch vibration. Terahertz
studies have shown that reorientation of water is isotopically invariant. [26] The
reorientation of water molecules in ionic reverse micellar systems has previously
been studied by measuring the anisotropy decay for different surfactants and mi-
celle sizes. [27–32] These studies have revealed that water in reverse micelles can
be well described by a two-species model that is comprised of “free” water that
behaves like water in the bulk, and water that resides on the inner surface of the
reverse micelles. For example, in sodium bis(2-ethylhexyl) sulfosuccinate (AOT)
reverse micelles the reorientation time of the surface-bound water molecules at
room temperature was found to be much slower, >16 ps, [27, 30] than that of
bulk water, which is around 2.5 ps. [33–35]

In nonionic reverse micelles, similar observations have been made. [30–32]
Water, in this case, can also be described by a surface and a core component.
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Scheme 3.1: Igepal CO-520 surfactant molecule, pentaoxyethylene nonylphenylether.
The alkyl chain is branched.

O OHC9H19
5

Although these studies nicely show a similarity between ionic and nonionic sys-
tems, [30] a comprehensive study of the size and temperature dependence of the
water dynamics in nonionic reverse micelles is still lacking. In this paper, we study
the size and temperature dependence of the structure and dynamics of Igepal (see
Figure 3.1) reverse micelles by combining SAXS measurements and time-resolved
infrared spectroscopy.

3.2 Experimental

The small-angle X-ray scattering (SAXS) measurements were performed at the
European Molecular Biology Laboratory (EMBL) X33 beamline at the Doris III
storage ring (Deutsches Elektronen Synchrotron (DESY), Hamburg, Germany).
The reverse micellar samples were filled into a 100 µL thermostated flat in-air cell
with mica windows. The composition and temperature of the samples are listed
in Table 3.1. The data were recorded between 293 and 320 K using a 1M Pilatus
detector (DECTRIS) at a sample-to-detector distance of 2.7 m and a wavelength
of 0.15 nm, covering a range of momentum transfer of 0.1 ≤ q ≤ 4 nm−1

(q = 4π sin(θ)/λ is the modulus of the scattering vector, 2θ is the scattering angle
and λ is the wavelength). After normalization to the intensity of the transmitted
beam the collected data were radially averaged. [36] The solvent was subtracted
prior to data analysis.

The SAXS data were fitted with a model function based on Vrij’s analytical
solution for a multicomponent system of hard spheres. [37–39] Since the electron
densities of water and ethylene glycol as well as of the nonylphenol tail and cy-
clohexane are similar, the part of the spherical reverse micelles that contributes
to the scattering is the headgroup shell and interior water, while the tail shell is
invisible to X-rays. The structure parameters characterizing the system are the
concentration c◦, the radius r◦, the polydispersity parameter σ◦ of the log-normal
size-distribution and the surface to surface distance D◦. D◦/2 is equal to the
thickness of the hydrophobic layer around the reverse micelle, see Figure 3.11.
The scattering curves are carefully checked to exclude attractive interactions and
contributions stemming from cylindrical scatterers, especially at low temperatures
and higher w0.

All time-resolved measurements were carried out with an amplified Ti:Sapphire
system described in Section 2.1.1. The cross-correlation of the pump and probe
pulse in InAs shows a FWHM of 150 fs. The polarization-dependent vibrational
dynamics of the OD-stretch of 10% HDO in water in reverse micelles was measured
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by exciting the samples to the v = 1 state of the OD-stretch mode with a mid-IR
pulse resonant with the OD-stretch vibration. To exclude long time effects due to
heating the samples were circulated with a Verder 2030 pump.

The transient absorption decay of the OD-stretch was measured for a series
of reverse micelles. Samples consisting of water, cyclohexane, and Igepal CO-520
had molar water surfactant ratios w0 of 2.5, 5, 8, 12.5 and 15 and were prepared
by a combination of pipetting and weighing. The samples were prepared such
that cyclohexane (spectroscopic grade) always amounted 0.8 to the total mass.
D2O (99.9%) was ordered from Eurisotop, all other chemicals were purchased
from Sigma-Aldrich. All samples were prepared with demineralized Milli-Q water,
stored at 6◦C and measured within a week after preparation.

The temperature was controlled to within 1 K using a TE TC-48-20 thermostat
in combination with heat rods connected to the sample. The temperatures in
the sample cell were calibrated with an infrared camera (FLIR ThermaCAM R©
E2). Steady-state infrared spectra were acquired on a Bruker Vertex 70 FTIR
spectrometer. Reference samples were made with pure H2O and subtracted from
HDO:H2O micelle spectra to obtain the OD-stretch spectra.

Water fractions w0 were verified from the ratio between the absorption of the
bending mode of H2O and two vibrational peaks that belong to Igepal (see Fig-
ure 3.1). The micelle steady-state infrared spectra between 1560 and 1680 cm−1

for different reverse micelle sizes can be well fitted by a weighted sum of the ab-
sorption spectra of neat Igepal and water:

Amicelle(ν,w0) = N(f(w0)AH2O(ν) +AIgepal(ν)), (3.2)

where A is the absorbance between, N a normalization constant and f(w0) the
ratio absorption of Igepal and H2O. From a series of spectra with known w0 we
find that f(w0) is directly proportional to w0

f(w0) = aw0, (3.3)

with a = 0.078(3). The calibration line was used to verify w0 in situ.



209334-L-bw-vdLoop209334-L-bw-vdLoop209334-L-bw-vdLoop209334-L-bw-vdLoop

28 Structure and dynamics of water in nonionic reverse micelles

Figure 3.1: Left: Steady-state absorption of micelle samples, neat Igepal and H2O.
Right: Calibration line that allows for an estimation of w0 from the steady-state
infrared spectrum.The slope a is found to be 0.078(3)

Table 3.1: Structure parameters obtained from the refinement of the SAXS scattering
curves using a multicomponent model for hard spheres at different w0 and tempera-
ture. The reverse micelles are characterized by the droplet radius r◦ and polydispersity
parameter σ◦ of the log-normal size distribution. The surface-to-surface distance D◦
corresponds to twice the shell thickness built up by the surfactant tails. cw is the
mass fraction of water plus surfactant.

w0 5 8.6 12.3 18.4 5

T(K) 303 313 320

cw 0.159 0.175 0.191 0.216 0.159
r◦ [nm] 2.91 (1) 3.66 (1) 4.27 (1) 5.79 (1) 3.03 (1) 3.12 (1)

σ◦ 0.177 (1) 0.168 (1) 0.130 (1) 0.145 (2) 0.174(1) 0.177(2)
D◦
2

[nm] 0.91(1)

3.3 Results and Discussion

Figure 3.2 displays SAXS curves for reverse micelles with a w0 of 5, 8.6, 12.3 and
18.4 at 303 K. The shape of the scattering curves clearly indicates the spherical
nature of the reverse micelles. With increasing w0 the minimum shifts to smaller
scattering vectors q revealing larger droplet sizes. This is also reflected in an
increase in the scattering intensity at low q, as the forward scattering scales with
the square of the droplet volume. The scattering curves are analyzed using a model
function based on Vrij’s analytical solution for a multicomponent hard sphere
system. [36, 37, 40] The results from the structural refinement are shown in Table
3.1. Since the electron density of the nonylphenyl surfactant tail is similar to that of
cyclohexane, the X-rays see only droplets made up of the ethylene oxide head group
moiety and the interior water. Plotting the obtained radius r◦, versus w0 thus gives
the length of the ethylene oxide chain lh as intercept (see inset of Figure 3.2). The
value of 1.8(2) nm corresponds to an extended chain (zig-zag) configuration with a
length of 3.5 per monomer, which is expected for short ethylene oxide chains. [41]
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Figure 3.2: Small-angle X-ray scattering
curves (scattering intensity versus the modu-
lus of the momentum transfer vector q) from
reverse micelles for a w0 of 5, 8.6, 12.3 and
18.4 at 303 K. Successive scattering curves
are displaced upwards by one logarithmic unit
for better visualization. The shape of the
curves is typical for spherical scatterers. The
scattering data were fitted with a multicom-
ponent model for hard spheres. The fits are
shown as solid lines and the refined param-
eters are presented in Table 3.1. The in-
set displays the linear dependence of the ra-
dius r◦ on w0. Linear regression (red line)
gives the proportionality factor (a = 0.21(1)
nm) as the slope and the length of the ethy-
lene oxide chain (head group shell thickness
lh = 1.8(2) nm) as the intercept.

From the slope, the proportionality factor a for the linear scaling of the reverse
micelle radius with w0 is obtained, resulting in a = 0.21(1) nm. The length of
the hydrophobic surfactant tail is retrieved from the half of the droplet surface to
surface distance D◦ (D◦/2 = 0.91(1) nm), see Figure 3.11. For reverse micelles
with w0 = 5 the temperature dependence of the structural parameters has been
investigated. With increasing temperature the spherical droplets increase slightly
in size, while the droplet concentration decreases (see Table 3.1). This can be
explained by an increased monomer concentration of the surfactant in cyclohexane
at higher temperature, leaving less surfactant for stabilizing the interface between
water and oil. At lower temperatures, below 298 K, an attractive interaction
between the droplets has to be taken into account (sticky hard sphere potential
[38]).

Figure 3.3 shows the OD-stretch absorption spectrum of 10% deuterated Igepal
CO-520 and HDO in water for several reverse micelle sizes. Part of the infrared
absorption in the reverse micelles arises from the OD-group of the surfactant. As
reported before, [42] when decreasing the micelle size, the peak maximum shifts
to higher frequencies. This can be explained by a weakening of the hydrogen bond
network [43] and will be further discussed in the context of the time-resolved data.

Figure 3.4 shows a typical isotropic time-dependent transient absorption spec-
trum of a w0 = 5 sample for several time delays with respect to the pump pulse.
The spectrum shows a positive and a negative feature. The negative absorption
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Figure 3.3: The OD-stretch absorption spectrum of HDO:H2O in Igepal reverse
micelles for different w0 values, and the OD-stretch spectrum of neat isotopically
dilute Igepal CO-520, al recorded at 303 K. The micelle spectra were obtained by
subtracting a reference micelle solution of pure H2O.

Figure 3.4: Isotropic transient spectrum of the OD-stretch at different time delays
in reverse micelles of w0 = 5 at 303 K. Solid lines are a global fit through the data
points described in the the text.

change on the blue side of the spectrum is a result of depopulation of the v = 0
state and v = 1 → 0 stimulated emission. The positive absorption change on the
red side of the spectrum is a result of induced absorption of the v = 1 → v = 2
state. The signal decays on a picosecond time scale due to vibrational relaxation.
A small residual offset is observed at long time delays, and is due to a pump-
induced heating of the sample. [44] The effect is small compared to the total
signal, and is much smaller than it is in bulk water. [34] This difference in the
heating effect is due to the large excitation volume in the reverse micellar sam-
ples: the water fraction in reverse micelles is essentially diluted by cyclohexane.
This results in a lower energy density upon vibrational excitation and allows for
a more effective dissipation of the energy compared to water in the bulk. As can
be seen in Figure 3.5, the rise and decay of the delay scans at 2442 and 2458
cm−1 clearly show a multi-exponential character. In Figure 3.6 the normalized
transient response is plotted at probe frequency of 2484 cm−1. The logarithmic
inset shows that, also at this higher frequency, the response is multi-exponential.
For increasing reverse micelle size the contribution of the fast component becomes
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Figure 3.5: Isotropic transient decay curves of the OD-stretch for several frequencies
for w0 = 5 at 303 K. At long time delay, a small residual frequency-dependent value
is observed. The non-monotonic decay between 2442 and 2458 cm−1 reveals the
multi-exponential character of the data. The curves are a global fit through the data
points described in the text.

Figure 3.6: Normalized transient absorption for reverse micelles of different size at
2484 cm−1 and 303 K (residual thermal signal subtracted). The inset shows the
logarithm of the transient absorption signal.

smaller.

In contrast to earlier studies, [30, 31] our measurements are carried out over a
frequency range that extends further into the lower part of the OD-stretch spec-
trum. At these lower frequencies we observe an additional fast component that
is faster than the T1 of bulk water. A previous study [30] assumed Igepal-OD to
have a slower T1 than that of bulk HDO:H2O. We argue that, instead of a slow
component, the transient response of Igepal-OD is actually this fast component
at lower frequencies. First of all, the relative contribution of this fast component
depends inversely on the size of a reverse micelle, as can be seen in Figure 3.6
(and will later on be confirmed by the global analysis of the spectral components,
which are plotted in Figure 3.8). This size-dependence of the fast component is ex-
pected for the Igepal-OD response, as the amount of Igepal-OD groups compared
to the HDO molecules increase for smaller reverse micelles. Secondly, the lifetime
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associated with the fast component agrees very well with earlier measurements on
other alcohols. Ethanol-OD in ethanol-OH has an OD-stretch T1 of 800 fs [45] and
methanol-OD in methanol-OH of 500 fs, [46] both of which agree well with the
810 fs for the fast component that we observe. To confirm our hypothesis, that
the fast component is due to Igepal, we also measured the transient response of
the OD-stretch vibration in neat Igepal, which reveals a similar fast component of
1.2 ps.

We model the OD-stretch response of the reverse micelles as the sum of three
contributions [30]: bulk water HDO, surface water HDO and the OD group of
Igepal. Surface water is expected to have a slightly slower T 1 than bulk water.
To reduce the number of free parameters, four simplifying assumptions are made.
Firstly, surface and bulk water are assumed to have the same absorption spectrum.
Secondly, temperature-dependent bulk lifetimes for reorientation and population
relaxation are used from literature [35] to describe the bulk component. Thirdly,
the bulk fraction S is assumed to be temperature independent. The SAXS mea-
surements reveal that the size of the reverse micelles changes only slightly as a
function of temperature (see Table 3.1). Finally, the model includes an offset at
long time delays to account for heating. This gives us the following expression for
the isotropic absorption change:

∆A(ν,w0,T , t) = A(ν,T ) e−t/T1:i(T )

+B(ν,T ) [S(w0)e
−t/T1:b(T )

+(1− S(w0))e
−t/T1:s(T )]

+C(ν,T ) , (3.4)

where A(ν,T ) and B(ν,T ) are the size- and temperature-dependent spectra of
Igepal-OD and HDO, C(ν,T ) is the temperature effect T1:i(T ), T1:b(T ), and
T1:s(T ) are temperature-dependent relaxation times of Igepal, bulk water and
surface water, respectively. S(w0) is the fraction of bulk water. The population
relaxation data could be well described by assuming the same rate for the decay
of the induced absorption as for the decay of the bleaching. This is in agreement
with previous studies. [27, 31]

Having multiple spectrally overlapping species present renders the anisotropy-
decay dependent on the vibrational lifetimes. [27, 30, 47] However, because we
are measuring the anisotropy at frequencies at which the contribution of the fast
component (Igepal) is very small, and due to the intrinsic fast population relax-
ation of Igepal-OD, the contribution of Igepal-OD can be neglected. Therefore, the
anisotropy decay in the region between 2544 and 2570 cm−1 is analyzed by only
two components, surface water and bulk water, yielding the following expression
for the anisotropy decay:
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Table 3.2: Fit results from globally fitting the size and temperature dependence of
the isotropic vibrational decay and the anisotropy. The bulk T1, T1:b and the bulk
reorientation time τb are taken from bulk measurements. [35] The T1:i and T1:s are
the T1’s of surfactant and surface water, respectively and S is the fraction of HDO
that behaves as bulk water.

T(K) w0 T1:b(ps)
35 τb(ps)

35 T1:i(fs) T1:s(ps) τs(ps) S

303 15
1.88∗ 1.97∗ 809(6) 3.71(3)

8.3(4) 0.65(1)
303 8 17.9(4) 0.69(1)
303 5 28.0(3)

0.51(1)313 5 1.95∗ 1.71∗ 831(25) 3.53(7) 12.4(2)
323 5 2.07∗ 1.27∗ 729(30) 3.2(1) 9.6(2)

*= fixed parameter

RHDO(t,w0,T ) = Ro(ν,w0)

× S(w0)e
−t/T1:b(T )−t/τb(T ) + (1− S(w0))e

−t/T1:s(T )−t/τs(T )

S(w0)e−t/T1:b(T ) + (1− S(w0))e−t/T1:s(T )
.

(3.5)

In this equation, Ro(ν,w0) is the anisotropy at t = 0, which theoretically should
be 0.4. R◦ Values slightly lower than 0.4 can be observed due to the libra-
tional motion of the OD-strech in the first 100 fs. [48] τb(T ) and τs(T , ν) are
the temperature-dependent reorientation times of bulk and surface water, respec-
tively. Because the anisotropy decay RHDO(t,w0,T ) and the isotropic vibrational
relaxation ∆A(ν,w0,T , t) are both dependent on the T1’s of surface and bulk wa-
ter, the anisotropy and population relaxation were analyzed together in a single
global fit. We find that in order to obtain a proper fit, the surface water reorienta-
tion time must be allowed to be size-dependent. All time constants were treated as
global parameters over the measured frequency range. All time constants except
for the surface reorientation were assumed to be size independent. The bulk water
fraction S was assumed to be temperature independent.

Figure 3.7 shows the experimentally observed anisotropy decay and the global
fit for three different w0’s at 303 K, and for w0 = 5 at three different temperatures:
303, 313 and 323 K. The time constants, bulk water fractions and the anisotropy
at t = 0 obtained from the global fit are shown in Table 3.2.

The frequency-dependent pre-factors can be plotted as difference absorption
spectra of the individual contributions at t = 0. The spectra of the contributions
of the Igepal-OD, HDO and the heat at t = ∞ effect are plotted in Figure 3.8
as A(ν), B(ν) and C(ν), respectively. Note that the relative Igepal contribution
compared to HDO increases for decreasing reverse micelle size. This confirms our
assignment of the fast component to the Igepal OD-stretch.
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Figure 3.7: Anisotropy decay RHDO for reverse micelles of different size, a) w0 = 5,
8 and 15 at 303K, and temperature, b) w0 = 5 at 303, 313 and 323 K. The plotted
anisotropy is the average anisotropy between 2544 and 2570 cm−1.The corresponding
fit curves from the global analysis are plotted. The shaded region represents the
standard deviation of the fit function. We observe heteroscedasticity in the anisotropy
because the signal gets smaller due to vibrational relaxation.

Interestingly, we find that the temperature dependence of the anisotropy can
only be fitted if the surface water reorientation is allowed to change with the size
of the reverse micelle w0. This suggests that the surface water reorientation is
curvature dependent. Smaller reverse micelles (stronger curvature) show slower
surface reorientation.

The temperature dependence of the reorientation time constant allows for an
estimation of the activation energy of the reorientation of a water molecule at the
surface by assuming an Arrhenius dependence. Figure 3.9 shows an Arrhenius plot
of the reorientation rates for bulk water obtained from previous studies [35] and of

surface water. From least-squares fits values of ∆H‡
bulk = 17.4 ±0.7 kJ.mol−1(4.15

±0.16 kcal.mol−1) and ∆H‡
surface= 45 ±9 kJ.mol−1 (11 ±2 kcal.mol−1) were ob-

tained. The large uncertainty is a result of the small number of data points. Our
surface reorientation-rate measurements are, unfortunately, restricted to a small
temperature range. For temperatures lower than 303 K the rate is too slow to be
resolved whereas above 323 K the system reaches the solubilization limit boundary
of the reverse micellar phase, at which water is expelled from the reverse micelles.
This difference in ∆H‡ values for the reorientation of bulk water and surface water
suggests that the slower water reorientation on the surface is not only a result of
reduced rotational freedom, i.e. an entropic effect, [49] but is also a result of an
increased enthalpy barrier.

From size-dependent anisotropy measurements it can be observed that the
amount of bulk water increases with the size of the reverse micelle. Since we know
from the SAXS measurements the shape/geometry of the reverse micelles, and how
their radius increases with w0, we can estimate the layer thickness of the surface
water. Taking a sphere of bulk water with a layer of surface-water of thickness d,
one obtains the following expression for the fraction of bulk water S with respect
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Figure 3.8: Spectra of the fast, slow and
the residual signal amplitudes, A(ν), B(ν)
and C(ν), respectively plotted for increas-
ing reverse micelle size. Relatively, B(ν)
decreases with reverse micelle size and
A(ν) increases with reverse micelle size.
The dashed line is the sum of all three
contributions. The shaded region at high
frequencies indicates the frequency range
that is used to construct the anisotropy of
Figure 3.7. Top is w0 =5, middle is w0

=8 and bottom is w0 =15.

to the total amount of water as function of radius r:

S =
4
3π(r − d)3

4
3πr

3
(3.6)

= 1− 3

(
d

r

)
+ 3

(
d

r

)2

−
(
d

r

)3

. (3.7)

The radius of a reverse micelle scales linearly with w0:

r = aw0, (3.8)

and the bulk fraction can be written as a function of w0 as

S(w0) = 1− 3

(
d

aw0

)
+ 3

(
d

aw0

)2

−
(

d

aw0

)3

. (3.9)
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Figure 3.9: Arrhenius plot of the reorientation rate of water vs. reciprocal tempera-
ture. The red data points are from surface water and the blue are of bulk water taken
from reference [35].

Fitting the expression for S(w0) to the experimentally observed values of S gives
a value for d/a of 1.1(3), see Figure 3.10. Using the proportionality constant
a = 0.21(1) nm obtained from the SAXS measurements, we can estimate that the
thickness of the water layer is 2.4(4) Å. This corresponds to the size of a water
molecule (2.8 Å [50], the O-O distance in liquid water) suggesting that only the
outermost layer of water molecules are affected by confinement.

The conformation of the hydrophilic PEO chain in nonionic reverse micelles is
still a matter of controversy. [23, 31, 51, 52] Numerous papers depict the structure
of a nonionic reverse micelle. Mostly, they show that the PEO chain penetrates
the water volume and dangles freely in the water body. [31, 52] We can test
this hypothesis with our measurements: for reverse micelles with w0 = 5 there
are twice as many oxygen lone pairs available from the Igepal molecules as there
are water molecules (5 ether groups per Igepal × 2 number of lone pairs per ether
/5 water molecules per Igepal). This would imply that if the hydophillic chains
would completely penetrate the reverse micellar interior, all water molecules would
be perturbed. The interior of the reverse micelle would behave like an aqueous
polymer solution due to the dangling PEO chains. From the anisotropy decay and
the model that we use, we can conclude that this is definitely not the case. In
contrast, we find a significant amount of unperturbed water that still behaves like
bulk water. Other studies, in particular NMR experiments and vibrational energy
relaxation of probe molecules, support this observation. [23, 51] From our study
we conclude that there is no water between the PEO chains, for these small reverse
micelles as represented in Figure 3.11. However, we observe that for w0 = 15,
S deviates a lot from the fit. This suggests that modeling the surface water as a
layer on a sphere does not hold for large w0. A possible explanation is that the
polyether glycol chains are hydrated for large w0 and therefore would give rise to
a bigger surface water fraction. This hypothesis would have to be confirmed by
further experiments. Nanocavities containing bulk-like water were also found for
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Figure 3.10: Bulk water fraction S versus reverse w0 and the micelle radius r◦.
The data is fitted with the single-parameter function S(w0), see equation 3.9. The
shaded area indicates the size-dependent uncertainty of the fit function S(w0) for one
standard deviation in the fit parameter d, as obtained by propagating the uncertainty
of the fit parameter. S for w0 =2.5 and 12.5 were analyzed separately using the
lifetimes obtained from the global fit.

lh

r0

dD0/2

Figure 3.11: Representation of the structure of an Igepal reverse micelle. The sur-
factant molecules form a saturated monolayer around the interior water droplets.
Polyether glycol chains are stretched into zigzag configuration [41] and do not or
hardly penetrate the water volume. Oxygen, carbon and hydrogen atoms are shown
as black, red and white dots, respectively.
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water-tetraethyleneoxide binary mixtures at concentrations that are comparable
to the small w0 values. [53]

It is interesting to note that whereas the steady-state absorption spectrum
shows a blue shift with decreasing micelle size, the transient spectra show no
significant shift, 3.8. We believe this can be explained by a difference in the
OD-stretch transition-dipole moments of water and Igepal. The total OD-stretch
response arises from the OD-stretch of Igepal at low frequency and HDO at higher
frequency. Reducing the micelle size (by decreasing w0) has two effects: an in-
crease of the Igepal contribution (at low OD-stretch frequency), and a blue shift
of the water OD-stretch mode due to weakening of the hydrogen bonds in smaller
micelles. [42, 47]. These counteracting effects can lead to different net results
in the steady-state (linear) absorption spectrum and the nonlinear transient ab-
sorption spectrum if the OD-stretch transition-dipole moments µOD of HDO and
Igepal are different: in the linear spectrum the contributions of the two species
(water and Igepal) scale with µ2

OD, whereas in the nonlinear pump-probe spectrum
they scale with µ4

OD. It is difficult to determine µOD experimentally for Igepal in
the reverse micelles, because of overlap of water and Igepal bands. Determin-
ing the Igepal transition-dipole moment from the integrated OD-stretch band of
neat Igepal is not possible, because the average hydrogen-bond strength in neat
Igepal is much less than in Igepal bound to water (as can be derived from the
high OD-stretch frequency of neat Igepal, see Fig. 3.3). To get an estimate for
the ratio of the water and Igepal OD-stretch transition-dipole moments in the
reverse micelles, we can compare the experimentally determined µOD of liquid
MeOD and HDO in H2O, [54, 55] The ratio of these transition-dipole moments
is µOD,MeOD/µOD,HDO = 13.9/9.3. We may thus expect that Igepal contributes
much more strongly (approximately 2.2 times as much) to the nonlinear spectrum
than to the linear absorption spectrum. This will counteract the blue shift of the
water contribution with decreasing micelle size, so that the micelle size will have
less effect on the nonlinear spectrum than on the linear spectrum.

When comparing the steady-state spectrum of Igepal OD-stretch (Figure 3.3)
with the Igepal contribution in the time-resolved data in the reverse micelles (Fig-
ure 3.8) a spectral shift is observed between the two. This discrepancy can be
explained as follows. In neat Igepal the OD group can only donate a hydrogen
bond to another Igepal molecule. However in reverse micelles, Igepal can both ac-
cept and donate hydrogen bonds to neighboring water molecules. This difference
in local environment strongly affects the vibration of the alcohol group. For ex-
ample, the hydrogen bond acceptor-bound alcohol groups red-shift only 100 cm−1

compared to monomer alcohols. However, acceptor and donator bound alcohol
groups red-shift 300 cm−1 compared to monomer alcohols. [56]

3.4 Conclusion

At low frequencies (around 2460 cm−1) we observe the response of the OD groups
of the Igepal surfactant that show a fast vibrational relaxation with a time con-
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stant of 800 fs. At a higher frequency of (around 2520 cm−1) we observe the
response of both the bulk-like water and the surface-bound water, showing vi-
brational relaxation time constants of 1.9 and 3.6 ps (at 300 K), respectively.
The reorientation data was modeled with a fast reorientation time constant τb,
set to the bulk value of water, and a fitted slow reorientation time constant τs
which was assigned to surface water. From the size- and temperature-dependent
measurements we conclude that the bulk water fraction is relatively large and,
therefore, the PEO chains do not penetrate into the water volume. Since SAXS
measurements confirmed the spherical nature of the reverse micelles and allow us
to determine the proportionality factor between their interior water pool size and
w0, we show that the layer of slow reorienting surface water is approximately as
thick as one water molecule (2.4(4) Å).

The temperature-dependence of the surface reorientation time provides an es-
timate for the enthalpy barrier for the reorientation of surface water. We find
∆H‡

surface of 45 ±9 kJ.mol−1, which is close to the barrier of ice at 54 kJ.mol−1

[57] and of water at protein surfaces. [58] The dynamics of proteins are highly
coupled to the dynamics of their surrounding water molecules. It was previously
shown that water on reverse micellar surfaces, acting as model system for water
around proteins, reorients slower than in the bulk. [29, 47] Our results show that
surface water reorientation is an activated process, and that the energy barrier
is significantly larger than in bulk water. Therefore, the slowing down of surface
water at the nonionic reverse micellar surface is not only an effect of a reduc-
tion of entropy, but also is also a result of a change in the enthalpy barrier. The
more detailed picture of the surfactant/water interface (depicted in Figure 3.11)
obtained from our experiments should deepen the understanding of many physical
and chemical processes in neutral reverse micelles. Well known examples of such
processes include the solubilization of proteins or other (ionic) species, and crys-
tallization pathways in reverse micelles and their influence on the morphogenesis
of nanocrystals.
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CHAPTER 4

Structure and dynamics of water in nanoscopic spheres and
tubes1

We study the reorientation dynamics of liquid water confined in nanometer-sized
reverse micelles of spherical and cylindrical shape. The size and shape of the
reverse micelles are characterized in detail using small-angle x-ray scattering,
and the reorientation dynamics of the water within the reverse micelles is inves-
tigated using GHz dielectric relaxation spectroscopy and polarization-resolved
infrared pump-probe spectroscopy on the OD-stretch mode of dilute HDO:H2O
mixtures. We find that the GHz dielectric response of both the spherical and
cylindrical reverse micelles can be well described as a sum of contributions from
the surfactant, the water at the inner surface of the reverse micelles, and the
water in the core of the micelles. The Debye relaxation time of the core water
increases from the bulk value τH2O of 8.2±0.1 ps for the largest reverse mi-
celles with a radius of 3.2 nm to 16.0±0.4 ps for the smallest micelles with a
radius of 0.7 nm. For the nano-spheres the dielectric response of the water is
approximately ∼6 times smaller than expected from the water volume fraction
and the bulk dielectric relaxation of water. We find that the dielectric response
of nano-spheres is more attenuated than that of nano-tubes of identical compo-
sition (water-surfactant ratio), whereas the reorientation dynamics of the water
hydroxyl groups is identical for the two geometries. We attribute the attenu-
ation of the dielectric response compared to bulk water to a local anti-parallel
ordering of the molecular dipole moments. The difference in attenuation be-
tween nano-spheres and nano-cylinders indicates that the anti-parallel ordering
of the water dipoles is more pronounced upon spherical than upon cylindrical
nanoconfinement.

1 Adapted from T. H. van der Loop, N. Ottosson, S. Lotze, E. Kettzinger, T. Vad,
W. F. C. Sager, H. J. Bakker, and S. Woutersen, “Structure and dynamics of water in nanoscopic
spheres and tubes”, J . Chem. Phys. 141, 18C535 (2014)
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4.1 Introduction

Since water in living systems is often enclosed in very small volumes,[1, 2] the
effect of confinement to nanoscopic volumes on the structure and dynamics of
water have been actively investigated over the last decade.[3–15] The properties
of water in nanoconfinement has been studied with model systems like reverse
micelles (water—in—oil microemulsions) [3–11] and nanoporous materials[12–15].
Reverse micelles in particular have proven to be convenient model systems because
of the ease of sample preparation and the possibility of controlling the water-pool
size. In addition, the chemical nature of the interface of the reverse micelle can be
conveniently modified using cationic, anionic or nonionic surfactants.

It has been suggested that the dynamics of water in a nanoscopic volume do
not only depend on the size, but also on the shape of the volume. In particular, it
has been predicted that one-dimensionally (cylindrically or tubular) confined wa-
ter can exhibit an unusually high water mobility and allows for extremely fast ion
diffusion.[16–18] Cylindrical nano-confinement is relevant for charge transporta-
tion through the water channels of fuel cell membranes,[19] and for transport of
protons and other ions through membrane-protein channels. However, to date, a
systematic investigation of the effect of shape on the dynamics of nanoconfined
water is lacking. Studies on reverse micelles have focused mainly on the effect of
size in the case of spherical confinement [3–11], and investigations on nanoporous
materials are restricted to cylindrical geometries (channels). [12–15, 20–23]

Reverse micelles can adopt spherical or cylindrical shapes, depending on the
combination of apolar solvent and surfactant.[24–28] Hence, reverse micelles are
excellent systems to investigate the effect of the shape of nanoconfined water vol-
ume on its dynamics. In a recent combined time-resolved fluorescence and THz
time-domain spectroscopic study no significant effect of the shape of the reverse
micelle on the water dynamics was observed, but since in that study the geometry
and the size of the water volume were changed simultaneously, it was difficult to
isolate the influence of the shape.[29]

Here we investigate and compare the structure and reorientation dynamics of
water confined in spherical and tubular reverse micelles prepared with the non-
ionic surfactant Igepal and n-hexane or cyclohexane as apolar solvent. We will use
small-angle x-ray scattering SAXS to determine the shape and the size distribution
of the micelles, and GHz dielectric relaxation spectroscopy and mid-IR vibrational
pump-probe spectroscopy to investigate the influence these parameters on the
orientational dynamics of the confined water.

4.2 Materials and methods

4.2.1 Sample preparation

The composition of the reverse-micelle samples is characterized by the water to
surfactant molar ratio

w0 = [H2O]/[surfactant]
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and the surfactant mass fraction

cs =
msurfactant

moil +msurfactant
, (4.1)

where msurfactant and moil are the masses of the surfactant and the apolar solvent
(oil), respectively. Spherical reverse-micelle samples were prepared by dissolv-
ing Igepal CO-520 (pentaoxyethylene nonylphenylether, average molar mass 441)
in cyclohexane (>99.9% HPLC grade), and subsequently adding Milli-Q (18.2
MΩ·cm) water to obtain the desired w0. All samples were shaken and sonicated
before the measurements. All chemicals were purchased from Sigma-Aldrich.

For the size-dependence measurements we prepared spherical micelle samples
with w0 = 0, 3, 5, 8 for cs = 0.33, and with w0 = 0, 10, 15, 20 for cs = 0.28. A
larger cs (and hence larger micelle concentration) was used for the smaller reverse
micelles in order to obtain a sufficiently strong dielectric response. Cylindrical
reverse micelles were prepared with n-hexane (>99.9% HPLC grade) as the oil
phase. To study the effect of shape on the water dynamics, we prepared both
cylindrical and spherical reverse micelles with w0 = 5. Using the same value of
w0 implies that the the water content is the same for the two micelle shapes.
For the cylindrical micelles we used a surfactant fraction of cs = 0.37 and for the
spherical micelles we used cs = 0.33. For the samples with the largest micelles, full
equilibration took several hours, whereas the smallest reverse micelles equilibrated
within minutes. After equilibration, all samples were optically clear and stable.
The cylindrical micelles exhibit Rayleigh scattering in the visible.

4.2.2 Small-angle x-ray scattering

SAXS measurements were performed at the high brilliance laboratory Gallium
Anode Low Angle X-ray Instrument GALAXI at the Jülich research center (Ger-
many) equipped with a BRUKER AXS MetalJet x-ray source. The diffractometer
is based on the former JUSIFA instrument installed at the DORIS storage ring
at HASYLAB (Deutsches Elektronen Synchotron DESY, Hamburg, Germany).
The reverse micellar samples were filled in quartz capillaries with an inner di-
ameter of 1.5 mm and measured at room temperature (T=298 K). The data were
recorded with a 1 M Pilatus detector (DECTRIS) at a sample-to-detector distance
of 1.7 m and a wavelength of 0.134 nm covering a range of momentum transfer
of 0.06 ≤ q ≤ 4nm−1 (q = 4πsin(θ)/λ is the modulus of the scattering vector,
2θ is the scattering angle and λ is the wavelength). The collected data were ra-
dially averaged and normalized to the intensity of the transmitted beam. Solvent
scattering was subtracted prior to data analysis. All samples were made at the
same surfactant in oil concentrations cs as used for the dielectric and spectroscopic
experiments. The SAXS data for spherical reverse micelles were fitted by a model
function based on Vrij’s analytical solution for a multi-component system of hard
spheres.[30–32] The characteristics of long semi-flexible worm-like micelles were
analyzed using the Kholodenko model. [33] To obtain structural information on
interconnected cylindrical networks the Teubner-Strey Model has been applied to
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fit the microemulsion peak occurring at high volume fraction, that is typical for
bicontinuous microemulsions or sponge phases. [34] The fits of the model curves to
the observed SAXS data were performed with a non-linear Levenberg-Marquardt
least-squares algorithm. [35]

4.2.3 GHz dielectric relaxation spectroscopy

The dielectric relaxation experiments are described in Section 2.2. All DRS ex-
periments were carried out at 22 ± 0.5 ◦C.

4.2.4 Infrared pump-probe spectroscopy

We use vibrational pump-probe spectroscopy to measure the decay of the vibra-
tional anisotropy of the OD-stretch vibration of dilute HDO:H2O solutions in
reverse-micelle samples with w0 = 5 and cs = 0.33 for cyclohexane and cs = 0.37
for n-hexane. Isotopically diluted water is prepared by adding 5% D2O to H2O.
The femtosecond IR pulses used in the experiments [center frequency 2500 cm−1,
duration 180 fs (FWHM), energy 5 µJ, spectral width 150 cm−1 (FWHM)] are
generated by a series of nonlinear frequency-conversion processes that are pumped
with the pulses of a commercial Ti:sapphire regenerative amplifier, see Ref. 36
for details. We generate probe and reference beams by splitting off a small por-
tion (∼1%) of the IR light with a wedged CaF2-window. The transmitted light is
used as the pump beam. The polarization-resolved pump-probe experiments are
described in Section 2.1.1. In the polarization-resolved pump-probe experiments,
[36] the pump pulse resonantly excites a small fraction (<10%) of the OD groups
to the v = 1 state. The samples were held between two CaF2 windows separated
by Teflon spacers with a thickness of 250µm. All experiments were performed at
22±0.5 ◦C .

4.3 Results and discussion

4.3.1 Size and shape of the reverse micelles

Spherical reverse micelles

Figure 4.1 displays small angle x-ray scattering curves for spherical reverse micelles
with w0 = 2.5, 5 and 8 at cs = 0.33 and w0 = 10 and 15 at cs = 0.28. A lower
cs for the larger w0 reverse micelles was chosen to avoid having too high droplet
fractions which would result in too viscous reverse micellar solutions. All curves
reveal a shape typical for spherical scatterers with a constant intensity at low q
and a steep decrease upon approaching the (first) minimum at qmin, which allows
an estimation of the droplet radius via r ≈ 3π/(2qmin). Higher order minima are
not visible, since they are smeared out by the polydispersity of the reverse micelles.
With increasing w0 the minimum shifts to smaller scattering vectors q indicating
larger droplet sizes, which is also reflected in the increase in the scattering intensity
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at low q, as the forward scattering scales with the square of the droplet volume.
Due to the relative high droplet volume fractions a correlation peak shows up at
intermediate q, that corresponds to the mean distance of the droplets and thus
reveals their interactions (scattering due to droplet interferences).

The scattering curves could be analyzed using a model function based on Vrij’s
analytical solution for a multicomponent hard sphere system. [30–32] The results
from the structural refinement are shown in Table 4.1. Since the electron density
of the nonylphenyl surfactant tail is similar to that of cyclohexane, the x-rays see
only droplets made up of the ethylene oxide head group moiety and interior water.
Plotting the obtained radius r0 versus w0 (Figure 4.1b) enables to obtain the
proportionality factor a for the linear scaling of the water core radius of the reverse
micelles with w0, with a=0.21 nm. The length of the hydrophobic surfactant tail is
retrieved from half the droplet surface to surface distanceD0 (D0/2 = 0.91(1) nm).
The values, a and D0 equal those previously found for reverse micelles in the
same ternary system at lower cs (see Chapter 3). In Figures 4.1c and D the
contributions from the form factor (scattering from a single droplet) and the hard
sphere structure factor (droplet interference) are plotted for w0 = 5 and w0 = 10
demonstrating the origin of the observed peaks.

Table 4.1: Structure parameters for spherical reverse micelles in the water—Igepal—
cyclohexane system obtained from the refinement of the SAXS scattering curves using
the multi-component model for hard spheres at different w0 and RT. The spherical
reverse micelles are characterized by the droplet radius r0, polydispersity parameter
σ0 of the log-normal size distribution and droplet concentration c0. For all droplet
sizes a constant surface to surface distance D0 is found from the hard sphere structure
factor, whereby D0/2 = 0.91(1) nm corresponds to the shell thickness built up by the
surfactant tails.

w0 2.5 5 8 10 15

cs 0.333 0.333 0.333 0.282 0.282
vol fraction 0.300 0.3184 0.337 0.300 0.328

c0(10
−3·nm−3) 2.641 (1) 1.743 (1) 1.235 (1) 0.725 (1) 0.422 (1)

r0(nm) 1.93 (1) 2.50 (1) 2.97 (1) 3.53 (1) 4.50 (1)
σ0 0.198 (2) 0.166 (2) 0.168 (2) 0.148 (8) 0.160 (8)

Tubular reverse micelles and interconnected networks

For the tubular reverse micelles prepared with cs = 0.37 we measured a scattering
curve without significant characteristics. Therefore, we investigated the scattering
behavior for w0 = 5 for a series of cs values. For cs < 0.37, we obtain SAXS
curves that show a strong forward scattering compared to the spherical system (see
Figure 4.2). The curves plotted on a double logarithmic scale for cs = 0.20 and 0.14
display at small q a power law dependence of about -1 and -4/3, characteristic for
stiff rods and semi-flexible worm-like micelles, [33] respectively, whereas the curve
for the spherical system at similar volume fraction is flat at low q, as can be seen
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Figure 4.1: Small angle x-ray scattering curves (scattering intensity versus the mod-
ulus of momentum transfer vector q) from reverse micelles for different w0 obtained
from the water—Igepal—cyclohexane system. (a) Experimental data (symbols) and
fits (solid line) for w0 of 2.5, 5, and 8 at cs = 0.333 and w0 of 10 and 15 at cs = 0.282
on double logarithmic scale. Successive scattering curves are displaced upwards by
one logarithmic unit for better visualization. The shape of the curves is typical for
spherical scatterers at concentrations high enough to clearly visualize the structure
factor peak. The scattering data were fitted with a multi-component model for hard
spheres and the refined parameters are presented in Table 4.1. (b) Linear dependence
of the radius r0 on w0. The linear regression (red line) yields a proportionality factor
(a = 0.21(1) nm) for the water core . (c) and (d) form factor FF and hard sphere
structure factor SF displayed for w0 = 5 and w0 = 10 on semi-logarithmic and linear
scale, respectively, that constitute the total scattering of the spherical droplets TI.

in Figure 4.2b. The two SAXS curves for the cylindrical system could be modeled
using the Kholodenko model for worm-like micelles [33]. For cs = 0.14 the fit
yields a contour length of 280 (66) nm, a Kuhn length Lk of 7.43 (95) nm, and
a radius for the cylindrical cross-section rc of 2.55 (1) nm with a log-normal size
distribution σ0 = 0.096 (9). The Kuhn length indicates the length over which
the chain of the worm-like inverse micelles is not curved. The minimum observed
corresponds in this case to the radius of the cross-section that displays a lower
polydispersity than observed for the spheres. For cs = 0.20 the contour length
has decreased to 105(26) nm, which can be seen from the lowering in the forward
scattering at small q, whereas the Kuhn length (Lk =6.83(99) nm) and the cross-
sectional radius (rc = 2.55(2) with σ0 = 0.115(3)) do not change significantly. At
high q the curves for the spherical and the cylindrical reverse micelles fall on top
of each other at comparable volume fractions. The red curve in Figure 4.2b for
cs = 0.14 stems from spherical micelles with r0 = 2.88(4) nm and σ0 = 0.177(2)
showing mainly droplet form factor scattering.

Upon increasing the concentration for the tubular system, the intensity de-



209334-L-bw-vdLoop209334-L-bw-vdLoop209334-L-bw-vdLoop209334-L-bw-vdLoop

4.3 Results and discussion 49

creases at low q, showing a slope < -1 already for cs = 0.27 (not shown) at low
q. At intermediate q a peak starts to develop at cs = 0.37, whereby a shoulder
can already be observed at cs = 0.32 on linear scale (Figure 4.2a). For the highest
cs values of 0.46 and 0.56 that correspond to volume fractions of 0.40 and 0.50,
respectively, the peak that is characteristic for bicontinuous structures or sponge
phases is fully developed. All the curves for the cylindrical system show a min-
imum at high q that hardly changes its value. This indicates that the radius of
the cross-section stays nearly constant. With increasing surfactant concentration
the cylindrical reverse micelles interlink and form branch points, whereby passages
between the individual water channels are created leading finally to a network of
interconnected water channels that span the whole volume forming meshes within
the oil. [37] For these structures we cannot anymore resort to liquid state theories
to analyze the scattering as in the case of the spheres and isolated closed cylin-
ders. In this case random surface models come into play that are based on Landau
theory. [38, 39] Here, we use the phenomenological model proposed by Teubner
and Strey in which Gaussian fluctuations of the order parameter field determine
the scattering intensity in the vicinity of the peak [34] to estimate the domain size
and the correlation length of the structures formed at cs ≥ 0.46. The fits reveal
a domain size d of 7.1 nm and 6.4 nm for cs = 0.46 and 0.56, respectively, and a
correlation length ≤ 4.5 nm for both systems.

We thus find that depending on the apolar phase (n-hexane or cyclohexane) our
samples contain either spherical or cylindrical reverse micelles. For the spherical
micelles the radius is proportional to w0. Earlier studies have shownthat the radius
of infinitely long cylindrical reverse micelles converges to 2/3 the radius of spherical
reverse micelles of the same w0. [26, 28, 40]

4.3.2 Dynamics of water in nanoscopic spheres

In Figure 4.3 we show the real and imaginary parts (ε′ and ε′′, respectively) of
the relative permittivity for a series of solutions containing spherical reverse mi-
celles with increasing w0 values. For w0 = 0 (surfactant only), we observe a broad
band in the ε′′(ω) spectrum, which we attribute to the dipolar reorientation of the
surfactant (Igepal) molecules. For nonzero w0, we observe an additional feature
at higher frequencies, which we assign to reorientation of the water in the reverse
micelles. This additional component grows in intensity and shifts to higher fre-
quency with increasing w0 (increasing water content), approaching ∼20 GHz for
the largest micelles, i.e. close to the value of the main relaxation mode of bulk
liquid water. [41]

We find that the water dielectric response can be well described as a sum of
contributions from water at the surface of the micelle and water in the core of the
micelle, with the two types of water exhibiting distinctly different reorientation
dynamics: the interfacial water molecules that hydrate the hydrophilic moiety of
the surfactant show significantly slower dynamics than bulk liquid water, whereas
water in the core of the nanoscopic volume behaves similar to bulk water. Such a
core/shell model is certainly a simplification, and molecular dynamics simulations
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Figure 4.2: Small angle x-ray scattering curves from reverse micellar aggregates
for both ternary systems, i.e. water–Igepal–cyclohexane (spheres) and water–Igepal–
hexane (tubes), as a function of crms at a constant w0 of 5. The green and blue
scattering curves for cs = 0.14, 0.2, 0.32, 0.37, 0.46, and 0.56 belong to the tube
system, whereas the red scattering curves for the sphere system at cs = 0.14 and
0.33 are added for comparison. (a) Development of the peak typical for bicontinuous
microemulsions or sponge phases from long semi-flexible worm-like reverse micelles on
linear scale. (b) Scattering curves for long cylindrical micelles for cs = 0.14 and 0.2
for the water–Igepal–hexane system on double logarithmic scale. The inserted dashed
line with a slope of -1 indicates the q−1 power law decay characteristic for stiff rods.
The black solid lines display fits obtained applying the Kholodenko model for long
semi-flexible worm-like scatterers at cs = 0.14 (olive stars) and cs = 0.20 (light green
open squares) in (b) and fits to the peak region obtained by the Teubner-Strey model
for cs = 0.46 (upright blue filled triangles) and cs = 0.56 (violet open diamonds) in
(a).
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indeed show a gradual transition in reorientation time constant going from the
surface to the core. [42, 43] Nevertheless, our experimental results show that the
distribution of reorientation times is approximately bimodal, as has been observed
before for a wide range of reverse micellar systems, with both ionic and nonionic
surfactants. [3, 4, 6–11, 44, 44–46]

Figure 4.3: Imaginary (a) and real (b) parts of the dielectric permittivity of spherical
reverse micelles of different sizes (w0 = 3 to 20) for the water–Igepal–cyclohexane
system. The solid lines represent least-squares fits to the data using Eq. 4.2. (c) Igepal
(dotted), surface-water (solid), and core-water (dashed) contributions to the dielectric
permittivity for w0 = 3 (blue) and w0 = 20 (red).

The total frequency-dependent complex permittivity ε(ω) of the reverse micel-
lar system is thus modeled as a sum of the contributions of Igepal, core water,
surface water and cyclohexane:

ε(ω) = εcore(ω) + εsurface(ω) + εIgepal(ω) + ε∞, (4.2)

where εi(ω) are the complex permittivities of the individual components, and ε∞ is
the permittivity in the high-frequency limit. ε∞ includes the cyclohexane response,
which is purely real and independent of frequency in the range of frequencies inves-
tigated here. We model the surface and core water responses as Debye relaxation
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modes:

εi(ω) =
∆εi

1 + iω2πτD,i
. (4.3)

with i ∈ {core, surface}. The Igepal contribution has a broader spectrum, and
can be well described by a Cole-Cole mode: [47]

εIgepal(ω) =
∆εIgepal

(1 + iω2πτD,Igepal)(1−α)
. (4.4)

In these equations, ∆εi are the permittivity amplitudes, and τD,i Debye relaxation
time constants of the individual components. From a least-squares fit of a Cole-
Cole mode to the w0 = 0 data, we obtain τD,Igepal = 50(1) and 47(1) ps, and
α = 0.35(1) and 0.35(1) for ws = 0.33 and 0.29, respectively (where the numbers
in parentheses indicate the 1σ uncertainties in the last digit). These values were
kept constant in the least-squares fits to the data for w0 > 0. We performed a
simultaneous least-squares fit of Eq. 4.2 to the real and the imaginary components
of the dielectric relaxation spectra for all w0, treating τD,Igepal as a fixed parameter,
and assuming a linear relation between ∆εD,Igepal and the volume fraction of Igepal.
The results of the fit are shown by the solid lines in Figure 4.3, where panel A
and B show the imaginary and real parts of the permitivitty, respectively, and
panel C the decomposition of the imaginary part into the contributing modes for
the smallest and largest micelles studied (w0 = 3 and 20). The fit parameters are
presented in Figure 4.4.

The surface-water Debye time constants vary between 132(5) ps for w0 = 3 and
105(9) ps for w0 = 20 thus showing only a weak dependence on micelle size, see
Figure 4.4a (indicated by the dashed blue line).2 These surface-water reorientation
times are more than one order of magnitude slower than the Debye time of bulk
water (8.38 ps at 298 K). [41] The water molecules giving rise to the surface-
water Debye mode are likely hydrogen bonded to the outer oxygen atoms of the
surfactant head groups. This assignment is consistent with the observation that
the surface-water reorientation time is only weakly dependent on the micelle size.
The core water reorientation time decreases monotonically with increasing size,
from 16.0(4) ps for w0 = 3 to 8.2(1) ps for w0 = 20.

In previous IR pump-probe studies, it was found that the reorientation dy-
namics of the OD groups of dilute HDO:H2O in reverse micelles can be well
described assuming a core-water reorientation time equal to that of bulk water
for all micelle sizes, [9, 10, 48] see also Chapter 3. However, attempts to fit the
dielectric-relaxation data in the same manner (keeping τD,core fixed to the bulk re-
orientation time of water) were not successful. The difference in w0 dependence of
the orientational correlation times of the core water obtained from dielectric relax-
ation and IR pump-probe spectroscopy suggests that the reorientation dynamics
of the permanent dipole moment of water molecules (giving rise to the dielectric

2We report the uncertainties as obtained from the least-squares fit; these values are unreal-
istically small and should be regarded as lower limits for the actual uncertainties, because they
do not take into account systematic errors in the experiments.
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Figure 4.4: Fit parameters obtained from a global least-squares fit of Eq. 4.2 to the
data shown in Fig. 4.3. (a) Surface-water and core-water Debye relaxation times as
a function of w0. (b) Amplitudes ∆εD,Igepal, ∆εD,H20, and ε∞ as a function of w0.
The small discontinuity between w0 = 8 and w0 = 10 is due to a change in cs from
0.33 (for w0 ≤ 8) to 0.29 (for w0 ≥ 10). The curves are a guide to the eye.

relaxation) might be more sensitive to nanoconfinement than the reorientation dy-
namics of OD bonds of isolated HDO molecules (as observed in the IR pump-probe
measurements). This difference might be due to the different consequences of the
truncation of the hydrogen-bond network at the surface of the nanoscopic volume
for the two types of reorientation. The observed difference might then be similar to
the different changes in the permanent-dipole-moment and OD-bond reorientation
dynamics observed upon adding salts to bulk water. [49] Finally, in Figure 4.4b
we observe that ε∞ and the core water response ∆εcore both increase (and in a
similar manner) with increasing water content w0. On the other hand ∆εIgepal
and ∆εsurface decrease slightly as the Igepal concentration decreases slightly upon
adding water.

4.3.3 Comparison between nanoscopic spheres and cylinders

By using n-hexane instead of cyclohexane as apolar solvent, we prepare cylindrical
instead of spherical micelles with the same value of w0 (see section 4.2.2). The
difference in nanoscopic morphology of the samples causes a directly visible dif-
ference in the samples, see inset of Fig. 4.5b: the sample containing cylindrical
reverse micelles shows faint blue light scattering which is not observed in the sam-
ple with spherical reverse micelles. The cylinders are sufficiently long to cause
significant Rayleigh scattering. In Figure 4.5 we also compare the dielectric re-
sponse of spherical and cylindrical reverse micelles, both with w0 = 5. Surprisingly,
the response of water in nano-cylinders is much larger than that of water in nano-
spheres. As can be observed in the appendix the enhancement of the dielectric
response persists for a large range of ws, from 0.09 to 0.45. We find that the
dielectric response of both the cylindrical and spherical micelles can be modeled
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Figure 4.5: The imaginary (a) and the real (b) parts of the dielectric response of
tubular reverse micelles (green, water–Igepal–hexane) compared to spherically shaped
reverse micelles (blue, water–Igepal–cyclohexane). The solid lines represent least-
squares fits to the data using Eq. 4.2. The fits are composed of the Igepal contribution
(dashed lines), the surface-water contribution (filled curves at low frequency) and the
core water contribution (filled curves at high frequency). (Inset) Photo showing a
sample of tubular (left) and spherical (right) reverse micellar system.

by Eq. 4.2. The fits are shown in Figure 4.5, where we also indicate the individual
contributions of the surface water and the core water for the tubes (green fill) and
spheres (blue fill); the parameters obtained from the fit are given in Table 4.2. We
find that the reorientation of the core water in cylindrical micelles is slowed down
compared to that in spherical micelles (τD,core = 21.8 vs. 13.7 ps), and that the
corresponding amplitude of the dielectric response is increased (∆εcore = 0.65 vs.
0.43). The most prominent difference between cylindrical and spherical micelles is
the much larger amplitude of the surface-water dielectric response of the cylinders:
∆εD,surface = 0.43 vs. 0.16. The slower Debye relaxation time for core water in
cylinders as compared to that in spheres can be understood on the basis of our
observation that the reorientation dynamics of the core water in reverse micelles
slows down with decreasing micelle size (see Figure 4.4a). Since for cylinders and
spheres with the same w0 (=surface/volume ratio) the radius of the cylinders is
approximately 2/3 of the radius of the spheres, one may therefore expect slower
reorientation dynamics in the cylindrical than in the spherical reverse micelles, as
is indeed observed. In Figure 4.6 it can be observed that the enhancement of the
dielectric response in tubularly shaped reverse micelles compared to spherically
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Table 4.2: Fit results for the dielectric response of reverse micelles in tubular and
spherical geometry for w0 = 5 for the systems water–Igepal–hexane (tubes, green)
and water–Igepal–cyclohexane (spheres, blue). τD,c and τD,s are the core and surface
water reorientation times and ∆εc and ∆εs are the dielectric response of core and
surface water for spherical and tubular micelles. The uncertainties are 1σ.

τD,c (ps) τD,s (ps) ∆εc ∆εs
Spheres 13.7(2) 101(1) 0.43(3) 0.16(3)
Tubes 21.8(4) 140(2) 0.65(1) 0.43(1)

shaped reverse micelles persists for a large range of ws, from 0.09 to 0.45.

Figure 4.6: Dielectric response of tubes and spheres for ws = 0.09, 0.14, 0.33 and
0.45. The green lines are tubular micelles and the blue lines are spherical micelles,
prepared with n-hexane and cyclohexane, respectively.

The difference in amplitude of the dielectric response of the tubes and the
spheres cannot be due to a difference in chemical composition of the samples, as
the compositions are exactly identical apart from the apolar solvents, cyclohex-
ane and n-hexane, which do not show a frequency-dependent dielectric response
in the investigated frequency region. To investigate if the difference in dielectric
response might be due to a difference in the fractions of surface and core water
in the two types of reverse micelle, we prepared reverse micelles containing di-
lute (10%) HDO:H2O mixtures, and investigated the orientational relaxation of
the OD groups using polarization-resolved vibrational pump-probe spectroscopy,
which provides a direct determination of the fractions of surface and core water.
This is because the surface-water molecules reorient much more slowly than the
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Table 4.3: Fit results for the anisotropic and isotropic decay of the OD-stretch
vibration in tubular and spherical reverse micelles. S is the core water fraction, T1,i is
the vibrational relaxation time of Igepal and surface water, τIR,s is the surface-water
reorientation time and R0 is the initial (zero-delay) value of the anisotropy. Note that
since the slow reorientation times exceed our accessible time window, only lower limits
for their values can be given. The values in parentheses indicate the uncertainties (1σ)
in the last digit.

T1,Igepal (ps) T1,s (ps) τIR,s (ps) S R0

Spheres 0.73(6) 4.2(1) > 9(1) 0.30(3) 0.33(1)
Tubes 1.1(2) 4.3(3) > 10(1) 0.30(3) 0.34(1)

core-water molecules, [3–11] so that the OD-stretch vibrational anisotropy decays
in a bimodal manner, with the amplitudes of the fast and the slow relaxation be-
ing proportional to the fractions of the core and surface water, respectively. In
Figure 4.7a we show the isotropic transient-absorption changes of HDO molecules
in cylindrical and spherical reverse micelles as a function of delay, measured at the
maximum of the OD-stretch band at 2525 cm−1. The overlapping delay traces
show that there is no significant difference in the vibrational relaxation dynam-
ics between the cylindrical and spherical reverse micelles. In Figure 4.7b we plot
the normalized anisotropy decay of the two systems. The anisotropy decays are
bimodal and show quite similar fast and slow components for the two systems.
From a global least-squares fit to the anisotropy decay and isotropic signals (see
Chapter 3 for details of the fit procedure), we obtain the fit parameters listed
in Table 4.3. The fits are shown as solid curves in Fig. 4.7. We find that the
amplitude ratios of the slow and fast components in the anisotropy dynamics are
identical for cylindrical and spherical reverse micelles within the experimental un-
certainties (2σ). It thus follows that the fractions of surface and core water are
the same in the two types of micelles, and that their OD-stretch reorientation
dynamics are the same. This notion is corroborated by the similar vibrational re-
laxation dynamics of the two samples since core and surface-water molecules have
different vibrational lifetimes (see Chapter 3), so that a difference in core/surface
ratio should have caused a difference in the observed relaxation dynamics. Finally,
the near-identical FTIR spectra of the two samples (shown in Figure 4.8) also in-
dicate a very similar core/surface ratio in the two systems, as is to be expected
from geometrical considerations.3 Surface-bound water molecules generally have
a higher OD-stretch frequency than core water molecules, so that a difference in
surface/core ratio would have been observable as a difference in the shape and
maximum of the OD-stretch absorption band. [4, 10] We therefore conclude that

3Based on the geometry of the reverse micelles (assuming a shape-independent hydration layer
with thickness d) we expect a very small difference between the core water fraction S in spherical
and cylindrical reverse micelles. In spherical reverse micelles Ssphere = (rsphere − d)3/r3sphere,

and in cylindrical reverse micelles Scyl. = (rcyl. − d)2/r2cyl., where r is in both cases the radius

of the reverse micelle. For w0 = 5, we have rsphere = 1.05, d = 0.24 and rcyl. ≈ 2/3 · rcyl., so
that Ssphere/Scyl. ≈ 1.06.
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the observed strong difference in dielectric response of cylindrical and spherical
reverse micelles cannot be caused by a difference in the fractions of surface and
core water.

Figure 4.7: (a) Isotropic decay of the pumped OD stretch vibration at 2525 cm−1

of tubes and spheres. (b) The anisotropy decay of the OD-stretch mode of dilute
HDO:H2O in tubular and spherical reverse micelles. To improve the signal-to-noise
ratio, the data were averaged over a probe-frequency range from 2525 to 2570 cm−1

over which no discernible frequency dependence was observed.
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Figure 4.8: (A) Absorption difference spectrum OD stretch in 10% HDO in H2O in
reverse micelles with w0 = 5 in cyclohexane (spheres) and n-hexane (tubes). The
intensity of the OD stretch in spheres is 2% lower than in the tubes. This difference
lies within the error of the preparation.

4.3.4 Effect of the shape of nanoscopic water volumes on the dielectric
response

A hint as to the origin of the very different dielectric responses of water in
nanoscopic cylindrical and spherical reverse micelles is provided by the absolute
magnitude of these responses. The amplitude of the dielectric response of the
spherically nanoconfined water is much smaller than would be expected from its
volume fraction. This can be seen directly from the total water contribution
∆εwater = ∆εsurface + ∆εcore obtained from the fits. In Figure 4.9a we show
∆εwater as a function of the water fraction for the different reverse micelle sizes.
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The dielectric response of the nanoconfined water is clearly much less than would

Figure 4.9: (a) ε(ν → 0) (static dielectric constant) vs. water fraction from zero
to 20%. The solid line is the response predicted assuming that the water would
contribute linearly with the water volume fraction. The inset is a zoom out from 0 to
100% water. (b) Relative amplitude of the core-water dielectric response with respect
to the total water response (blue points), compared to the core-water fraction (red
curve) as obtained from previous IR pump-probe data (see Chapter 3).

be expected based on the water volume fraction (these expected values are shown
as the green line). For example, the sample containing reverse micelles w0 = 8 con-
tains 8% vol water, and would be expected to have a dielectric constant of about
6, whereas we observe a ∆εwater of only 1. Previous studies have demonstrated a
similar reduction of the dielectric response in reverse micellar systems. [50, 51]

It is well known that the dielectric constants of mixtures, e.g. emulsions, can
differ significantly from a weighted sum of the responses of the pure constituents
as a result of local field effects. [52] These local-field effects can be accounted for
by describing the mixture with a so-called effective medium approach in which it
is assumed that the constituents are homogeneously distributed over the mixture.
For emulsions of water, well-known effective medium approaches like the Maxwell-
Garnett and Bruggeman models are not applicable as these models are based
on a description of local-field effects with the Lorentz local field. The Lorentz
local field description is only valid for systems for which the dielectric response
is governed by the polarizability of the atoms/molecules. However, the dielectric
response of water is dominated by the reorientation of molecular dipoles, for which
the Onsager local field Elocal = [3ε/(2ε+ 1)]E applies. The Onsager local field of
water undergoes only a small change when water is dispersed in an apolar solvent.4

4H. J. Bakker, “Effective medium theory using the Onsager local field”, manuscript in prepa-
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Hence, local-field effects cannot account for the large attenuation of the dielectric
response, which occurs when water is confined in nanoscopic volumes.

The dielectric response of dipolar systems depends strongly on the local order-
ing of the contributing dipoles and their correlated motion. This effect of local
ordering is usually accounted for by the so-called Kirkwood correlation factor gK,
which is linearly proportionol to ε: [53, 54]

ε ∝ gKµ2,

where µ is the dipole moment of a single molecule. In the absence of local ori-
entational order gK = 1, whereas gK > 1 if the dipole moments of neighboring
molecules tend to align. In the case of antiparallel neighboring dipole moments
gK < 1. In bulk liquid water and ice, the Kirkwood factor is quite large and at-
tains a value of ∼3 as a result of the (near-)tetrahedral arrangement of the water
dipoles. [53, 55, 56] In nanoconfined water however, the Kirkwood factor can be
much smaller. Simulations by Senapati and Chandra have shown a 50% reduction
of εH2O for very small (0.61 nm radius) spherical water volumes that have no elec-
trostatic interaction with the confining walls. [57] We believe that this reduction
of the Kirkwood factor is due to an anti-parallel orientation of water molecules at
opposing surfaces of the nanodroplet. In reverse micelles, the OH bond and dipoles
of the water molecules at the surface point radially outward in order to hydrate
the oxygen atoms of the Igepal surfactant. Because of the spherical symmetry of
water volume, this configuration corresponds to a largely anti-parallel arrangement
of the water dipole moments, resulting in a very small Kirkwood factor gK (this
might be compared to a hydration shell around a cation, which also has a very
small Kirkwood factor because of the canceling dipole moments [58, 59]). The
water molecules at the inside of the reverse micelles need to accommodate their
hydrogen-bond structure to the structure of the surface water and to each other,
which results in a hydrogen-bond network that is significantly distorted from an
ideal tetrahedral structure. Hence, the Kirkwood gK factor of the core water is
also expected to be much smaller than of bulk liquid water. The observed dielec-
tric constant of the reverse micelles is about 6 times smaller (see above) than the
value predicted based on the bulk-water dielectric constant, meaning that our re-
sults suggest that the Kirkwood correlation factor of nanoconfined water is about
6 smaller than that of bulk water, i.e. smaller than unity. The fact that the wa-
ter nanospheres with hydrophobic surfaces studied by Senapati and Chandra[57]
also show a strong reduction in gK suggests that the main conditions for reducing
the Kirkwood factor are the small size and centrosymmetric shape of the water
nanodroplet. Interestingly, the simulations of Senapati and Chandra show that
for hydrophobic surfaces the reduction in gK already disappears at comparatively
small droplet sizes (ε = 71 for r0 = 1.2 nm), [57] whereas we find a reduction
in gK that persists up to larger droplet sizes (see Fig. 4.4b). If our hypothesis
is correct, then this difference suggests that the disruption of the hydrogen-bond
structure of water extends deeper for a hydrophilic surfactant surface than for a
hydrophobic surface, for which it seems to be a more local effect.

ration.
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With increasing size of the reverse micelles, the relative contribution of the
core component increases with respect to that of the surface component, as can
be seen in Fig. 4.9b, where we plot the relative contribution of the core water
with respect to the total water response, ∆εcore

∆εcore+∆εsurface
, as a function of w0. This

relative increase of the core component with increasing micelle size is in itself not
surprising, and is in line with the core/shell model. However, when we compare
the relative dielectric-response contribution of the core water to its molar fraction,
[core]/([core]+[surface]) (obtained from previous time-resolved IR measurements,
see Chapter 3), we find that the dielectric response of the core water is always larger
than its molar fraction (with increasing w0 both fractions eventually approach
unity, and the difference vanishes). This discrepancy suggests that just as the
Kirkwood correlation factor of bulk water is larger than that of micellar core
water (see previous paragraph), the Kirkwood factor of the core water is larger
than that of the surface water. The very low Kirkwood factor of the surface-water
molecules can be well explained from the approximately antiparallel arrangement
of water molecules at the opposing surfaces of the nanodroplet, as discussed above.

The change in the Kirkwood factor upon nanoconfinement can also account for
the difference in the amplitudes of the dielectric responses of water in spherical
and cylindrical reverse micelles. In a sphere, every dipole moment of a water
molecule at opposite sides in the surface can in principle be canceled by that of a
water molecule on the opposite side, but in a cylinder the components of the water
dipole moments along the cylinder axis may (at least locally) add up, which would
cause the Kirkwood factor to be larger for the surface water of a cylinder than for
that of a sphere. In addition, the hydrogen-bond network of water at the surface
of a cylinder is probably less distorted from the ideal tetrahedral structure than
at the surface of a sphere, because the former has curvature in only one surface
dimension, and the latter in both, again causing the Kirkwood factor of surface
water to be larger in the former than in the latter. Both effects will lead to a much
larger amplitude of the dielectric response of surface water in cylindrical reverse
micelles as compared to spherical reverse micelles. The effects of alignment of
the surface water will propagate into the core water, but the effects will be less
pronounced, which implies that the core water of the cylindrical micelles will have
a larger dielectric response than the core water of the spherical micelles, but the
difference is smaller than for the surface water.

The effects of nanoconfinement on the water structure and thus on the dielectric
response are strongly dependent on the nature of the interactions between the
water molecules and the embedding structure. In case this structure is formed by
a layer of surfactant molecules, the interactions are hydrophilic, and in the case
of a closed structure the water molecules in the surface layer will arrange in an
anti-parallel configuration. In case the embedding structure is hydrophobic and
not spherical, the parallel arrangement of the water dipoles can be enhanced in
comparison to bulk water. Indeed, experiments on water in carbon nanotubes
revealed an even higher Kirkwood factor than for bulk liquid water, and thus a
relatively large dielectric response. [60]
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4.4 Conclusions

We studied the dielectric relaxation of liquid water in nanoscopic volumes of dif-
ferent sizes and shapes. Nanoscopic water volumes were formed within reverse
micelles in an apolar matrix using Igepal as surfactant. The dielectric response
of the nanoconfined water under these conditions can be well described as a sum
of the responses of a surface-bound water fraction and a core water fraction. The
Debye relaxation time constant of the surface water is found between 132(5) ps
for w0=3 and 105(9) ps w0 = 20 and shows only a weak dependence on the size of
the nanoscopic volume. The Debye time constant of the core water, on the other
hand, decreases from 16.0±0.4 ps for reverse micelles for w0=3 to 8.2±0.1 ps for
w0=20. Although the simple core/shell model provides a good quantitative de-
scription of our data, we should point out that a detailed description would require
more detailed modeling along the lines of Ref. 42, and we hope that our results
will stimulate work in this direction.

We demonstrated that the shape of the reverse micelles can be modified by
varying the apolar solvent. Using small-angle x-ray scattering, we found that the
reverse micelles acquire a cylindrical shape if n-hexane is used as solvent. The De-
bye relaxation is slower in cylindrical than in spherical nanoscopic volumes having
the same surface/volume fraction. Furthermore, the amplitude of the dielectric
response is larger in cylindrical than in spherical volumes, in particular for the
water located at the surface. We thus find that the shape of a nanoscopic volume
of water strongly affects its dielectric response.

The difference in dielectric response between cylindrical and spherical nanoscopic
volumes is not due to a difference in the fractions of surface and core water (as
is demonstrated by the vibrational pump-probe measurements), or to local-field
effects. Rather, we explain this difference from the interaction of the surface-water
molecules with the surfactant molecules, which tends to align the surface-water
dipoles in such a way that they are anti-parallel for opposing spherical surfaces,
but less for opposing cylindrical surfaces. Similar alignment effects will occur in
any kind of nanoconfined water (the details depending on the molecular properties
and shape of the confining material), and may be expected to have a significant
influence on the spatial distribution and transport properties of ions in nanoscopic
channels and vesicles.
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CHAPTER 5

Unraveling the mechanism of a reversible photo-activated
molecular proton crane1

We study the structural dynamics of the photo-activated molecular proton crane
7-hydroxy-8-(morpholinomethyl)quinoline using femtosecond UV-pump IR-probe
spectroscopy. Upon electronic excitation a proton is transferred from the hy-
droxy to the amine group located on the rotatable morpholino side group. This
morpholino group subsequently delivers the proton to the aromatic quinoline ni-
trogen by rotation around the C-C bond. Time-resolved vibrational spectroscopy
allows us to study this process in unprecedented detail. We find that the trans-
port of the proton involves multiple timescales. Upon photo-excitation, the OH
proton is transferred within <300 fs to the morpholino side group. After this,
the intramolecular hydrogen bond that locks the crane arm breaks with a time
constant of 36±1 ps. Subsequently, the protonated crane arm rotates with a
time constant of 334±12 ps to deliver the proton at the quinoline moiety. After
the proton crane has returned to its electronic ground state with a time constant
700±22 ps, the proton is transferred back from the quinoline nitrogen to the
negatively charged O atom. The time constant of the back rotation is 39.8±0.2
ns, about two hundred times slower than the forward proton transfer.

1 Adapted from T. H. van der Loop, F. Ruesink, S. Amirjalayer, H. J. Sanders, W. J. Buma
and S. Woutersen, “Unraveling the mechanism of a reversible photo-activated molecular proton
crane”, J . Phys. Chem. B 118, 12965 (2014)
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5.1 Introduction

Inspired by biological molecular machines that produce nanoscale motion, and
that are at the basis of many fundamental cellular processes, there is an ever-
increasing effort to push back the boundaries of device miniaturization, down to
the molecular level. This field of nanotechnology involves the concerted efforts
of disciplines ranging from biology to chemistry and physics. Key challenges are
realizing controlled movements of molecule-sized parts with respect to each other
on the molecular length scale to realize targeted tasks. One such task of particular
importance is the transportation of mass between two positions under the influ-
ence and control of an external stimulus. In recent years a number of impressive
achievements have been reached in this respect. Examples include the use of me-
chanically interlocked architectures such as catenanes [1–3] and rotaxanes [3, 4]
to induce translational motion such as directed motion along an axle and linear
transportation of molecular cargos.

Transport of molecules can also involve pivoting rather than translational mo-
tion. Biochemical examples of such pivoting include aromatic side-group rotations
involved in the gating of substrate access to the active site in proteins[5, 6], heme
pivoting which is believed to act as a substrate selection mechanism [7] and on
a larger scale, the rotation of the legs of the kinesin motor protein[8, 9]. To ob-
tain a deeper understanding of such molecular pivoting motions it is essential to
study them in a well-controlled manner, and ideally with a probe that is sensitive
to conformational changes at the level of specific covalent bonds. As a first step
in this direction, in the present study we employ the architecture of a molecular
crane to study pivotal motion, which in this case is used to transport a cargo
consisting of a proton. The molecular crane we use for this purpose is 7-hydroxy-
8-(morpholinomethyl)quinoline (HMMQ, see Scheme 5.1). Photoexcitation of the
crane increases the acidity of the OH group that releases the proton and the ba-
sicity of the group where the proton is delivered. Varma and coworkers were the
first to demonstrate the proton-craning behavior of this molecule. [10] The pro-
ton crane has been studied previously by steady-state fluorescence, time-resolved
fluorescence and transient absorption spectroscopies and simulations.[10–17] In-
terestingly, the intermolecular hydrogen-bond breaking that should precede the
craning has never been observed. The ground-state re-tautomerization has also
never been observed, as it was thought to occur too fast.[12, 13] The experimental
techniques employed previously are intrinsically not capable of providing a com-
plete picture of the structural changes that occur during the different steps of
the photocycle of the proton crane. Techniques based on emission require that
the fluorescence bands of the various intermediate stages of the craning process
are different, but in practice it has been found that they are difficult to sepa-
rate. Furthermore, these techniques are only sensitive to species with a significant
fluorescence quantum yield. As a result, “dark” excited-state species can only be
studied indirectly, while the return reaction to the initial species that occurs on the
ground-state potential-energy surface cannot be studied at all. UV/Vis Transient-
absorption spectroscopy avoids some of these problems, but is primarily sensitive
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to changes that occur in the chromophoric part of the crane and much less to those
that occur in the other parts. Moreover, it still suffers from the fact that electronic
transitions intrinsically probe the entire chromophoric part of the system, and are
thus not very sensitive to specific local details such as, for example, the making
and breaking of hydrogen bonds.

Time-resolved vibrational spectroscopy has emerged as a powerful technique
to tackle these issues. [4, 18–25] The frequencies and intensities of the bands in a
vibrational absorption spectrum provide a direct fingerprint of the structural de-
tails of the system, while the bands are generally sufficiently narrow that different
species can easily be distinguished. In the present study, we use time-resolved vi-
brational spectroscopy in combination with UV excitation to track the structural
changes of the molecular crane during its entire photocycle. Apart from determin-
ing the time scales at which the different steps in the photocylce occur, we will
show evidence that proton transfer in the excited state does (as previously pro-
posed but not directly observed[13]) not lead immediately to rotational Brownian
diffusion of the arm of the crane. Rather, the protonated arm needs to be unlocked
before it can deliver the proton to the other side of the molecule. Furthermore,
we find that the vibrational spectrum in combination with quantum-chemical cal-
culations serves as an excellent probe of the electronic structure of the system,
and enables us to determine the importance of zwitterionic and neutral mesomeric
contributions to its electronic wavefunction. Finally, we will show that the reverse
craning process that occurs after the molecule has returned to its electronic ground
state, and that so far has not been accessible to experiment, can be tracked by
monitoring the transient vibrational response at long pump-probe delay times.

Scheme 5.1: Different isomers of HMMQ in the electronic ground and excited state.

5.2 Experimental and theoretical details

Solutions of 30 mM HMMQ in CD3CN (Eurisotop, >99.8% isotopic purity, dried in
3 Å molecular sieve) were prepared resulting in water concentrations of ∼0.5 mM.
The water concentration was measured from the intensity of the OH-stretching
mode of H2O in acetonitrile at 3631 cm−1. A calibration line for this mode has
been obtained with Karl-Fisher titration. Deuterated HMMQ (dHMMQ) samples
were prepared by adding a small amount of D2O (200 mM) to the samples in
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CD3CN. The samples with added D2O were all used for steady-state infrared
absorption experiments. The dynamical measurements were only performed on
protonated HMMQ. All steady-state FT-IR spectra were measured on a Perkin
Elmer Spectrum Two spectrometer (resolution 0.5 or 1 cm−1). The UV-Vis spectra
were obtained with a HP 8453 spectrometer.

A rotating sample with CaF2 windows and a 500 µm spacer was placed in the
IR focus. To obtain a large temporal window we used two different pump sources:
(1) 340 nm UV pump pulses, tuned to the absorption maximum of HMMQ, as
described in Section 2.1.2 to measure the dynamics from sub-picosecond up to 2 ns,
(see Appendix 5.5.2, Figure 5.5 for the UV-Vis absorption spectrum of HMMQ).
Samples were pumped with a pulse energy of about 2 µJ in a ∼600 µm diameter
focus. The temporal resolution obtained from the FWHM of the cross-correlation
of pump and probe pulses was 300 fs. (2) 355 nm UV pump pulses generated by
a Nd:YAG laser (pulse length 3 ns) that was electronically synchronized to the
Ti:Sapphire system to measure the dynamics from 10 ns up to 200 ns.[4] SVD
analyses and global fits were performed using Glotaran [26]. The reported fit
uncertainties are one standard deviation.

All quantum chemical calculations were performed using the Gaussian09 pro-
gram package.[27] Geometry optimization and normal mode analysis were per-
formed using Density Functional Theory (DFT) at the B3LYP cc-pVDZ level.
[28–33] Solvent effects were taken into account using the PCM method [34–36] (sol-
vent acetonitrile). Excited-state calculations were carried out for the first excited
state within the framework of Time-Dependent DFT (TDDFT). The vibrational
frequencies have been scaled by 0.975.

5.3 Results and discussion

Figure 5.1 shows time-resolved vibrational differential absorption spectra of HMMQ
in the 1410-1650 (Figure 5.1b) and 3230-3470 cm−1 (Figure 5.1c) regions after
electronic excitation. The same figure displays the steady-state FTIR spectrum of
HMMQ (Figure 5.1a). The time-resolved spectra clearly show that upon electronic
excitation HMMQ evolves through several stages. Within the time resolution of
the experiment, the spectra show instantaneous bleaching bands in the OH/NH
bending and CC stretching region that match nicely with the bands observed in
the steady-state spectrum. Concurrently, induced absorption features are observed
between 1410 and 1560 cm−1. This spectrum evolves on a time scale of a few hun-
dred picoseconds to a spectrum in which other broad and weak induced-absorption
bands become visible between 1410 and 1540 cm−1. The latter spectrum subse-
quently decays such that at 300 ns it has completely disappeared. The spectrum in
the NH stretch region between 3230 and 3470 cm−1 shows a qualitatively similar
behavior. Under steady-state conditions this part of the spectrum does not show
any absorbance (the OH-stretch mode absorbs at 2700 cm−1 as can been seen in
the Appendix 5.5.2), Figure 5.6. Upon excitation an instantaneous broad induced
absorption feature is observed that evolves to a small offset value within 2 ns.
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Figure 5.1: a) Steady-state absorption of HMMQ. b) and c) Transient absorption
spectra from 1410 to 1650 cm−1 and from 3230 to 3470 cm−1 for several delay times
after electronic excitation.

Interestingly, we find that for pump-probe delays up to 50 ps the spectrum hardly
changes in the 6 µm region, while in the 3 µm region much larger changes occur.
Below we will argue that the latter observation demonstrates that after the initial
proton transfer to the morpholino ring, the arm of the crane still has to overcome
a barrier before rotation of the arm can take place.

The spectra in Figure 5.1 show transient vibrational spectra of the proton crane
as it evolves through a number of intermediate structures. To determine the num-
ber of spectral components contained in our data set we performed a singular value
decomposition (SVD) analysis. [37, 38] For the data between 1410 to 1650 cm−1

the first three left and right singular vectors show smooth spectra and delay traces
while subsequent components contain only noise (see the Appendix 5.5.2, Fig-
ure 5.8). We therefore conclude that the data between 1410 to 1650 cm−1 can be
best described with a three-component system. Figure 5.2 shows representative
delay traces from our dataset on a logarithmic time scale. We clearly observe the
sequential nature of our data: concurrently with the decrease of the 3440 cm−1

band, the bands at 1418 and 1540 cm−1 grow in, while subsequently, the decay of
the 1418 and 1540 cm−1 is accompanied by the rise of the 1640 cm−1 band. On
the basis of the SVD analysis and the sequential nature of our delay traces we use
a three-component sequential model to make a global fit to our data between 1410
and 1650 cm−1. From this fit we obtain species associated decay rates of (334±12
ps)−1, (700±22 ps)−1 and (39.8±0.2 ns)−1.

The 3230-3470 cm−1 frequency region contains a decay component that is
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Figure 5.2: a) Observed time-dependence of the most relevant modes. The lines are
a global fit to the data. Between 2 and 10 ns there is a gap because the time ranges
of the two experiment methods do not overlap completely. b) Time-evolution of four
step sequential model.

faster than that observed in the 1410-1650 cm−1 region. Further analysis shows
that the time-resolved response in the NH-stretch region cannot be fitted with
only the time constants obtained in the fit of the 1410-1650 cm−1 data, but that
an additional time constant is required. Initial attempts to fit the 3230-3470 cm−1

data globally with four exponents were not successful. Apparently, this frequency
region is much less sensitive to the structural changes that are causing the changes
in the IR spectrum in the 1410-1650 cm−1 region. By itself this is not surprising,
as the 3230-3470 cm−1 region probes the properties of the NH moiety, while the
1410-1650 cm−1 region probes the entire molecule. We have therefore fitted the
1410-1650 cm−1 and 3230-3470 cm−1 data globally with the slower three rates kept
fixed to the values as obtained from the fit of only the 1410-1650 cm−1 data. We
then find for the fast decay rate mentioned previously a value of kHB = 36± 1 ps.
The time-dependent evolution of the normalized concentration of the sequential
species is depicted in Figure 5.2b.

In the following, we will analyze the Species Associated Difference Spectra
(SADS) that result from these fits and determine the structure that is associated
with each of the species, guided by the results of complementary quantum-chemical
calculations that include solvent effects. Figure 5.3a, b and c show the steady-state
FTIR spectrum of HMMQ together with the SADS obtained from the global fit
of the 1410-1650 cm−1 and the 3230-3470 cm−1 regions. In Figure 5.3 we also
compare the experimental steady-state spectrum and SADS with spectra obtained
from DFT calculations. To this purpose we show in panel d the calculated ground-
state spectrum of HMMQ and in panel the calculated difference spectra obtained
by subtracting the calculated ground-state spectrum from the calculated spectrum
of the intermediate species. The accompanying structures are depicted in panel f.

In the electronic ground state, the proton that will be transferred resides on
the oxygen atom. Comparison of the measured (Figure 5.3a) and the predicted
(Figure 5.3d) vibrational absorption spectra shows good agreement, except for
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Figure 5.3: a) FTIR spectrum of HMMQ (solid) and dHMMQ (dashed) in acetoni-
trile. SADS from a global fit between 1410-1650 cm−1 (b) and 3230-3470 cm−1 (c).
These spectra belong to the sequential steps that are involved in the photo-cycle.
(d) Calculated ground-state infrared spectrum of HMMQ. (e) Calculated difference
spectra of the intermediate species. The frequencies have been scaled by 0.975. The
associated structures are depicted on the right. (f) The molecular structures associ-
ated with the calculated spectra (see also Scheme 5.1).

the intensities of the G3 and G4 bands. Inspection of the modes associated with
the various bands reveals that band G2 is an aliphatic CH-bend vibration, G1
an aliphatic aromatic CH-bend combination vibration with OH-bend character,
while G4, G5 and G6 are varying mixtures of CC-ring stretch vibrations and
the OH bend vibration with G4 having the smallest OH-bend contribution. The
assignment of the vibrations with OH-bending character by DFT is supported by
the observation thatG2 andG4 are least affected by hydrogen/deuterium exchange
when comparing the steady-state spectra of HMMQ with dHMMQ (Figure 5.3a).

Species I∗ grows in within the time resolution of the experiment and decays
mono-exponentially with a lifetime of 334±12 ps. As will be shown below, in
this species the proton is transferred from the hydroxy to the N1 group (see
Scheme 5.1). Inspection of the associated SADS in Figure 5.3 shows clear bleaches
at positions that coincide with the ground-state ring vibrations G1, G3, G4, G5
and G6. Importantly, we find that at the position of G2 no bleach is observed.
Apparently, excitation does not lead to appreciable changes in the electronic struc-
ture of the part that is associated with these vibrations. This is completely in line
with our assignment of G2 to aliphatic C-H vibrations on the morpholino side
group since this group is not part of the conjugated ring structure. Analogously,
the bleach in the ring and OH bending vibrations confirms that we have excited
the conjugated ring structure and that the OH proton has been affected by the ex-
citation. The induced absorptions in the experimental spectra are relatively weak
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and broad, but compare very well with the induced absorption features I∗1 and
I∗3 predicted in the calculated difference spectra. Comparison of the ground and
excited-state geometries as obtained from the DFT optimizations in which solvent
effects were included reveals that upon excitation the OH bond length increases
from 1.01 to 1.59 Å, while the distance from the OH proton to N1 decreases from
1.68 to 1.07 Å. This observation confirms that the proton is indeed transferred from
the hydroxyl group to N1. At the same time, it should be noted that the same
calculations indicate that the solvent plays a decisive role in the proton transfer
process, since calculations that do not include solvent effects come up with quite
a different picture. In these calculations the OH-bond length increases only 0.01
Å, while the intramolecular hydrogen bond between OH and N1 decreases from
1.74 to 1.58 Å. The calculations thus show that electronic excitation of the isolated
molecule in first instance does not lead to a full proton transfer from the oxygen to
the nitrogen atom, but rather to an increased bonding of the proton with the nitro-
gen atom. The importance of solvent interactions is confirmed by similar UV-IR
pump-probe experiments that we have performed in an apolar solvent (n-hexane)
in which we find that proton transfer is completely absent as can be observed in
Figure 5.4. We thus conclude that in our experiments in acetonitrile a full proton
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Figure 5.4: Transient absorption spectrum of HMMQ in hexane 1700 ps after excita-
tion. The intensity at 1640 cm−1 is very small compared to HMMQ in acetonitrile at
this delay positions. Apparently, the proton transfer is much more efficient in a polar
solvent like acetonitrile.

transfer can be achieved because interactions of the excited species with the sol-
vent are able to stabilize the proton-transferred species. The instantaneous rise of
I* implies that this proton transfer occurs faster than our experimental time res-
olution (300 fs). Such a fast rate is in good agreement with experiments on other
photoacids which show ultrafast sub-picosecond excited-state intramolecular pro-
ton transfer (ESIPT) through direct contact of the proton donor and acceptor.
[39–43]

In the NH-stretch region we observe a broad induced-absorption feature from
the NH stretch vibration that appears within the experimental time-resolution.
This signal shows an initial decay time constant of 36±1 ps. The observation that
in the 1410-1650 cm−1 region the SADS changes only slightly when compared to
the SADS of the next step indicates that the process that is associated with this
time constant does not involve the aromatic backbone or morpholino ring, whereas
comparison of the SADS labeled I∗HB and I∗ in Figure 5.3c shows that the nature
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of the NH-stretch vibration changes significantly: there is a decrease of the NH-
stretch absorption cross section and a blue shift of the band. Both characteristics
are typical of NH-stretch modes that initially are hydrogen-bonded but become
non-hydrogen-bonded or more weakly hydrogen-bonded. [44, 45] We therefore
conclude that the time constant of 36±1 ps is associated with the intramolecular
hydrogen-bond breaking required for the rotation of the morpholine ring. A num-
ber of alternative explanations that might in first instance come to mind can be
excluded. Firstly, diffusion reorientation of the molecule can be excluded because
the measurements have been performed under magic angle conditions. Another ex-
planation for the fast decay might be intramolecular vibrational relaxation (IVR)
but the observed rate of 36±1 ps is too slow for IVR. [46, 47] More importantly,
however, is that in that case this lifetime would also be expected to be observed
in the low-frequency range. The observed lifetime τHB is in good agreement with
hydrogen bond lifetimes in similar systems. [48]

After breaking of the NH· · ·O hydrogen bond between the morpholino ring and
the aromatic oxygen, a new species K* is formed with a time constant of 334±12 ps.
Previous fluorescence and transient-absorption experiments associated this species
with the excited-state isomer that is generated by Brownian rotation of the mor-
pholino group and subsequent transfer of the proton from the morpholino group
to the quinolinic nitrogen atom. An important issue that cannot be addressed
by such studies, however, concerns the finer details of the spatial and electronic
structure of this species. Here we will show that the C-O stretch vibration can
be employed as a sensitive probe for determining this structure. Comparison of
the SADS of K* with the calculated difference spectrum for this species shows
overall good agreement. The only notable exceptions are a strong induced absorp-
tion band found in the experimental spectrum at 1420 cm−1 that is not found
in the calculated spectrum, and vice versa a strong induced absorption band at
1570 cm−1 in the calculated spectrum that is not observed in the experimental
spectrum. The calculations reveal that this 1570 cm−1 K∗1 band arises from the
carbonyl stretch vibration, which means that the frequency of this mode is cal-
culated significantly higher than experimentally observed. The large reduction of
the carbonyl-stretch frequency implies that its double-bond character is strongly
reduced, i.e. the keto form (see Scheme 5.1 that so far has been associated with
this species has a considerable contribution from mesomeric structures in which
the CO bond has single-bond character. In the latter case the C-O frequency is
typically found at around 1300 cm−1. [49–51] It is known that DFT calculations
tend to drastically overestimate the C-O stretch vibrations when the electronic
structure is described by a combination of mesomeric conformations. For exam-
ple, the phenolate ion shows a red shift of around 100 cm−1 in the calculated C-O
vibration compared to the experimental value. [52] The observation of a C-O vi-
bration at 1420 cm−1 indicates that the wavefunction of the excited state contains
-in valence bond terms- a large fraction of the zwitterionic form.

After the formation of K*, the last species K grows in with a rate of (700±22
ps)−1 and decays with a rate of (39.8±0.2 ns)−1. Figure 5.3 shows that the SADS
of this species is in excellent agreement with the spectrum predicted for the ground
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state of the keto form. Experiments based on detection of the fluorescence of the
system clearly cannot detect this species, and it has therefore not been reported
before in these experiments. [13, 53] One of the features that characterizes this
spectrum is the shift to higher frequency of the mixed CC ring stretch/NH bend
vibration (band K4), and the strong induced absorption of band K2 and K3
associated with the symmetric and ant-symmetric combination modes of the C-
O stretch and N-H bend. The shift to higher frequency indicates that in state
K the carbonyl group has more C=O character than K* (K2 and K3 being the
symmetric and the anti-symmetric CO-stretch + NH-bend combination modes).
Experimental confirmation that these features are expected to occur in the IR
spectrum of the ground state of the keto form is obtained from the IR spectrum
of 7-hydroxyquinolinium chloride (see the Appendix 5.5.2, Figure 5.9b), which
displays the same features at approximately the same frequencies as observed in the
transient spectrum for long time delays. We thus conclude that the decay of species
K* involves the return of the molecule in the keto form to its electronic ground
state. The decay of the transient difference spectrum then indicates that this
ground state species undergoes proton back transfer to yield the original enol form
of the molecule (without the observation of any intermediate state). Remarkably,
we thus find that the reverse craning process is more than two orders of magnitude
slower than the first craning step. Assuming that the rotational diffusion of the
crane arm is not affected by electronic excitation, we can exclude diffusion as a
possible reason for the different craning rates. Instead, we propose that the return
craning rate in the ground state is limited by the intramolecular proton transfer
process from N2 to N1. Consideration of the pKa values of N1 and N2 in the ground
state shows that they are only slightly different (7.38 and 5.4, respectively)[54, 55].
It is therefore not unreasonable to assume that there is an energy barrier for the
proton transfer step between N1 and N2 in the ground state. In line with this
idea we find that for the first (excited-state) proton transfer step, which has been
concluded to occur without barrier, the difference between the excited state pKa

values of O (-3.1)[56] and N1 (7.38)[55] is significantly larger (10.48).

5.4 Conclusion

We have reported on the operation of a photoactivated molecular proton crane us-
ing ultrafast UV-pump IR-probe spectroscopy. The time-resolved infrared spectra
revealed sequential dynamics involving five steps through which the proton crane
operates. The structures of the intermediate states were identified by comparing
species-associated infrared difference spectra with both excited-state and ground-
state DFT calculations. The following steps were identified: intramolecular proton
transfer (loading of the crane arm), intramolecular hydrogen-bond breaking (un-
locking of the crane arm), brownian rotation of the protonated morpholino side
group (transporting the load), excited-state relaxation, and finally ground-state
re-tautomerization (transporting the load back to its initial position) with respec-
tive time constants of <300fs, 36±1 ps, 334±12 ps, 700±22 ps and 39±0.2 ns.
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The observed frequency of the C-O vibration confirms the mesomeric character of
the electronically excited state. In the transient vibrational spectra, we directly
observe the intramolecular hydrogen-bond breaking that precedes the rotational
diffusion of the molecular crane arm, as well as the proton back transfer which oc-
curs in the electronic ground state. These results demonstrate that time-resolved
infrared spectroscopy is an effective means to probe the pivoting motion of a molec-
ular machine, revealing mechanistic details that cannot be observed using other
techniques.

5.5 Appenxix

5.5.1 Synthesis

Synthesis of 7-hydroxyquinoline-8-carbaldehyde (2)

To a solution of quinolin-7-ol (1) (2.0 g, 13.8 mmol) in chloroform (30 ml, 44.5 g,
373 mmol) an aqueous NaOH (14 g, 350 mmol) solution (16 mL) was added. The
resulting mixture was stirred at 92 ◦C for 20 hour until TLC indicated complete
conversion yielding a thick, dark brown, frothing liquid. The reaction mixture was
diluted with 300 mL water, and filtered, which proceeded very slowly. The filtrate
was first extracted once with 200 mL chloroform and then extracted three times
with 200 mL CH2Cl2. Separations were generally very bad due to formation of
extremely stubborn foams. The combined organic layers were dried using large
amounts of Na2SO4, filtered through Celite and concentrated in vacuo to give a
brownish solid that was flash chromatographed (SiO2, gradient EtOAc/hexanes:
50/50 → 75/25) to afford 1.09 g of 2 (46% yield) as a yellow solid. 1H NMR (400
MHz, CDCl3) δ 13.16 (s, 1H), 11.25 (s, 1H), 8.89 (d, J = 2.8 Hz, 1H), 8.09 (dd, J
= 8.1, 1.8 Hz, 1H), 7.95 (d, J = 9.1 Hz, 1H), 7.38 (dd, J = 8.0, 4.3 Hz, 1H), 7.22
(d, J = 9.1 Hz, 1H); TLC: Rf ≈ 0.3 (EtOAc/hexanes: 50/50).

Synthesis of 8-(morpholinomethyl)quinolin-7-ol (HMMQ) (3)

To a solution of 2 (0.50 g, 2.9 mmol) in 1,2-dichloroethane (30 mL) was added
morpholine (0.25 mL, 0.25 g, 2.9 mmol) and sodium triacetoxy borohydride (0.86
g, 4.05 mmol). The reaction mixture was stirred at RT for 65 h. TLC indicated
complete conversion. The reaction mixture was diluted with 50 mL CH2Cl2, 50 ml
of phosphatebuffer (pH ≈ 7) was added, and after separating layers, the aqueous
layer was extracted three times with 50 mL CH2Cl2. The combined organic layers
were dried (Na2SO4), and concentrated in vacuo. The residue was flash chro-
matographed (SiO2, gradient CH2Cl2/MeOH: 99/1 → 98/2 → 95/5 → 90/10) to
give 0.55 g of 3 in a 78% yield, as a thick yellow oil. 1H NMR (400 MHz, CDCl3)
δ 8.80 (dd, J = 4.3, 1.8 Hz, 1H), 8.04 (dd, J = 8.1, 1.8 Hz, 1H), 7.65 (d, J = 8.9
Hz, 1H), 7.23 (dd, J = 8.1, 4.3 Hz, 1H), 7.15 (d, J = 8.9 Hz, 1H), 4.52 (s, 2H),
3.81 (bs, 4H), 2.73 (bs, 4H); TLC: Rf ≈ 0.7 (CH2Cl2/MeOH: 90/10)
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5.5.2 Additional data

In Figure 5.5 the visible absorption spectrum of the proton crane is plotted. It is
observed that the absorption maximum is located at 340 nm.
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Figure 5.5: UV-visible absorption spectrum of a 30mM solution HMMQ in CD3CN.

In Figure 5.6 we show the infrared absorption spectra of the of HMMQ and
d-HMMQ. It can be observed that upon deuteration the OH-stretch absorption
at 2700 cm−1 shifts to 1900 cm−1 for d-HMMQ. Both samples are dissolved in
deuterated acetonitrile.

Figure 5.6: Infrared absorption spectra of HMMQ and deuterated HMMQ (dHMMQ).

In Figure 5.7 the first eight singular values from a singular value decomposition
of the time-resolved infrared data of HMMQ between 1410 and 1640 cm−1 are
plotted. It clearly shows that the first three components dominate the data set.
Figure 5.8 shows the left right singular vectors. The first three of the left (a)
and right (b) singular vectors, representing the delay and spectral dependence
respectively, are smooth. The fourth and the fifth left and right singular vectors
are clearly more noisy.

In Figure 5.9a the transient spectrum of the final state K is compared to the
steady-state infrared response of a model compound 7-HQ, the structure depicted
in Figure 5.9b. The N-H bending/ring combination mode at 1640 cm−1 for K
is slightly blue-shifted to 1650 cm−1 when compared to 7-HQ. The combination
band at 1575 cm−1 is located at the same position as our model compound.
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Figure 5.7: The first eight singular values of the time-resolved infrared data of HMMQ
between 1410 and 1640 cm−1.

Figure 5.8: Left and right singular vectors obtained from a SVD analysis of the
time-resolved infrared data of HMMQ between 1410 and 1640 cm−1.

Figure 5.9: a) 7-Hydroxy-quinolinium chloride compared to the transient spectrum
of the final state. The N-H bending/ring combination mode at 1640 cm−1 is slightly
shifted to 1650 cm−1. b) 7-HQ-Cl (7-Hydroxy-quinolinium Chloride)
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CHAPTER 6

Ultrafast photoinduced Li+/H+ exchange in a quinolate
photobase1

Using time-resolved fluorescence and visible and infrared transient absorption,
we demonstrate that Lithium 8-(morpholinomethyl)quinolin-7-olate (LiMMQ)
in methanol reversibly exchanges Li+ for H+ upon photo-excitation. We ob-
serve that upon photo-excitation the molecule accepts a H+ from methanol,
thereby removing the negative charge from 8-(morpholinomethyl)quinolin-7-
olate (MMQ−) and forming the neutral species 8-(morpholinomethyl),7-(1H)-
quinolinone (MMHQ). Removal of the charge results in the release of Li+ ions.
Subsequently, ground-state retautomerization through proton transfer facilitated
by the morpholino side-group, yields 7-hydroxy-8-(morpholinomethyl)quinoline
(HMMQ) showing that the binding site that was initially occupied by Li+ is now
occupied by a H+. With a lifetime of 150 ns the molecule converts back to its
initial state.

1 Manuscript in preparation: T. H. van der Loop, W. I. Dzik, M. de Jong, M. F. Hilbers,
T. Kumpulainen, F. Brouwer, B. de Bruin and S. Woutersen, “Ultrafast photoinduced Li+/H+

exchange in a quinolate photobase”
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6.1 Introduction

The advancement of molecular nanotechnology includes the development of new
molecular machines that perform new types of targeted tasks. A particular class
of molecular machines are caged complexes. These molecules are able to either
reversibly or irreversibly release a molecular payload upon photo excitation. The
payload can range from a proton to a large molecule such as a protein. [1–3] Caged
complexes have been successfully employed for studying processes in the living cell
[2] and for targeted drug delivery. [4, 5] In view of the ion exchange processes in
the living cell it would also be interesting to have a molecule that is able to not
only release an ion but to exchange one type of ion for another type of ion upon
photo excitation.

Using a combination of time-resolved fluorescence and visible and mid-IR tran-
sient absorption spectroscopies we show that a photo-basic molecule Lithium 8-
(morpholinomethyl)quinolin-7-olate (LiMMQ) in methanol reversibly exchanges
Li+ for H+ upon photo excitation to form 7-hydroxy-8-(morpholinomethyl)quin-
oline (HMMQ) . Time-resolved fluorescence spectroscopy has proven to be a pow-
erful technique for studying proton transfer reactions in photo-acids/bases. The
large Stokes shift that typically accompanies the proton transfer enables a clear
differentiation between the protonated and deprotonated species. [6–8] However,
more detailed conformational changes are difficult to follow with spectroscopic
techniques that focus on the visible range of the electromagnetic spectrum, as the
absorption bands found in this range are typically very broad and the technique
is only sensitive to changes in the electronic structure of the chromophoric part of
the molecule. Also, fluorescence techniques are intrinsically not capable of probing
dynamics that proceed in the electronic ground state. Transient absorption mid-
IR spectroscopy on the other hand allows for studying both excited and ground
state species. Furthermore, the bands are typically narrow and IR modes can be
sensitive to both local and delocalized changes in the molecule, which allows for
studying structural changes in great detail. [9–13]

In this study, we use a combination of time-resolved fluorescence transient
visible and mid-IR spectroscopies to demonstrate the photoinduced Li+/H+ ion
exchange in LiMMQ. Our results show that upon photo-excitation a proton is
transferred from methanol to the photo-basic quinoline nitrogen. The structural
changes that lead to the exchange are identified.

6.2 Experimental

6.2.1 Synthesis

Lithium 8-(morpholinomethyl)quinolin-7-olate (2) was prepared by reacting 8-
(morpholinomethyl) quino-lin-7-ol (1) with lithium hydroxide in 74% yield (Scheme 6.1).
Unlike 1, 2 is not stable for long periods of time in solution and decomposes form-
ing, among other unidentified species, 8,8’-methylenebis(quinolin-7-ol) (3) in 33%
yield (Scheme 6.2). A related acid catalyzed decomposition of a benzylamine
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derivative resulting in the formation of diphenylmethyls involving a C—C bond
breaking/formation sequence has been previously reported. [14]

Scheme 6.1: Synthesis of lithium 8-(morpholinomethyl)quinolin-7-olate (2)

Scheme 6.2: Formation of 8,8’-methylenebis(quinolin-7-ol) (3)

Substitution of the H+ to Li+ results in clear spectral changes. The electronic
spectrum reveals a red-shift of the absorption maximum of (1) at 330 nm to 370
nm. Figure 6.1 shows that there is a clear dependence of the absorption spectrum
on the concentration of (2) due to an equilibrium between (2) and (1). This is
a result of protolysis of (2). In 2 mM solution only (1) is detectable using 1H

Figure 6.1: UV-vis spectrum of a LiMMQ solution in MeOD of 2 mM and 60 mM

NMR while 60 mM solutions we observe (2). Therefore all measurements were
performed using a concentration of 60 mM.

All chemical reactions and sample preparations were performed in nitrogen at-
mosphere by standard Schlenk techniques or in a glove box. Methanol and acetoni-
trile were distilled from CaH2 under nitrogen. Solvent shift reference: methanol-d4
δ = 3.31 and δ = 49.00 for 1H and 13C, CDCl3 δ = 7.26 and δ = 77.16 for 1H and
13C, respectively. Abbreviations used are s = singlet, d = doublet, t = triplet, m=
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multiplet, br = broad. Elemental analyses (CHN) were carried out by H. Kolbe
Mikroanalytisches Laboratorium (Germany). 8-(morpholinomethyl) quinolin-7-ol
was synthesized as reported previously.

Lithium 8-(morpholinomethyl) quinolin-7-olate (2) 352 mg (1.44 mmol) of 8-
(morpholinomethyl) quinolin-7-ol (1) and 3.3 mg (1,38 mmol) of LiOH were dis-
solved in 5 mL of methanol. The solution was stirred for 4.5 hour and the solvent
was removed in vacuo. The solid was washed 3 times with 2 ml portions of ace-
tonitrile and dried in vacuo, giving 254 mg (0.95 mmol, 67 % yield) of Lithium
8-(morpholinomethyl) quinolin-7-olate monohydrate as a yellow-orange powder.
1H NMR (300 MHz, methanol-d4) δ 8.56 (dd, J = 4.5, 1.8 Hz, 1H), 7.97 (dd, J =
8.0, 1.8 Hz, 1H), 7.52 (d, J = 8.9 Hz, 1H), 7.08 (d, J = 9.0 Hz, 1H), 7.02 (dd, J =
7.9, 4.4 Hz, 1H), 4.19 (s, 2H), 3.65 (t, br, J = 4.8 Hz, 4H), 2.77, 2.57 (m, br, 4H).
13C NMR (75 MHz, Methanol-d4) δ 169.78, 151.17, 149.41, 137.48, 129.07, 126.09,
122.44, 116.09, 115.60, 67.66, 54.49, 53.01. 7Li NMR (194 MHz, methanol-d4) δ
-0.15 Elemental Analysis: Calculated for C14H15LiN2O2H2O : C, 62.69; H, 6.39;
N, 10.44, found: C, 62.41; H, 5.93; N, 10.22 8,8’-methylenebis (quinolin-7-ol) (3)
21 mg (0.084 mmol) of Lithium 8-(morpholinomethyl) quinolin-7-olate (2) was
dissolved in 0.6 mL of methanol-d4. After several days small colorless crystals
began to form. After 4 months the crystals were decanted, washed twice with 0.1
ml methanol and dried overnight in air. Yield: 4.2 mg (0.014 mmol, 33% yield) 1H
NMR (300 MHz, Chloroform-d) δ 13.94 (s, br, 2H), 8.90 (dd, J = 4.6, 1.7 Hz, 2H),
8.16 (dd, J = 8.1, 1.7 Hz, 2H), 7.65 (d, J = 8.9 Hz, 2H), 7.36 (d, J = 8.8 Hz, 2H),
7.33 (dd, J = 8.1, 4.6 Hz, 2H), 4.86 (s, 2H). 13C NMR (75 MHz, Chloroform-d) δ
158.42, 147.99, 146.93, 138.25, 127.59, 123.93, 122.48, 120.40, 118.19, 77.58, 77.36,
77.16, 76.74, 22.10. MS (70 eV), m/z (%) 302 (100) [M+], 285 (60), 158 (38), 145
(21), 130 (11), 117 (21).

7Li NMR of a 60 mM solution of LiMMQ in methanol-d4 shows a single peak
at -0.15 ppm. For comparison, the NMR signal of “free” Lithium ions in methanol
reveal a resonance at 0.38 ppm in a 60 mM LiBF4. The upfield shift of LiMMQ
with respect to “free” Li+ reveals that Li+ interacts with MMQ−. Additionally
the vibrational modes of the infrared spectrum of the LiMMQ compared to MMQ+

are slightly shifted. Figure 6.2 shows the spectrum of solutions of 60 mM LiMMQ
and 60 mM LiMMQ with 2 equivalents of [2.1.1] cryptand added in deuterated
methanol. Due to the high binding constant of the cryptand with Li+, all Li+ is
bound to the cryptand. The small shift of the 1550 cm−1 band shows that the
Li+ removal has a small effect on the infrared spectrum.

6.2.2 Spectroscopy

Time-correlated single photon counting

Fluorescence decay spectra were obtained using a home-built time-correlated sin-
gle photon counting TC-SPC setup. The excitation light of 381 nm was generated
using the second harmonic of Coherent Chameleon Ultra Ti:sapphire laser cen-
tered 762 nm. The repetition rate was decreased from 80 MHz to 8 MHz using a
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Figure 6.2: Steady-state spectrum of 60 mM LiMMQ compared 60 mM LiMMQ plus
2 equivalents of [2.1.1] cryptand. The cryptand binds very strongly to Li+. The shift
of the vibrations which is most clear from the 1540 cm−1 indicates the removal of Li+

LiMMQ upon addition of cryptand. The difference between the spectra shows that
Li+ is bound to MMQ− in absence of cryptand.

pulse picker (PulseSelect, APE). The fluorescence was collected at the magic angle
(54.7◦) and focused onto a multichannel plate photomultiplier tube (R3809U-50,
Hamamatsu) through a monochromator (M20, Carl Zeiss). The overall instru-
ment response was found to be 20 ps (FWHM) measured from scattering of the
pump beam in a suspension of Ludox colloidal silica. Steady-state absorption and
fluorescence spectra were recorded using a Cary 3 spectrometer and SPEX Fluo-
rolog 3-22 fluorimeter, respectively. The fluorescence spectra were collected in a
right-angle geometry and corrected for the spectral sensitivity of the instrument.
The normalized decay associated spectra are defined as follows:

Ifl,LiMMQ(ω)·Ai(ω)∑
i Ai(ω)

where i runs over all species, Ifl,LiMMQ(ω) is the fluorescence spectrum of LiMMQ
and Ai(ω) are frequency dependent pre-exponential factors of the different life-
times. The decay traces were analyzed and modeled using DecFit version 0.5.0,
2009, distributed under terms of GNU/GPL license.

UV-pump infrared probe spectroscopy

Femtosecond pulses where generated using a commercial 800 nm Spectra Physics
Hurricane Ti:sapphire laser as described in Section 2.1.2. 500 mW of the output
was used to pump a commercial spectra physics 800C OPA generating signal and
idler. Subsequent difference frequency generation in AgGaS2 provided ∼200 fs
mid-IR pulses. A 50/50 beam splitter divided the mid-IR pulse into a probe and
reference beam. The other 500 mW of the 800 nm output was doubled providing
1µJ 400 nm pump pulses after attenuation. The SVD analyses and global fits we
performed using Glotaran. [15]
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ns-Visible transient absorption

Nanosecond transient absorptions were measured using a home-built setup. The
excitation wavelength of 370 nm was generated using a tunable Nd:YAG laser sys-
tem (NT342B, Ekspla) pumping an optical parametric oscillator (OPO) with SHG
with a 1.5-2.5 mJ/pulse 5 Hz repetition rate. Probe light was generated using a
high-stability 10 Hz arc xenon flash lamp (FX-1160, Excelitas Technologies) with
a PS302 controller (EG&G). The probe light was split into a signal and a reference
beam with a 50/50 beam splitter and focused on the entrance slit of a spectrograph
(SpectraPro-150, Princeton Instruments). The pump and probe beam where spa-
tially overlapped in the sample. The reference beam was used to normalize the
signal for fluctuations in the flash lamp intensity. The probe and reference were
recorded with an intensified CCD camera (PI-MAX3, Princeton Instruments) us-
ing 10 ns gate depending on the time steps of the measurements. The timing was
achieved with a delay generator (DG535, Stanford Research Systems, Inc.)

6.3 Results and discussion

6.3.1 Fluorescence spectroscopy

Figure 6.3a shows the fluorescence and absorption spectrum of LiMMQ in methanol.
The absorption maximum of LiMMQ is found at 370 nm. The fluorescence spec-
trum consists of two Stokes-shifted bands at 440 and 520 nm. The large Stokes
shift of the 520 nm band shows that the molecule undergoes protonation in the
excited state. [16] With TC-SPC we have measured the fluorescence dynamics of
LiMMQ in methanol and in deuterated methanol for several wavelengths between
440 and 640 nm. In Figure 6.3b the time-dependent fluorescence at 440 and 600
nm for LiMMQ in methanol and deuterated methanol are plotted. We observe
for both solvents qualitatively similar behavior: at 440 nm the signal decays after
excitation and at 660 nm the signal grows concomitantly with the decay at 440 nm
and subsequently decays with the fluorescent lifetime of the protonated/deuterated
species. However, the decay at 440 nm and the rise at 600 nm is clearly faster
in methanol compared to deuterated methanol. This difference in dynamics is
attributed to a kinetic isotope effect. Proton transfer reactions often exhibit iso-
tope dependent dynamics. [17] We analyzed the time-resolved fluorescence spectra
with a global analysis. The data for MeOD can be well fitted with four exponen-
tials. Figure 6.3c shows the normalized decay associated spectra (DAS) that are
associated with the decay lifetimes. A positive amplitude indicates a decay and
a negative signal indicates a rise at a particular frequency. The fastest exponent
τfl,1 is faster than the time resolution of the experiment (blue). Solvent relax-
ation and intramolecular vibrational relaxation (IVR) typically take place on the
picosecond timescale. [18–20] Hence, τfl,1 is probably originates from either sol-
vent reorganization or IVR or a combination of both processes. Secondly, we find
a time constant of 459(19) τfl,2 ps showing a large decay contribution between
450 and 500 nm and rise of the signal between 540 and 640 nm (green). For the
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Figure 6.3: a) Absorption and fluorescence spectra (excitation at 381 nm) of LiMMQ
in methanol (dashed) and deuterated methanol (solid). b) Fluorescence decay of
LiMMQ in methanol and deuterated methanol at 450 nm and 550 nm after 381 nm
excitation. c) Decay associated spectra obtained from a four exponential fit on the
TC-SPC decay traces of LiMMQ in deuterated methanol.

third lifetime τfl,3=1570(10) we find a similar spectral shape as for τfl,2 but the
intensity of both the negative and positive contribution is smaller. The positive
and negative parts of the spectra show that these steps involve the exchange of
the species that belong to the 480 nm band to species that belong to the 520 nm
band. Therefore τfl,2 and τfl,3 are associated with the deuteration of the nitrogen
group. Finally, we find a decay time of 2.290(17) ns τfl,4 between 500 and 620 nm
showing only a positive contribution in the DAS (light blue). τfl,4 shows only a
decay contribution and is associated with the excited-state decay.

6.3.2 fs IR Transient absorption

Figure 6.4a shows the transient IR response of LiMMQ in deuterated methanol2

between 1480 and 1640 cm−1 for delays between 1 ps and 3.7 ns after excita-
tion. Clear spectral bands and smooth delay traces are observed. The bleach
peaks found at 1480, 1530 and 1595 cm−1 appear within the time-resolution of

2We have chosen to focus on deuterated methanol as a solvent for the infrared studies as it is
transparent throughout the entire probed spectral range.
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(a) (b)

Figure 6.4: a) Time-dependent transient absorption spectrum between 1 ps and 4
ns after electronic excitation of LiMMQ in deuterated methanol. The black lines are
transient spectra at delays: 1, 50, 1650 and 3700 ps. b) Delay traces of Q1, Q2, R,S
and T 1497, 1506, 1528, 1607 and 1621 cm−1 at , respectively. The solid lines delay
lines are the result of a global fit.

the experiment. These bands coincide with the three bands in the steady-state
IR spectrum (See Figure 6.5c LiMMQ). Bands Q (1500 cm−1), R (1525 cm−1), S
(1630 cm−1) and T (1616 cm−1) show very different dynamic behavior. The delay
traces of these bands are plotted in Figure 6.4b. Band Q appears instantaneously
and subsequently shifts from 1497 (Q1) to 1506 (Q2) cm−1 within the first 50 ps.
As Q2 decays R, rises. S and T show a delayed rise at different times.

We can successfully fit the data with a five step exponential sequential model
with an offset, treating the rates as global parameters:

SADS1
kIR,1−−−→ SADS2

kIR,2−−−→ SADS3
kIR,3−−−→ SADS4

kIR,4−−−→ SADS5
kIR,5−−−→ SADS6,

where SADSi are the species associated difference spectra plotted in Figure 6.5a
and b. For the fit we fixed the lifetimes τIR,3 and τIR,4 to the photo-induced
deuteration lifetime τfl,2 and the electronic lifetime τfl,4, respectively. The fast
excited-state and the ground-state dynamics, on the other hand, cannot be ob-
served in the fluorescence dynamics and are therefore treated as free fit parameters.
Note that the fluorescence lifetime τfl,3 was not found in the IR data. Probably,
the species that belong to the lifetime τfl,3 have a relatively high quantum yield
making them observable in the fluorescence measurements but not in the IR mea-
surements. The six species associated difference spectra SADSi are plotted in
Figure 6.5a and b. The structures that belong to the spectra are depicted in Fig-
ure 6.7. The first two time constants τIR,1= 4(2) ps and τIR,2=40(2) ps describe
the shift in band Q (see Figure 6.5a). Shifting bands are often related to sol-
vent reorganization or IVR. [20] Also, do these processes typically take place on
picosecond timescales. Therefore we assign τIR,1 and τIR,2 to a combination of sol-
vent reorganization and excess energy dissipation. The third lifetime τIR,3, fixed
to the deuteration lifetime of the quinoline nitrogen τfl,2, is associated with the
conversion of species that belong to SADS3 to the species that belong to SADS4.
Hence, SADS4 is associated with the excited quinolinium (d-MMHQ∗) species,
i.e. deuterated quinoline. The fourth lifetime is fixed to the excited-state lifetime
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Figure 6.5: a) The first four SADS obtained from a six sequential global fit. The
first three spectra are associated with the excitation of the LiMMQ and subsequent
solvent relaxation. The fourth species is associated with deuterated species MMHQ∗

in the excited-state. b)Species associated difference spectra SADS5 (red) and SADS6

(green). The dashed lines are fits using a linear combination of the associated ground
state spectra depicted in panel c. c) Steady-state spectra of LiMMQ, d-HMMQ,
d-MMHQ and Lithium Methoxide in MeOD. The sticks in the spectrum of LiMMQ
indicate the calculated vibrational frequencies and relative intensities of the vibrational
modes of LiMMQ.

τfl,4 and describes the conversion of species that belong to SADS4 to the species
that belong to SADS5. Hence, SADS5 is the electronic ground state d-MMHQ. To
confirm this assignment of SADS5 independently, we recorded the infrared spectra
of the molecules that are involved: d-HMMQ, d-MMHQ3, LiMMQ and Li+MeO−

as demonstrated in Figure 6.5c. Note that MeO− is formed upon protonation of
MMQ+. As indicated by the triangles Figure 6.5b and c the induced absorption
modes observed from SADS5 are also observed in the steady-state spectrum of
d-MMHQ confirming the presence of d-MMHQ. This assignment is further em-
phasized by successfully fitting a linear combination of the three spectra involved
to SADS5: −αALiMMQ(ω) + βADMMQDN

(ω) + γALi+MeO−(ω), where α, β and γ
are positive numbers and Ai are the steady-state spectra. This observation inde-

3The transient species d-MMHQ was constructed taking the UV pump-probe different spec-
trum of the d-HMMQ after 2 ns. At this delay the deuteron crane is assumed to have transported
the D to the nitrogen resulting in d-MMHQ. To obtain the spectrum of the species d-HMMQ
from the difference spectrum the bleach contributions were removed by adding the stead-state
spectrum of d-HMMQ.
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Figure 6.6: a) Temporal evolution of the transient absorption of LiMMQ excited at
370 nm. b) The recovery of the bleach signal of LiMMQ at 378 nm. The solid line is
a fit of a single exponential decay.

pendently confirms the assignment of SADS5. The fifth lifetime τIR,5 is found to
be 910 (10) ns. This lifetime is associated with the conversion of the species that
belong to SADS5 to the species SADS6. Two bands (indicated by the triangles
Figure 6.5b and c), at 1510 and 1615 cm−1, observed in SADS6 are also present
in the steady-state spectrum of d-HMMQ. SADS6 can be well fitted using a lin-
ear combination of the spectra ALiMMQ(ω), Ad−HMMQ and ALi+MeO−(ω), showing
that d-HMMQ is formed. The formation of d-HMMQ can proceed via the nitrogen
on the morpholino group in the same way as the operation of the proton crane
described in Chapter 5. [21, 22] The formation of d-HMMQ indirectly shows that
the Li+ has been released from the C-O− binding site. The release of Li+ leaves
a vacancy on the oxygen to which H+ is able to bind.

6.3.3 ns Visible transient absorption

In Figure 6.6a we have plotted the transient absorption spectra of LiMMQ upon
electronic excitation at 370 nm for delays between 10 and 400 ns. We observe
a bleach signal with a minimum at 370 nm and a small induced absorption that
decays on a time scale of 150 ns. We attribute the bleach signal to the depletion
of LiMMQ, see Figure 6.3a. (the narrow region between 365 and 375 nm are
omitted because that part of the spectrum is overwhelmed by scatter from the
pump beam.) The recovery of the bleach signal reveals the conversion of HMMQ
to the LiMMQ form. This is demonstrated in Figure 6.6b where we have plotted
the average transient response between 375 and 385 nm on a logarithmic scale. The
clear linear relation reveals single exponential kinetics with a lifetime of 150(2) ns.
The first order kinetics that we observe suggests that this process is not diffusion
limited (as bimolecular recombination follows second order dynamics), but limited
by a transition state barrier.
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Figure 6.7: The photo-cycle of LiMMQ upon electronic excitation. The structures
are simplified molecular drawings of the molecule; only showing the deuteron binding
sites and not explicitly showing the morpholine and naphtol rings.

6.4 Conclusions

We have demonstrated that LiMMQ in MeOD reversibly exchanges D+ for a
Li+ upon photoexcitation. Figure 6.7 summarizes the structural changes in the
photo-cycle of the LiMMQ. After excitation LiMMQ quickly releases excess en-
ergy (timescales of 4, 40 ps). Subsequently, D+ is stripped from a neighboring
deuterated methanol molecule with lifetime of 459(19) ps. After the molecule has
relaxed to its electronic ground state the D+ transfers from the quinoline nitro-
gen being more basic in the excited state to the oxygen that is more basic in the
ground state. The Li+ release is demonstrated by the observation that the proton
is able to bind to O− which is the binding site for Li+ in the ground state which
indirectly shows that Li+ is released. For future experiments, it would be inter-
esting to investigate if this system can be extended to other metal ions and other
solvents such as water.
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CHAPTER 7

Slow aqueous proton diffusion in nanoconfinement1

Proton transport through nanometer-size volumes of liquid water occurs in sys-
tems ranging from porous minerals, fuel-cell membranes, [1, 2] metal-organic
frameworks [3, 4] and zeolites [5], to the living cell. [6–8] In contrast to proton
diffusion in bulk water which has been studied extensively, comparatively little is
known about proton transfer in such nanoscopic volumes. Here, we investigate
the diffusion of protons in well-defined nanometer-size volumes of water using
dielectric relaxation spectroscopy. The diffusion of these confined protons gives
rise to a broad resonance in the dielectric response, of which the frequency can
be used to determine their diffusion constant. We find that in water volumes
with diameters less than about 5 nm diameter, proton diffusion slows down sig-
nificantly with decreasing size: in volumes of 1 nm diameter, the proton diffusion
constant is two orders of magnitude smaller than in bulk water. This slowing
down of the proton mobility can be explained from the more rigid hydrogen-
bond network of the confined water, since proton transfer in water relies on
collective hydrogen-bond rearrangments. [9–11] Interestingly, in the living cell,
water volumes with dimensions both larger and smaller than the critical 5 nm
size occur. Our results suggest that varying the water volume around this size
may have a biological function as a proton-transport regulation mechanism, the
porin channels (<5 nm) and inter-membrane spaces in mitochondria and in the
thylakoid lumen of chloroplasts (>5 nm) being cases in point.

1 Manuscript in preparation: T. H. van der Loop, N. Ottosson, T. Vad, W. F. C. Sager,
H. J. Bakker, and S. Woutersen, “Slow aqueous proton diffusion in nanoconfinement”
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Figure 7.1: (a) Linear dependence of the radius r0 of the water volume on w0.
Linear regression (red line) yields a proportionality factor of 0.42(1) nm between w0

and the water-core diameter (see Extended Data). (b) Small-angle x-ray scattering
intensity for w0 = 5 (red) and 10 (dark blue). The different aqueous phases of
the reversed micelles are shown as filled circles (water), open circles (1M HCl) and
open squares (1M LiCl). The individual scattering curves are vertically displaced for
better comparison. The black solid lines are least-squares fits to the water data. The
shape of the curves is typical for spherical scatterers at concentrations high enough to
clearly visualize the structure-factor peak. The scattering data is fitted with a multi-
component model for hard spheres. [12] The polydispersity parameter σ0 is <0.2
for all investigated samples. Addition of salt does not result in significant structural
changes. (c,d) Imaginary and real parts of the dielectric response of w0 = 10 reverse
micelles containing neat water (blue), 1M aqueous HCl (red), LiCl(light-grey), NaCl
(grey) and KCl (black).

To investigate proton transport in confinement, we prepare nanoscopic water
volumes in self-assembled reverse micelles in cyclohexane. We use a neutral surfac-
tant (Igepal) to avoid the problem of size-dependent counter-ion concentrations.
Igepal contains hydroxy and ether O atoms, which have pKb ∼ 16 and 18, so
protons do not “stick” to the surfactant. We characterize the structure of the
reverse micelle samples using small angle x-ray scattering. [13, 14] The size of
the water droplets can be adjusted by changing the ratio w0 = [H2O]/[surfactant]
(Fig. 7.1a). To study ions in nanoconfined water we use appropriate aqueous so-
lutions in the preparation of the reverse micelles. The addition of 1M HCl or LiCl
to the interior water phase has no influence on the shape or size of the reverse
micelles (Fig. 7.1b). Figures 7.1c,d show the dielectric response of spherical Igepal
reverse micelles with a diameter of 4.2 nm containing neat water and 1M aqueous
solutions of HCl, LiCl, NaCl and KCl. The dielectric response arises primarily
from the translational motion of ions and the reorientation of molecular dipole
moments. [15] The response of the reverse micelles containing neat water (blue
points) is the sum of core-water reorientation, surface-water reorientation, and a
surfactant response. [12] The reverse micelles containing 1M HCl (red points) ex-
hibit an additional strong resonance at ∼300 MHz, which is absent in the reverse
micelles containing neat water. This resonance is also absent or much weaker for
reverse micelles containing alkali chloride solutions of the same concentration, and
can therefore be assigned to the protons.
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Figure 7.2: Imaginary (a) and real (b) parts of the dielectric difference spectra
∆ε0H+ = εHCl(aq) − εH2O showing the response of protons confined in reverse mi-
celles different diameters. Upon increasing reverse micelle size, both the intensity
and the center frequency increase. The black dots represent the water-background
corrected response of 1M HCl solution (vertically scaled for better comparison).

We isolate the proton response by subtracting the response of reverse micelles
prepared with neat water from that of reverse micelles prepared with aqueous HCl
(Fig. 7.2). The protons in nanodroplets exhibit a resonance for all investigated
diameters, whereas protons in bulk water (black dots in Fig. 7.2) exhibit no such
resonance, but a purely imaginary response that scales with frequency as 1/ω. [15]
The resonance observed upon confinement arises because the migration of protons
in response to the applied electric field comes to a halt as they reach the wall of
the nanodroplet; the amount of dissipated energy is maximal when the applied
electric field changes sign at the moment this halting occurs. The frequency of
the resonance is thus determined by the time scale on which the proton migration
comes to a halt, and hence by the size of the water droplet and the proton diffusion
constant. The amplitude of the resonance increases with confinement size, because
in larger nanodroplets a larger polarization has been built up at the moment the
protons reach the confinement wall. To confirm that the observed resonance is
caused by the confinement of the protons, we measure the dielectric response of
protons confined in long interconnected tubular reverse micelles, prepared with
the same surfactant and [H2O]/[surfactant] ratio, but using n-hexane instead of
cyclohexane as the apolar phase. [12] In these interconnected tubular reverse
micelles, the protons do not come to a halt, and thus no resonance is observed
(Fig. 7.3). As opposed to completely “free” proton diffusion, the proton response
in tubular reverse micelles also contains a real component. This is probably caused
by protons coming to a halt in dead ends of the tubular network, which for low
frequencies gives rise to a non-zero ε′.
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Figure 7.3: Dielectric response of protons in spherical, 3D confinement (left) and
in tubular, 2D confinement (right). The response of bulk water (no confinement) is
shown in Fig. 7.2.

The observed dielectric response of the confined protons can be well described
by a Cole-Cole mode: [16]

∆εH+(ω) =
∆ε0H+

1− (iωτR)1−α
, (7.1)

where ω is the angular frequency, and ∆ε0H+ , τR and α are the size-dependent
amplitude, relaxation time and broadening parameter, respectively. From least-
squares fits (curves in Fig. 7.2) we determine the relaxation times for all investi-
gated diameters (the complete set of fit parameters is given in the Extended Data).
The relaxation time (the inverse of the resonance frequency) is determined by the
size of the nanodroplet and the diffusion constant. Their relation can be derived
by calculating the field-induced time-dependent spatial distribution of diffusing
ions confined in a spherical volume (see Extended Data). [17] This analysis shows
that these diffusing ions exhibit a Debye-type dielectric response with a relaxation
time

τR =
(d/2)2

4.33D
, (7.2)

where d is the diameter of the sphere and D the diffusion constant. Using eq. 7.2
and the observed diameters and relaxation times, we determine the proton dif-
fusion constant DH+ in the nanodroplets. It may be noted that experiments
using photoacid probe molecules in reverse micelles can in principle also pro-
vide information about the proton diffusion constant (by analyzing how geminate
proton-recombination kinetics influences the time-dependence of the probe fluo-
rescence). [18–21] However, in reverse micelles with neutral surfactants, the probe
molecules tend to attach to the surface and no photo-induced protonation occurs,
[21] whereas in reverse micelles with ionic surfactants the counterion concentration
becomes prohibitively large for small sizes (>10M for d < 5 nm). In addition, the
fact that for small reverse micelles the size of the probe molecule becomes compa-
rable to the water volume and significantly perturbs the water structure sets an



209334-L-bw-vdLoop209334-L-bw-vdLoop209334-L-bw-vdLoop209334-L-bw-vdLoop

Slow aqueous proton diffusion in nanoconfinement 99

1 2 3 4 5 6 7

10-10

10-9

10-8

D
H

+  (m
 2
·s

-1
)

d (nm)

Figure 7.4: Proton diffusion constant in nanodroplets as a function of their diameter.
The spheres above the x-axis indicate the relative sizes. The dashed line indicates
the bulk proton diffusion constant, the solid line is a guide to the eye. The error bars
represent 2σ.

intrinsic limitation to this approach, which is absent in dielectric relaxation spec-
troscopy as the diffusing protons are observed directly and in a non-perturbative
manner (the strength of the applied oscillating electric field is negligible compared
to the local electric fields of molecular partial charges), and no probe molecules are
required. It should be noted that the experimentally observed proton spectra are
Cole-Cole (broadened Debye) modes, whereas the theory predicts normal Debye
response (α = 0). This broadening of the Debye mode is due to the polydispersity
of the reverse-micelle size (∼10%) and to the inhomogeneity of the water structure
inside the reverse micelles that gives rise to a distribution of diffusion constants.
The DH+ obtained from our data is therefore averaged over the size distribution
and water inhomogeneity.

We find that the proton diffusion constant depends strongly on the size of the
confinement volume (see Fig. 7.4, where we have also indicated the bulk diffusion
constant). For the smallest investigated diameter (1.2 nm) the diffusion constant
is about 100 smaller than in bulk water. For large droplet sizes the proton diffu-
sion constant converges to the bulk value. The extremely slow diffusion of protons
upon nano-confinement is probably caused by the slowing down of the hydrogen-
bond dynamics in nano-confined liquid water. Proton diffusion is known to involve
the concerted motion of many water molecules, [22, 23] and hence is intimately
connected with the collective dynamics of the hydrogen-bond network. [24] In
particular, ab initio simulations have indicated that the rate-determining step for
the diffusion of protons in water is a reorientation of water molecules in the second
solvation shell. [9] It is therefore interesting to investigate whether a correlation ex-
ists between the reorientation rate of the water molecules in the nanodroplets and
the diffusion constant of the proton. We indeed find (Extended Data Fig. 6) that
the average water reorientation rate decreases in a similar manner with decreasing
water volume as the proton diffusion constant. However, while the diffusion con-
stant decreases by a factor of ∼100 (compared to the bulk value) for the smallest
reverse micelles, the average reorientation rate of the water molecules inside these
micelles is reduced by a factor of only 4. This difference can be explained from



209334-L-bw-vdLoop209334-L-bw-vdLoop209334-L-bw-vdLoop209334-L-bw-vdLoop

100 Slow aqueous proton diffusion in nanoconfinement

the more collective nature of the reorganization of the hydrogen-bond network
required for proton diffusion as compared to the rearrangement involved in the
reorientation of a water molecule. The hopping of a proton in bulk water involves
the collective reorganization of a relatively large water structure of approximately
15 water molecules. [23]

The large influence of nanoconfinement on proton diffusion in water should be
relevant for many research fields. The nanochannels in Nafion fuel-cell membranes
typically have diameters ranging from 1 to 10 nm, [1, 2] i.e. in the range where
proton diffusion is strongly influenced by confinement (Fig. 7.4). Since the proton
diffusion constant decreases strongly in water channels with diameters below about
5 nm, optimizing the size distribution of the Nafion channels so as to reduce
the part below 5 nm should have a large effect on the transport efficiency. In
cellular proton-regulatory compartments, many different confinement sizes exist.
The width of the intermembrane space of mitochondria and the thylokoid lumen in
chloroplasts is typically >10 nm, [6, 25–27] whereas the porins in the mitochondria
are about 2 nm, and the size of the water pocket in the voltage-gated proton pump
is 0.8 nm. [7] In view of our results, these differences suggest that in living systems
the size of the nanoscopic volumes may play a functional role in regulating proton
transport, with confinement to dimensions below ∼5 nm being used to slow down
proton transport.

7.1 Materials and Methods

7.1.1 Sample preparation

The sample composition is determined by following parameters, the molar water
surfactant ratio,

w0 = [H2O]/[surfactant]

and the surfactant mass fraction

cs =
msurfactant

moil +msurfactant
, (7.3)

wheremsurfactant andmoil are the masses of the surfactant and the oil, respectively.
Reverse micellar samples were prepared by first dissolving the required amount of
Igepal CO-520 (pentaoxyethylene nonylphenylether, average molar mass 441) in
the oil phase; cyclohexane (>99.9% HPLC grade) for spherical reverse micelles
and n-hexane (>99.9% HPLC grade) for tubular reverse micelles. Subsequently
the required amount of water (Milli-Q 18.2 MΩ·cm) or electrolyte solution 1M
aqueous HCl (Fluka 1 M HCl (1N)), LiCl, NaCl or KCl was added. To prepare
the 1M solutions LiCl (BioXtra, >99.0%), NaCl (TraceSELECT, >99.999%) and
KCl(BioXtra, >99.0%) were added. All samples were shaken and sonicated. For
the spherical reverse micelles we prepared samples with w0 = 0, 3, 5, 8 at cs = 0.33,
and with w0 = 10, 15 at cs = 0.28. A larger cs (and hence larger micelle concentra-
tion) was used for the small reverse micelles in order to obtain a sufficiently strong
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dielectric response. Cylindrical reverse micelles where prepared using w0 = 5 and
cs = 0.37. For the samples with the largest micelles, full equilibration took several
hours, whereas the smallest reverse micelles equilibrated within minutes. After
equilibration, all samples were optically clear and stable.

7.1.2 Small-angle x-ray scattering

The SAXS measurements are described in Section 4.2.2. All samples were made at
the same surfactant in oil concentrations cs as used for the dielectric and spectro-
scopic experiments. The SAXS data for spherical reverse micelles were fitted by a
model function based on Vrij’s analytical solution for a multi-component system
of hard spheres. [28–30] Additions of salts, e.g., 1M HCl or LiCl does not lead to
significant changes in the structure of the reverse micelles. In order to analyze the
tubular reverse micellar system is was necessary to measure a full concentration
series at w0 = 5 (cs = 0.14 — 0.56). In this way structural information could
be retrieved at low cs for isolated long cylindrical reverse micelles analyzed using
the Kholodenko model for long semi-flexible worm-like micelles. [31] Whereas for
the interconnected cylindrical networks at high cs the Teubner-Strey Model was
employed to fit the microemulsion peak occurring that is typical for bicontinu-
ous microemulsion or sponge phases. [32] The data for the full series are shown
in Chapter 4. Here, we show for cs = 0.37 that employing 1M HCL or LiCl as
aqueous phase does not introduce structural changes.

7.1.3 GHz dielectric relaxation spectroscopy

The dielectric relaxation measurements are described in sections 2.2. All DRS
experiments were carried out at 22 ± 0.5◦C .

7.2 Appendix 1: Model for Protons in a Sphere

The dielectric response of the reverse micelles containing electrolytes can be cal-
culated by solving the hydrodynamic diffusion equation for charges in spheres.

Time-dependent distribution

The protons are confined in a sphere with radius R, and we switch on an electric
field in the positive z-direction at t = 0. The driven diffusion equation is

∂n

∂t
= D∇2n− v

∂n

∂z
, (7.4)

with v = µE0 the drift velocity. Using spherical coordinates, the initial distribution
is n(r, θ, t = 0) = n0, and the boundary condition is that at r = R the total flow
in the outward radial direction should be zero at all times:

(Jdiffusion + Jdrift) · er = −D
∂n

∂r
+ nv cos θ = 0. (7.5)
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Note that the flow caused by the field-induced drift (second term) is directed in
the z-direction, so its component in the outward radial direction is nv cos θ. The
steady-state solution of (7.4) is again a Boltzmann distribution

n(r, θ,∞) ∝ evz/D = evr cos θ/D, (7.6)

as can be verified by substitution. For physically relevant confinement lengths R,
we have vR/D � 1 (typically on the order of 10−5, see above), so (7.6) differs
only slightly from a uniform distribution, and can be very well approximated by
a first-order expansion:

n(r, θ,∞) ≈ n0 + n0vr cos θ/D. (7.7)

Since the change in the distribution due to the electric field is so small, eq. 7.4 can
be solved in a perturbative manner. Defining the instantaneous deviation f from
the steady-state distribution through

n(r, θ, t) = n(r, θ,∞) + f(r, θ, t) (7.8)

we have f(r, θ, 0) = −n0vr cos θ/D and f(r, θ,∞) = 0. The vanishing of f happens
sufficiently fast that the changes in the distribution due to the drift term can be
neglected. We can therefore determine the time dependence of f from

∂f

∂t
= D∇2f (7.9)

with
f(r, θ, 0) = −n0vr cos θ/D

and the boundary condition

D
∂f

∂r
= 0, (7.10)

in which the drift term has again been neglected. This much simpler problem can
be solved using separation of variables, and we obtain a solution of the form [33]

f(r, θ, t) =
∑
n,i

Cnijn(anir/R)Pn(cos θ)e
−Da2

nit/R
2

(7.11)

where jn is a spherical Bessel function of the first kind, and where the ani values
follow from the boundary condition (7.10), ani being the ith positive root of

j′n(a) = 0. (7.12)

The coefficients Cni are determined by the initial distribution through2

Cni =

∫ R

0

∫ π

0
f(r, θ, 0)jn(anir)Pn(cos θ)r

2 sin θdθdr∫ R

0

∫ π

0
jn(anir)2Pn(cos θ)2r2 sin θdθdr

= −δn1

(
n0vR

D

)
ci (7.13)

2The functions jn(anix) with ani the nth root of j′n(a) = 0 are orthogonal in the sense that∫ 1
0 x2jn(anix)jn(anjx) = 0, as can be derived from eq. 37 on p. 493 of Ref. 34.
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with

ci =

∫ 1

0
j1(a1ix)x

3dx∫ 1

0
j1(a1ix)2x2dx

.

The final solution is thus

f(r, θ, t) = −n0vR cos θ

D

∑
i

cij1(a1ir/R)e−Da2
1it/R

2

. (7.14)

The first 5 values of a1i and ci are listed in table 7.1. Figure 7.5 shows the
concentration change n(r, θ, t)− n0 for protons dissolved in a water sphere with a
diameter of 4 nm, for a series of times t after the switching on of the electric field.
As in the case of a layer, the concentration changes start at the boundary.

Dielectric response

To calculate the dielectric response we determine the time-dependent induced
dipole moment of the sphere, which is given by

p(t) = e

∫ R

0

∫ π

0

∫ 2π

0

[n(r, θ, t)− n0]zr
2 sin θdφdθdr

=
4πn0e

2ER5

3kT
( 15 −

∑
i

pie
−Da2

11t/R
2

), (7.15)

and where

pi = ci

∫ 1

0

j1(a1ix)x
3dx.

The first five values of pi are listed in Table 7.1. Inspection of these values shows
that p(t) can be approximated within 1% by the first term of the summation:

p(t) ≈ 4πn0e
2ER5

15kT
(1− e−Da2

11t/R
2

). (7.16)

The dielectric response is thus a Debye relaxation, just as in the case of a layer,
with a relaxation time

τR = R2/a211D ≈ R2/4.33D. (7.17)

Table 7.1: Eigenvalues and expansion coefficients in eqs. 7.14 and 7.15.

i a1i ci pi
1 2.081575977 1.96542 0.197851
2 5.940369990 -0.35748 0.001702
3 9.205840142 0.222566 0.000285
4 12.404445021 -0.16337 8.56×10−5

5 15.579236410 0.129447 3.42×10−5
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Figure 7.5: Dielectric relaxation of protons in a sphere: change in the concentration
of protons in water (D = 9.3 × 10−9 m2s−1) confined in a 4 nm diameter sphere
after switching on an electric field in the z direction at t = 0. Cross section through
the center of the sphere, calculated using the first 10 terms of equation 7.14. Red
denotes n(r, θ, t)−n0 > 0, blue denotes n(r, θ, t)−n0 < 0. The color scale has been
normalized at each time point t.

For a sphere of 4 nm diameter, we have τR ≈ 100 ps (the time scale of the
equilibration of the charge distribution in fig. 7.5). Dividing eq. 7.15 by the volume
V = 4

3πR
3, we obtain the polarization density P (t) = p(t)/V . By definition,

P (t) = ε0
∫ t

−∞ dt′χ(t− t′)E(t′), and comparing with eq. 7.15 we find

χR(t) =
n0e

2R2

5ε0kT

e−t/τR

τR
, (7.18)

and the relative dielectric constant

εR(ω) = 1 + χR(ω) = 1 +
n0e

2R2

5ε0kT

1

1− iωτR
, (7.19)

where the dependence on the radius of the sphere has been indicated explicitly.

The limit ωτR >> 1

For infinite sphere size or at high frequency i.e. ωτR >> 1 the solution for εR(ω)
should converge to the expression for the conduction of free ions [35]:

εbulk,ions =
κ

ε0ω
=

n0e
2D

ε0kTω
, (7.20)
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where κ is the conductivity. We find using eq. 7.17 and 7.19:

a21,1n0e
2D

5ε0kTω
≈ 0.87

n0e
2D

ε0kTω
≈ n0e

2D

ε0kTω
(7.21)

7.3 Appendix 2: Additional results

Figure 7.6 shows that the addition of HCl or LiCl to the igepal reverse micelles has
no influence on the strucuture. The results from the fits are shown in Table 7.2.
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Figure 7.6: (a) Small angle x-ray scattering curves (scattering intensity I(q) versus the
modulus of momentum transfer vector q from spherical reverse micelles for different
w0 (w0 of 2.5, 5, and 8 at cs = 0.333 and w0 of 10 and 15 at cs = 0.282) obtained
from the aqueous phase—Igepal—cyclohexane system on double logarithmic scale.
Successive scattering curves are displaced upwards by one logarithmic unit for better
visualization. Reverse micelles containing water are displayed as filled symbols and
those containing 1M HCl as open symbols. The solid lines present fits to the water
data. The shape of the curves is typical for spherical scatterers at concentrations high
enough to clearly visualize the structure factor peak. The scattering data were fitted
with a multi-component model for hard spheres and the refined values are given in
the Table below. (b) SAXS curves from the tubular system aqueous phase—Igepal—
hexane for w0 = 5 at cs = 0.37) on double logarithmic scale. Filled circles present
reverse micelles containing water, open circles 1M HCl and open squares 1M LiCl.
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Table 7.2: Structure parameters for spherical reverse micelles in the water—Igepal—
cyclohexane system obtained from the refinement of the SAXS scattering curves using
the multi-component model for hard spheres at different w0 and RT. The spherical
reverse micelles are characterized by the droplet radius r0, polydispersity parameter
σ0 of the log-normal size distribution and droplet concentration c0. For all droplet
sizes a constant surface to surface distance D0 is found from the hard sphere structure
factor, whereby D0/2 = 0.91(1) nm corresponds to the shell thickness built up by the
surfactant tails.

w0 2.5 5 8 10 15

cs 0.333 0.333 0.333 0.282 0.282
vol fraction 0.300 0.3184 0.337 0.300 0.328

c0(10
−3·nm−3) 2.641 (1) 1.743 (1) 1.235 (1) 0.725 (1) 0.422 (1)

r0(nm) 1.93 (1) 2.50 (1) 2.97 (1) 3.53 (1) 4.50 (1)
σ0 0.198 (2) 0.166 (2) 0.168 (2) 0.148 (8) 0.160 (8)

Figure 7.7 and 7.8 show the dielectric response of reverse micelles containing
neat water and 1M HCl, LiCl, NaCl and KCl at for w0 = 5 and 15, respectively.
Figure 7.9 showh the dielectric response of reverse micelles containing neat water
and 1M HCl, LiCl, NaCl and KCl for tubular reverse micelles of w0=5. The data
show a strong protonic response from the acidic reverse micelles which is absent
of strongly reduced for the salts.
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Figure 7.7: Imaginary (a) and real (b) parts of the dielectric response of w0=5
spherical reverse micelles prepared with neat water and 1M HCl, LiCl, NaCl and KCl,
respectively .
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Figure 7.8: Imaginary (a) and real (b) parts of the dielectric response of w0=15
spherical reverse micelles prepared with neat water and 1M HCl, LiCl, NaCl and KCl,
respectively .
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Figure 7.9: Imaginary (a) and real (b) parts of the dielectric difference spectra ∆ε =
εionic − εH2O of w0=5 for tubular reverse micelles for HCl, LiCl, NaCl and KCl.
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Summary

Hydrogen-bond dynamics and proton transfer in
nanoconfinement

The hydrogen bond is a ubiquitous entity in nature. Hydrogen bonds are involved
in the selective binding of DNA base pairs, the folding of proteins, the solvation
of ions, etc. In addition, hydrogen bonds are responsible for the unique physi-
cal properties of water, of which the living cell consists for 70%. These unique
physical properties are a result of a highly dynamic three-dimensional network
of water molecules that are held together by hydrogen bonds. The dynamics of
this hydrogen bond network largely controls the rate of chemical reactions and
structural changes in the living cell. Here a large part of the water is confined to
nanometer-sized pores and channels in protein pockets and between membranes.
In these small water volumes (in “nanoconfinement”), the structure and dynam-
ics of the hydrogen bond network is strongly perturbed, which can influence the
physical properties of water. Nanoconfinement of water occurs not only in nature,
but also in industrial applications like separation membranes and hydrogen fuel
cells.

As part of molecular machines, hydrogen bonds can also play an important
role in the development of nanotechnology. Hydrogen bonds are often employed
in the construction of molecular machines due to their useful properties: hydrogen
bonds are directional and therefore give rise to well-defined structures, while their
binding energy is low, which makes these structures highly dynamical.

In this thesis I study hydrogen bond dynamics and proton transport in molec-
ular machines and in small water droplets of several nanometers in size. I have
addressed the following questions:

• How many water molecules are needed for a volume of water to have bulk
properties?

111
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• How does the shape of a nanoscopic water droplet influence its physical
properties?

• Which structural changes are involved in the photo-cycle of a molecular
proton crane?

• Can the craning mechanism of a proton crane be extended to ion transport
of other group 1 elements?

• How does nanoconfinement influence aqueous proton transfer?

In the first experiments described in chapters 3 and 4, we study water reorien-
tation dynamics in nonionic reverse micelles (water/ Igepal-CO-520/ cyclohexane).
In chapter 3 we use polarization resolved femtosecond mid-infrared pump-probe
spectroscopy to study the reorientation dynamics of water as a function of water
pool size and temperature. We find a large fraction of water that reorients at the
same rate as water in the bulk, even in small reverse micelles (∼1 nm diameter)
which indicates that the polyethylene oxide (PEO) chains of the surfactant do
not penetrate into the water volume. The size dependent reorientation dynamics
could be well modeled with a core-shell model. We find that confinement affects
the reorientation dynamics of only the first hydration layer. From the temperature
dependence of the surface-water dynamics we estimate an activation enthalpy of
the reorientation of 45±9 kJ.mol−1 (11±2 kcal.mol−1), which is close to the acti-
vation energy of the reorientation of water molecules in ice.

In chapter 4 we employ dielectric relaxation spectroscopy to study the reori-
entation dynamics of water in nonionic reverse micelles as a function of size and
shape. We find that the dielectric response of both spherical and cylindrical re-
verse micelles can be well described as a sum of contributions from the surfactant,
the water at the inner surface of the reversed micelles, and the water in the core
of the micelles. We find that the reorientation time of the core water changes
from 16.0±0.4 ps for the smallest micelles with a radius of 0.7 nm, to the bulk
value of τH2O of 8.2±0.1 ps for the largest reverse micelles with a radius of 3.2 nm.
These results are in contradiction with the IR pump-probe measurements where
we found a core reorientation time that is independent on reverse micelle size. The
difference in these measurements can be attributed to the fact the dielectric relax-
ation measurements are more sensitive to collective reorientations. Furthermore,
we find that the magnitude of the dielectric response of water in the nano-spheres
is approximately 6 times smaller than expected from the water volume fraction.
We attribute the attenuation of the dielectric response compared to bulk water
to a local anti-parallel ordering of the molecular dipole moments. In nano-tubes
the dielectric response is less attenuated than that of nano-spheres of identical
composition (water-surfactant ratio), whereas the reorientation dynamics of the
water hydroxyl groups are identical for the two geometries. The difference in at-
tenuation between nano-spheres and nano-cylinders indicates that the anti-parallel
ordering of the water dipoles is more pronounced upon spherical than upon cylin-
drical nanoconfinement. The slow down of the core dynamics and the attenuation
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of the dieletric response are both indications that the confinement effect stretches
further than the first hydration shell.

In chapter 5 and 6 we investigate the mechanism of two different molecular
machines in which proton transfer plays an important role. In chapter 5 we inves-
tigate the operation of a molecular proton crane using UV-pump IR probe spec-
troscopy. The proton crane (7-hydroxy-8-(morpholinomethyl)quinoline), accepts
a proton from the hydroxy to the amine group which is located on the rotatable
morpholino side group. This morpholino group subsequently delivers the proton
to the aromatic quinoline nitrogen by rotation around the C-C bond. By com-
paring the time-resolved spectra with spectra obtained from DFT calculations we
were able to identify the conformation of the proton crane throughout the photo-
cycle. We find that the transport of the proton involves multiple timescales. Upon
photo-excitation, the OH proton is transferred within <300 fs to the morpholino
side group. After this, the intramolecular hydrogen bond that locks the crane arm
breaks with a time constant of 36±1 ps. Subsequently, the protonated crane arm
rotates with a time constant of 334±12 ps to deliver the proton at the quinoline
moiety. After the proton crane has returned to its electronic ground state with a
time constant 700±22 ps, the proton is transferred back from the quinoline nitro-
gen to the negatively charged O atom. The time constant of the back rotation is
39.8±0.2 ns, about two hundred times slower than the forward proton transfer.

In chapter 6 we use time-resolved fluorescence, visible, and infrared transient
absorption spectroscopy to demonstrate that Lithium 8-(morpholinomethyl)quino-
lin-7-olate in methanol reversibly exchanges Li+ for H+ upon photo-excitation. We
observe that the molecule transfers a H+ from methanol, thereby removing the
negative charge from 8-(morpholinomethyl)quinolin-7-olate and forming the neu-
tral species 8-(morpholinomethyl),7(1H)-quinolinone (MMHQ). Removal of the
charge results in the release of Li+ ions. Subsequently, ground-state retautomer-
ization through proton transfer facilitated by the morpholino side-group, yields
7-hydroxy-8-(morpholinomethyl)quinoline showing that the binding site that was
initially occupied by Li+ is now occupied by H+. The molecule converts back to
its initial state with a time constant of 150 ns.

In the last chapter (chapter 7), we investigate diffusion of protons in reverse
micelles doped with 1M HCl using dielectric relaxation spectroscopy. We find a
relaxation mode that is only present in acidic reverse micelles and can therefore be
attributed to the conductivity of the protonic charge inside the reverse micelles.
We propose a simple model that describes the protonic response as a function
of the reverse micelle size and the protonic diffusion constant. We observe that
the proton mobility reduces dramatically when the diameter is decreased below 5
nm. When the diameter of a water volume is reduced to about 1 nm, the proton
diffusion even slows down by a factor of 100 compared to that in bulk water. In the
living cell water volumes with dimensions both smaller and larger than the critical
5 nm size occur. In view of our results, these size differences may have a biological
function as a proton-transport regulation mechanism, the porin channels and the
inter-membrane spacing in mitochondria being a case in point.
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Samenvatting

Waterstofbrugdynamica en protontransport
in nanoscopische systemen

Als we op moleculair niveau zouden kunnen inzoomen op de levende cel zouden
we zien dat waterstofbruggen een essentiële rol vervullen in het functioneren van
leven. Waterstofbruggen spelen bijvoorbeeld een belangrijke rol bij de structuur
en replicatie van DNA, het vouwen van eiwitten, het oplossen van zouten etc..
Daarnaast zijn waterstofbruggen verantwoordelijk voor de unieke fysische eigen-
schappen van water waaruit de levende cel voor 70% bestaat. Deze eigenschappen
zijn toe te schrijven aan een zeer dynamisch driedimensionaal netwerk van water-
moleculen die bij elkaar gehouden worden door waterstofbruggen. De dynamiek
van dit waterstofbrugnetwerk (denk aan het breken en vormen, buigen en strekken
van waterstofbruggen en de translatie en rotatie van watermoleculen) bepaalt in
grote mate de snelheid waarmee chemische reacties en structurele veranderingen
plaatsvinden in de levende cel. Een groot deel van het water in de cel is opge-
sloten in ruimtes met lengteschalen van slechts enkele nanometers. In deze kleine
volumes (in “nanoconfinement”) wordt de dynamiek van het waterstofbrugnet-
werk sterk verstoord, waardoor de fysische eigenschappen van het water kunnen
worden bëınvloed. Dit effect van “nanoconfinement” komt niet alleen in de natuur
voor, maar is ook relevant voor industriële toepassingen zoals in brandstofcellen
en scheidingsmembranen.

Waterstofbruggen spelen ook een belangrijke rol in een bijzondere vorm van
nanotechnologie waarin gebruik wordt gemaakt van zogenaamde moleculaire ma-
chines. Waterstofbruggen vormen vaak een essentieel onderdeel van moleculaire
machines omdat ze een aantal gunstige eigenschappen hebben: ze hebben een goed
gedefinieerde richting waardoor ze voor structuur kunnen zorgen, en vanwege de
lage bindingsenergie kunnen waterstofbruggen relatief eenvoudig worden verbro-
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ken, waardoor de gevormde structuren zeer dynamisch zijn.
In dit proefschrift bestudeer ik waterstofbrugdynamica en protontransport in

moleculaire machines en in waterdruppeltjes van enkele nanometers groot. Met
behulp van de experimenten beschreven in hoofdstukken 3 tot 7 heb ik getracht
antwoord te geven op de volgende vragen:

• Uit hoeveel watermoleculen moet een nanoscopisch druppeltje water bestaan
om dezelfde eigenschappen te hebben als “gewoon” (bulk) water?

• Heeft de vorm van een nanoscopische waterdruppel invloed op de fysische
eigenschapen van de druppel?

• Hoe bëınvloedt sterke inperking van water volumes de mobiliteit van proto-
nen?

• Welke structurele veranderingen vinden er plaats tijdens de fotocyclus van
een moleculaire protonkraan?

• Kan het principe van een protonkraan ook worden gebruikt voor ion-transport
van andere elementen uit de eerste groep van het periodiek systeem?

In hoofdstuk 3 onderzoeken we de reoriëntatie dynamica van watermoleculen
in druppels met diameters tussen 1 en 6 nm met behulp van polarisatie-gevoelige
“pump-probe” infraroodspectroscopie. De druppels worden gevormd door niet-
ionogene inverse micellen (water/ Igepal-CO-520/ cyclohexaan). We laten zien
dat zelfs in kleine waterdruppels (∼1 nm diameter) een deel van het water zich
net zo gedraagt als bulk water. Tevens vinden we dat de polyethyleen oxide (PEO)
groep van het Igepal-CO-520 (oppervlakte-actieve stof) zich niet tussen de water-
moleculen bevindt. De reoriëntatie dynamica van het water in de verschillende
inverse micellen kan goed worden beschreven met een “core-shell” model waarbij
het “core” water reoriënteert met de snelheid van bulk water en het “shell’ wa-
ter een vertraagde reoriëntatie vertoont. Het blijkt dat het gedrag van het shell
beperkt is tot de eerste laag van watermoleculen aan het oppervlak van de water-
druppel. Met behulp van temperatuurafhankelijke metingen wordt er geschat dat
de activatie enthalpie voor reoriëntatie van het oppervlakte water 45 ±9 kJ.mol−1

(11 ±2 kcal.mol−1) is. Dit komt overeen met de activatie-enthalpie voor de re-
oriëntatie van watermoleculen in ijs.

In hoofdstuk 4 gebruiken we diëlectrische relaxatie spectroscopie om de re-
oriëntatie dynamica van water in niet-ionogene inverse micellen van bol- en buis-
vormige inverse micellen te bestuderen. We laten zien dat de diëlectrische res-
pons, andermaal goed beschreven kan worden met een “core-shell” model met
twee verschillende reoriëntatie tijden voor beide compartimenten. Echter de re-
oriëntatietijd van het “core” water is, in tegenstelling tot de infraroodmetingen,
afhankelijk van de grootte van de inverse micellen. Voor de kleinste inverse micel-
len met een straal van 0.7 nm is de “core” reoriëntatie twee keer zo langzaam als
de bulk water reoriëntatietijd, terwijl voor de grootste inverse micellen met een
straal van 3.2 nm, de “core” reoriëntatietijd gelijk is aan die van bulk water. Het
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verschil in de reoriëntatietijd tussen de diëlectrische en infrarood metingen kan
worden verklaard uit een verandering in collectieve rotatie van watermoleculen als
functie van de grootte van het water volume. In de diëlectrische metingen reikt
het effect van “confinement”, in tegenstelling tot de infrarood metingen, verder
dan de eerste solvatatie-schil. Tevens valt op dat de diëlectrische respons van het
water in sferische inverse micellen ongeveer 6 keer kleiner is dan van bulk water.
De afzwakking van de diëlectrische response van het water in de nanodruppels kan
worden toegeschreven aan een verandering in de lokale waterstofbrugstructuur die
leidt tot een verlaging van de Kirkwood factor. In nanobuizen is de afzwakking van
de diëlectrische response kleiner dan in bolvormige inverse micellen. Het water-
stofbrugnetwerk gedraagt zich dus anders in een buisvormig dan in een bolvormig
volume.

In hoofdstuk 5 bestuderen we de werking van een moleculaire protonkraan
7-hydroxy-8-(morpholinomethyl)quinoline met behulp van “UV-pump IR-probe”
spectroscopie. Door de tijdsopgeloste infrarood spectra te vergelijken met bere-
kende DFT spectra kunnen we de structurele veranderingen tijdens de fotocyclus
op moleculaire schaal identificeren. Na elektronische excitatie van de protonkraan
wordt het proton van de hydroxide groep verplaatst naar het naburige stikstof
atoom op de morpholine zijgroep. Door rotatie van de morpholine groep om de
C-C binding met de quinoline groep, kan het proton verder worden overgedragen
naar het photobasische stikstof atoom op de quinoline groep. Als het molecuul
vervolgens weer terug is in de elektronische grondtoestand, wordt het proton weer
via de morpholine groep teruggevoerd naar de hydroxide groep.

In hoofdstuk 6 laten we met behulp van tijdsopgeloste fluorescentie spectro-
scopie, en zichtbare en infrarood “transient absorption” spectroscopie zien dat
fotoexcitatie van Lithium 8-(morpholinomethyl)quinolin-7-olate in methanol leidt
tot het tijdelijk uitwisselen van H+ met Li+. Uit de tijdsopgeloste spectra volgt dat
fotoexcitatie leidt tot het protoneren van de fotobasische stikstof op de quinoline
groepen daarmee tot neutralisatie van de lading op het zuurstofatoom. Doordat
de lading op het zuurstofatoom verdwijnt wordt de binding met het Li+ ion ver-
broken. Als het molecuul teruggekeerd is in de grondtoestand, wordt het proton
overgedragen aan het zuurstofatoom waar zich eerst het Li+ ion bevond. Na 150
ns wordt het Li+ ion weer uitgewisseld met H+.

In het laatste hoofdstuk (hoofdstuk 7) bestuderen we de translationele diffusie
van protonen in reverse micellen met behulp van diëlectrische relaxatie spectrosco-
pie. Voor zure inverse micellen meten we een dielectrische relaxatie resonantie die
niet wordt waargenomen voor zoute inverse micellen of inverse micellen met puur
water. Deze resonantie kennen we toe aan de geleiding van protonen. Met behulp
van een theoretisch model laten we zien dat de frequentie van de relaxatie resonan-
tie wordt bepaald door de straal van het water volume en de diffusieconstante van
de protonen. Uit het fitten van het model aan de proton relaxatie resonanties van
inverse micellen van verschillende grootte, volgt dat de diffusieconstante van het
proton sterk afhangt van de grootte van het water volume. Voor de kleinste inverse
micellen is de diffusie ongeveer 100 keer langzamer dan in gewoon (bulk) water.
Met toenemende straal van de inverse micel convergeert de diffusieconstante naar
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de bulk waarde.
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List of symbols

A Absorption (log10(T/T0))
cs Surfactant mass fraction
ε Permittivity
ε′ Real part of the permittivity
ε′′ Imaginary part of the permittivity
ε0 Vacuum permittivity
D Diffusion constant
∆H‡ Activation energy
κ dc conductivity
Λ0 Molar conductivity
m Mass
w0 Molar water surfactant ratio
ω frequency of the electric field (Used for to de-

scribe the frequency dependent permittivity.)
ν frequency of the electric field (Used for in-

frared.)
R Anisotropy
S Bulk water fraction
T Temperature
T1 Vibrational relaxation
t Delay time
µ0 permeability of free space
X Scattering parameter
Y Normalized impedance
γ Electromagnetic propagation constant
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