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Chapter 1

Introduction

1.1 Water in confinement

Water plays a crucial role as a solvent in many systems found throughout biology
and chemistry. Often such systems do not contain water as a bulk liquid, but
as a limited number of water molecules in a confined environment.

The conformations of proteins and membrane sheets are often such that
their surface encloses small pockets of water, either continuously or during part
of their functional cycle. This is the case in a wide variety of phenomena
such as protein—protein interactions, enzymatic catalysis and protein folding.
In membrane lipid bilayers nanometre-sized reverse micelles are found during
endosome formation [87], which contain fully (three-dimensionally) confined
droplets of water.

Water at the interfaces of proteins and membranes is thought to be critical to
their equilibrium structure and biological function [96,108]. Only in the presence
of water these molecules fold or self-assemble into their functional form, however
it is not well understood to what extent water is essential to these systems.
Globular enzymes are known to be already functional at hydration levels below
that required to cover their surface uniformly [108], while many proteins are
only functional when being fully solvated by water.

Important questions can be raised on the effect of geometrical confinement
on the properties of water itself: to what extent behave water molecules near a
soft-matter interface differently than those in the bulk? And if these molecules
do behave differently, what is the length scale over which an interface can affect
the properties of water molecules?

Water molecules in the condensed phase have a strong mutual interaction
in the form of hydrogen bonding. Each water molecule can accept two hydro-
gen bonds and donate two hydrogen bonds to other molecules. This hydro-
gen bonding is very directional, and as a result water is a highly structured
liquid. Each molecule is near tetrahedrally coordinated to four other water
molecules, and embedded in a dynamical hydrogen bond network made up by
all other molecules. Contrary to other hydrogen bonded liquids, the hydro-

11



12 INTRODUCTION 1.1

gen bond network of water is extended in space in three dimensions. Trun-
cation of this hydrogen-bond network has a strong effect on its strength and
structure [50,51,66]. Geometrical confinement by an interface may therefore
collectively alter the properties of many water molecules, not only of the first
solvation layer of the interface .

Reverse micelles have proven to be excellent model systems for studying the
properties of water in strong confinement [79]. Such micelles consist of small
aqueous droplets that are coated by a layer of surfactant molecules, which are
dispersed in an apolar solvent. The hydrophilic head groups of the surfactant
molecules point towards the micelle interior, while their hydrophobic tails point
outward to the exterior solvent. For a large variety of surfactants and solvents,
the size of the micelles can be easily varied, which makes it possible to tune the
degree of confinement of water inside the micelles.

Mid-infrared spectroscopy is well suited for studying the hydrogen bonding
properties of water. The O-H stretch vibration of a water molecule, which
absorbs in this spectral region, is very sensitive to the precise strength or length
of the hydrogen bond that is donated. The stronger is the hydrogen bond to
an OH-group, the lower is the corresponding O—H stretch absorption frequency
(See Fig. 1.1), which causes the O-H stretch absorption band of water to be
strongly broadened.

The infrared absorption spectrum of water inside reverse micelles differs
significantly from that of bulk water, as was shown by infrared absorption stud-
ies [21,49,51,53,63,85]. The infrared line shapes deviate most strongly from
bulk water for very small micelles, and converge to the bulk spectra for large
micelles, as illustrated in Fig. 1.1. These observations show that the hydro-
gen bonding of water in reverse micelles changes as a result of confinement.
Unfortunately, with conventional infrared spectroscopy it is not possible to dis-
tinguish the absorption contributions from molecules in the core of the micelles
from those closer to the micelle outer wall. Hence, it remains unclear whether
the confinement affects the hydrogen bonding of all molecules, or only that of
a limited amount of molecules near the outer shell of the micelle.

Besides studying the steady-state absorption, other spectroscopic techniques
are available that are sensitive to the molecular dynamics of water. These
techniques can be used to study the effect of confinement on the motions of
the water molecules, and enable studies on the dynamic properties of the water
hydrogen bonding network. The dynamics of confined water in reverse micelles
was first investigated by measuring the 'H and 7O spin-relaxation of water
using Nuclear Magnetic Resonance (NMR) [26, 53, 75, 86, 100, 114, 130]. This
work showed convincingly that the mobility of water slows down as a result of
confinement. Because different types of water will rapidly exchange roles on the
timescale of NMR (10~ s), only information on the average mobility of confined
water could be obtained. The same holds for more recent Quasi-Elastic Neutron
Scattering studies [10,56]. From these studies it is therefore not clear whether
three-dimensional confinement lowers the mobility of many water molecules, or
that a confining interface slows down the dynamics of only a few neighbouring
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Ficure 1.1. O-H stretch infrared absorption for bulk water (H20:D20=1:40) and
water in AOT reverse micelles® of various sizes (the micelle radius R is approximately
proportional to the parameter wo defined in chapter 3 (see Eq. 3.10 and 3.15), which
had a value of 20,7 and 2 for the displayed spectra above, respectively. An approxi-
mate relation between R and wp can be found in reference [112]). There is a strong
correlation between O—H stretch absorption frequency and hydrogen bond strength.
Strong hydrogen bonds absorb primarily at the low frequency side, while weak hydro-
gen bonds absorb primarily at the high frequency side of the spectra. The absorption
spectrum shifts to higher frequencies for water confined in smaller reverse micelles,
which means on average the hydrogen bonds are weakening upon confinement.

molecules.

The development of ultrafast optical techniques has enabled studies on water
dynamics in which the time-scales of molecular motions (ps to sub-ps) can be
resolved. Several ultrafast experiments were recently reported in literature,
aimed at a better understanding of the ultrafast dynamics of strongly confined
water [30,34,37,38,46,99,109,111,112,122]. Early ultrafast studies used small
probe molecules to examine the interior water pool of reverse micelles [109]. In
the work presented in this thesis we use mid-infrared pump-probe spectroscopy
to study the dynamics of the O-H stretch vibration of water directly. This
technique will prove to be very useful in distinguishing the dynamics of water
molecules close to a soft-matter interface from water molecules further away.

2AOT (Sodium bis(2-ethylhexyl) sulfosuccinate) is the most commonly used surfactant in
preparing water in oil reverse micelles.
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1.2 Vibrational pump-probe spectroscopy

Vibrational pump-probe spectroscopy exploits the fact that vibrationally ex-
cited molecules have a somewhat different absorption spectrum than molecules
in the vibrational ground state. Vibrationally excited molecules can be prepared
by an intense laser pulse (which for now we assume to be unpolarised), which
removes a fraction of molecules from the ground state to a vibrationally excited
state. The sample is now no longer in a thermal equilibrium state, and we can
measure the absorption difference A« between this non-equilibrium state of the
sample (of absorption «) and the unperturbed equilibrium state (of absorption
ap) at a time t after the pump pulse:

Ac(w,t) = ap(w) — a(w,t). (1.1)

Note that with this definition the absorbance change is positive in the case of
increased transmission through the sample (bleaching) and negative in the case
of decreased transmission (induced absorption) as a result of the pump pulse.

The vibrational excitation of molecules leads to three distinct contributions
to the pump-probe spectrum. First, the excited molecules can be further excited
from the first to the second excited state, causing increased (induced) absorption
at frequencies matching this 1—2 transition. Decreased absorption (bleaching)
is observed at the fundamental 0—1 transition as a result of two effects. First,
the presence of less molecules in the ground state leads to a decreased ground
state absorption. Second, stimulated emission from the excited state to the
ground-state also decreases the absorption. Because of the equal probability for
stimulated emission and absorption these two effects are of equal magnitude.
Adding all terms we write for the absorption «(t) after excitation by the pump
pulse

a(w,t) = ap(w) — 2001(W)N1(t) + o12(w)N1(t) (1.2)
——
equil. abs. bleaching induced absorption

where N1 (t) is the number of excited molecules at time t after the pump pulse.
With Eq. 1.1 we can write for the absorbance change

Aa(wﬂf) = O’pp(w)Nl(t>, Upp(w) = 20’01(&)) —0’12(&)), (13)
where we defined opp(w) as the pure pump-probe spectrum. As a result of
vibrational relaxation all molecules eventually decay to the ground state, causing

the transmission change to decay to zero. The population of excited molecules
in general decays exponentially

Ni(t) = Ny(0)e ¥/, (1.4)

where T is the vibrational relaxation time constant.
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FicUure 1.2. An absorbing dipole in the parallel polarisation direction can rotate
over two independent angle 61 and 2. Rotation over both angles decreases the dipole
component in the parallel polarisation direction. Rotation over angle 6, increases the
dipole component in the perpendicular polarisation direction, but rotation over angle
0> does not.

1.2.1 Effect of Molecular Reorientation on the Ab-
sorbance

When linearly polarised light is used as a pump pulse, preferentially molecules
that have their transition dipole parallel to the pump polarisation will be excited
(See Eq. 2.6). This results in a stronger absorbance change for probe light
polarised parallel to the pump polarisation (Aqy) than for probe light polarised
perpendicular to the pump polarisation (Ac ). The orientational distribution
of excited molecules is initially anisotropic.

Besides vibrational relaxation there is now a second process that changes the
amplitude of the absorbance in time, namely the orientational motions of the
molecules. On average excited molecules will rotate out of the parallel probe
polarisation direction into the perpendicular polarisation direction. This causes
Ay to decay more quickly and Aa more slowly than expected on the basis
of the vibrational relaxation rate alone. We can average out the absorbance
changes due to reorientation by constructing a combination of the signals Aq
and A« . In order to do so we should realise that in three dimensions a molecule
with its transition dipole aligned parallel to the pump light polarisation has two
independent degrees of freedom to reorient, as illustrated in Fig. 1.2. Reorien-
tation in only one of these degrees of freedom causes the absorbance in the per-
pendicular polarisation direction to increase. Reorientation in the other degree
of freedom leaves the absorbance in this polarisation direction unaffected. The
inflowing flux of excited molecules into the perpendicular polarisation direction
is therefore only half that of the outflowing flux from the parallel polarisation
direction. To average out both fluxes we should thus average the signals as
follows
Aa” + 2Aa

3 .

This rotation free absorbance change Aagrp(w,t) now only reflects the vibra-

AaRF(w,t) = (15)
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tional relaxation. The parallel and perpendicular absorbance can also be used
to construct the anisotropy parameter R(t):

AaH — ACYJ_

R(W7t) - AO&H + 2A04l.

(1.6)

This parameter decays only as a result of the orientational motions of the ab-
sorbing molecules, and not as a result of vibrational relaxation.

By more rigourous treatments of the effect of orientational motion on the
time-dependent absorbance [121], it can be shown that in pump-probe and NMR
experiments

R(t) — §<P2(cos9ﬁ)> (1.7)
- §<(3cos2eﬁ—1)/2)>, (1.8)

where 0¢; equals the angle between the initial and final orientation of an initially
excited molecule, Py(x) the second order Legendre polynomial and (...) the
ensemble average at time t. This relates the macroscopic observable R(t) to the
microscopic reorientational motions of individual molecules through an ensemble
average®. In the case of reorientation as a rotational diffusion process with
diffusion constant D, the anisotropy parameter decays exponentially with time
constant 7o = 1/(6Doy):

2
R(t) = 56—“%. (1.9)

We can understand the squared cosine dependence of the anisotropy parame-
ter by realising that absorption experiments can only give information on the
alignment (oc cos? @) of molecules, not on their orientation (o< cos@). The ab-
sorption probability itself has a cos?() dependence (Eq. 2.6), so by means of
an absorption experiment no information can be obtained on the orientation of
molecules.

1.2.2 Multiple component systems

Often systems are encountered that contain different components contributing
to the pump-probe response that have different associated vibrational relaxation
and reorientation time-constants. The rotation free signal is then of the form

AO[RF(W7 t) = Z AO(RFJ;, AaRF,i = Ai(w)eit/TLi, (110)

7

PIn terms of the correlation functions that will be discussed in chapter 2.3 we may re-
alise that cos@y;(t) = u(0)u(t) so that R(t) = %Cor(t) = %(Pg(u(())u(lﬁ))), where Cor(t) is
usually referred to as the second order orientational correlation function. Depending on the
experimental technique different correlation functions can be measured, for example dielectric
relaxation experiments measure the first order correlation function (Pi(cosfy;)) = (cos8¢;).
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Ficure 1.3. Example of the decay of the anisotropy parameter R(t) for a two-
component system. Component a has a vibrational lifetime and reorientation time
characteristic of liquid water (diluted HDO in D20, T7,.=0.7 ps, Tor,a=3 ps). Com-
ponent b has a vibrational lifetime characteristic for water solvating an anionic group
(T1,,=3 ps). We illustrate the resultant anisotropy decay for two different reorienta-
tional time-constants for component b: dotted line 7o, 1, =9 ps, solid line 7or,rL=50 ps.
AaAp=T:3.

where A;(w) is a pre-factor that depends on the concentration and cross-section
of component i (A;(w) = oppi(w)Ni1,:(0)). The total anisotropy parameter will
be a weighted average of the anisotropy parameters for the sub-ensembles of the
different components:

Aapri(w, t)

7A0{RF(w,t) . (1.11)

R(wat) = Z fi(wat)Ri(t)v fi(w’t) -

If all vibrational relaxation times of the different components are equal (T3 ; =
Ty), the time dependence of the weighing factors f; drop out:

filw) = Ai(w)/ZAi(w). (1.12)

In this case the total anisotropy is just the weighted average (according to cross-
section and concentration) of the anisotropy for the individual components.
If each component has a different vibrational relaxation time, the anisotropy
parameter becomes more difficult to interpret. As an example let us consider a
system of two components a and b for which

Aa(w) > Ab(w), Tl,a < Tl,b~

At early probe delays the a component dominates the signal because of its higher
amplitude A,. At later delays however, the A}, component starts to dominate



18 INTRODUCTION 1.3

OPA
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FIGURE 1.4. mid-infrared light generation scheme. Abbreviations: BS, Beam splitter;
Rxxx, dielectric high-reflector for xxx nm light

because its signal decays much more slowly:

Rlw, 1) ~ {Ra(w,t) for t < T4 a,

Ry(w,t)  fort> T ,.
In the time domain 0 < ¢ < 773, we will have the anisotropy parameter change
its character from representing primarily the anisotropy value of component a
to that of component b. How the anisotropy parameter evolves in time depends
strongly on the exact values for the amplitude A; and the reorientational and
vibrational relaxation time-constants. This is illustrated in Fig. 1.3, where by
increasing a single time constant the anisotropy decay is changed from fairly
mono-exponential to highly non-exponential. An example of an experimentally
measured anisotropy decay for a multiple component system can be found in
Fig. 4.4.

1.3 Experimental methods

1.3.1 Generation of femtosecond mid-infrared laser pulses

In order to perform pump-probe spectroscopy on the O—H stretch absorption of
water, we need two independently frequency-tunable pulses of mid-infrared light
that can act as pump and probe pulses. There are no pulsed lasers available
that emit light in the mid-infrared frequency range directly, and we therefore
need to frequency convert the light from a commercial laser that emits light
at a different wavelength. Our fundamental pulsed light source is a commer-
cial Titanium:sapphire regenerative amplifier system (Quantronix Titan) which
delivers pulses of 100 fs pulse length centred at 800 nm. The pulse repetition
rate of the laser is 1 kHz and the pulse energy is 3 mJ. We use parametric
generation in two separate Optical Parametric Amplifiers (OPA’s) to create in-
dependently tunable pump and probe pulses. Both OPA’s are based on wave
mixing in a f-Barium-Borate (BBO) crystal. The mid-infrared light generation
scheme is depicted in Fig. 1.4. The device used to generate the pump pulses
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FIGURE 1.5. Experimental setup

is a 5-pass TOPAS (Travelling wave Optical Parametric Amplifier of Superflu-
orescence; Light Conversion, Ltd.). The BBO crystal in this device is tuned
such that the fundamental 800 nm light is divided into photons of 1300 nm and
2100 nm. A second BBO crystal outside the TOPAS is used to generate the
second harmonic of the 2100 nm light at 1050 nm. In the last generation step
we use difference frequency mixing in a Potassium-Titanyl-Phosphate (KTP)
crystal between a fresh part of the 800 nm pulse and the 1050 nm light. We
then obtain mid-infrared light at 3400 nm with a pulse energy of ~10 uJ.

The device used to generate the probe pulse is a 2-pass OPA (Spectra-
Physics, Inc.) that uses a white-light continuum seed to start the parametric
amplification. The white-light is generated by focussing a small fraction of
800nm light into a sapphire plate. The BBO crystal in the OPA is tuned such
that the 800 nm pump light is divided into photons of 1300 nm and 2100 nm.
Mid-infrared probe pulses are generated by difference frequency mixing of the
signal and idler beams in a Silver-Gallium-Sulfide (AgGaS2) crystal, resulting
in 3-pm pulses of ~1 pJ pulse energy. The probe pulses are spectrally broad
compared to the pump pulses (200 cm~! and 80 cm~* FWHM, respectively).
The time resolution is ~150 fs.

1.3.2 Pump-probe setup

Figure 1.5 shows the setup used in the pump probe experiments. The probe
beam is reflected off a wedged Calcium Fluoride (CaF3) window to lower its
intensity by 95%. The front and back reflections of the wedged window are
used as probe and reference beam respectively. The pump and probe beam are
overlapped and focussed in the sample, the foci having a diameter of approxi-
mately 200 pm and 150 pgm. The probe focus is smaller than the pump focus
such that the probe beam samples a volume that was rather evenly excited
by the pump. The reference beam also passes the sample, but with its focus
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at a different location. After the sample the transmitted probe and reference
beams are sent through a polariser. Using an automated rotatable mount, the
polariser can be set either parallel or perpendicular with respect to the pump
polarisation, so that either the probe component parallel or perpendicular to
the pump polarisation is transmitted.

Both the reference and probe beam are spectrally resolved using a poly-
chromator. The probe and the reference are detected on two separate lines
of a nitrogen-cooled Mercury-Cadmium-Telluride (MCT) detector array (3x32
pixels). When the polychromator is centred at 3400 cm™!, the detector array
can cover a spectral range of 500 cm~!, which implies a spectral resolution of
15 cm™1!.

The probe light is sent over a computer-controlled delay stage. The relative
delay t between the pump and probe pulses is varied by changing the path
length travelled by the probe pulse. To measure the absorbance change induced
by the pump pulse, the pump beam is chopped at 500 Hz so that the array
measures alternatively the sample transmission with the pump beam present
[T'(w,t)] and without the pump beam present [To(w)]. The absorbance change
is defined as

Aca(w,t) =log(T(w,t)) — log(Th(w)). (1.13)

The probe transmission is always recorded relatively to the reference transmis-
sion to divide out shot-to-shot noise, according to T(w,t) = Ip(w,t)/Irer(w),
where I, and I, are the intensities measured by the array detector. By this
detection scheme the absorbance change is recorded at 500 Hz according to

t olw
Aa(w. 1) = log [ (@ pr, 1.14
(@.1) < Lt (w /Iefow> (1.14)

Instead of measuring the parallel and perpendicular absorbance change consec-
utively using the rotatable polariser, both probe polarisation components can
also be measured simultaneously by using a separate array line for each. The
third array line is then used to record the reference spectrum. In this configu-
ration measurements are sped up by a factor of two. Great care should however
be taken that the parallel and perpendicular probe components are projected
on the array with a relative frequency shift of less than ~3 cm™!, otherwise
artifacts in the measured anisotropy parameter show up (See Fig. 1.6). Such
precise alignment can be achieved by recording the linear absorption of a sample
with a narrow absorption band (e.g. the overtone of the C=O-stretch for an
acetone sample). By scanning the grating of the polychromator in 0.5 cm ™~ fre-
quency steps, the central frequency of the sharp absorption can be determined
with high spectral resolution for each pixel. When the array is aligned properly,
this central frequency should be equal for all pixels of all array lines.
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FiGure 1.6. Illustration of anisotropy parameter artifacts that occur when the
parallel and perpendicular absorbance change is recorded with a small relative fre-
quency shift of § = 15 cm™!, which is the spectral resolution of the array. The

Aa)(w,t)—Ao (w—6,t)
By (0,0 T80 (@80 The observed

anisotropy decay is simulated for a Gaussian absorption band of 150 ecm ™! spectral
width, having an exponential anisotropy decay R(t) = %e‘t/ 3 at all absorption fre-
quencies. The frequency shift ¢ introduces a frequency dependent start anisotropy
R'(0) and endlevels in the anisotropy decay of R’'(t) that are not present in the real
anisotropy decay R(t).

apparent anisotropy parameter R'(t) then equals






Chapter 2

Theory of light-matter
interaction

The experimental technique of pump-probe spectroscopy is based on measuring
the absorption of light in a sample in a time-resolved way, after the sample
has been excited by an intense light pulse. In this chapter we present a the-
oretical description of the absorption of light by a molecular system. We aim
to understand the light-absorbing properties of an ensemble of molecules as
in the case of a disordered liquid like water. The light absorption of such an
ensemble of molecules is found by averaging the absorbing properties of one
molecule over all the states of the environment (or bath) of a molecule that
can occur in the ensemble. In the case of a liquid, the environment of each
molecule fluctuates in time and depends on the conformations and motions of
its neighbouring molecules. In the case of the O—H stretch absorption of water
it is mainly the spread and dynamics of the hydrogen bond O---O coordinate
that causes variation in the absorbing properties of each molecule [78,104].

The theory presented here will be limited to what is needed to understand
the experiments in the following chapters. More extended treatments of the
quantum-mechanical description of light-matter interaction can be found in
many textbooks, in particular references [19,71,84,123|.

2.1 Light absorption

Let us consider the molecular system (e.g. a water molecule in the liquid phase
in a bath of neighbouring molecules) described by the equilibrium Hamiltonian
Hy. When this system is irradiated by a light field, it will experience the light’s
oscillating electric field component E(t):

E(t) = Eyé cos(wt), (2.1)
where FEj is the electric field amplitude and € its polarisation unit vector. The

light field gives rise to a perturbing Hamiltonian H' = —M - E(t) to the system,

23
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where M equals the dipole operator of the system. The total Hamiltonian for
the system is now given by H(t) = Hy + H'(t).

The light field can induce transitions between the system states, for which
the transition rates are given by Fermi’s golden rule:

2
TEg

Psw) = SRAA By @) +dwpt ), (22)

abs. stim.em.

where 1 = €- M, wy¢; = (Ef — E;)/h the transition frequency between the states
f,iof energy Ef, F;. We see from this equation that the transition probabilities
for stimulated emission (E; < E;) and absorption (Ey > E;) are equal. If we
want to know the rate of energy loss from the field we need to consider the
difference in absorption and stimulated emission transition rates. These rates
depend on the populations p,, of the levels, which obey a Boltzmann distribution
at thermal equilibrium:

po=e )z, 7= e PP, (2:3)
DPn = <n|lé|n>? p= e_ﬁHO/Tr[e_BHO]'

The rate at which energy is transferred from state ¢ — f is found by multi-
plying the transition rate by the photon energy and the thermal equilibrium
population. The total energy transfer rate is found by summing the initial and
final states (i,f) over all possible lower and upper states (n,m), where F,, < E,,

Pabs = Z (pz ' z—>f) h/-dfz
i, f=m,n
7rEO N 2
= Zwmn Pn — pm)|<n|ﬂ‘m>’ 5(Wmn - w)a (24)
where we used wy; = —w;y and 6(w) = 6(—w). We should note that in the

adopted formalism each state is characterised not only by the vibrational quan-
tum state of the molecule, but also by the state of the environment or bath
of the molecule. In Eq. 2.4 we are summing over all these bath and molecular
system states.

It is useful to discuss the different terms in the expression for the absorbed
power of Eq. 2.4. As discussed previously P,,s is proportional to the laser
intensity (< E2) and the photon energy (o Wy, ). The delta function guarantees
that only pairs of states whose energy difference matches the photon energy
contribute to the absorption, which is an expression of energy conservation.
The absorbed power scales with the population difference p,, — p,, of each pair
of states. The absorption vanishes when p, = p,, because then the rates of
absorption and stimulated emission are equal and no net energy transfer from
the light field to the system is achieved. The form of the squared matrix element

’(n\mm)f will depend on the type of dipolar transition. To understand its
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meaning in the context of vibrational spectroscopy it is useful to expand the
dipole operator in terms of the vibrational coordinate x:

M ~ My + &=——. (2.5)

Using i1 = € - M = |M |cosf (where 6 equals the angle between the system’s
transition dipole moment and the laser polarisation) and the above equation we
find

N 2 . o OM\?2 9

[(nlim)[* = [¢nllm)|* (5-) " cos?(6): (2.6)
x

Each term in this expression implies an important selection rule in vibrational

spectroscopy. For a harmonic system the term (n|Z|m) is only nonzero for

n = m =1, which shows that only transition are allowed that change the energy

D)
of the oscillator by one quantum of energy. The proportionality to (%—]‘f) shows

that only those vibrations are infrared active that modulate the dipole moment.
As a consequence, symmetric vibrations such as those of Oz or Ny are not
observed in infrared spectroscopy. The proportionality to cos?(#) shows that the
absorption probability depends on the relative alignment between the molecular
dipole moment and the laser field polarisation. In a sample of randomly oriented
oscillators linearly polarised light will induce an inhomogeneous orientational
distribution of excited molecules, since more excited molecules will be found
parallel to the light polarisation than perpendicular.

2.2 Absorption in terms of the dipole correlation
function C,(t)

The absorption cross section is conventionally defined as the absorbed power
P,ps divided by the intensity of the incident light field I = %cegEgs

a(w) = Paps/I. (2.7)

We use Eq. 2.3 to obtain the identity p, — pm = pn(l — exp[—fhwnm,]) and
combine Eq. 2.4 and 2.7 to write

™

alw) = Heow(lfe*’@h“)a(w), (2.8)
o) = 3 pa|(mliln)|*8(wmn — w), (2.9)

where o(w) is called the line shape function which only depends on the system
and not on the laser field.

The line shape function can be written as a Quantum Time Correlation
Function (QTCF). This can be derived using the following identity for the delta
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function:

5(w) 1/00 etdt. (2.10)

:% .

Eqg. 2.10 allows us to write the line shape as
1 * (Wi —wW S 7
o) = e > [ e ol ol

1 o —iw ~ wmt y—iw
= 5o X[ e ulalmimle e
n,m Y~
1 oo

= o dr e S pulnla)ie)n), (211)

2 J_ o

where in the last step we used the fact that the sum over m is a simple com-
pleteness identity and where we wrote the dipole operators in the interaction
picture®.

The sum over n represents the statistical thermal average® for the expecta-
tion value (f1(0)/i(t)). We can write shorthand (...) for the thermal average and
define the dipole quantum time correlation function (QTCF) by

Cou(t) = ({(0)alt))) = Tx[p(0)i(t)]- (2.12)

We see that the line shape function equals the Fourier transform of the dipole
QTCF, which is a quantum-mechanical formulation of the Wiener-Khintchine
theorem:

o(w) = — / T e, 1), (2.13)

T o oo
Finally we would like to relate the complex line shape function to the real
quantity for the absorption a(w). Combining Eq. 2.9 and Eq. 2.3 gives
U(wzj) _ & — eﬁﬁw”7 (214)

o(wji) Y2

aWe use (m|ewmt = (m|etHot/h = (m|UT(t) and e~ nt|p) = e~ Hot/h|p) = U(t)|n) and
the definition of the interaction picture operator UtaU = fi(t).

PFor a system described by a wave function |¥) = 3" cn|n), one can define a density op-
erator by p = [V)(¥| =3, | cjcem[n)(m|. The expectation value for an operator A is then
given by (A) = Tr(pA) =3, ,, cnem(n|A|m). We can show that this expression is equivalent
to the summation in Eq. 2.11 by realising we are taking an ensemble average over N statis-
tically independent molecules, written explicitly (A) = % Zfi1 >nm (aﬁf))*aﬁff (n|Alm) =
Y nomlanam)(n|Alm). The equilibrium ensemble average of the expansion coefficients an,
is equivalent to phase averaging over these coefficients. Since at equilibrium all phases
are equally probable (a}am) = i [ lan|lam|e”nmdpnm = |an||am|dnm, where we used
an = |a7l\ei¢7b and ¢nm = ¢n — ¢m. This gives us for (A) =3 |an|?(n|A|n), where at equi-
librium |an|? = pn (Eq. 2.3). This also shows why the thermal equilibrium density matrix
(Eq. 2.3) only has diagonal elements.
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which since w;; = —wj; is equivalent to
o(—w) = o(w)* = e o (w). (2.15)

By use of this equation we can rewrite Eq. 2.8 as

W
-?)hCGO

a(w) = Im(o(w)). (2.16)
An additional averaging factor was introduced in the above equation because the
cross section is a quantity that is averaged over all molecular orientations, and
independent of the alignment with respect to the laser polarisation. Averaging

out the cos?d dependence of Eq. 2.6 over a unit sphere results in an averaging
factor of 1/3.

2.3 C,(t) for a two-level system in a classical bath

Certain systems may have two groups of characteristic frequencies, wy and wr,,
where the energy of the low frequencies modes fiwy, is much smaller than the
thermal energy:

hwy, < kT < hwy. (2.17)

We can then treat the slow modes classically and the fast modes quantum-
mechanically. The fact that wy > wi, suggests making an adiabatic approxima-
tion. Each system state |i) can be regarded to consist of a bath contribution and
a molecular system contribution, as |i) = |¢s)|t)s), and the total density matrix
describing the system state may be written as the combined density matrix for
the system and the bath p = ps ® pp.

We will focus on one transition from the vibrational ground state |g) to a
certain excited state |e) of a high frequency mode. We may then write

I{o ~  Hylg)(g| + Hele)(el, (2.18)
p=é-M =~ fflg)el+le)ql], (2.19)

where the bra and kets equal the system part |¢)s) of the wave function. Note
that we neglect diagonal terms for the dipole moment, which in general is an
approximation but exact for harmonic systems. Both i, fIg and H, depend on
the bath coordinates®. Since the excited state energy is much higher than the
thermal energy we may assume all population is in the vibrational ground state,
so that we may write for the system density matrix pg:

[ ‘g><g|’ ﬁ:ﬁs®ﬁb2ﬁb|g><g|- (2.20)

¢Additionally, the energy of a bath mode need not be equal in the ground and excited

state, that is the energies (¢|(g|Holg)|ds) = (#5|Hgldp) and (dp|(e|Hole)|dp) = (¢p|He|db)
may differ more than just the energy difference between the system states |e) and |g).
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The dipole QTCF can now be rewritten by tracing out the system coordinates
only, according to

Cu(t) = Tr[pi(0)i(t)]

— TI'bTI'S [ﬁﬂeiﬁt/hﬂe—iﬂt/h]

1

Try [ﬁbﬁeiﬁct/hﬁefiﬁgt/h]

= Ty [0 F(1)fi(H)], (2.21)

where we defined the bath density matrix p, = e #Hs/Try[e=PHs], the time
evolution of the dipole moment on the ground state fi(t) = e*Hot/Pe—iqt/n
and the dephasing function F(t) = e*Het/he=iHst/h Since the bath coordinates
can be treated classically, the only remaining quantum-mechanical operator is
the dephasing function. We can write for the time-evolution of the dephasing
function

a _ ift/h % _ @ —iHgt/h
gl = e (h h)e
= F(t) iwey(t), (2.22)

where in the last equation we inserted the identity e~ Hat/heifgt/h and we de-
fined we, (t) = elat/hg, etHat/h: G, = (H, — H,)/h. F(t) is often approxi-

mated by
Fu(t) = e fo 47 weo (™) (2.23)

where wey = (E. — Eg)/h equals the vertical transition frequency. This approxi-
mation is very useful practically since this also makes F'(t) a classical expression
in the case of a classical bath.

Our final result is that when only one vibrational transition is considered and
we assume a classical fluctuating bath, the dipole QTCF can be approximated
by the classical correlation function

Cu(t) = ((O)7i(t) Fu(t)). (2.24)

If we write m(t) = |iz(t)| as the magnitude of the transition dipole moment and
u(t)=¢é - M as the molecular orientation we find

Cu(t) = <u 0)u(t m(0)ym(t)  ¢'Jo wealr)dr > (2.25
u(t) (0)u(t) (O)m(t) ¢ - )
rotations non-Condon effects  spec. diff.

Instead of averaging the dipole correlation operator over all states we can now
average over a representative ensemble of trajectories for u(t), m(t) and weq(t).
The final line shape is determined by different physical mechanisms. The first
are rotations, which can often be neglected since the rotational correlation func-
tion u(t)u(0) decays usually much slower than the dephasing function. Another
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contribution results from fluctuations in the magnitude of the transition dipole
moment (non-Condon effects). The last term refers to dephasing between oscil-
lators as a result of differences in transition frequency and as a result of spectral
diffusion.

2.4 Lineshapes

From Eq. 2.25 we learn that the absorption lineshape for an ensemble of
molecules depends intimately on the way in which the orientation, transition
dipole moment and phase of each molecule evolves and fluctuates in time. Fluc-
tuations are caused by the interaction of each molecule with its bath or environ-
ment. We discuss the resulting line shape for a single (vibrational) transition
of an ensemble of molecules, for different types of such bath fluctuations. To
simplify the discussion we will assume that reorientations are slow compared to
the typical decay time of the correlation function (u(t)u(0)=1) and make the
Condon approximation by assuming the transition dipole m(t) is constant and
equal for all oscillators (m(0)m(t)=f?). We then have

U(w) N/ dt e—iwt<eifg w(r)d7'>. (2.26)

—00

If the spectral diffusion is slow we can replace w(7) by w(0) and then we find
by Eq. 2.10

o (w) ~ <5(w - w(O))>, (2.27)

which shows that the line shape is simply the distribution of frequencies. This is
the inhomogeneous broadening limit. We may also suppose that each oscillator
is randomly perturbed, so that its frequency is modulated in a random fashion
around a mean frequency (w) within a standard deviation A.

Sw(t) = w(t) — (W), (6w?) =A% (2.28)

then
o(w) ~ / Tt e W WDtE (1), (2.29)
() = <eifot 5“<T>d7>. (2.30)

In this way we removed the fast oscillating mean frequency factor from the
ensemble averaged dephasing function F,(t). We may assume that the variation
dw(t) is a stochastic Gaussian process. In that case we can make the cumulant
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approximation? and write:

Et)=e9Y  gt) = /O dr /0 TdT'cw(T'), (2.34)
(0w (t)éw(0)), (2.35)

where C,, is the frequency time correlation function (FTCF). If we assume that
C,(t) decays exponentially

Co(t) = A2e7t/Te, (2.36)

we find from Eq. 2.34

o) = (A (£ — 1 e/, (2.37)

C

It is instructive to discuss two limiting cases. If A7, > 1 we find

o) ~ 55 (2.38)
=o(w) ~ exp [— %} = Ginhom (W), (2.39)

by which we retrieve the inhomogeneous broadening limit of Eq. 2.27 for a
normal distribution of frequencies for the oscillators of width A. If A7, < 1 we
find

g(t) ~ A’rt= i*, (2.40)
13
1
=ow) ~ 5 = Ohom (W), (2.41)

(w—(w)?+ ()

Nﬂ*"i

where T = 1/(A%7.) is the so-called "pure dephasing" time. This limit of
frequency modulation is referred to as the homogeneous broadening limit. The

d According to the cumulant expression [71] the average (expl[ikx]) of the stochastic variable
x can be written as

) k)2 (ik)3
exp [sz’1 + (TCQ + T!)C'g +. ..], (2.31)
where the cumulants C; are given by
C1=(z), Co=(2?) — ()% C3=(z%) —3(2?)(x)+2(z)> (2.32)

A stochastic process is Gaussian if the probability distribution of its observables are normal
distributions. Under this assumption only the first two cumulants are nonzero, so that with
x = fot Sw(t)dt', k=1 and (x) = 0 (Eq. 2.28) we obtain

t t
(e 1339m) = =0, g(p) = 3/ dt’/ dt" (5w (t')5w(t")). (2.33)
2 Jo 0

The function g(t) can be written as Eq. 2.34 by a simple change of integration variable.
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N
h

Lineshape function (o)

. Dephasing function F (t)

o
u

Frequency o-<o> (A) Time (1/A)

Ficure 2.1. Line shape and dephasing function F.(t) for different values of At
in the case of a Gaussian frequency modulation process and frequency distribution.
ArTc equals the width of the (instantaneous) frequency distribution times the decay
time of the frequency time correlation function (FCTF). In the inhomogeneous limit
(A7 > 1) both the line shape and the dephasing function have a Gaussian shape. In
the inhomogeneous limit (A7, < 1) the line shape is Lorentzian and the dephasing
function decays exponentially.

line shape is now a Lorentzian. For the line widths (Full width at half the
maximum, FWHM) we find®

FWHMishom = 24v/2log2A,

FWHMpom, = 2 _ 2A%r, (2.42)
Ty
which shows that the homogeneous line is considerably narrowed with respect to
the inhomogeneous line (by a factor A7./y/2log2 < 1, assuming equal widths
A for the frequency distributions in both limits). The absorption line of a
distribution of oscillators can be infinitely narrowed just by increasing the speed
of the frequency fluctuations, which are characterised by the time 7.. The
homogeneous limit is therefore also referred to as the motional narrowing limit.
In the next paragraph we will see that for real systems the finite lifetime of a
transition (due to vibrational relaxation) causes additional line broadening. An
absorption can therefore only be motionally narrowed up to the width dictated
by this lifetime broadening.
For later reference we define the characteristic decay time 75 of the dipole
correlation function C),(t):

T, = /O Clu(t)dt. (2.43)

®Note that the adopted frequency unit is [rad/s|. The widths in SI units of [1/s]| are
obtained by dividing both expressions by 2.
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We find for 75 in both limits

T2*,inhom = M/Av (244)
T5 hom = 1/(A7e). (2.45)

In the formalism presented up to now the decay of C),(t) only results from de-
phasing of the dipoles (and not as a result of population relaxation, as discussed
in the following section). In that case the decay time of C,(¢) is referred to as
a pure dephasing time. Pure dephasing times are often written as 7%, and we
adopted the same notation in the above expression.

o AAAANAAANA A
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0 I 3|0 I 6|O I 9|0 I 12|0 I 150
Time (1/0,)

Amplitude

FIGURE 2.2. Amplitude of an oscillator that switches its oscillation frequency back
and forth from w; to wa = w1 /3 with a time constant of 150/w1, 15/wy or 1.5/w; (top
to bottom). In the case of the slowest switching time (i.e. slow spectral diffusion) both
frequency components are clearly discernable. In the case of the fastest switching time
(i.e. fast spectral diffusion) the oscillator adopts a mean frequency (w) = (w1 +w2)/2,
and the power spectrum will contain a single peak at (w) instead of a broader spectrum
with two peaks at w1 and wz. This is a manifestation of motional narrowing. A
temporary switch of the frequency is only meaningful as a frequency change if it keeps
the new value for at least an oscillation period (7' &~ 27/w). In case of a distribution
of such oscillators, the situation is as follows: when all oscillators tend to the mean
frequency of their frequency distribution as a result of a fast spectral diffusion process,
they will remain in phase much longer than in the case where they would oscillate
at distinct frequencies. The dephasing function F.(t) will decay much more slowly
accordingly, and the line shape will be narrowed.
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2.5 Vibrational relaxation

If we consider an isolated molecule, its instantaneous frequency will be con-
tinuously modulated by thermally induced variations in its environment. The
frequency width A of sampled frequencies is however very narrow for a single
molecule, which will bring the frequency modulations in the homogeneous limit
(AT, < 1). The absorption profile of isolated molecules is therefore always
Lorentzian.

We should realise that besides the population transfer that can be induced
by a perturbing light-field (as given by Fermi’s golden rule, Eq. 2.2), there are
also intrinsic transition rates between all states. These intrinsic transition rates
are such that in absence of any light field the system adopts the Boltzmann
population of Eq. 2.3. When a two-level system is brought out of equilibrium
by increasing the amount of excited state amplitude, this excited state popula-
tion will decay back to the ground state until thermal equilibrium is recovered.
T is the characteristic decay time for this process of (vibrational) population
relaxation.

The only observable determining the line shape is the dipole correlation func-
tion C,,(t), which decays exponentially in the homogeneous limit. We will now
show that a vibrational relaxation process leads to the exact same exponential
decay of C,(t), which shows that fast frequency modulation and vibrational
relaxation lead to an identical form of the observables. In order to do so we
will look at the expectation value of the dipole moment itself (instead of at
its auto-correlation). We may write for the wave function and system density
matrix of a two-level system

lhs) = cqlg) + cele),  ps = [ts) (- (2.46)
With Eq. 2.19 we can calculate the expectation value for the dipole moment
(1) = Tr(psp) = filcgcy + cecy). (2.47)

Assuming a temperature where at equilibrium nearly all population will be
in the vibrational ground state, we phenomenologically introduce population
relaxation according to

pg = |c!]|2 =~ 17 DPe >~ |Ce‘2€_t/Tl- (248)

The introduction of vibrational relaxation is equivalent to the transformation
Ce — coe 2Tt which makes the system density operator p, time dependent.
By inspection of Eq. 2.47 we see that population relaxation also leads to a decay
of the dipole moment amplitude:

() o< fre™ /2T, (2.49)

We can incorporate vibrational relaxation in the dipole correlation function
phenomenologically by rewriting Eq. 2.24 as

Cot) = (O) (D) F(1)). (2.50)
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When taking vibrational relaxation into account, the total dipole dephasing is
no longer only determined by the 75 time, but also by the vibrational relaxation
time T7. The effective dipole dephasing time 7% is found by Eq. 2.43:

Ty = /OOO Cou(t) = /OOo C,.(t)e /1t (2.51)

If C,(t) is an exponentially decaying function with decay time T3 (as it is in
the homogeneous limit) we find

1 1 1
T - T, + R (2.52)
Motional narrowing only affects the 75 time, which can be brought to infinity
in the case of very fast frequency fluctuations (very short 7). Nevertheless the
dipole dephasing time T5 can never be slower than twice the vibrational lifetime,
which puts a lower limit to the FWHM line width of 1/7} (see Eq. 2.42). The
spectral broadening related to vibrational relaxation is referred to as lifetime
broadening.



Chapter 3

Thermodynamics of reverse
micellar systems

3.1 Introduction

Reverse micelles are isolated, surfactant-coated water droplets, which have
emerged as a useful model for confined water in biological systems [79]. In
this thesis we use reverse micelles as a model system for studying the effect
of confinement on the dynamic properties of water. The interior dimensions
of reverse micelles are similar to confined spaces found in cavities in biologi-
cal systems. Reverse micelles form spontaneously when water, surfactants, and
nonpolar solvents are mixed at the appropriate concentrations. The charge of
the head group of the surfactant molecules may be either cationic, anionic or
neutral [45] (See Fig. 3.1). By using different types of surfactants in preparing
reverse micelles, we can vary the properties of the micellar interface, and study
its effect on adjoining water molecules. In this chapter we will discuss the ther-
modynamic conditions for (reverse) micelle self-assembly. We will highlight the
dominant forces stabilising the micellar structure, and discuss the distribution
of solvated ions inside ionic reverse micelles. Further information can be found
in references [2,45,61,128].

3.2 Thermodynamic equations of self-assembly

Micelles and reverse micelles form spontaneously under the right conditions,
which one may refer to as a process of self-assembly. To understand why certain
systems exhibit (reverse) micelle formation, we will first provide a thermody-
namic description of the aggregation behaviour of molecules in general. For the
formation of aggregates By consisting of N molecules B; we can write down
the reaction

k
NB; = By. (3.1)
kN

35
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FiGure 3.1. Schematic of water-in-oil reverse micelles. The water pool is coated
with a mono-layer surfactant molecules. Left: Anionic surfactant salt AOT (Bis(2-
ethylhexyl) sulfosuccinate). Right: Cationic surfactant salt CTAB (Cetyltrimethy-
lammonium bromide)

For this reaction we can write down the equilibrium constant k., according to
the familiar law of mass action

Byl _ Xn
(BN NX{Y

kg = k1 /kn = (3.2)

where we defined Xy as the concentration® (as a dimensionless mole fraction)
of molecules in aggregates of number N, so that [By] = Xx/N.

The reaction constant k.4 is related to the difference in standard Gibbs free
energy of formation® between products and reactants.

B0 — (-2
RT '~ PV

keq = eXP(— (33)

where we used in the last step kg = R/N4 and Auo is the difference in standard
chemical potential between the products and reactants. For an aggregation
number of N this difference is

Ap® = Npfy — Ny, (3.4)

where p{ is the chemical potential in Joules/particle for a molecule in an aggre-
gate of size i.

amore strictly Xy is only identical to the solute concentration for ideal solutions; for
non-ideal solutions it equals the activity.

bthe standard Gibbs free energy of formation is defined as the change of Gibbs free energy
that accompanies the formation of 1 mole of that substance (i.e. 1 mole of N-sized aggregates)
from its component elements at their standard states.
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Combining equations 3.2, 3.3 and 3.4 gives us for Xy
Xy = ]\[()(1e(/»¢(1)*IL(JJV)/ICBT)N7 (35)

which together with the conservation relation for the total solute concentration

C
C=> Xy (3.6)
N=1

completely defines the system.

3.3 Conditions for self-assembly

Aggregates will form only when there is a difference in the free energies between
the molecules in the aggregated and dispersed monomer states. In the case that
all u% are equal, Eq. 3.5 simplifies to

Xy =NXV. (3.7)

The concentrations C' and Xy are expressed in dimensionless mole fraction
units [~M /(55.5 Mole/l) in water, with the molarity M in Mole/l|, which are
all smaller than unity. The above equation therefore shows that Xy <« X; and
most molecules will be in the monomer state (N=1). Only when the Gibbs free
energy in the aggregated states is lower than in the monomer state (u%, < u?),
the occurrence of larger aggregates becomes more probable.

For all X to be smaller than 1, we see from Eq. 3.5 that it is a necessary
condition for X7 that

Xy < e W=r/ksT ~ CMC. (3.8)

If the total solute concentration C is increased, X; reaches a critical concen-
tration above which it can increase no further. The conventional term for this
concentration is the critical micelle concentration (CMC). Typical CMCs are on
the order of 0.01-10 mM. Any solute added above this concentration will either
aggregate in larger clusters of a finite size (N>1), or separate out into a distinct
phase (N—00).

Let us consider the special case that pu% = p? for N#K and p9 < puf,
as is the case for aggregates with a sizeable aggregation number K (this often
applies to micelles, spherical aggregates of amphiphilic molecules in water). We
will calculate how the monomer concentration X; varies with the total solute
concentration C. Using Eq. 3.7 for aggregates with N#K we see that their
concentrations Xy can be neglected compared to X;, and we only need to
consider X; and Xg. By Eq. 3.6 we have X = C' — X; =~ C when C > CMC.
Filling this out in Eq. 3.2 we find that

X, ~ constant x C/¥. (3.9)
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This result shows that for large aggregation number K, the monomer concen-
tration X; hardly grows with the total concentration C. Above the CMC the
monomer concentration remains constant, while the concentration of aggregates
increases approximately linearly with the total solute concentration C.

How u varies with aggregate size strongly depends on the type of solute
molecule and the geometry of the aggregate. The largest (hydrophobic) part of
amphiphilic molecules often consists of an alkyl tail. The chemical potentials
of single solvated amphiphilic molecules and alkanes are therefore similar, while
their aggregation behaviour is very different. Amphiphilic molecules tend to
form micelles in water, while pure alkanes tend to phase separate from water.
The important difference between alkanes and amphiphilic molecules lies not
so much in their solubility or CMC values, but in the ability of amphiphiles to
assemble into structures in which u%; reaches a minimum at some finite value of
N. It is for this reason that also the aggregates are not infinite (phase separation)
but of finite size (micellisation). In this terminology the formation of sheets of
amphiphiles (e.g. in membrane self assembly) is also a form of phase separation.

3.4 Mixtures

Let us now discuss different mixtures of substances and consider the type of
aggregation behaviour that is observed for each mixture.

Water in oil (Min(u%) = p2.)

When water is added as a solute to oil it keeps its integrity and does not mix
appreciably. The free energy of the solute reaches its maximum at an infinite-
sized aggregate and therefore separates out in a distinct phase. Macroscopically
the absence of any mixing can be understood in terms of the large surface tension
that exists between the water and the oil phase. Any attempt to mix the water
and oil would strongly increase the water and oil contact surface, and thereby
the surface energy. The entropic gain in free energy that would arise by mixing
the water and oil does not outweigh the enthalpic loss in free energy that is
associated with the increase in surface energy.

Surfactant in oil (Min(u%) = %)

Amphiphilic surfactant molecules dissolved in oils like alkanes often aggregate
to form micelles. The amphiphilic molecules can lower their free energy by
directing themselves away from the hydrophobic solvent to the hydrophilic head
groups of other amphiphilic molecules, which results in aggregation. Spherical
micelles often have a sizeable aggregation number K, dictated by constraints
put by geometrical packing.
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Water and surfactant in oil

Let us now consider a micellar solution of surfactant and oil to which we add a
small amount of water as a second immiscible liquid. The water is transferred
into the centres of the micelles, resulting in a thermodynamically stabilised dis-
persion of water in oil. Macroscopically the surfactant establishes a very low
surface tension between the water and oil phases [77]. We do not see the for-
mation of a single surfactant-coated water droplet in the oil phase, but the for-
mation of many equally sized water droplets, so-called reverse micelles. Strong
dispersion of the water phase is favoured because of the entropic gain in free
energy that is achieved by increased mixing of the water and oil. There may
also be enthalpic gains associated with mixing, since the free energy may be
lowered by hydrating the hydrophillic head groups of the surfactant molecules.
Also the energy associated with bending the surfactant layer is important, as
will be discussed in section 3.6.

3.5 Reverse Micelles

Two parameters are used conventionally to denote the position in the phase
diagram of a ternary water-oil-surfactant mixture. The size of the reverse mi-
celles is usually proportional to the parameter wg, which is defined as the ratio
between the number of water and surfactant molecules.

Nwater
Nsurf

wo = (310)

The amount of water in the system is usually expressed in terms of the water
volume fraction «, defined as

Lwa‘cer
a= 3.11
‘r ) ( )

where Viqter is the added volume of water and V' the total system volume.
Given the amount of surfactant, we will have a specific amount of interfacial
area X equal to
Y = Ngwf - ag = @27 (312)
Vo Wo
where ag is the average or optimal head group area taken per surfactant molecule
and vy the effective volume of a water molecule (29.2 A3).

The optimal head group area is defined by two net opposing forces that
we can identify between the surfactant molecules. First there is an attractive
interaction from interfacial tension forces which act at the surfactant-water
interface. This interaction may be represented by a positive interfacial free
energy per unit area -, which is typically 20-50 mJ m~2. A second repulsive
interaction is present due to steric hinderance, hydration force contributions,
and an electrostatic double-layer contribution for charged surfactants. These
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can be approximated to first order by a term inversely proportional to the
surface area a occupied per head group. We then have

(%) gt = Y0 + Bla, (3.13)

where B is a constant. The optimal head group area ag lies at the minimum of
this potential at ag = y/B/7. Eliminating B in the above equation in terms ag
we find

(1) st = 2v00 + (@ — ag)™. (3.14)

For later reference it is useful to express the average micelle radius R, the
number of micelles V,;, and the surfactant aggregation number K in terms of
the micelle water content wy. From the surface to volume ratio of a sphere we
find for the average micelle radius

3v
R = Ly, (3.15)
ao
The total number of micelles N, in the solution is found by dividing the total
available interfacial area by the area of a single micelle of radius R.

Ya? 1
N,, =X /4rR? = CE— 3.16
/4m 36mvg  wi (3.16)
The surfactant aggregation number K is given by
3673
K = 47R?Jag = =20 . w. (3.17)
ag

3.6 Reverse micelle stability

We will investigate what are the conditions for reverse micelles to take up water
in their interiors. Let us consider the change in free energy AG as a result of in-
creasing the volume of the interior water pool of the micelles. This is achieved by
increasing the parameter wy while keeping the number of surfactant molecules
and amount of apolar solvent constant (this will increase the parameter a by an
equal factor). The resulting free energy change has both enthalpic and entropic
contributions:

AG = AH —TAS. (3.18)

When keeping the amount of surfactant molecules constant, the total surfactant
interfacial area is a constant (See Eq. 3.12). We assume the surface energy does
not depend on the reverse micelle water content wy as soon as all surfactant
headgroups are hydrated. Increasing the water content therefore does not affect
the surface energy term.

A self-assembled surface of surfactant molecules usually has a preferred cur-
vature. The curvature ¢ = 1/R of the surfactant layer of a spherical micelle
will in general be deformed from this spontaneous curvature ¢y, which is by
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definition the curvature where the energy for bending is at its minimum. The
enthalpy of the surfactant layer can be described by a bending modulus « in a
harmonic approximation by

(h?v)bend = 2kag(c — c)*. (3.19)

A surfactant layer within a reverse micelle usually has ¢ > ¢g so that with
Eq. 3.15 and Eq. 3.12 we find for the total bending enthalpy of the system

ngnd = Nsurf . (h%)bend ~ 2%202
1
= Au-we W (3.20)

where the constant A, = 2%a2/(9v2). Another term contributing to the free
energy involves the configurational entropy. By adding water the number of
micelles is reduced, which reduces the degrees of freedom of the solution. Using
Boltzmann’s equation for the entropy® together with Eq. 3.16 we find

Secont = —kpNp, IOg(a) = —ﬁ log(a) -kp - i

. 3.21
87 wi (3:21)

From this equation we see that addition of water to the micellar system decreases
the configurational entropy. Although both « and wg increase linearly with the
added water volume, since a < 1, it is a good approximation in Eq. 3.21 to
neglect the change in the factor log(«) compared to the much larger change in
the factor u%g The total change in free energy can therefore be written as

AG = AHD g — TASeont = Anc - A(—5), (3.22)

1
wj
where Aag = A, (k + kpTlog(a)/8m) is a near constant. As long as Aag is
positive the free energy decreases with water content. This is the case when

k > —kpTlog(«)/8m. (3.23)

For a typical water volume fraction a = 0.001 this means k > kg7 /3.6. The
bending moduli of surfactant layers are usually much larger than the thermal
energy kpT, so that the reverse micelles have a strong tendency to take up
water and swell.

If we continue to increase the water content of the micelles, at some point
the entropic loss in free energy associated with the reduction of the number

°Boltzmann’s equation relates the entropy to the number of microstates 2 contributing to
a macroscopic state by S = kp log Q. We find Q) by counting the number of ways in which we
can rearrange the positions of N,, micelles on Ng available sites by exchanging their volume

with an equal volume of solvent elsewhere, i.e. Q = ( ]1\\;5 ) By using Boltzmann’s equation

and applying Stirling’s approximation (logz! = zlogz — z) we find S ~ —kp Ny, log %’; . We
now use Ng = Viystem/Vinicelle to arrive at S = —kpgN,, log(c), where o equals the water
volume fraction o = Ny, Vinicelle/ Vsystem-
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F1GURE 3.2. Ionic radii and hydrogen-bond lengths for hydrated Sulfonate [43] (the
AOT anionic headgroup), Sodium, Bromine [88] and Water [74]. All dimensions are
depicted to relative scale.

of micelles will start to be larger than the gain in free energy associated with
relaxing the curvature of the micellar surface. This will be the case when the
curvature ¢ is no longer much larger than c¢g. Then the approximation made
in Eq. 3.20 breaks down, and the condition for swelling Eq. 3.23 is no longer
sufficient.

Let us assume we bring into contact two solutions with equal « but different
wg. After mixing the new wgy will be

2wo,qWo,p

’LUO = 3.24
wWo,q + Wo,b ( )

It can be easily shown that the energy gain for making swell the smaller micelles
(from wgp to wp) is much larger than the energy loss for shrinking the larger
micelles (from wg,q to wp). For wg, > woy, we can show by Eq. 3.22 that
AG = —3Axgp/(4w] ), i-e. anet decrease in the free energy is achieved. This
example shows that in a reverse micellar solution there is a net drive to obtain
micelles of the same size.

Within the thermal energy kpT there is freedom to vary the micellar shape
and size. This gives rise to a certain degree of size polydispersity and spherical
deformation for the reverse micelles.

3.7 Counter-ion concentration profile inside re-
verse micelles

In an ionic reverse micelle the charged lipid head groups are constrained to the
outer radius of the micelle. Each lipid molecule has an associated counter-ion
that is free to dissociate from the lipid (ions and surfactant groups encountered
in this thesis are displayed in Fig. 3.2). The combined charge of the lipid
head groups may be approximated by a net homogeneous surface charge o,
as illustrated in Fig. 3.3. From elementary electrostatics we know that the
electrostatic field inside a charged sphere is zero. The head groups therefore
do not contribute to the electrostatic potential inside the reverse micelle, and



3.7 THERMODYNAMICS REVERSE MICELLES 43

E() = EeomerionsDF Epcatgrnns(1)

e o 5’%&
f;f@ X %
ﬁ %\\\\tk E®) =0 >R
E(r) = Eunerion(1) <R
FiGure 3.3. Schematic counter-ion distribution and static electric field inside a
cationic reverse micelle.

therefore only the Coulombic repulsion between counter-ions and their entropy
of mixing determine the counter-ion density profile.

In thermal equilibrium the chemical potential of the counter-ions may be
written as

u(r) = ze(r) + kpTlog p(r), (3.25)

where ¢(r) is the electrostatic potential, p(r) the number density of counter-ions
and z the valency of the counter-ions. The first term is an enthalpic electrostatic
energy, while the second term refers to entropy of mixing.

Because of the spherical symmetry of the micelle both the counter-ion den-
sity and the electrostatic potential will only depend on the distance r from the
micelle centre. We may set ¢(0) = ¢/(0) = 0 at the centre of the micelle, where
also p(0) = po. From the equilibrium requirement that the chemical poten-
tial is uniform throughout the micelle (u(r) = constant), we find a Boltzmann
distribution of counter-ions:

p(r) = poe™>I/Re T, (3.26)

The radial counter-ion density profile will be determined by the equilibrium
electrostatic potential ¢(r). The charge density and electrostatic potential are
related according to Poisson’s equation
ze
V2= 2L (3.27)

€€

where € is the relative permittivity of the homogeneous medium in which the
counter-ions are embedded. We will assume this medium to be water. Combin-
ing Eq. 3.26 and Eq. 3.27 gives us the Poisson-Boltzmann (PB) equation:

V2¢(r) = (—zepo/ecg)e™ “*/FET), (3.28)
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The PB equation is a nonlinear differential equation that can be solved numeri-
cally. Within certain approximations? we can also derive an analytical solution.
Using the PB equation we will derive some important characteristics of the
counter-ion concentration profile inside reverse micelles. Using the fact that the
total surface charge of the lipid head groups is opposite to the total charge @
of counter-ions we find

1 R
o = —Q/AtR? = —W/O zep(r)dnridr
R 12
€€ e 4
= —Amrred
AT R? /0 arz
R dZd)

o~ 660/0 e dr = eeg E(R), (3.30)

where we use that the electric field is given by E(r) = d‘z(f,,) ,. which we defined

to be zero at the center of the micelle. By differentiating Eq. 3.26 and sub-
stituting Eq. 3.27 we can derive a useful differential form of the PB equation,
according to

dolr) 6Py uppprd _ cco dbd%
dr kT dr kT dr dr?
g d o
= —F . 31
SipTars ") (3:31)

By integrating this expression we find

€€

2kBTE2(r). (3.32)

p(r) = po +

After substituting the result for F(R) of Eq. 3.30 this equation shows that the
counter-ion density at the micellar interface p(R) depends only on the surface
charge density o and the counter-ion concentration at the center of the micelle:

p(R) ~ po + 0% /2eeokT. (3.33)

More importantly the above equation illustrates that the counter-ion concentra-
tion at the interface never drops below 02 /2eeokpT. Fig. 3.4 illustrates solutions
to the PB equation for three sizes of reverse micelles. A remarkable result is
that independent of the size of the micelle, the counter-ions concentrate close
to the micellar surface, and very few counter-ions are found in the core of the

dWe will approximate the Laplacian in spherical coordinates by
iﬁ(ra 6¢>(T)) L o)

r2 or or Or2

This holds when ¢(r) is small for r < R and has primarily amplitude when r ~ R; we may

then replace the variable 72 in the Laplacian by the constant R?. The solutions we obtain
will show to hold this requirement, thereby making it a valid approximation.

V3(r) =

(3.29)



3.7 THERMODYNAMICS REVERSE MICELLES 45

R=7.5A R=10A R=12.5A

-
o

GZ/(ZSSOKBT)

p(r) (Counter-ions/nm®)

0 , T , ;

0 2 4 6 8 10 12 14
r(A)

FIGURE 3.4. Solutions to the Poisson Boltzmann equation (within the approximation
of Eq. 3.29) for a surface charge density ¢=0.2 C m™2 (monovalent lipid with head
group area ao—0.8 nm?; for AOT [137] the head group area ag varies from 0.3-0.6 nm?)
at 293 K, for three sizes of reverse micelles. When integrating the charge number
density inwards from the surface over the first 0.2 nm, we find that a fraction of 0.5
of the total number of counter-ions is located in this thin layer, independent of the
micelle radius R. This amounts to a counter-ion concentration of ~8 M. This dense
layer (approximately the width of a surfactant head group) is often referred to as the
Stern layer. For lower surface charge densities o the layer of counter-ions becomes
more diffuse.

reverse micelle®. The counter-ions do not mix evenly over the aqueous core,
which shows that the entropic free energy gain of mixing is much less important
than the long-range electrostatic repulsion energy between the counter-ions.
The electrostatic repulsion energy between two ions scales inversely with their
relative distance. The total repulsion energy is therefore minimised when the
average distance between the ions is maximised, which is achieved when the
ions concentrate in the outer shell of the micelle.

Various studies have appeared describing different approaches for modelling
ionic distributions at charged aqueous interfaces. The general consensus is that
the interfacial region consists of a so-called Stern layer, which has about the
width of the size of the surfactant head group [14,119]. This layer contains a

¢One has to be careful with intuitive predictions on the ion distribution in the limit of very
large reverse micelles (R — o0). Since ions easily dissolve in water, there is no loss in free
energy associated with the dissociation of a counter-ion-lipid headgroup ion pair. One may
reason that all counter-ions will therefore be free to dissociate and distribute evenly over the
aqueous core of the micelle, since this will lead to an entropic gain in free energy. This would
only be true if the electrostatic repulsion energy between the counter-ions can be neglected.
This is not the case in a reverse micelle. Although the average counter-ion concentration
decreases inversely with the micelle radius, the number of ions increases quadratically, so that
the total Coulombic repulsion energy per ion never becomes small compared to the thermal
energy.
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fraction of the counter-ions, the ionic head groups of the surfactant molecules
and water [23]. Thermal motion creates a diffuse electrical double layer, called
the Gouy-Chapman layer, which extends out into the aqueous phase and con-
tains the remaining counter-ions [23,27,54|. The exact interplay between surfac-
tant, its counter-ions and the nearby water will be important in understanding
the structure and dynamics of the interfacial region.

Although the solutions to the PB equation give a good intuitive picture of the
counter-ion density profile within a reverse micelle, there are numerous reasons
why its applicability is limited. To name a few, the PB equation does not take
into account attractive ion-ion-correlation effects, finite ion size (steric) effects,
image forces, the discreteness of surface charges, and solvation forces. These
effects become especially important when the micelles are small and the finite
size of the particles becomes important. Obviously, the interactions can then
no longer be described by a homogeneous model as given by the PB equation.
The precise counter-ion distributions in reverse micellar systems is still not well
understood and a topic of ongoing research.



Chapter 4

Inhomogeneous dynamics in
confined water nanodroplets

The effect of confinement on the dynamical properties of liquid water was studied by
mid-infrared ultrafast pump-probe spectroscopy on HDO:D2O in reverse micelles. By
preparing water-containing reverse micelles of different well-defined sizes, we varied the
degree of geometric confinement in water nanodroplets with radii ranging from 0.2 to
4.5 nm. We find that water molecules located near the interface confining the droplet
exhibit slower vibrational energy relaxation and have a different spectral absorption
than those located in the droplet core. As a result, we can measure the orientational
dynamics of these different types of water with high selectivity. We observe that the
water molecules in the core show similar orientational dynamics as bulk water and
that the water layer solvating the interface is highly immobile.

4.1 Introduction

There are many examples in the fields of biology [95,96], geochemistry [116],
tribology [16] and nanofluidics [102], where water molecules are not present as
a bulk liquid, but in small numbers and confined geometries. The presence of
an interface is known to influence the structure and dynamics of liquid water.
By steady-state surface-sensitive techniques like x-ray diffraction it was shown
that near a surface ordering of water molecules into layers occurs [28,103,124],
which extends several molecular diameters into the liquid. In the case of small
water droplets the confinement is three-dimensional, and the overall structure
and dynamics of the water may be affected.

A suitable model system for studying confined water nanodroplets are re-
verse micelles [34,79]. A solution of nanometre-sized droplets forms when
preparing an emulsion of water in an apolar solvent by addition of a surfac-
tant. We used the anionic lipid surfactant AOT (Sodium bis(2-ethylhexyl)
sulfosuccinate, see Fig. 3.1), which is known to form micelles that are reason-
ably monodisperse (~15%) [1,112]. The size of the water droplets can be easily

47
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varied by changing the molar water-to-AOT ratio, conventionally denoted by
the parameter wg = [H20]/[AOT].

An important question is whether micelle contained water can be regarded
as a two-component system where the water molecules at the micellar surface
show different properties from water molecules in the core of the micelles. In
previous studies two-component models have been used successfully to describe
both the linear absorption [49,51] and the vibrational energy relaxation [30,99]
of confined water. As for the structural hydrogen bond rearrangements of lig-
uid water, the effects of nanoconfinement are under much debate. So far, no
inhomogeneities were observed in the molecular orientational motions of the
water molecules throughout the droplets [99], while such inhomogeneities have
been predicted by molecular dynamics simulations [43]. A decrease in the av-
erage mobility of water in nanodroplets has been observed by several tech-
niques [56,111,122,127], although so far no distinction could be made between
water molecules at the surface layers of the droplets and those in the core.
From these studies it therefore remained unclear whether the mobility of water
in nanodroplets decreases overall, or that molecules located near the surface
and in the core of the droplets show different dynamical behaviour. Here, we
use spectrally resolved ultrafast mid-infrared pump-probe spectroscopy on the
O-H stretch vibration of isotopically diluted water (HDO in D20O) contained in
reverse micelles. In these experiments we observe separately the contributions
of core and interfacial water molecules, and find that the molecular mobilities
are remarkably different.

4.2 Materials and Methods

Reverse micelle samples were studied with droplet radii of 0.2-4.5 nm, corre-
sponding to clusters of 50-80,000 water molecules (wg = 2,4,7,12,17, 20, 40).
These micelles were prepared by adding AOT and water at the appropriate
concentrations to an apolar solvent of n-octane. We performed ultrafast mid-
infrared pump-probe spectroscopy on the O—H stretch vibration of diluted HDO
in D2O. We use isotopically diluted water samples to prevent the signals to be
affected by intermolecular resonant energy transfer of the O—H stretch vibra-
tions. The transmitted probe beam is split into components polarised parallel
(Aq) and perpendicular (A ) with respect to the pump polarisation, and
both components are spectrally resolved simultaneously on a nitrogen-cooled
HgCdTe detector array using a polychromator. We construct an isotropic ab-
sorbance change and anisotropy parameter (Eq. 1.5 and Eq. 1.6) from these
polarisation components as described in chapter 1.

4.3 Results and Discussion

The structural dynamics of water can be studied through the dynamics of the
O-H stretch vibrational frequencies of the molecules, because these frequencies
strongly correlate with the strength of the hydrogen-bonds [78,104]. Compared
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FIGURE 4.1. Comparison of the transient pump-probe spectrum at 2 ps of confined
water in a reverse micelle and bulk water, when selectively pumping different spec-
tral subsets (pump frequencies indicated by the vertical arrows in the conventional
absorption spectra).

to bulk water, we find the hydrogen bond dynamics of confined water to be
strikingly different. We measured the transient spectral response of both bulk
water and a wo=7 micelle (nyqter = 425) when pumping at the blue wing of
the O—H stretch spectrum (mainly exciting weakly hydrogen-bonded molecules),
and at the red wing (mainly exciting strongly hydrogen-bonded molecules). The
pump-induced transmission changes at 2 ps time-delay are shown in Fig. 4.1.
From the left panel of Fig. 4.1 we see that for bulk water, irrespective of
which subset of water molecules was initially excited, the pump-probe spectra
become identical very rapidly (within 1 ps). This fast spectral diffusion shows
that rapid fluctuations within the hydrogen bond network cause a fast inter-
conversion of strong and weak hydrogen bonds [52,92]. As a result, the excited
subset of molecules quickly reaches its spectral equilibrium distribution. This
sharply contrasts with the case of water confined in a nanodroplet, as shown in
the right panel of Fig. 4.1. Here, the pump-probe spectra obtained with differ-
ent pump frequencies remain shifted with respect to each other, even at long
delays (>10 ps). The confined liquid apparently contains spectrally separated
subsets of OH oscillators that do not interchange their absorption frequencies
on a picosecond timescale, which suggests that water molecules within the nan-
odroplets experience different local hydrogen bonding over long time scales.
The observed inhomogeneity in the dynamics of the confined water molecules
can be further investigated by studying their vibrational relaxation, which is
known to depend strongly on the local hydrogen bonding [78]. In studies on
neat (not isotopically diluted) water, it is shown that the vibrational relaxation
rate increases with micelle size [30,37] (see chapter 6). This work can however
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FIGURE 4.2. Pump-induced transmission change at the O—H stretch absorption, plot-
ted as a function of probe delay for two droplet sizes at a single probe frequency (top

panel) and at different probe frequencies for a single droplet size (bottom panel). The

pump wavelength was kept constant at 3480 cm ™.

only reveal the average dynamics of the water molecules, because of the rapid
intermolecular energy transfer occurring in neat HoO [29,37]. Fig. 4.2 shows the
vibrational relaxation measured for isotopically diluted water in nanodroplets.
The decay is clearly multi-exponential (as opposed to bulk HDO in D;0) and
dependent on micelle size. We find from a global fit to all delay curves of
measurements on 7 samples of different micelle sizes (32 probe frequencies /
sample), that the dynamics can be well described by a model of two components
with different vibrational relaxation time-constants 737. Although we observe a
slight frequency dependence in the relaxation rate of the slow component, we did
not include this frequency dependence to limit the number of fit-parameters. In
the fit, the relative amplitudes of each component is allowed to vary both with
absorption frequency and size of the reverse micelle. Fig. 4.3 shows the obtained
spectral amplitudes for two sizes of micelles. The blue-shifted component has
T1=2.8 ps for all droplet sizes. For the red-shifted component T decreases from
1.0 ps for the smallest droplet to 0.7 ps for the largest droplet. The obtained
results for the fit parameters are give in Table 4.1 of the Appendix.

As we lower the surface-to-volume ratio of the water droplets by increasing
their size, the amplitude of the slow component in the vibrational relaxation
strongly decreases, as illustrated in the top right panel of Fig. 4.3. For micelles
having wy > 10 we find a decrease of the relative fraction of the slow component
fstow consistent with a 1/wy dependence (x wg *, o = 0.85 £ 0.25). Since the
micelle radius varies linearly with wg in this size regime [112], the fraction of the
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FIGURE 4.3. Spectral amplitudes of the core (fast) and interfacial (slow) components
in the vibrational relaxation for water in two sizes of reverse micelles, obtained from
a global fit to the data. The top right panel shows the relative core and interfacial
fractions, which are obtained by spectrally integrating the positive (bleaching) part of
the spectrum for each of the two components. Error bars are put at those fractions
where the x2-value of the global fit doubles its minimised value (keeping the interfacial
vibrational lifetime fixed). In the Appendix we give the spectral amplitudes for core
and interfacial components of all studied samples (Fig. 4.5).

slow component is in fact inversely proportional to the radius of the droplet,
just like the surface-to-volume ratio of a sphere. This strongly suggests that
the slow component is associated with water molecules at the droplet interface.
Assuming a dependence of the slow-component proportional to 1/wg, we find a
prefactor to this term of 3.3 + 0.3. If we neglect differences in the absorption
cross-section of the core and interfacial molecules, this factor suggests a sur-
face coordination of 6-7 hydrogen-bonds per surfactant molecule. This number
of hydrogen bonds is consistent with the fact that there are the six lone elec-
tron pairs located at the oxygens of the sulfonate anion of the AOT surfactant
molecule, which can accept one hydrogen bond each. We thus assign the slow
component to interfacial water and the fast component to core water.

For the smaller micelles (wg < 10) we observe that the amplitude of the
interfacial component does not follow a 1/w proportionality, but increases more
slowly with decreasing wg. This deviation is also found in molecular dynamics
simulations [43]. In fact, for all micelles studied, the dependence on wg of
the interfacial component agrees well with the calculated number of molecules
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within the first solvation layer of the micelle cavity *. The simulations show
that for the smallest micelles the interface is strongly curved, the surfactant
molecules are less hydrated and pack more closely. Therefore the density of
water molecules located at the interface decreases, explaining the deviation
from the approximate 3/wo-dependence for the smaller micelles (wg < 10).

The spectrum of the interfacial component is blue-shifted with respect to
the core component, as seen in Fig. 4.3, which points to a weakening of the
hydrogen bonds of these molecules [37]. The OH- - - O hydrogen bond is known
to weaken if it is not parallel to the OH-bond [104,126], and this configuration
is likely to occur at a micellar interface. The local binding structure of the
interfacial water depends on the hydrophilic interactions with the surfactant
molecules and their counter-ions [57], and on packing constraints. The near-
tetrahedral hydrogen-bond network that exists for bulk water will be disrupted
at the interface, and non-directional and possibly bifurcated hydrogen bonds
may form here.

The core water molecules have an average hydrogen-bonding that is slightly
weaker compared to bulk water, as can be concluded from the missing red wing
in the spectrum of the core component. This red wing recovers in going from
wp=12 to 40 and the vibrational relaxation rate approaches the bulk value
only at about wy=40. Therefore, water with full bulk-like character only starts
to appear in a cluster of at least 2000 water molecules (wp=12) and bulk-like
molecules fully dominate the dynamics over molecules with interfacial character
at clusters larger than 80,000 molecules (wo=40). Note that the sodium counter-
ions of the AOT surfactant molecules are not expected to have a large influence
on the dynamics of the core component, since they mainly associate with the
anionic head groups and are only partly solvated [57] (see also chapter 3.7). In
addition, it is has been found that the effect of sodium cations on the dynamics
of bulk water is very small [94].

In order to obtain information on the molecular motions of the core and
interfacial water, we measured the decay of the anisotropy in the orientation
of the pump-excited OH-groups. Preferentially O—H stretch oscillators parallel
to the pump polarisation will absorb, causing different transmissions for probe
light polarised parallel and perpendicular to the pump polarisation. The decay
of the relative difference of these two signals gives direct information on the
angular motions of the OH-groups of the water molecules.

Fig. 4.4 shows four anisotropy decay curves for different absorption frequen-
cies and two different micelle sizes (anisotropy decay curves for all studied sam-
ples are displayed in Fig. 4.6 in the Appendix). When the interfacial component
dominates, which is the case at the blue absorption frequencies of especially the
smallest nanodroplets, the anisotropy parameter decays very slowly over time
scales larger than 20 ps. The water layer solvating the interface is apparently
highly immobile, despite the fact that these molecules are more weakly hydro-

2Faeder et al. define the interfacial fraction as those molecules located within 0.5 nm
distance from the reverse micelle cavity boundary. The present work shows the same micelle
size-dependence for this fraction, but by an absolute fraction 20 percent lower, likely because
it does not include any OH-groups forming hydrogen bonds to other water molecules.
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Ficure 4.4. Comparison of the anisotropy decay of the O-H stretch vibration at
two different probe frequencies for an intermediate size micelle of wo=7 (top panel),
and a comparison of the orientational relaxation for two different reverse micelles sizes
(wo=2,17) at a single probe wavelength of 3513 cm ™' (bottom panel).

gen bonded than those located in the micelle centre. At frequencies where the
core component dominates, the anisotropy decays rapidly on a time scale of
a few picoseconds. This is for example the case for the decay curve shown in
Fig. 4.4 for a wo=7 micelle at 3384 cm ™', which is the absorption frequency
at the zero-crossing of the pump-probe signal of the interfacial water molecules
(see Fig. 4.3).

A quite peculiar anisotropy decay can be observed at frequencies where we
find both core and interfacial water, as illustrated by the decay curve for the
wo=17 micelle in Fig. 4.4 Directly after excitation we observe an anisotropy
decay with an associated time constant close to that of bulk water, but the
decay quickly levels off and even rises from about 2 ps onwards. This effect can
be understood in terms of the different vibrational relaxation time-constants
associated with core and interfacial water. Since only excited molecules con-
tribute to the observed anisotropy and the vibrations of the interfacial water
decay more slowly, the relative contribution of interfacial water to the signal will
increase in time. As time progresses the anisotropy parameter increasingly re-
flects the slowly decaying anisotropy of the interfacial molecules. This explains
the recovery of the value of the anisotropy parameter at later delays.

The observed anisotropy curves can be well described by a model in which
the previously determined core and interfacial water fractions have different re-
orientational time-constants 7, as shown by the curves in Fig. 4.4 obtained from
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a global fit. We find that the core water reorients on a time scale close to that
of bulk water [48,92] (Teore = 2 — 4 ps), while the interfacial water is immobile
on our experimentally accessible time scales (Tinterface > 15 PS).

In recent anisotropy relaxation measurements on the OD hydroxyl stretch
of water by Piletic et al. it was also found that the orientational mobility of the
molecules strongly changes when the micelle size decreases [99,122]. The au-
thors of this work however do not observe an inhomogeneity in the orientational
relaxation throughout the droplet, and conclude that the hydrogen bond struc-
tural rearrangements of confined water are best described within a framework
in which all molecules are treated equivalently. These conclusions contrast our
observations presented above. A possible reason that the orientational motions
of the two sorts of water can be distinguished in this study is the experimen-
tal advantage that we measure the dynamics spectrally resolved over the entire
frequency range of the O—H stretch absorption band. The competition between
the core and interfacial contributions to the anisotropy is most obvious in larger
micelles at relatively blue absorption frequencies. In these cases one can observe
most clearly the transition from a case in which the anisotropy is dominated by
a large amount of core molecules, to a case in which the interfacial molecules
dominate at later delays in view of their longer vibrational lifetime and blue
absorption frequency (see Fig. 4.4). In addition, the OH band is more strongly
inhomogeneously broadened than the OD band, which allows for a better spec-
tral distinction of different species, i.e. the water in the core and at the interface
of the micelle.

The observation of slow orientational dynamics for the interfacial water
molecules is supported by recent molecular dynamics simulations on micellar
systems [9, 43]. These studies have suggested that water molecules can re-
main bound to micellar surfaces for more than 100 ps. Other calculations show
that the ionic-dipole interaction between the surfactant and its solvating water
molecules is strong [35], leading to a local ordering and density increase of water
molecules close to the surfactant molecules [43]. Also the sodium counter-ions,
which mainly associate with the sulfonate anionic head groups at the interface,
will influence the dynamical properties of neighbouring water [57].

Core and interfacial water molecules show strongly different orientational
mobilities, which has to be explained from their different intermolecular in-
teractions and very different geometric arrangements. Molecular reorientation
involves the subsequent breaking and formation of hydrogen bonds. Interest-
ingly, the activation energy for this process is not the same as the hydrogen
bond binding energy, as is apparent from the fact that interfacial water has
a smaller hydrogen bond binding energy, yet shows a slower molecular reori-
entation. For core water molecules (as for bulk water) the activation energy
for reorientation is substantially lowered, because these molecules can break a
hydrogen bond while simultaneously forming a new bond with another water
molecule [74]. For interfacial water this process appears to be sterically hindered
because these molecules are hydrogen bonded to a heavy immobile surfactant
molecule. Because of this geometric effect, weakly hydrogen bonded molecules
can experience a slow reorientation and slow hydrogen bond dynamics, even
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though their hydrogen bond binding energy is relatively small.

In conclusion, we studied the vibrational and rotational dynamics of water
molecules contained in water nanodroplets using femtosecond transient vibra-
tional spectroscopy. We find that we can distinguish core and interfacial water
on the basis of their different vibrational lifetimes. The orientational motions
of the water molecules turn out to be strongly inhomogeneous in the droplet.
Even for small micelles, the water molecules in the core reorient on a similar
time-scale as bulk liquid water. Therefore, nano-confinement has a negligible ef-
fect on the orientational mobility of water molecules in the core of the droplets.
We find the water at the interface to be highly immobile, in spite of the fact
that their hydrogen bonding is weaker compared to molecules in the core of the
droplets.

4.4 Appendix

4.4.1 Kinetic Modeling

In describing the vibrational relaxation, we perform a global fit to the delay
curves of the rotation free signal of measurements on seven samples of different
micelle sizes (32 probe frequencies/sample). The dynamics is well described by
a model of two components with different time-constants. The slow component,
assigned to interfacial water molecules, is assumed to have an associated vibra-
tional relaxation time constant that is equal for all sizes of micelles. The fast
component, assigned to core water molecules, may vary its time constant with
micelle size. We thus separate the rotation free signal into two contributions
from core and interfacial OH-oscillators:

AOfRF (w, t) = AOlRF,core (w7 t) + AOéRF,intelrfaLce (w, t),

AO‘l:{Fgcore(“‘)at) = OPP,core(w) e_t/Tcore 5 (41)

et/ Tintertace

AO‘RF,intcrfacc (wa t) OPP,interface (W)

Because of heating of the sample caused by the intense pump pulse, we measure
a small thermal signal (0.1-5 percent of the total transmission change, depending
on frequency and micelle size) in the pump-induced absorbance changes. This
signal is modelled to grow in at the vibrational relaxation rate to the level
of absorption change that is measured at ~10 times the average vibrational
relaxation time constant for each micelle (i.e. at 20, 15, 12, 10, 10, 9, 9 ps for
wo=2, 4, 7, 12, 17, 20, 40, resp.) At these delay times the population induced
transmission changes are negligible and only the thermal signal is present. The
thermal signal is subsequently subtracted from the original signals Aarr, Aq
and A« . We do not take into account the slow decay of the thermal signal due
to cooling of the micelle to its surroundings [112]. For this approximation to
be valid, we performed experiments on highly diluted samples of HDO in D;O
(H20:D20=1:40). In this case the heating of the micelles is very limited and
the subsequent cooling very slow, making the thermal signal effectively constant
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TABLE 4.1. O-H stretch vibrational lifetimes (in ps), fractions, and reorientational
time-constants (in ps) of core and interfacial water.

wo TNwater TLCore Tl,interf. fcore finterf. Tcore Tinterf.

2 50 1.0+£0.2 2.840.2 0.39 0.61 3+1 >20
4 150 0.9£0.2 28+0.2 0.50 0.50 3+1 >15
7 425 0.9+£0.2 2.84+0.2 0.63 0.37 3+1 >15
12 2150 0.9+0.1 28+0.2 0.74 0.26 3+1 >15
17 6200 0.9+£0.1 28402 0.8 0.20 3+1 >15
20 10,000 0.8+0.1 2.8£0.2 0.83  0.17 3+1 >15
40 80,000 0.8+0.1 2.8€0.2 0.91 0.09 3+1 >15
bulk oo 0.7£0.1 - 1 0 3+0.5 -

The vibrational lifetime of the interfacial water was a global fit parameter. The
bulk vibration relaxation and reorientation time constant for HDO in DO were
taken from reference [106].

over the time-window considered; subtracting the thermal signal at 15 times the
average vibrational relaxation time instead of 10 did not lead to any significant
change of the fit parameters. Note that the parallel and perpendicular signals
experience the same thermal effect since rapid heat diffusion makes heating
highly isotropic.

In the fit, the relative amplitudes opp core and Opp interface May vary both
with probe absorption frequency and size of the reverse micelle. Fig. 4.5 shows
the obtained spectral amplitudes for all considered sizes of micelles. Table 4.1
lists the obtained time constants.

The orientational relaxation can be well described by assuming different
anisotropy decays for the previously determined core and interfacial water frac-
tions. By use of Eq. 4.1 we can write for the anisotropy parameter (analogous
to Eq. 1.11):

R(W> t) = feore (w, t)Rcore (t) + finterface (w7 t)Rinterface (t)’ (42)
B AOZRF,core (w’ t) AO&RF,interface (Wa t)
fcore(wat) - AaRF(w,t) AaRF(wat)

s finterface (w, t) =

The time-dependent fractions feore and finterface are obtained from the fit to
the rotation free signal. Rcore(t) and Rinterface(t) are the anisotropy parameters
for the core and interfacial water sub-ensembles, which we assume to show an
exponential decay. These two reorientational time constants are obtained from
a global fit to the anisotropy curves at all spectral frequencies for each micelle
size. The core water is found to reorient on a timescale of 2-4 ps, similar to
bulk water. The reorientational time constant of the interfacial water is >15 ps.
Fig. 4.6 shows the orientational relaxation for six different sizes of nanodroplets
at two probe absorption frequencies each.
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FIGURE 4.5. Spectral amplitudes of the core (fast) and interfacial (slow) components
in the vibrational relaxation for all studied sizes of reverse micelles, obtained from a
global fit to the vibrational relaxation curves, obtained by measuring the rotation free
pump-probe signal Aagrr . The bottom right panel shows the relative core and inter-
facial fractions, which are obtained by spectrally integrating the positive (bleaching)
part of the spectrum for each of the two components (see Table 4.1).
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Chapter 5

Ultrafast dynamics of water
in cationic micelles

The effect of confinement on the dynamical properties of liquid water is investigated
for water enclosed in cationic reverse micelles. We performed mid-infrared ultrafast
pump-probe spectroscopy on the O-H stretch vibration of isotopically diluted HDO
in D20 in CTAB reverse micelles of various sizes. We observe that the surfactant
counterions are inhomogenously distributed throughout the reverse micelle, and that
regions of extreme salinity occur near the interfacial Stern layer. We find that the
water molecules in the core of the micelles show similar orientational dynamics as
bulk water, and that water molecules in the counterion-rich interfacial region are much
less mobile. An explicit comparison is made with the dynamics of water confined in
anionic AOT reverse micelles.

5.1 Introduction

The development of ultrafast optical techniques has enabled studies on water
dynamics in which the time-scales of molecular motions and vibrational relax-
ation can be resolved. Several ultrafast experiments were recently reported in
literature, aimed at a better understanding of the ultrafast dynamics of strongly
confined water [30,34,37,38,46,99,109,111,112,122]. Almost all studies have
focussed on micellar systems containing the anionic surfactant AOT (Sodium
bis(2-ethylhexyl) sulfosuccinate). This system has been well characterised and
is known to form mono-disperse reverse micelles in a wide range of sizes. Be-
cause specific interface-water interactions are expected to be very important in
explaining the different behaviour of interfacial water compared to bulk water,
it is interesting to see how other surfactants than AOT affect water dynamics
within reverse micelles. The work presented in this chapter aims at studying
ultrafast water dynamics confined in cationic micelles using the surfactant salt
CTAB (cetyltrimethylammonium bromide). We will explicitly compare these
results to earlier results obtained for anionic reverse micelle systems, in partic-

59
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ular AOT reverse micelles.

5.2 Materials and Methods

CTAB is one of the most widely used surfactant salts for making cationic
reverse micelles. The microstructure of CTAB reverse micelles has been rel-
atively well investigated by Time-Resolved Fluorescence Quenching (TRFQ),
Dynamic Light Scattering (DLS) and Conductivity and Self-Diffusion Measure-
ments [32,53,75]. In all studies, the water content of the micelles was shown to
increase monotonically with the parameter wo=[water]/[CTAB]J.

We used both surfactant salt CTAB and CTAC in preparing cationic mi-
celles. For CTAB, a hexadecyltrimethylammonium cation (CTA™) acts as the
surfactant molecule, of which the hexadecyl group points towards the apolar sol-
vent and the ammonium group towards the water pool. Bromide anions (Br™)
are present as the surfactant counter-ions. The surfactant salt CTAC consists
of the same CTA™ cation, however the bromide ions have been exchanged for
chloride ions. Dichloromethane was used as the apolar solvent. The micelle
water content for these mixtures can be varied from wo=2-8 for CTAB and
from wg=1-4 for CTAC. At lower water content the surfactant salt will not
dissolve and at higher water content phase separation takes place into a turbid
phase (the introduction of a co-surfactant can extend the region in which ther-
modynamically stable reverse micelles form [31,32,53|, but since co-surfactants
usually contain hydroxyl groups of which the vibrational absorptions spectrally
overlap with those of the studied water, their use is not desirable in this study).
We also studied larger reverse micelles at an elevated temperature of 315K,
using a 1:2 mixture of isooctane and chloroform as a solvent [75]. For this
quaternary mixture, the radius of the water pool was found to increase almost
linearly with wo=[water]/[CTAB]|, according to r = 2.1 x wq for wy > 10, as
shown by TRFQ experiments [75].

CTAB and CTAC surfactant salts and apolar solvents were obtained
from Aldrich and used without further purification. CTAB micelles in
dichloromethane were prepared for wy=2,4 and 8. CTAC micelles were
prepared for wg=1,2 and 4. We used a sample cell of 1 mm optical path-length,
and the water volume fraction was kept at 1%. CTAB micelles in 1:2 mix-
tures of isooctane and chloroform were prepared for wy=15,30. These samples
were studied using a variable-temperature cell of 500um optical path-length at
315K. The water volume fraction for these samples was 3%. All micelle samples
contained isotopically diluted water in a volume ratio of 1:30 of HoO and D,O.
The protons and deuterons of the water molecules will exchange almost instan-
taneously to form a system of diluted HDO in D5O. Bulk halogenic solutions
of NaBr (Aldrich, SigmaUltra grade) of molality 2 and 6 were studied using a
cell of 200 um optical path-length, using a 1:500 isotopic mixture of HoO and
D-,O0.

We performed ultrafast mid-infrared pump-probe spectroscopy on the O-H
stretch vibration of diluted HDO in D5O confined in the cationic micelles. Iso-
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FiGure 5.1. The O-H stretch absorption of liquid HDO:D20O in CTAB micelles of
various sizes, after subtraction of the CH3Cly solvent background. The 6M NaBr
spectrum is an absorption spectrum for a solution of NaBr in 1:500 H20:D20O of
Molality 6. The bulk spectrum is an absorption spectrum for 1:1000 H2O:D2O.

topically diluted water samples are used to prevent the signals to be affected by
intermolecular resonant energy transfer of the O—H stretch vibrations, and to
limit heating of the sample. Pump-induced transmission changes are recorded
consecutively for both the probe component polarised parallel (Ac)) and per-
pendicular (Aa ) with respect to the pump polarisation. The two polarisation
components are used to construct the rotation-free signal Aagrr(w,t) and the
anisotropy parameter R(w,t) (depending both on the probe frequency w and
the probe time delay t) (See Eq. 1.5 and Eq. 1.6 in chapter 1).

5.3 Results and Discussion

5.3.1 Linear Absorption

The O-H stretch absorption spectra of water in CTAB reverse micelles of three
different sizes, are shown in Fig. 5.1. Since CTAB micelles contain bromide
counterions, we compare these spectra with a 6M NaBr bulk solution, which
contains about the same concentration of bromide ions as a wg=8 CTAB reverse
micelle. Anions are known to have an effect on the O-H stretch absorption
spectrum of water [12]. Water in the hydration shell of the bromide ion has an
absorption centred at 3475411 cm™!, which is blue-shifted with respect to the
bulk water absorption centred at 3410 cm ™.

The O-H stretch absorption of water in CTAB micelles peaks near
3415 cm~! for all sizes of micelles (a smaller absorption is observed near
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FIGURE 5.2. Pump induced absorbance change plotted as a function of probe delay at
3443 em™'at various micelle sizes. The vibrational relaxation has bi-exponential char-
acter. The absorbance change is defined as In(7/Ty) where T is the time-dependent
transmittance after excitation by the pump, and 7Ty the time-independent transmit-
tance in the absence of pump excitation.

3650 cm™!, which arises from small amounts of HDO dissolved in the
dichloromethane solvent). Quite remarkably, only a narrowing of the O-H
stretch absorption spectrum is observed with respect to bulk water, and no
blue-shift due to the bromide counterions. This indicates that the hydration
shell of the bromide ion has different properties in reverse micelles than in bulk
water.

5.3.2 Vibrational relaxation
Distinguishing anion-bound and bulk-like water by T

Fig. 5.2 shows the rotation free signal recorded for 4 sizes of micelles at a single
absorption frequency in the O—H stretch band. The vibrational relaxation con-
tains a short- and a long-lived component, the short-lived component becoming
more pronounced with increasing micelle size. After 3 ps the dynamics becomes
dominated by the slower decay, and we will discuss these dynamics first.

The slower vibrational relaxation component has an associated exponential
T; time-constant of >4 ps. Vibrational relaxation on such a long time-scale
does not occur in bulk HDO:D>0. To identify what causes this slower decay, we
performed measurements on the same micellar system as CTAB, but with the
bromide counter-ions exchanged for chloride ions. This can be accomplished by
preparing micelles using the surfactant salt CTAC instead of CTAB. Fig. 5.3
compares the transient absorption change for the O—H stretch vibration of wa-
ter in CTAC and CTAB reverse micelles of equal size (wp=2). Clearly, the
vibrational relaxation of water in CTAC micelles is faster than in CTAB mi-
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FIGURE 5.3. Pump induced absorbance change plotted as a function of probe delay
at 3430 cm ™!, comparing CTAB (®), and CTAC (®) micelles of wo=2. The slower
component in the vibrational relaxation is associated with the surfactant counter-
ion, which is bromide for CTAB and chloride for CTAC. Water in the first solvation
shell of chloride has a faster vibrational relaxation than the solvation shell water of
bromide [69].

celles. Studies on bulk ionic solutions have shown a similar dependence of the
vibrational relaxation on the nature of the halogenic anion [68]. In these studies
it was found that water coordinating chloride ions shows a significantly faster
vibrational relaxation than water coordinating bromide ions, just as we observe
for water in CTAC and CTAB micelles. Therefore we assign the long-lived
component to water solvating the surfactant counter-ions.

From Fig. 5.2 we see that within the first 3 ps an initial fast vibrational
decay is observed in the transient absorption change. To determine its time-
constant, we describe the rotation free signal at each frequency with a fast and
a slow contribution. We also measure small absorption changes due to heating
of the sample by the intense pump-pulse. In a kinetic model we account for
the precise dynamics of this thermal signal Aar, which is subtracted from the
measured parallel and perpendicular transmission changes to obtain the pure
pump-probe signals Acq(w,t) and Aa (w,t) (see Appendix). We describe the
rotation-free signal at each frequency with a fast and a slow contribution:

Aagp(w,t) = AarF fast(W,t) + Aarr slow (W, t),
AO‘RF,fast (w, t) = OPP,fast (w) e_t/Tfast , (5 1)
AO‘RF,slow (wy t) = OPP,slow (w) €7t/TSl°W .

We find a fast component of 0.7£0.2 ps and a slower anion solvation shell
component of 4.1+0.2 ps (3.4£0.2 ps for CTAC) for all sizes of micelle. The
obtained spectra opp fast(w) and opp siow(w) are shown in Fig. 5.4. The time-
scale of the fast component is very similar to the vibrational relaxation rate
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FIGURE 5.4. Spectral pump-probe amplitudes for anion-bound and bulk-like OH-
groups as a function of probe frequency w. Following the definitions in eq. 5.1, the
bulk-like water spectrum (®) equals opp fast(w) and the anion-bound water spectrum

(O) equals opp siow (w).

observed for bulk HDO:D5O, indicating that this component corresponds to
OH-oscillators hydrogen-bonded to other water molecules. The relative fraction
of the fast component increases as we increase the size of the micelle, as displayed
in Fig. 5.5. This trend can be well understood, since larger micelles contain less
bromide ions, and therefore more water outside the bromide solvation shells.

Absorption line shapes anion-bound and bulk-like water

For each micelle both the spectrum opp gsjow(w) and opp gast (w) were fitted using
two gaussian line shapes, one positive gaussian of centre frequency v and width
A to represent the vog = 0 — 1 bleaching part of the pump-probe spectrum,
and one negative gaussian of equal shape but red-shifted in frequency by an
anharmonicity «, to represent the vog = 1 — 2 induced absorption. The line
shape parameters are listed in Table 5.2. In Fig. 5.6 the obtained absorption
line shapes are shown for two sizes of micelles and for a 6 M NaBr solution.
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FIGURE 5.5. Relative fraction anion-bound water Aanion (see Tab. 5.2) obtained by
spectrally integrating the peak areas of bulk-like and anion-bound water (see Fig. 5.6).
For comparison, the interfacial water fractions for anionic AOT micelles (see chapter 4)
are shown as well.

As seen from the right panel in Fig. 5.6, the hydration shell of Br~ absorbs
more to the red in CTAB micelles than in bulk water. This may result from
a different solvating structure of bromide ions in micelles. The absorption line
shape for bulk-like water in micelles is also different compared to bulk water.
For micelles of wy>8, the bulk-like water shows a blue-shifted absorption. This
points to weakened hydrogen-bonding in the core of the micelles, as observed
earlier for water in anionic micelles in the previous chapter [38]. For the smallest
micelles (wp=2,4) the bulk-like water absorption is also slightly blue-shifted with
respect to bulk-water, however much less than for the larger micelles. The water
molecules corresponding to this absorption likely coordinate the cationic head
groups of the CTA™ surfactant, resulting in an increase of the hydrogen-bonding
to other water molecules. As a result, the absorption is less blue-shifted than
that of water molecules in the core of larger micelles.

Inhomogeneous distribution of counter-ions

For bulk ionic solutions it was found that the relaxation rate of anion-bound
water increases with anion concentration [69]. Using these previous results as
a reference, we can use the measured vibrational relaxation rates in the reverse
micelles to determine the local concentration of bromide ions. The relaxation
of anion-bound water in the micelles is remarkably slow (4.1 ps), which implies
that a very high local concentrations of Br~ must be present. To compare,
a nearly saturated solution of 10 M NaBr in water gives rise to a vibrational
relaxation rate of anion-bound water of only 3.6 ps. In reverse micelles even
denser regions of bromide ions must occur, at molarities that cannot be reached
in bulk solutions.
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FIGURE 5.6. Gaussian absorption line-shapes for bulk-like and anion-bound water,
extracted from pump-probe spectra. The data are scaled relatively to the sum of the
spectrally integrated peak area of bulk-like and anion-bound water.

Interestingly, the vibrational relaxation of anion-bound water is anomalously
slow for all studied sizes of micelles, as shown in Fig. 5.2. For all micelles the
T, times are > 3.6 ps, showing that the local bromide concentration must be
higher than 10 M in all cases. This is quite remarkable, as the average bromide
concentration per micelle decreases from 18-3.5 M when increasing the micelle
size from wp=2 to wg=15. The data thus show that the bromide-ions are
strongly inhomogeneously distributed over the micelles. The large value of T}
found for all micelles indicates that a very high density of ions must be present
in a restricted region at the micellar interface. We thereby show that most
anions are located inside or directly adjacent to the Stern layer.

These observations are consistent with a considerable amount of experimen-
tal [13,14,31,130,134] and theoretical [23,42,57,120] work which has been done
on ion binding at charged aqueous interfaces of normal and reversed micelles.
The degree of counter-ion binding at the interface is often expressed by the
parameter (3, giving the number of counter-ions that are bound per surfactant
molecule. Experimental estimates of 3 exist for normal micelles dispersed in
water [13,23,134] and for large water-in-oil microemulsions [31, 130], obtained
by Small Angle Neutron Scattering (SANS) [13], Small Angle X-ray Scatter-
ing (SAXS) [134], NMR [130] and chemical trapping techniques [31]. For most
surfactant salts, including CTAB [13,31], 3 is in the range of 0.6-0.9. This
means that for normal micelles and large reverse micelles (wy—o0), the major-
ity of the counter-ions remain associated with the surfactant molecules within
the Stern-layer, and do not enter the bulk aqueous phase. Experimental data
on the counter-ion distributions within small reverse micelles is however very
limited.
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Our results show that also in small cationic reverse micelles, the counter-ion
distribution is very inhomogenous over the micelle, with most bromide ions con-
centrated at the micelle interface. For small anionic (AOT) reverse micelles ex-
tensive MD-simulations exist [42,57], which also suggest the counter-ions mainly
associate with the surfactant head groups. We may conclude that the anion-
bound water component observed in the relaxation is mainly due to interfacial
water, located in or near the Stern layer of the CTAB reverse micelle.

Degree of counter-ion solvation

By spectrally integrating the obtained line shapes for bulk-like and anion-bound
water (see Fig. 5.6), we obtain the relative fractions Apy and Aapjon for bulk-
like and anion-bound water within the reverse micelles. Since we know the
molar ratio between water and counter-ions, from these fractions we can deduce
the average counter-ion hydration number. Note that no significant absorption
cross-section difference is expected between anion-bound and bulk-like water
[12].

While the bromide solvation shell contains 6 water molecules in bulk wa-
ter [12,101], the average hydration number in micelles turns out lower for the
smallest micelles wg=2 and 4, for which we find a hydration number of only
2.6+0.2 and 4.3+0.4, respectively, which means the bromide anions are only
partly hydrated. The hydration number increases up to 742 for wg>15, which
is close to the bulk anion hydration number of 6. Since the Br~ anions reside
predominantly at the interface, it can thus be concluded that the interface hy-
dration increases as soon as the water content of the micelles is increased, as was
shown previously for anionic reverse micelles [38,43,130]. The increased hydra-
tion of the interfacial region implies a lowering of the local concentration of Br—
anions. This lowering in concentration does not lead to a significant decrease of
T7, probably because in this concentration regime all donated hydrogen bonds
are to Br™, and not to other water molecules. It was shown previously, that the
concentration dependence of T of the solvating water molecules can be well ex-
plained from the increasing fraction of donated hydrogen bonds to other water
molecules when the anion concentration is lowered [69].

The relative amplitude of the Br~ hydration shell component matches quite
well with the interfacial water fraction of anionic AOT micelles, as shown in
Fig. 5.5. Water molecules that solvate the sulfonate anionic head group of the
AOT surfactant show a longer vibrational lifetime (2.8 ps) than water molecules
coordinating other water molecules. On the basis of this long lifetime, such
interfacial molecules can be distinguished from water in the core of the micelles,
just as we can distinguish water inside and outside the bromide hydration shells
in the CTAB system. As opposed to CTAB reverse micelles, which contain
free bromide anions, the anionic group of the AOT is covalently bonded to
the hydrophobic tail that forms the interface with the apolar solvent outside
the micelle. The anionic head group is thereby geometrically confined to the
outer shell of the micelle. Both the sulfonate head group [35] and the bromide
anion [12,101] can hydrogen bond 6 OH-groups, and no large cross-sectional
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FIGURE 5.7. Anisotropy decay of the O-H stretch vibration at 3433 cm ™" for three
sizes of CTAB reverse micelles (wo=2,4 and 8). The mobility of anion-bound water
increases when the micelle water content is increased.

difference exist for various anionic groups [12]. The degree of hydration of Br~
in CTAB reverse micelles shows therefore the same dependence on the water
content wg as does the degree of hydration of sulfonate in AOT micelles.

5.3.3 Orientational Relaxation

Fig. 5.7 shows anisotropy decay curves for three sizes of micelles. The initial
anisotropy R(w,0) equals .29+.02 at all probe frequencies w, below the limiting
value of 0.4. This indicates that our measurement does not capture all of the
molecular reorientational dynamics, and a fast anisotropy decay occurs within
the 100 fs time resolution of our experiment. A fast orientational relaxation
within the first 150 fs has been experimentally resolved for bulk HDO:D;O
[47,48]. This decay has been assigned to nondiffusive librational motions of
water, which are equally present in the aqueous interior of reverse micelles [122].

From 0-2 ps an initial fast decay is observed in the anisotropy curves. Within
this time-window, the short-lived signal of bulk-like water molecules contributes
to the anisotropy. The fast decay is on the order of 2.5 ps, similar to the orien-
tational relaxation found for bulk water. The fast component in the anisotropy
decay becomes more pronounced for larger micelles, where the bulk-like water
fraction is also larger. This suggests that bulk-like water is at least partially
responsible for the fast anisotropy decay.

After ~2 ps only bromide solvation shell water contributes to the signal,
because of its much longer vibrational lifetime than bulk-like water. We observe
a mono-exponential decay which is much faster for micelles with a high water
content than for micelles with a low water content. This shows that the mobility
of the anion-bound water gets considerably lowered when the confinement is
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increased.

In analogy with the description of the vibrational relaxation, we will allow
for different orientational mobilities for bulk-like and anion-bound water in de-
scribing the anisotropy decay. By use of Eq. 5.1, we can rewrite the expression
for the anisotropy in Eq. 1.6 as follows:

R(w, t) = Cbulk (CU, t)Rbulk (t) + C(anion ((.d, t)Ranion (t) (52)
Aa ast (W, AQRF slow (W,
Chute(w, 1) = 2D 0L (0, ) = Sqrain(e)

Rpuik(t) and Ranion(t) are the anisotropy parameters for the bulk and anion-
bound water sub-ensembles. The time-dependent fractions Chyx and Canion
follow directly from the fit to the rotation free signal. We model Ry, to
decay single exponentially with an associated decay-constant of Thuik. Ranion
is modelled to decay bi-exponentially, one fraction having a relative amplitude
Q? and an associated decay-constant Tanjon, & second fraction having a faster
associated decay-constant 7.

Rpuik(t) = Ro (64/7"““‘) ) (5.3)
Ranion(t) = RO (Q2€_t/7—anion + (1 - QQ)e_t/T/) . (54)

This model corresponds to the physical situation in which slowly reorienting
anion-bound water - mostly located at the micelle interface - can undergo a
second faster reorientation within a cone of semi-angle 6 on a timescale Teone
[81,122]. The relative amplitude Q? of the slow decay in the anion-bound water
reorientation can be related to the cone semi-angle by

2
Q* = %cos@(l—i—cos@) . (5.5)

Note that the case Q%=1 corresponds to the case of a cone angle of 0°, in
which the faster reorientation component for the anion-bound water is effectively
put to zero. Values of Q? smaller than 1 imply a larger contribution of fast
reorientation for the anion-bound water. The fast component in the anion
orientational relaxation 7’ is related to the time-constant 7¢one by

7' = 1/(Tiome + Tanton)- (5.6)

This time-constant will in practice be nearly equal to Tcone because for the cases
considered Tanion => Teone-

Having determined the time-dependent fractions Chyx and Cypjon from the
vibrational relaxation data, the model contains 5 adjustable parameters: Q?2,
R(w,0)=Ro, Tcones Toulk and Tanion, of which only Tanion is allowed to vary with
micelle size. The values for these parameters are obtained from a global fit to
the anisotropy curves at all spectral frequencies between 3350 and 3500 cm ™! for
all micelles, simultaneously. The obtained fitting parameters are summarised
in Table 5.1.



70 WATER DYNAMICS IN CATIONIC MICELLES 5.3

From the obtained value for 7y of 3 ps, we conclude that within our
experimental accuracy, the reorientation of water outside the anion solvation
shells is equally fast as the reorientation known for bulk HDO:D2O (3 ps [106]).
This water is mainly located in the core of the droplets, and its dynamics does
not seem to be strongly affected by the confinement, as was observed for anionic
reverse micelles in chapter 4.

The reorientation rate of anion-bound water is observed to strongly decrease
upon confinement, as seen from the values determined for Topjon. An increasing
hydration of the Stern layer of the reverse micelle, apparently increases the
mobility of the interfacial water. At a water content of wo=8, the reorientation
of anion-bound water becomes equal to that of the anion solvation shell in
bulk NaBr solutions, for which the reorientation of bromide solvation shells was
shown to occur on a timescale of 11 ps [70]. The average bromide hydration
number then equals nearly 6, just like the bulk hydration number, as seen from
Table 5.2.

The time-scale of the faster motion of the anion-bound water turns out to be
similar to that of the bulk-like water. From the fit we find that 7eone and 7oy
are both in the range 2.5-3.5 ps. In fact, the quality of the fit is not affected
by taking the cone reorientation time-constant equal to the bulk reorientation
time-constant, and within our experimental accuracy we can therefore assume

Teone = Thulk- (57)

The relative amplitude Q? of the slow anisotropy decay is determined to be
0.75+ 0.05, which can be related by Eq. 5.5 to the average semi-angle of a
cone in which this restricted motion takes place. We find a cone with a semi-
angle of 25°. Water at the interfacial Stern layer thus undergoes a restricted
reorientation over 50 degrees at the same rate as adjoining bulk-like molecules.
Reorientation over larger angles in which the solvating structure of bromide
needs to rearrange dramatically or break up, occurs on a slower timescale given
bY Tanion- For bulk ionic solutions of NaBr, similar )2 values need to be assumed
as well.

In the previous chapter, a recovery of the anisotropy (occurring if Q%~1,
see Fig. 5.8), was observed for water in anionic AOT reverse micelles. Such a
dynamic signature is a good indicator of inhomogeneous reorientation of water
inside reverse micelles [38,99]. In the most simple case of a bimodal system,
such behaviour should be observed when the more slowly reorienting species
also has a longer vibrational lifetime than the faster reorienting species, as is
the case for water in CTAB micelles. Fig. 5.8 illustrates however, that a certain
degree of faster motion for the slowly reorienting species, can strongly suppress
this characteristic dynamics for inhomogeneous reorientation, even though the
water reorientation throughout the droplet remains strongly inhomogeneous.

The fact that an anisotropy recovery is observed in AOT reverse micelles
and not in CTAB reverse micelles, can be explained by differences between
the anion-bound water found in CTAB micelles, and the interfacial water
found in AOT micelles. Interfacial water in AOT micelles consists of water
molecules hydrogen-bonding to the anionic sulfonate head groups of the AOT.
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F1GURE 5.8. Anisotropy decay curves and their fits on a linear scale for three sizes of
micelles. For each graph, additional curves for Q?=1 and Q%=.4 have been added for
comparison, corresponding to cone-angles of §=0°and 43°, respectively. For Q? very
near to 1, the anisotropy decay is slowed down at early delays, in specific cases leading
even to a recovery of the anisotropy.

The hydrogen-bonding of water to sulfonate and bromide is strikingly different,
as illustrated in Fig. 5.9. The bromide ion is much larger than the oxygens
of sulfonate that can accept hydrogen bonds from water. Because of the large
polarizable electron cloud of the bromide ion, its hydrogen bonding will be
much less directional than in the case of sulfonate. A less directional hydrogen
bond will allow for a higher orientational mobility of the neighbouring water
molecules. This can explain a Q? value closer to unity for water hydrogen
bonding to AOT, as compared to water hydrogen bonding to halogenic ions.

5.4 Conclusions

We studied the ultrafast dynamics of isotopically diluted water confined in
cationic CTAB reverse micelles. Based on differences in the vibrational re-
laxation rate, we can distinguish between OH-groups that are hydrogen-bonded
to surfactant counterions and OH-groups that are not. We find an anomalously
slow vibrational relaxation rate for water hydrogen-bonded to the counteri-
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k\26

FIGURE 5.9. Directionality of the hydrogen-bond between water and sulfonate (a)
and between water and bromide (b). The angle 0 refers to the cone semi-angle given
in Eq. 5.5.

ons. This observation implies that very high local concentrations of Br~ anions
(>10M) must be present, and that the Br~ anions are not homogenously dis-
tributed over the micelle. Together with the observation that the vibrational
relaxation rate of anion-bound water does not vary significantly with the mi-
celle water content (and therefore neither does the local Br~ concentration), we
conclude that most of the counterions reside at the micellar interface in or near
the Stern layer. Anion-bound water therefore has strong interfacial character.

Within our experimental accuracy, bulk-like water in the core of the micelles
is found to have an orientational mobility similar to bulk liquid water, as was
found previously for anionic AOT micelles. Water bound to Br™, found pre-
dominantly at the micellar interface, has a much lower orientational mobility.
Its associated reorientational time constant strongly decreases with micelle size
from 55 to ~8 ps. This decrease shows that water molecules in the bromide-
rich interfacial region of the micelle become more mobile when the micelle water
content is increased.

Besides a slow reorientational motion, anion-bound water molecules also
undergo a faster but restricted reorientation on the same timescale as the bulk-
like molecules. This motion can on average be described by diffusional motion
in a cone with a semi-angle of 25°. The size of the cone is independent of the
micelle size. This fast reorientational motion was not observed for interfacial
water in AOT micelles (see chapter 4). For AOT micelles, the interfacial water
is characterised by its hydrogen-bonding to the anionic sulfonate head groups
of the AOT surfactant molecules. We explain these different mobilities from
a lower directionality of the water—bromide hydrogen bond compared to the
water—sulfonate hydrogen bond. A hydrogen-bond of low directionality allows
for a higher mobility of the water molecule while leaving its hydrogen bond
intact. Interfacial water in CTAB micelles therefore shows a larger cone angle
for fast reorientational motion than interfacial water in AOT reverse micelles.

5.5 Appendix: Kinetic Modelling

We describe our system by two sub-ensembles of water molecules, denoted by
the index ¢ € {fast,slow}. One group of molecules hydrogen-bonds to other wa-
ter molecules, and has a vibrational lifetime Tt,s;. A second group of molecules
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FiGgure 5.10. Schematic overview of the model that describes the population dy-
namics for both types i of excited HDO molecules (i € {fast,slow}). Relaxation from
the excited 1 state proceeds via an intermediate level 0*. The cross section of the
intermediate level is taken to be equal to that of the ground state. The cross section
of the 1—2 transition is assumed to be time independent.

hydrogen-bonds to Br~ ions, and has a vibrational lifetime Tgjo. The pop-
ulation dynamics of excited molecules of each of these types is schematically
depicted in Fig. 5.10. As was found previously for bulk HDO:D-O [106], we as-
sume that the vibrational relaxation of the OH vibration proceeds via an inter-
mediate level 0*.* The excitation subsequently relaxes back to the ground state
0, thereby thermally populating low frequency modes. The following equations
describe the dynamics of the molecules that were excited by the pump pulse.

dNy 1 )
dtL = 7i‘N1’i i € {fast,slow},
dNg, 1 1
=~ = —N;;, — —N;,, 5.8
dt E 1, Teq 0,7 ( )
dNo; 1
dt  Teq O,

Ni,iy Ng,; and No; refer to the populations of the levels depicted in Fig. 5.10,
for each sub-ensemble i (the populations Ny,; are defined as the population
difference with respect to the steady-state population). 7eq equals the lifetime
of the intermediate state. As a boundary condition we assume that on t=0
the number of molecules in the excited state equals the number of molecules
removed from the ground state:

Nos(0) = —N1:(0). (5.9)

aThe intermediate state accounts for a slightly delayed ingrowth (by 0.6 ps) of thermal
effects observed in bulk HDO:D2O. For water in CTAB micelles it is unclear from the data
whether this intermediate state is present or not. We find no significant change in any of
the obtained fit parameters when leaving out the intermediate state, but it was taken into
account on the basis of the earlier work on bulk water. Note that in the previous chapter 4
we did not include this intermediate state, and also in this case subsequent inclusion does not
lead to a significant change of any obtained parameters.
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When the excited molecules relax to the ground state, the reverse micelles in
the sample are gradually heated. Heating affects all water molecules in the
reverse micelles, including those molecules that were not excited by the pump
pulse. The micelles subsequently cool to the surrounding solvent on a picosecond
timescale [112]. Because of heating, the two cross-section spectra (i (w, ), i €
{fast,slow}) slightly blue-shift and decrease amplitude, resulting in thermal
absorption changes Aar(w,t) observed in the experiments.

We assume the change of each spectrum o}, (w,t) upon heating to be pro-
portional to the total number of molecules Zl Niel,; that have decayed to the
ground state (where Ny ; is the number of relaxed molecules of type i), multi-
plied by an exponential factor to account for the cooling of the micelles to their
surroundings:

Nrel,i(t) = ftt/:() %Ng,i(tl)dtlv
Acpy(w.t) = ohy(w,t) = ohy (w,0) (5.10)
o¢ D75 Neer,i(t) x et/ Teoor,

Although heated micelles in general show non-exponential cooling behavior
[112], single-exponential cooling is a good approximation for the time-window
(0-40 ps) considered in our experiments.

The total rotation-free pump-probe signal can be written in terms of the
populations of the levels in Fig. 5.10, the absorption cross-sections o between
these levels, and the total concentration of absorbing molecules C.

Aa(w,t) = Z [C'Aaél(wJ) + Nl,i(t)aliz(w)

3

+(N0,i(t) N OR Ngyi(t)>oél(w, t)]. (5.11)

By solving for the rate-equations (5.8) and assuming that the fraction of excited
molecules ), N1 ;(0)/C is a small number, we find

Ac(w,t) = Z [C’Aaél(w,t)

?

N1 i(0) [0 5 (w) — 207, (w, 0)]€—t/T1}. (5.12)

By direct comparison with Eq. 5.1 we find for the pump-probe spectrum of each
component, ¢

oppi(w) = Ni;(0)[o},(w) — 20 (w,0)], (5.13)

and for the functional form of the thermal signal:

Aar(w,t) = CY Adj(w,t). (5.14)
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The number of relaxed molecules Nyej ;(t) determines the dynamics of the ther-
mal signal and has a solution

Nrei(t) = No,i(t) — No,i(0)
i T;
= Np(0) =——emea - _—t_tTi 11|, (5.15)
T 7_eq Tz - Teq

From this equation we see, that the dynamics of the total heating signal depends
on the initial populations N7 ;(0). In our fitting procedure we assume that the
area of the positive bleaching part of the spectra opp ;(w) is proportional to
these initial populations:

Ny,i(0) o / opp,i(w)dw. (5.16)
bleach

In terms of the lineshape functions defined in section 5.3.2 we can write for this
integral

/ opp,i(w)dw = N1 ,(0) Uél(wmaX,O)Erf ( ) , (5.17)
bleach

O
2V2A,;
showing that the proportionality in Eq. 5.16 holds when the line widths A,
cross-sections and anharmonicities « of the two subensembles i are similar.
Considering the O-H stretch line shape for pure HDO:D>O and Br~-bound
water [12], this is a reasonable assumption. We define

le /Zle (518)

as the normalised fraction of molecules of type ¢ contributing to the pump-probe
signal.

By use of Eq. 5.10 and 5.15, we can then rewrite Eq. 5.12 for the total
pump-probe signal:

t) = Zopp,i(w)e_t/n + Aar(w) et/ Teool %

T.
et 1 o=t/Ti g 5.19
Zﬁ( . L ) (5.19)

In this equation Aar(w) is the proportionality constant between Aar(w,t) and
> N0 ;(t). This factor equals the thermal spectrum found at large delays when
all populatlon dynamics on the timescales T; and 7eq is complete. The opp ;(w)
are the pure pump probe spectra of Eq. 5.13.

Our experimental data are fitted to Eq. 5.19, for which fractions f; are
calculated in each optimisation step. The lifetime 7.4 of the intermediate state is
taken to be 0.6 ps for both components, according to the previously determined
value for bulk HDO:D5O [106]. We should note that the quality of the fit, the
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time-constants T; and the shape of the determined pump-probe spectra A;(w)
are hardly affected by the precise value of 7.4, because the heating signal is
in general small compared to the pump-probe signal. After optimisation, the
fitted heating signal is subtracted from Aa(w,t) to obtain the pure rotation-free
pump-probe signal Aagp(w,t):

Aogr(w,t) = Aa(w,t) — Aar(w, t). (5.20)

The heating signal is assumed to be isotropic, and the same functional form
is subtracted from both the parallel and perpendicular absorption changes to
obtain the pure pump-probe signals A (w,t) and Aay (w,t). These signals are
used to construct the anisotropy R(w,t) using Eq. 1.6.

Only data points after 0.4 ps are considered in order not to exclude any
coherent artifacts arising during time-overlap between the pump and probe
pulses. Since the O-H stretch absorption was pumped at its centre, and the
spectral width of the pump-pulse was about as broad as the absorption line
width, no significant spectral diffusion was observed. When pumping the O-H
stretch absorption at its flanks, we do observe spectral diffusion.

No heating signal is observed for micelles of wg<4. For larger micelles, the
heating signal is observed to increase with wg. Its amplitude Aar(w,t) becomes
of similar amplitude as the pump-probe signal Aagrp(w,t) at t=>5 ps for we=8,
at 3.5 ps for wp=15 and at 2 ps for wg=30. The decay of the thermal signal
due to cooling of the micelles is well described up to 40 ps. We find 7¢,0=50,
80 and 150 ps for wy=8, 15, 30, respectively.
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Chapter 6

Vibrational relaxation of
confined neat water

We study the vibrational dynamics of nanodroplets of neat liquid water (H2O) with
femtosecond two-color mid-infrared pump-probe spectroscopy. For the smallest nan-
odroplet, containing 10-15 water molecules, the lifetime 77 of the O—-H stretch vibra-
tions is equal to 0.85+0.1 ps, which is more than three times as long as in bulk liquid
water. We find that the truncation of the hydrogen-bond network of water leads to a
dramatic change of the relaxation mechanism.

6.1 Introduction

In a study of the vibrational dynamics of pseudohalide ions (N3, NCO~ and
NCS™) in aqueous solution [135,136], it was found that the vibrational lifetime
time changes when such ions are confined in reverse micelles. The vibrational
lifetime was found to increase when the size of the micelle was decreased. Here
we present a systematic study of the effect of nanoconfinement on the vibrational
dynamics of neat water itself. We find that the confinement to the nanometre
scale leads to an increase of the lifetime of the O—H stretch vibrations of the
water molecules that is much stronger than can be expected from the change in
vibrational frequency.

6.2 Experimental

The investigated samples were mixtures of the surfactant AOT (sodium di-
2-ethylhexylsulfosuccinate, Aldrich, 99%), n-octane (Aldrich, anhydrous grade
99+%) and water HoO (Aldrich, HPLC grade). The molar water-to-AOT ratio
wo was set to 1,2,4, 7 and 12 respectively, creating reverse micelles containing a
water pool consisting of ~10 to ~10.000 water molecules. The radius R in nm
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FIGUurE 6.1. Linear infrared absorption spectra of the O-H stretch vibrations of
water in AOT /water/octane reverse micelles of various sizes: wo = 1,2,4,7 and 12.
The spectra are normalised for comparison. The absorption at the low-frequency side
contains a strong contribution of the high-frequency wing of the absorption of the C-H
stretch vibrations of AOT and n-octane.

of the micelle can be approximated from R = 0.15 x wg, with wo=[H20]/[AOT]
[112].

In the pump-probe experiment we monitor the time-dependent absorption
changes that result from the pump excitation by a probe pulse with a polari-
sation at the magic angle (54.7°) with respect to the polarisation of the pump.
At this polarisation angle all absorption changes related to molecular reorien-
tation are averaged out, and we only record the isotropic absorbance change

(Aa(w,t) = Aagr(w,t)).

6.3 Results and Discussion

Fig. 6.1 shows the linear absorption spectrum of the OH-stretching band of
water confined in reverse micelles of various sizes. The amplitude of the low-
frequency part of the OH absorption band strongly decreases as the water con-
tent is reduced. Fig. 6.2 displays transient spectra for a reverse micelle with
wo = 4. At early delays the transient spectra reveal a bleaching at thev =0 — 1
transition around 3500 cm ™! and an induced absorption at the v = 1 — 2 tran-
sition extending from 3300 cm~! to below 3000 cm~!. The measurable spectral
range was limited on the low-frequency side by the strong C-H absorption of
AOT and the octane solvent. At longer delays the transient spectrum takes the
form of a thermal difference spectrum: upon heating the OH-stretch band shifts
slightly to the blue and its area is reduced.
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FIGURE 6.2. Transient spectra measured for reverse micelles with wg = 4 at three

different delays. The spectra are measured with a pump frequency of 3450 cm ™',

The delay curves in the top of Fig. 6.3a,b show an induced absorption cor-
responding to the v = 1 — 2 transition of the O-H stretch vibration. The com-
parison of the decay rates measured for micelles with wg = 2 and wy = 7 shows
that the lifetime of the v = 1 state increases when the micelle becomes smaller.
The vibrational relaxation leads eventually to heating of the micelle, leading
to an increase of the transmission at the red side of the O—H absorption band.
This heating effect is also clearly present in the middle traces of Fig. 6.3a,b.
The heating of the micelles is followed by a cooling process in which energy is
transferred to the surrounding solvent. The lower traces of Fig. 6.3a,b show an
initial transmission increase due to the bleaching of the fundamental v =0 — 1
transition of the O-H stretch vibration. In the lower curve of Fig. 6.3b it is
clearly seen that the thermalisation is delayed with respect to the vibrational
relaxation. This implies that the relaxation of the v = 1 state of the O—H stretch
vibration first leads to population of a non-thermal intermediate state. Only
after the subsequent relaxation of this intermediate state, the energy becomes
thermalised over the micelle. This relaxation mechanism is only observed for
micelles with wq > 4.

We use a simple kinetic model to extract the vibrational relaxation time
constants from the data. We do not observe any effect of spectral hole burning
in the experiments which shows that the spectral diffusion in the O-H stretch
vibrational band is much faster than the vibrational relaxation, in agreement
with previous results obtained for bulk liquid water [131]. For micelles with
wo = 4,7,12, the population Ni(¢) of the excited v = 1 state first relaxes to
a non-thermal combination of accepting modes 0 with time constant 7;. The
relaxation of 0* with time constant Teq leads to an equilibration of the energy
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FIGURE 6.3. Delay time scans measured at three different probe frequencies for reverse
micelles with wg = 2 (Fig. a) and wo = 7 (Fig. b). The solid curves are obtained from
a fit to the kinetic model described in the text.

over the full water pool of the reverse micelle, which brings the micelle at an
elevated temperature. As a result of this higher temperature the absorption
spectrum of the water molecules changes, which leads to a thermal absorbance
change Acar(w,t) observed in the pump probe experiment. For the smallest
micelles with wg = 1 and wy = 2 we did not observe a non-thermal intermediate
state 0°. Hence, in the modelling of these micelles the population N; is directly
thermalised with time constant T;.

The heating effect Aar(w,t) decays due to cooling of the micelle. This
cooling is a thermal diffusion process, which implies that its dynamics are non-
exponential [112]. We do not pursue to investigate the cooling process in detail,
and we describe this process with a single or bi-exponential function. This gives
an accurate description of the cooling up to a delay of 10 ps. For all micelles
the cooling time constants are much longer than 77 and 7eq.

The time-dependent absorption change A« (w,t) resulting from the relax-
ation dynamics is given by:

Aa (w,t) = opp(w)Ny () + Aar(w,t),

where

Upp(w) = [0'12((41) — 20’01 (w)] . (62)
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FIGURE 6.4. Vibrational lifetime 77 of the O—H stretch vibrations as a function of
the value of wg of the reverse micelle. Also shown is the value of 71 measured for bulk
liquid water [83].

The population Np(¢) and the time evolution of the heating effect are obtained
from solving the appropriate differential equations, fully analogous to the treat-
ment in the appendix of chapter 5.

The delay-dependent absorption change A« (w, 7) is obtained by convoluting
Aa (w,t) with a gaussian function representing the cross-correlation trace of the
pump and probe pulses. In fitting A« (w,7) to the data, we only considered
delays >0.2 ps, when coherent coupling effects have become negligibly small.

For each micelle size all (~50) recorded time traces are simultaneously fit-
ted, yielding T3, Teq, opp(w), and the spectrum of the heating effect A (w).
The values of 77 are shown as a function of wg in Fig. 6.4. The value of
Teq (for micelles with wy = 4,7,12) equals 0.3+0.1 ps. The resulting cross-
section difference spectrum opp(w) is very similar to the pump-probe spectrum
at 0.2 ps shown in Fig. 6.2. These spectra are dominated by the bleaching of
the v = 0 — 1 transition and the induced absorption of v = 1 — 2 transi-
tion. The cross-section spectrum of the heating effect Aar(w) is very similar in
shape to the pump-probe spectrum measured at 2.8 ps shown in Fig. 6.2. This
spectrum represents the difference of the spectrum of the micelle at an elevated
temperature with that at room temperature.

For all micelle sizes, we observe that the vibrational relaxation is not com-
pletely single exponential. This behaviour hints at the presence of inhomogene-
ity in the studied samples. It should be noted here that the inhomogeneity
of the water in the micelles, although most certainly present, cannot be ob-
served in this experiment. In liquid water an excitation of the O-H stretch
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vibration rapidly hops from one molecule to another, which implies that the
excitation samples all different types of local O—H oscillators on a very short
time scale (<100 fs) [29,131]. As a result, the observed relaxation is not a multi-
component process containing for instance a component of interfacial water and
components of core water, but instead a single component with a time constant
that is a weighted average of the T values of all O—H oscillators within the
micelle. Hence, the slight deviation from single-exponential character that we
observe in our experiment most likely results from the variation in the size of
the micelles. The size of the reverse micelles has a polydispersity with a width
that ranges from ~30% for small wy to ~15% for large wyg [97].

Fig. 6.4 shows that the vibrational lifetime of the O—H stretch vibrations
of water strongly increases with decreasing size of the reverse micelles. With
decreasing micelle size also the fraction of interface water increases, for which
T can differ from that of the water in the core. However, the increase of the
experimentally observed average value of T cannot be just explained from an
increased contribution of interfacial water. The relative amount of the interfacial
water increases from ~10% for the largest micelle with wy = 12, to near 100%
for a micelle with wg = 1. Hence, if the increase of T} of a micelle with wq = 12
with respect to bulk water would only result from an increased contribution
of interfacial water, the observed T; would increase by only a few percent in
comparison to bulk liquid water. Instead, T increases by ~50%. Hence, the
confinement affects the vibrational relaxation rate of all water molecules in
the micelle. This notion agrees with the observation that even for micelles with
wg > 20 the vibrational spectrum differs from that of bulk liquid water [49,125].

The increase of T7 is much stronger than is usually observed for hydrogen-
bonded systems. For many hydrogen-bonded systems 77 is related to the O-H
stretch frequency won by [89]:

Ty (w) = a(won — wom,g) "%, (6.3)

with a a constant and wot, the vibrational frequency of the O-H group in the
gas phase. Using womn,g = 3706 cm ™! (average of the symmetric and asymmetric
O-H stretch vibrations), wom,n = 3420 cm ™! for bulk liquid water, and WOH,hb
— 3480 cm ™! for a micelle with wy = 1, the value of T} is expected to increase
from ~260 fs [83] to ~400 fs, going from bulk to wy = 1. The latter value
of Ty is more than two times shorter than the measured value of 0.8540.1 ps,
which is surprising since for bulk HDO:D5O equation (6.3) is closely followed
when the frequency of the O-H stretch vibration is varied by changing the
temperature [133].

A striking observation is that the nanoconfinement leads to a drastic change
of the relaxation mechanism. For micelles with wy > 4, the relaxation of the
O-H stretch vibration leads to population of a non-thermal intermediate state,
whereas for micelles with wg = 1 and wg = 2 such a state is not observed.
The non-thermal intermediate state that can no longer be reached for small
micelles is likely formed by the overtone of the H-O-H bending mode. This
overtone has a frequency of ~3300 cm™!, and is thus in resonance with the red
wing of the O—H stretch absorption band of bulk liquid water. The truncation
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of the hydrogen-bonded network leads to a weakening of the hydrogen-bond
interactions between the water molecules. As a result, the red wing of the
absorption spectrum of the O—H stretch vibrations vanishes (Fig. 6.1), which
implies that the overlap with the overtone of the H-O—H bending mode strongly
decreases. The nanoconfinement also leads to a small red shift of a few cm™!
of the H-O-H bending mode, thus contributing to the loss of overlap with the
O-H stretch vibration.

The assignment of the non-thermal intermediate state to the overtone of
the bending mode is supported by the observation that the relaxation of the
O—H stretch vibrations leads to excitation of the bending mode for bulk liquid
water [33], but not for wy = 2 micelles [34]. The relaxation time constant Teq
thus likely represents the vibrational lifetime of the first and/or second excited
state of the H-O—H bending mode. Recently, the lifetime of the first excited
state of the bending mode was measured to be ~0.2 ps [59], which agrees quite
well with the value of 7.4 of 0.3£0.1 ps. The bending mode itself can only relax
to intermolecular modes of which the librations have the highest frequencies
(~800 cm~1). The librational frequencies show a decrease of ~25% when liquid
water is confined in a micelle with wo = 1 [125], which probably will affect 7.
Unfortunately, we could determine 7.4 only in the interval from wy = 12 to
wo = 4, and we did not find a statistically significant change.

The Fermi resonance of the O—H stretch vibrations with the overtone of
the H-O—H bending mode is a special property of HoO water. For most other
systems, including HDO and alcohols, the overtone of the bending mode is far
out of resonance with the stretch vibration. This difference in resonance explains
why the value of T7 of bulk liquid H2O is ~3 times shorter than that of bulk
liquid HDO:D2O [133]. Nanoconfinement of water leads to a vanishing of the
low-frequency O—H stretch vibrations, and thus to a closing of the relaxation
channel to the overtone of the H-O-H bending mode. As a result, for small
micelles with wg = 1, the value of T; is similar to that of HDO:D5O at the
same frequency of the O-H stretch vibration [133] (attained at an elevated
temperature), and to that of ethanol clusters at the same frequency [132]. We
conclude that the confinement of liquid water to the nanometre scale leads to a
loss of its special vibrational relaxation properties, thus making this liquid much
more similar to other hydrogen-bonded liquids. This effect of nanoconfinement
explains why the increase of 77 with decreasing micelle size is anomalously
strong, and cannot be described with equation (6.3).






Chapter 7

Transient absorption of
vibrationally excited ice Ih

The ultrafast dynamics of HDO:D2O ice Ih at 180 K is studied by mid-infrared ultra-
fast pump-probe spectroscopy. The vibrational relaxation of HDO:D2O ice is observed
to proceed via an intermediate state, which has a blue-shifted absorption spectrum.
Polarisation resolved measurements reveal that the interediate state is part of the in-
tramolecular relaxation pathway of the HDO molecule. In addition, slow dynamics on
a time scale of the order of 10-100 ps is observed, related to thermally induced collec-
tive reorganisations of the ice lattice. The transient absorption line shape is analysed
within a Lippincott-Schréder model for the O—H stretch potential. This analysis iden-
tifies the main mechanism behind the strong spectral broadening of the vog =1 — 2
transition.

7.1 Introduction

While the ultrafast dynamics of liquid water has been studied in great detail,
time-resolved studies on the properties of ice have so far been limited. In the
study of water, vibrational spectroscopies have proven to be very useful, in
particular because of the sensitivity of vibrations to local hydrogen bonding.
The phase transition associated with freezing HDO:D>O water leads to a strong
narrowing of the O-H stretch absorption, from a width of 200 cm™! in water
at 298 K to only 50 cm™! in ice at 180 K. This narrowing results from the
transition from a disordered liquid phase to an ordered crystalline phase. The
water molecules in ice are positioned on a regular hexagonal lattice, hydrogen
bonded to four nearest neighbours. This ordering leads to a strong reduction
of the spread in hydrogen bond lengths. Since there exists a strong correlation
between the O—H stretch absorption frequency and the hydrogen bond length,
the narrowing of the hydrogen bond distribution also leads to a narrowing of
the OH vibrational spectrum.

Despite the relative uniformity in the OH- - - O hydrogen bonds, the structure
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Ficure 7.1. Lippincott-Schréder potential and wave functions for the O—H stretch
coordinate r. The potential has the form of an asymmetric double well, for which the
high energy minimum refers to a proton transferred state by formation of a hydronium-
hydroxide ion pair. The left panel shows the potential for the equilibrium O---O
hydrogen bond length of an ice crystal at 180 K (R=2.763A). The right panel shows
the potential for a shortened hydrogen bond (R:2.650A), for which the wave function
is delocalised over the two wells.

and hydrogen bonding properties of ice-Ih are only seemingly simple topics,
and have been puzzling physicists and chemists for a long time. Although
a proton or deuteron is found along every O---O line in an ice crystal, the
individual hydrogen bonds and covalent bonds are positioned randomly under
constraints known as "ice-rules" [98]. The ice lattice is therefore said to be
proton disordered. Combined theoretical and experimental scattering studies
on ice Ih show that, as a result of proton disorder, individual water molecules
deviate from their lattice sites by static displacements of the oxygen positions
[72,73,107]. From a spectroscopic point of view, it was suggested that proton
disorder should lead to inhomogeneous broadening of the linear O—H stretch
spectrum in HDO:D,O [15].

The inhomogeneous broadening of the O—H stretch absorption in HDO:D,O
ice was confirmed by the first ultrafast spectroscopic study on ice, using ps-IR
pump probe spectroscopy [113]. This work also showed that the vog =1 — 2
transition of ice is strongly broadened compared the narrow vog = 0 — 1
transition. While the vog = 0 — 1 transition has a full width at half maximum
(FWHM) of only 50 cm~! at 180 K, the vog = 1 — 2 transition has a width
of 350 cm~!. Theoretical modelling of the (linear) vogy = 0 — 1 absorption
spectrum of ice still is an ongoing field of research [22,129]. To understand
the non-linear pump-probe spectrum, we need additional understanding of the
vong = 1 — 2 absorption spectrum.

The line shape of the vog = 1 — 2 transition is of importance, since it
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may contain information on the O—H stretch potential of a hydrogen-bonded
water molecule. This potential is usually described as an asymmetric double
well potential with a barrier height being dependent on the precise length of
the hydrogen bond R [6,15,55,82], as illustrated in Fig. 7.1. The high energy
minimum in the potential refers to the state in which a water molecule has un-
dergone auto-dissociation forming a hydronium-hydroxide ion pair. The precise
barrier height between the two states is strongly dependent on the hydrogen-
bond coordinate R. As will be discussed, the vog = 1 — 2 transition can
strongly broaden as soon as the voy = 2 state becomes close in energy to the
dissociation barrier.

In this chapter we report on spectrally resolved sub-ps mid-infrared ex-
periments on HDO:D5O ice Ih. The experiments characterise the vibrational
relaxation pathway and the transient absorption line shape. The transient line
shape is analysed within a Lippincott-Schréder model (LS-model), which allows
us to identify the main broadening mechanism for the vog = 1 — 2 transition.

7.2 Materials and Methods

We performed ultrafast mid-infrared pump-probe spectroscopy on the O-H
stretch vibration of diluted HDO in DO at 180 K. Isotopically diluted wa-
ter samples (1:40 Ho0:D20) are used to prevent the signals to be affected by
intermolecular resonant energy transfer of the O—H stretch vibrations, and to
limit heating of the sample. Water was inserted between two CaFs windows
without spacer and inserted into a closed cycle cryostat (CTI-Cryogenics). The
sample was cooled to 180 K. The linear absorption is found to be isotropic
for all polarisation angles, which shows that the sample is polycrystalline with
crystalline domains much smaller than the laser focus. No local order or dipole
alignment is present in the sample.

In the pump-probe experiment the pump and probe beams are overlapped
and focussed at the sample inside the cryostat. The transmitted probe beam is
sent through a polariser and spectrally resolved on a nitrogen-cooled HgCdTe
detector array using a polychromator. Using an automated rotatable mount,
the polariser can be set either parallel or perpendicular with respect to the pump
polarisation, and at each delay point both probe components are detected con-
secutively. In this way, pump-induced transmission changes for both the probe
component polarised parallel (Acy) and perpendicular (Aa ) with respect to
the pump polarisation are measured, from which we construct the rotation-free
signal Aagp(w,t) and the anisotropy parameter R(w,t) as described in chap-
ter 1.
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FIGUurRE 7.2. Pump induced absorbance change plotted as a function of probe fre-
quency at probe delay t of 0.3, 0.5, 0.8 and 3 ps. The negative induced absorption
signal is strongly broadened compared to the positive bleaching signal.

7.3 Relaxation dynamics of vibrationally
excited ice

Fig. 7.2 shows the transient absorption of HDO ice (H20:D30=1:40) at several
delays after vibrational excitation by the pump pulse. The transient line shape
consists mainly of a narrow bleaching peak at the O—H stretch absorption around
3300 cm~!, and a very broad induced absorption around 3000 cm~!. This
large difference in line width was previously observed by ps ir hole-burning
spectroscopy [113], the induced absorption peak being over a factor of 5 broader
than the bleaching contribution.

We determine the O—H stretch vibrational relaxation rate by measuring the
decay of the induced absorption in time. The spectral region of the induced
absorption (2800-3200 cm™~!) contains no other absorbing species, making the
signal solely proportional to the population of the voy = 1 vibrational state. In
agreement with previous work [133], we find that at all frequencies the induced
absorption decays mono-exponentially with a time constant of 420420 fs.

Interestingly, the induced bleaching around 3300 cm™! decays differently
than the induced absorption around 3000 cm~!. This is illustrated in Fig. 7.3, in
which the transient absorbance change at the peak of the bleaching is compared
with the decay of the induced absorption. Both curves are scaled to equal
amplitude and sign to facilitate easy comparison of the dynamics. The figure
clearly shows that the sharp bleaching feature around 3300 cm™! decays at
about half the rate of the induced absorption.

A more careful examination of the transients shown in Fig. 7.2 shows addi-
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Ficure 7.3. Pump induced absorbance change plotted as a function of probe delay
at 3290 cm ! (centre frequency bleaching) and 3000 cm™? (centre frequency induced
absorption). Both curves are scaled to equal amplitude and sign to facilitate compar-
ison of the dynamics. The relaxation is faster for the induced absorption than for the
bleaching.

tional spectral dynamics, namely the appearance at about 400 fs of an induced
absorption around 3380 cm~!. At later delays, the transient spectrum takes
the form of a thermal difference spectrum, which also results in induced absorp-
tion, however at 3320 cm~!. This thermal signal Aar(w,t) arises from effects
of heating of the sample due to the intense pump pulse, i.e. the effect on the
O-H stretch absorption of population of low-frequency modes after vibrational
relaxation [105].

We find that the induced absorption at 3380 cm™! grows in at a rate
that equals the vibrational relaxation, and disappears when also the relatively
slow decay of the bleaching at 3300 cm ™' is complete. These corresponding
timescales suggest that both the absorption at 3380 cm™! and the longer life-
time of the bleaching at 3300 cm ™! arise from the same effect, namely that the
vibrational relaxation proceeds via an intermediate state.

To determine the spectral signature of this intermediate state we fit the data
to a simple kinetic model, as illustrated in Fig. 7.4. State 0 comprises the ther-
mal ground state of the water molecules, state 1 represents the thermal ground
state 0 plus one quantum in the O-H stretch coordinate. Vibrational relax-
ation from the initially populated state 1 proceeds via a non-thermal interme-
diate level 0* with a different associated cross-section . The total rotation-free

aFor ice the transition from the non-thermal intermediate level has a different associated
cross-section than the fundamental transition (o, (w,t) # oo1(w,t)). This is different from
the case of HDO:D2O water [106] and water in micelles (see chapter 5) where these transitions
have equal associated cross-sections (o (w,t) = oo1(w,1)).
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FIGURE 7.4. Schematic overview of the model that describes the population dynamics
of excited HDO molecules. Relaxation from the excited vog = 1 state proceeds via an
intermediate level 0" with associated O—H stretch cross section og; (w) that is different
from the cross section oo1(w,t) in the ground state.

pump-probe signal Aa(w,t) can be written in terms of the populations Ny, Nj
of the levels in Fig. 7.4 of the initially excited molecules only, the absorption
cross-sections o between these levels, and the total concentration of absorbing
molecules C [105]:

Aa(w,t) < Aopp(w)N1(t) + Aocgr+ (w)No= () + Aar(w, t), (7.1)

Aopp(w) = [012(w) — 2001 (w, 0)],
Aopi- (w) = [051(w) — 001 (w, 0)],
Aar(w,t) = Cloor(w,t) — o1 (w, 0)].

(7.2)

The time dependencies of the populations and Aar are described in Ap-
pendix A. Fitting our data to the kinetic model gives the spectra Aopp(w)
and Ao+ (w) and the lifetime of the intermediate level 7.4, which is found to
be 390+40 fs. Fig. 7.5 shows the fitted curves overlayed with the measured data
for five frequencies up to 3 ps.

In Fig. 7.6 the spectra Aopp(w) and Aoy« (w) are shown. Acpp(w) equals
the pure pump-probe line shape at time ¢t = 0, before any vibrational relaxation
has occurred. We find a FWHM of the bleaching line of 44 cm™!, and 300 cm !
for the induced absorption. Ao« (w) is the pump-probe spectrum associated
with the intermediate level.

An important question regarding the nature of the intermediate level, is
whether the intermediate state absorption is solely due to molecules that were
excited, or that also non-excited molecules contribute to the intermediate state
absorption. In the first case vibrational relaxation leads to population of modes
localised near the excited OH-group that change its O—H stretch absorption
frequency, in the latter case vibrational relaxation populates delocalised modes
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FIGURE 7.5. Pump induced absorbance change plotted as a function of probe delay
at various probe frequencies. From 3 ps onwards absorbance changes are observed
related to slow collective rearrangements of the hydrogen bonded crystal lattice. Note
that the probe delay is plotted on a linear scale up to 3 ps and on a logarithmic scale
after 3 ps.
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FIGURE 7.6. Pure pump-probe spectrum Aopp(w) (@, solid line), intermediate state
pump-probe spectrum Aco=(w) (O, dashed line). For comparison, the linear O-H
stretch absorption spectrum of isotopically diluted (1:40) ice at 180 K is shown (dotted
line). Since the probe spectrum is not broad enough to cover the full spectral range
of interest, the displayed data result from merging three spectra measured separately
with the probe-wavelength centred at 2800, 3000 and 3300 cm ™. The inset shows the
extracted linear absorption of the intermediate state oo=.
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FIGURE 7.7. Anisotropy decay at various probe frequencies. We observe no significant
decay of the anisotropy within the first 1 ps. At the probe frequency of 3415 cm™*
(O) only the intermediate state absorbs. The intermediate state anisotropy equals
that of the bleaching (®) and induced absorption (®) contributions.

that affect the O—H stretch absorption frequencies of several molecules, includ-
ing molecules that were not excited.

We can distinguish between these two cases by examining the anisotropic
signal, as displayed in Fig. 7.7. In the spectral region of the broad induced ab-
sorption the intermediate state has no cross-section, and we measure only the
anisotropy value of the molecules of which the O—H stretch vibration is excited.
Within the accuracy of our experiment, this anisotropy is shown to retain a
constant value of 0.3. This value is somewhat lower than the expected value
of 0.4, probably because of scattering of the pump and probe light. The con-
stant value shows that during vibrational excitation the O—H stretch transition
dipole in the first excited state does not change orientation, as expected for a
rigid crystalline structure as ice. In spectral regions where also the intermediate
state has significant cross-section, we measure the exact same anisotropy, even
when most population has been transferred to the intermediate level from 500 fs
onwards. The transition dipole of the intermediate state absorption therefore
has to be parallel to the transition dipole of the initial state, since otherwise the
anisotropy of the intermediate state would have been lower. This demonstrates
that the intermediate state absorption originates from spectral changes of the
excited molecules only, following their vibrational relaxation, and is likely re-
lated to intramolecular relaxation. To obtain the linear absorption spectrum
of molecules in the intermediate state of;(w), we add the linear absorption
spectrum of molecules in the ground state og1(w) to the intermediate state
pump-probe spectrum Acg;«(w) with the correct proportionality constant (see
Eq. 7.1). If we assume that o12(w) has little absorption above 3200 cm™! we
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can write o (w)= Aogy-(w)-3Aopp(w) for w > 3200 cm™'. The intermediate
state spectrum obtained in this way is shown in the inset of Fig. 7.6.

Compared to the initial state, the intermediate state absorption is broader
with a FWHM of 100420 cm ™! and blue shifted to 3350420 cm™!. This blue
shift can result both from intramolecular relaxation to the bending mode and
from relaxation to local hydrogen bond modes. Excitation of the bending vibra-
tion dynamically decouples the O-H stretch motion from the hydrogen bond,
resulting in hydrogen bond weakening and a blue shift of the O—H stretch fre-
quency. Recently, a blue shifted intermediate state associated with the exci-
tation of a bending quantum was also reported for liquid water [80]. The vi-
brational lifetime of the HDO bend vibration for liquid HDO:D5O was recently
measured to be 390450 fs [17]. This life time agrees very well with the interme-
diate state life time 7., which supports the assignment of the intermediate state
to the O-H stretch absorption of water molecules of which the H-O-D bend-
ing vibration is excited. The O-H stretch absorption spectrum is also known
to blue-shift as a result of an increasing temperature, which is predominantly
caused by the weakening of the hydrogen bonds. A local temperature rise by
about 200 K can be achieved by the energy of one relaxed vibrational quan-
tum (calculated from molecular density and specific heat, in the limit where the
energy is shared by one HDO molecule and its four next neighbours only) [113].

As a final point of interest, the thermal pump-probe spectrum A« (w,t)
shows some remarkable dynamics over longer timescales, as displayed in Fig. 7.5.
The dynamics has multi-exponential character, as is often observed for processes
involving heat diffusion. The strongest increase in the thermal signal is observed
from 3-40 ps (exponential time constant 5+1 ps). Further small signal increases
are observed up to 100-400 ps, after which the thermal signal starts to decay as
a result of cooling.

In the context of super-heating experiments of ice reported in literature, it
has been suggested that these slow dynamics are related to partial melting of
the ice-lattice [60]. In our experiment a melting process is however not likely
to occur. The amount of heat dumped in the sample is very limited in view
of the low concentration of O—H stretch absorbers, causing the sample to be
heated by a few degrees Kelvin only after completion of the vibrational relax-
ation of the intermediate state. The longer time scale dynamics are likely caused
by collective reorganisation of the ice lattice (e.g. thermal expansion). Since
these dynamics involve very low frequency modes in the hydrogen bond coordi-
nates, the thermal equilibrium positions for these coordinates are reached fairly
slowly. Cooling of the focal region to the surrounding temperature will cause
the thermal signal to decay entirely eventually, as seen from 400 ps onwards.



96 TRANSIENT ABSORPTION OF ICE 7.4

7.4 Absorption line shape of vibrationally
excited ice

7.4.1 O-—H stretch frequency dependence of the
hydrogen bond

A striking feature of the pure pump-probe spectrum Aopp(w) of ice, is the huge
difference in line width between the vog = 1 — 2 and vog = 0 — 1 transitions.
A possible explanation for the huge width of the vog = 1 — 2 can be found from
the effect of the hydrogen bond on the O—H stretch vibrational potential. This
O-H stretch vibrational potential is usually described as an asymmetric double
well potential with a barrier height being dependent on the precise length of
the hydrogen bond R [15,55,82].

We describe the relation between O—H stretch frequency and hydrogen bond
length by a Lippincott-Schroder model [82], which has been applied successfully
in the description of the transient spectrum of liquid water [6,7]. The Lippincott-
Schroder (LS) potential for the O-H coordinate of the water molecule is given
by

Vis(r, R) = Dy[1 — e e 7=r0)"/2r]
+ Dyl — e (B0 2R Ly (r R), (7.3)

where Vy(r, R) is a potential term that puts the absolute minimum of the full
potential at 0 for all (r,R). The energy D, equals the O-H binding energy of
water of 38750 cm~1(4.8 eV). ro represents the O-H bond length in the gas phase
in the absence of a hydrogen bond (0.97 A). Parameters n;, (16.5A~") and D,
(25000 cm~1!) are determined by the relations between the O-H bond length r,
the O—H stretch vibrational frequency and the oxygen—oxygen distance R [7,82].
The values of the parameters of Vig(r, R) are equal to those used previously
in the description of the transient spectrum of liquid water [7], except for the
parameter nq (10.0 A=1), which was slightly upscaled to yield the correct central
O-H stretch absorption frequency at 180 K (3290 cm™!) at the experimentally
determined equilibrium hydrogen-bond length of 2.76 A [73].

The LS-potential is illustrated in Fig. 7.1. The low energy minimum refers
to the normal hydrogen bonded configuration of the water molecule. The high
energy minimum refers to the configuration in which the hydrogen bond do-
nating water molecule has undergone autodissociation, forming a hydroxide
and hydronium ion pair by a proton transfer event to the neighbouring water
molecule. For strong (short) hydrogen bonds, the energy barrier between these
two configurations gets substantially lowered. When the barrier height is of
the order of the energy of the voy = 2 state of the O-H stretching vibration,
the vibrational wave function gets delocalised over the two wells, reflecting the
possibility of proton transfer. The precise energy of the vibrational state will
be highly sensitive to the precise height of the energy barrier and thus to the
hydrogen-bond coordinate. In other words, small variations in R can give a
large spread in voy = 2 vibrational energies, and therefore lead to a significant
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broadening of the vog = 1 — 2 absorption. This mechanism has been shown
to adequately explain the line shape of vibrationally excited liquid water [6, 7].
We will test whether a similar mechanism can explain the huge broadening of
the vog = 1 — 2 transition in ice.

We will estimate the distribution in hydrogen bond lengths of an ice Ih
crystal at 180 K, and how these hydrogen bonds will be partly modulated in time
by the presence of low-frequency phonons (sec. 7.4.2). With these ingredients
we can calculate the dipole time correlation functions (sec. 7.4.3) that determine
the ground state and excited state absorptions. Finally we discuss the transient
absorption line shapes resulting from these calculations (sec. 7.4.4).

7.4.2 Hydrogen bond distribution and dynamics

The line width of the vog = 0 — 1 transition equals 50 cm~' at 180 K. This
line width cannot be explained from the lifetime of the vog = 1 state (TY=! =
0.42 ps). Lifetime broadening leads to a Lorentzian absorption profile for each
oscillator, the FWHM line width being only 13 em~! (1/(27T¢=!)). The O-H
stretch line width must therefore be additionally broadened by the dynamics
and the spread in length of the hydrogen bonds that occur in the ice crystal. To
calculate the transient line shape, we need to know this hydrogen bond dynamics
and length distribution. We can then relate these to O-H stretch frequencies
and cross-sections by the LS-model as shown in the previous paragraph.

Proton disorder in the ice crystal leads to a static spread in oxygen positions
in the ice lattice, even at low temperatures. Therefore a static spread Ap stat in
the O--- O hydrogen bond lengths R exists in the ice lattice, which is unfortu-
nately very difficult to deduce from experimental scattering studies [73]. This
static distribution in hydrogen bond lengths will determine the inhomogeneous
broadening of the ice O—H stretch absorption. Picosecond IR hole-burning ex-
periments reported some inhomogeneous broadening of the O—H stretch band,
however only with a very narrow distribution (spectral holes were separated
by at most 15 cm ™!, corresponding to a standard deviation in hydrogen bond
lengths of ~0.4 pm in our LS-model [113], which is small compared to the
standard deviation of 1.5 pm of room temperature liquid water [7]). A recent
theoretical study [73] also shows a very small standard deviation of 0.7 pm.
We therefore assume in our calculation a gaussian hydrogen bond distribution
fstat (R) of fixed standard deviation Ap gat=0.4 pm around equilibrium bond
length Ry=2.76 A. Within the LS-model, this hydrogen bond distribution leads
to a FWHM O-H stretch vog = 0 — 1 line width of only 20 cm~!. This is much
narrower than the experimentally measured line width of 50 cm~* at 180 K, for
which proton disorder alone can therefore not account.

Another line broadening mechanism results from lattice dynamics that mod-
ulate the O--- O hydrogen bond [110], and thereby the O—H stretch frequency.
Thermally excited phonons will modulate the hydrogen bond coordinate by a
certain amplitude and at a characteristic timescale. In our model we will as-
sume that the presence of phonons will lead to a diffusional modulation of the
hydrogen bond coordinate (See Appendix B). As a result we do not model cer-
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tain phonon satellite band progressions that are observed in the O—H stretch
spectrum of isotopically dilute ice [44]. These are associated with combined
transitions to higher energy underdamped non-thermal phonons.

We need to make assumptions about the amplitude and rate of the hydrogen
bond fluctuations. The amplitude of the fluctuations are related to phonon
amplitudes, which are typically smaller than 2 pm [20]. This puts an upper
limit to the width Ag gyn of the hydrogen bond distribution that is dynamically
sampled by the hydrogen bond length fluctuations. The rate of the fluctuations
is set by a diffusional constant for the hydrogen bond length modulation process.
This diffusional constant D is directly related to the decay constant 7. of the
frequency correlations (see Eq. 7.19). We assume that 7. 2 h/(kgT) = 0.27 ps,
i.e. the frequency correlations cannot decay faster than the oscillation period of
the average occupied thermal mode. We choose Ag qyn=1 pm, and adjust the
diffusion constant D by a fit of the calculated line shape to the experimental
spectrum (see Sec. 7.4.4). This results in D=30 pm?/ps and 7.=0.3 ps.

7.4.3 Line shape calculation

Following the Wiener—Khintchine theorem (Eq. 2.13), the absorption spectrum
for a transition from state ¢ — j is the Fourier transform of the dipole time
correlation function:

Sij(W) ! /Oo dt - e_i“’tCij (t) (74)

:%_Oo

We use Eq. 2.24 to calculate of the dipole time correlation function so that
Cii(t) = (13 (0)fi; () Fe(t)), where fi;;(t) is the amplitude of the transition
dipole, F.(t) is the dephasing function and ( ) denotes ensemble averaging
over all oscillators [71].

The correlation function is determined by the time-evolution of the dipole
moments, which is given by the transition frequencies, transitions dipole mo-
ments and the vibrational lifetimes of the involved states. The transition fre-
quencies and transition dipole moments depend on the hydrogen bond coordi-
nate R as calculated in Appendix B. The spread and dynamics of the hydrogen
bond coordinate R was discussed in the previous section.

We assume that the pump and probe pulses are short compared to the
system dynamics (impulsive pump-probe (IPP) limit [90]), and take the excited
state and ground state dynamics fully uncorrelated and in thermal equilibrium.
We treat the vibrational state spectrum of water as a near-harmonic three-level
system. In that case only fig; and pi12 have significant amplitude. The pump
probe signal at zero probe delay Sipp(w,0) can then be related to the linear
response of Eq. 7.4 by

Slpp(w, 0) X 2501 (w) — Slg(w), (75)

referring to the bleaching and induced absorption contributions, respectively.
The line shape calculation is described in detail in Appendix B.



7.4 TRANSIENT ABSORPTION OF ICE 99

—— Motionally narrowed
- - - - Frequency distribution

V0H=1 —2 V°H=0~)1

Absorption

2900 3000 3100 3200 3300 3400
Frequency (cm™)

FIGURE 7.8. Absorption line shapes for the voiy = 1 — 2 and the vog = 0 — 1 tran-
sition (solid lines) calculated when assuming a frequency distribution (dotted lines)
for a Gaussian hydrogen bond length distribution of standard deviation Ag qyn=1 pm
(i.e. excluding inhomogeneous and lifetime broadening).

7.4.4 Discussion of the calculated transient lineshapes

In Fig. 7.8 the calculated line shapes for the vog =1 — 2 and the vog =0 — 1
transition (solid lines) are shown when assuming a frequency distribution for a
Gaussian hydrogen bond length distribution of standard deviation Ag gyn=1 pm
and a mean of Ry=2.76 A (dotted lines). The hydrogen bonds diffuse with a
diffusional constant D=30 pm?/ps (see Appendix B), and lifetime broadening
is not included by taking the vibrational lifetimes infinite.

The frequency modulations due to phonons clearly result in motional nar-
rowing of the spectral lines. The degree of motional narrowing is similar for the
vou = 0 — 1 and vog = 1 — 2 absorptions.

By including inhomogeneous broadening and life-time broadening in the
calculation, we can calculate the full transient absorption line shape according
to Eq. 7.5. The only remaining adjustable parameter is the vibrational lifetime
TY=2 of the vou = 2 state. In Fig. 7.9 (dotted line) the line shape is calculated
when TY=2=T7Y=1/2 (as would be expected for a harmonic oscillator, based on
the larger dipole coupling matrix element between the vop=1,2 states compared
to the vog=0,1 states). While the calculated line shape is reasonable for the
vou = 0 — 1 transition, it gives a poor description of the experimentally
measured vog = 1 — 2 absorption line shape.

We conclude that under the assumption that 7Y=2? = TY=!/2, the LS-model
cannot give a proper description of the vog = 1 — 2 absorption line shape. The
LS-model can only give rise to strong line broadening for this transition, when
the vog = 2 energy is close to the top of the water autodissociation barrier.
We find however that this is only the case for relatively short hydrogen bonds
(R~2.65A), that do not occur in ice (R~2.76-£0.1A).

We have tried to find different parameterisations of the LS-potential (Eq. 7.3)
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FIGURE 7.9. Experimental (O) and calculated transient line shapes. Dashed line:
calculated transient line shape when the vibrational lifetime of the vog = 2 state
Ty=2=T7="/2=210 fs (as would be expected for an approximately harmonic oscilla-
tor). Solid line: Best fit between experiment and calculation, obtained by assuming a
vibrational lifetime of the voy = 2 state of T{’IQ:QO fs.

that would lower the top of the water autodissociation barrier, and bring it
closer to the vog = 2 energy of longer hydrogen bonds. We found however that
lowering the barrier unavoidably implies a strong increase of the anharmonicity
of the O—H stretch vibration. This results in vog = 1 — 2 transition frequencies
that are far too red-shifted compared to the experimental observations. A low
anharmonicity of the O—H stretch potential of ice is also in line with the value
for the O-H stretch overtone absorption (6300 cm™1) [55].

This leaves us with the remaining possibility that the broad vog =1 — 2
line shape is determined primarily by a very short lifetime of the vog = 2
vibrational state, i.e. TP=2 < TY=!/2. We find good agreement between the
experimental and calculated transient spectrum when 77=? ~ T7=! /20, making
TP=2 only 2044 fs, as illustrated in Fig. 7.9. An explanation for this very short
lifetime of the vog = 2 vibrational state can be found in the resonance of the
vou = 1 — 2 transition with the overtone of the bending vibration. This allows
for very fast energy redistribution from the vog = 2 vibrational state.

7.5 Comparison with liquid water

We have shown that the relaxation of the O-H stretch vibration of HDO:D5O
ice proceeds via an intermediate state with a blue-shifted absorption. A similar
intermediate state is present in the vibrational relaxation pathway of liquid wa-
ter [80]. For liquid HoO the full spectrum of the intermediate state is hard to



7.6 TRANSIENT ABSORPTION OF ICE 101

observe, because it is dominated by the pure pump-probe and heating signals
(Aopp and Aar, resp.). For HDO:D5O ice the intermediate state absorption
can be observed more clearly, because it appears spectrally separated, and be-
cause the heating effect is less pronounced.

We would like to comment on why proton delocalisation can explain the
broadening of the induced absorption in the case of liquid water, but not in the
case of ice. This relates mainly to the very different hydrogen-bond distributions
that occur in ice and water. Ice is highly ordered and a hydrogen-bond length
variation of only 2.759-2.767A is present [73]. The liquid phase of water contains
much more disorder, showing a spread of 2.6-2.9A [7]. Therefore, very short
hydrogen bonds occur in water, for which the LS-potential allows the proton to
delocalise in the vog = 2 state. This qualitative difference in short and long
hydrogen bonds makes the induced absorption of water very asymmetric. In
the case of ice, the induced absorption line shape is determined by the lifetime,
and its absorption is therefore very symmetric. For several reasons the vog =
1 — 2 transition line width in water is expected to be less dominated by lifetime
broadening. The lifetime of the voy = 1 state in water is much longer than
in ice (740 fs). Therefore the lifetime of the von = 2 state in water will likely
be longer as well. Most importantly, a longer voy = 2 lifetime is expected for
HDO:D>0 water than for HDO:D5O ice, since the H-O—D bending overtone is
no longer in complete Fermi resonance with the O—H stretch vibration.

It is remarkable that very slow (>100 ps) thermal dynamics is observed in
ice but not in liquid water. The O—H stretch absorption in ice is much sharper
than in water, which makes thermal signals (usually related to small frequency
shifts and cross-section changes) relatively stronger. The amplitude of a signal
resulting from a thermally induced frequency shift ¢ of a gaussian band of width
w scales as §/u?, thus quadratically decreasing with the line width. Because
the fundamental water O—H stretch absorption is 4-5 times broader than the
fundamental ice O—H stretch absorption, thermal effects are 20 times weaker
(assuming similar thermally induced frequency shifts). Absorption lines in the
liquid phase that are equally narrow as the O—H stretch line in HDO:D5O ice,
have also been found to show long-timescale thermal dynamics [18], similar to
the slow dynamics reported here for ice.

7.6 Conclusions

We find that the vibrational relaxation of ice proceeds via an intermediate
state, which has a blue-shifted absorption by 50420 cm™!. The intermediate
likely corresponds to the O—H stretch absorption of water molecules of which
the H-O-D bending vibration is excited, as a result of vibrational relaxation.
By fitting the data to a kinetic model, we can separate the pure pump-probe
spectrum from the response of the intermediate state. We find the vibrational
lifetime of ice to be 420+30 fs, in accordance with earlier studies [133], and the
lifetime of the intermediate state to be 390+40 fs.

We observe thermally induced absorption changes of the O—H stretch mode,
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that evolve on a timescale of tens to hundreds of ps. These transmission changes
likely relate to collective reorganisations of the ice lattice in response to heating.
A striking feature of the pure pump-probe spectrum of ice is the strongly
broadened voy = 1 — 2 transition. Such broadening was also observed for
liquid water, and could be explained from proton delocalisation in the vog = 2
state [6,7]. We modelled the vog = 0 — 1 and vog = 1 — 2 line shapes of ice
using the Lippincott-Schréder model for the O—H stretch potential. Using this
model, we find that proton delocalisation cannot occur in the vog = 2 vibra-
tional state of ice. Delocalisation occurs only for fairly short (strong) hydrogen
bonds that are not present in the ice crystal. Proton delocalisation therefore
does not contribute to the observed broadening of the induced absorption.

We find that the strong broadening of the induced absorption follows from a
very short vibrational lifetime of the voy = 2 state (77 =2=20+4 fs). This short
lifetime can be explained from the resonance of the vog = 1 — 2 transition
with the overtone of the H-O-D bending vibration.

7.7 Appendix A: Kinetic Modelling

The following equations describe the dynamics of the molecules that were ex-
cited by the pump pulse:

dNy 1
Y _ SN
dt "
AN 1 1
— N - N} 7.6
dt T1 ! Teq 07 ( )
N, 1
D = —N;.
dt Teq

Ny, N§ and Ny refer to the populations of the levels depicted in Fig. 7.4 (the
population Ny is defined as the population difference with respect to the steady-
state population of this state). As boundary conditions we assume that at t=0
the number of molecules in the excited state equals the number of molecules
removed from the ground state, No(0) = —N;(0), and N (0) = 0. We then find

Ni(t) = Ny (0)e /T2,

T — —t/T
Now () = Ni(0) 2 —(e7"/ —e7*/m). (7.7)
eq

When the excited molecules relax to the ground state, the entire ice crystal
gets gradually heated. Because of this heating, the O—H stretch cross-section
spectrum (g1 (w, t)) slightly blue-shifts, resulting in thermal absorption changes
Aar(w,t) observed in the experiments. We assume the change of the spectrum
oo01(w, t) upon heating to be proportional to the total number of molecules N,



7.8 TRANSIENT ABSORPTION OF ICE 103

that have decayed to the ground state:

t
1
Aar(wt) o« Noa(t) = / L Nz

t'=0 Teq

= N1(0) = Ny (0)(Teqe V™0 — Tye V") [(1oq — T1). (7.8)

Heating affects the cross-sections of all molecules, not only of the the initially
excited number of molecules N;(0), as we implicitly assume above. It can be
shown that taking into account the heating effect on all molecules in fact gives
the same expression for Aar as above provided the fraction of excited molecules
N;1(0)/C is small, which is the case in our experiment [105].

7.8 Appendix B: details line shape calculation

Assuming a classical fluctuating bath, the dipole time correlation function can
be written as Eq. 2.25:

Cig (1) = (ui5 (O)uzs () mig (O)mi (1) €15 @ Dim=Tst), (7.9)

where m;; = < |M|j) equals the magnitude of the transition dipole moment
and u(t)—¢é - M as the molecular orientation, M = MM the molecular dipole
operator and € the laser field polarisation. In the above expression vibrational
relaxation was introduced phenomenologically.”

The I';; equal the dipole dephasing rates due to vibrational relaxation, which
are given by

1
T = — 7.10
01 2T1v:1 ) ( )
1 1

T, = —— +——.
12 2Ty=1 + 2Ty=2

(7.11)

Ty~ equals the vibrational population decay time for vibrational state |j) (we
write 277 since within the density matrix formalism, polarisations are propor-
tional to coherences, which dephase due to vibrational relaxation at half the
population relaxation rate of the corresponding excited state [19], see Eq. 2.52).
For ice we can neglect the effects of reorientation, and take u;;(¢t) = 1.
In our model, the dipole transition moments m;; and frequencies w;; depend
parametrically on the hydrogen-bond length R. Length modulations in R will
result in time-dependent fluctuations of w;; and m;;. We assume that the O-H
stretch motion depends parametrically on the hydrogen bond stretch (O---O)
coordinate. This type of adiabatic approach is commonly used in describing the
coupling between a high-frequency O—H stretch vibration and a low frequency

bTo account for population relaxation we add to the real frequency Wweg in Eq. 2.25 a
complex quantity according to weg(t) — weg(t) —ileg, which adds an exponentially decay to
the dephasing function F¢(t) on a rate I'ey.
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O-H--- O hydrogen bond. The approximation will be valid when the O---O
modulations are slow compared to the O—H stretch motion, which is a fairly rea-
sonable assumption since the thermally excited phonon vibrations (~200 cm~1)
in ice are an order of magnitude slower in frequency than the O—H stretch vibra-
tions (~3000 cm™1) [24]. We solve the one-dimensional Schrédinger Equation
for the LS-potential with a parametric dependence on the hydrogen bond co-
ordinate R using a Numerov algorithm [67] (we adopt reduced units of energy
(cm~1), length (A) and mass (m/A?), and take the reduced mass of an OH-
oscillator equal to 0.0279 Afz/ cm™!). This results in eigen energies E, and
eigenfunctions |v) up to vog = 2 for each hydrogen bond coordinate R. The O-H
stretch absorption frequency is given by the relation w;;(R) = (E; — E;)/h and
the absorption cross-sections m;; are found by calculating the matrix elements
(i|r|j) for each vog =i — j transition.

Making explicit the ensemble average over the hydrogen-bond length distri-
butions in Eq. 7.4, we have

Ci;(t) = / dR’ - fsar(R') / dR - Ci;(R, R ,t), (7.12)
0 0
where
Ci;(R,R';t) = Pi(R,R,0)P;R,R1). (7.13)

P;;(R, R',t) now equals a macroscopic time-dependent polarisation. The (R,R")
hydrogen bond coordinates refer to the dynamic and static hydrogen bond dis-
tributions, as discussed in Sec. 7.4.2, i.e. P;;(R, R',t) is generated by the subset
of oscillators that experience an instantaneous hydrogen-bond length R and
have an equilibrium hydrogen-bond length R’. P;;(R, R’,t) accumulates phase
by a factor e (®)t but gains additional phase and changes amplitude as a result
of the frequency modulations. The line shape calculation is now reduced to the
calculation of the dipole time correlation functions C;; (R, R’,t).

The length spread and dynamics of the hydrogen bonds in the ice crys-
tal were discussed in Sec. 7.4.2. These are related to a frequency spread and
modulation in O—H stretch frequencies by the LS-model. The inhomogeneous
spread in hydrogen bonds fsat(R') follows a Gaussian distribution of width
AR stas=0.4 pm and mean Ry=2.76 A. Around each hydrogen-bond length R’
we centre a distribution of hydrogen bond lengths fqyn(R, R’), to account for the
stochastic modulation of the hydrogen bonds by phonons. fqyn(R,R’) equals a
Gaussian distribution of width Ag qyn=1.0 pm and mean R’.

We rewrite the integrals in Eq. 7.12 as discrete summations over the variables
(R,R’), adopting integration steps of length dR=1 x 10713 m

Cii(t) = farar(By) Y Cij(Ry, Ry, ). (7.14)
k l

We assume that the pump and probe pulses are short compared to the system
dynamics (impulsive pump-probe limit), and take the excited state and ground
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state dynamics fully uncorrelated and in thermal equilibrium. We can then ne-
glect cross-correlations between the different states in the third order response.
We calculate the transient spectrum from the linear response for thermal equi-
librium populations in both the ground and excited state.

For each transition vog = v — 1 — v, each bin [ in Eq. 7.14 has an asso-
ciated cross-section my , as calculated from the LS-model (this bin-associated
transition dipole moment should not be confused with the earlier definition of
the transition dipole moment m;;, where the indices refer to vibrational states).
The bins exchange population from bin /=m to I=n on a rate k,, , according to
a diffusional process, to account for the stochastic stretching modulations of the
hydrogen-bond length. Assuming constant diffusion over the entire distribution
of hydrogen bonds ((km,m+1 + km+1,m)/2 = ko), and using detailed balance
Emm+1 - fayn (R, Ry) = kmat1,m - fayn(Rm+1, Rj,), the hop rates are given by

2fdyn(Rn,Ry) : _
b = 4 O TR B o () HM=MEL g
0 ifn#m+1,
D
ko d;’;’, (7.16)

where Dy, is the diffusion constant determining the rate of the stochastic
hydrogen bond modulations.

For simplicity we will write the simple indices (I, k) for the discretised vari-
ables (R;, Rj) and index v to denote the vog = v —1 — v transition. In
each time step of the integration we keep track of the complex amplitude
Py (t) = Pyo_14(Ry, R}, t) of the polarisation associated with each bin [, ac-
cording to

dP; 1.v .
# = (lwl —TDyo1o — ki1 — kl,lﬂ)ﬂ,k,v (7.17)
o myp
+kit1, L Piiko+ ki1 : Pk,
Mi+1v mi—1v
Piw(0) = fayn(Ry, Ri)mie. (7.18)

I',—1, equals the polarisation decay due to vibrational relaxation (see Eq. 7.10).
Eq. 7.17 consists of a system of [ linear differential equations for each voy =
v — 1 — v transition and each hydrogen bond coordinate Rj. This system
is solved by numerical integration. The only remaining fit parameter is Dyop,
which was adjusted to give the best description of the linear vog = 0 — 1
absorption (Dpep = 30 pm?/ps).

In the limit of a Gaussian hydrogen bond length distribution, a linear map-
ping between R and O-H stretch frequency, and a constant cross-section spec-
trum, Dyop is related to the frequency-frequency correlation time 7, by [8,25]

e gf; (1 - \/1 P dR?/A%Ldyn)fl, (7.19)

A2
— B iR < Agagn- (7.20)
Dhop
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Because of the anharmonicities included in the LS-model, the mapping be-
tween hydrogen-bond coordinates R and the O-H stretch frequencies and cross-
sections is however a more complicated relation (including non-Condon effects).
Numerical calculation of 7. by determining the exponential decay-time of the
frequency time correlation function (FTCF) (dw(0)dw(t)) (dw(t) = w(t) — wo,
wp being the mean frequency of the distribution), resulted in 7. = 0.33 ps for
the vog = 0 — 1 transition and 7. = 0.27 ps for the vog = 1 — 2 transi-
tion. From Eq. 7.19 we find 7. ~ 0.3 ps, which shows that the distributions are
near-Gaussian.



Chapter 8

Vibrational dynamics of ice in
reverse micelles

The ultrafast vibrational dynamics of HDO:D3O ice at 180 K in AOT reverse mi-
celles is studied by mid-infrared femtosecond pump-probe spectroscopy. Solutions
containing reverse micelles are cooled to low temperatures by a fast-freezing proce-
dure. The heating dynamics of the micellar solutions is studied to characterise the
micellar structure. Small reverse micelles with a water content up to approximately
150 water molecules contain an amorphous form of ice that shows remarkably different
vibrational dynamics compared to bulk hexagonal ice. The micellar amorphous ice
has a much longer vibrational lifetime than bulk hexagonal ice and micellar liquid
water. The vibrational lifetime is observed to increase linearly from 0.7 to 4 ps with
the resonance frequency ranging from 3100-3500 cm™'. From the dependence of the
vibrational relaxation on the excitation frequency the homogeneous line width of the
amorphous ice is determined (5545 cm™').

8.1 Introduction

The confinement of liquid water to small volumes changes its structure and
dynamics [10,30,37-39,43,56,99,109,111,122,130], but also its phase behaviour.
Liquid water may be supercooled to much lower temperature when confined to
micrometre sized capillaries. In the case of strongly confined ice, surface effects
become important, and this may induce the formation of ice structures different
from normal hexagonal ice Ih. [40,65].

In the work presented in this chapter, reverse micellar solutions are cooled
to low temperatures to study the effect of micellar confinement on the freezing
behaviour of water. Low temperature reverse micelles have become of relevance
to the field of cryoenzymology and low-temperature structural biology [3,41],
since these systems can be used to solubilise large amounts of protein. Sev-
eral techniques have previously been used to study the freezing behaviour of
reverse micelles, including linear spectroscopy [93], fluorescent probes [91] and

107
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NMR [115]. These studies show that freezing occurs within the water pool at
temperatures between 210-265 K, and that water inside reverse micelles may be
supercooled to 240 K [91,115]. Also the hydrogen bond network behaviour of
the water pool exhibits a strong dependence on wy and does not approximate
that of bulk water until wy=40. [93]

The sample preparation of stable reverse micelles at low temperatures is
challenging. Breakdown of micellar structure was observed for slowly frozen
reverse micellar solutions [58,91,115,138|. Using a fast-freezing procedure we
find that clear reverse micellar dispersions can be prepared at low temperature,
suggesting the retainment of the room-temperature micellar structure. Micelle
stability is investigated by studying the heating dynamics of the micellar solu-
tions. We find that the freezing leads to the formation of an amorphous type of
ice in the interior of small reverse micelles. We study the ultrafast vibrational
dynamics of this micellar amorphous ice, and find that it differs markedly from
that of bulk crystalline ice.

8.2 Experimental

8.2.1 Sample Preparation

The investigated samples were mixtures of the surfactant salt AOT (Sodium
bis(2-ethylhexyl) sulfosuccinate, SigmaUltra grade >99%, Aldrich), isooctane
(anhydrous grade 99.8%, Aldrich), pentane (anhydrous grade >99%, Aldrich)
and water (HoO HPLC grade, Aldrich. D3O >99.9%, Apollo Scientific). We
used isotopic dilutions of HDO in D3O (H20:D2O = 1:40) to prevent the signals
to be affected by intermolecular resonant energy transfer of the O—H stretch
vibrations [131]. From the linear IR spectrum we deduced that the AOT used
contains 1 HyO molecule/25 AOT molecules, which was taken into account
in determining the appropriate amounts of the constituents. The water mass
fraction of all samples was 0.015. Pentane and isooctane were added in a 1:1
volume ratio. Samples were prepared by mixing the constituents without further
purification. The micellar solution is contained within a copper sample cell
consisting of two 2 mm thick sapphire windows that are separated by a 500
pm thick Kalrez spacer. The sample is mounted within a closed cycle cryostat
(CTI-Cryogenics).

The micellar solutions were frozen rapidly by plunging the sample holder
into liquid nitrogen, with resulting cooling rates on the order of 10?2 K/s [5,62].
Even faster cooling rates (> 10° K/s) can be reached when freezing isolated
micrometre sized droplets. In such cases water can be frozen into other forms
than the usual hexagonal ice, like amorphous or cubic ice [64,65]. Based on
cooling speed alone, such different forms of ice are not expected to form in the
reverse micelles, as in our experiments they are contained in bulk solutions that
freeze relatively slowly.

We used a 1:1 ratio of isooctane and pentane as apolar solvent, since we
found this mixture to form a clear glass upon freezing. After freezing the sample
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the cryostat is closed and vacuumed. The temperature is subsequently raised to
180 K, so that ice deposited from the air onto the sample cell can be pumped off.
At 180 K the apolar glass matrix melts and leaves the frozen micelles suspended.

The stability of reverse micelles is known to depend on temperature, and
at low temperatures spontaneous solution demixing can occur [138]. Reverse
micelles will then shed water from their interior [58,91], thereby strongly de-
creasing the micelle water content. The rate of water shedding depends on
temperature and micelle size, but has been reported to be a fairly slow process
taking up to minutes [115]. During water shedding phase separation takes place
in which the micellar structures breaks down and visual inspection reveals that
large ice clusters form that sink to the bottom of the sample cell.

We use fast cooling to prevent water shedding from the micelle interior. In
this way we prepare samples that are optically clear, suggesting the inhibition
of water shedding. The micellar stability of our samples is characterised in
Sec. 8.3.1. For normal micelles it has been well established that micellar struc-
ture can be retained when freezing the micellar solutions quickly [4,11,76], and
similar reports exist for quickly frozen reverse micelles [5,62)].

8.2.2 Pump-probe experiment

Absorbance changes were recorded for probe light polarised parallel and perpen-
dicular to the pump, as described previously in chapter 7. The sapphire windows
of the sample cell are somewhat birefringent, which causes a limited amount of
mixing of the parallel and perpendicular components (~20%). We performed
reference measurements using more fragile CaFy windows that do not introduce
any birefringence. These measurements confirmed that the anisotropy param-
eter remained constant, which is expected for a rigid (not reorienting) solid as
ice. We chose to only use the perpendicular data for further analysis, which is
the probe polarisation least susceptible to scattered pump light.

8.3 Results and Discussion

8.3.1 Ultrafast heating dynamics and micelle stability

Linear infrared absorption spectra for the O—H stretch absorption of HDO:D5O
in AOT micellar solutions are displayed in Fig. 8.1, both at room temperature
(top) and at 180 K after fast-freezing (bottom). For small reverse micelles (wy <
3.5) the O—H stretch spectrum remains broad upon freezing, which shows that
a large spread in hydrogen bond lengths is present at low temperatures. The
width of the absorption agrees well with that recorded for amorphous HDO:D>O
ice [129]. For micelles of wy > 4 an additional narrow absorption peak at
3300 cm~! appears, which becomes the dominant feature for large micelles.
This peak appears at the same spectral position as the O—H stretch absorption
for bulk crystalline ice HDO:D5O.

Fig. 8.2 shows the pump-induced transient absorption change as a function of
delay for micelles with wy=2 and wy=4. Both pump and probe are tuned to the
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Ficure 8.1. Linear O-H stretch absorption for AOT reverse micellar solutions at
room temperature (top) and at 180 K (bottom). The micelle size increases with the
parameter wo—|water|/[surfactant]. The value of n equals the approximate number of
water molecules per reverse micelle [1,112].

maximum of the absorption band. At delay zero the transmission is increased
because of ground state depletion of the O—H stretch vibration and stimulated
emission out of the vog=1 state. The transmission increase is followed by
vibrational relaxation and thermalisation dynamics. The vibrational relaxation
will be discussed in detail in the next subsection. A striking difference between
the signals measured for the two micelles is the magnitude of the signal at delays
>10 ps. For a micelle with wy = 2 the signal has practically vanished, whereas
for a micelle with wg = 4 a large transmission change related to thermalisation
dynamics is observed.

The signal measured at large delays reflects the amount of heating induced
by the pump-pulse excitation. Heating affects the cross-section spectrum of the
O-H stretch vibration by a blue-shift and decrease in amplitude (see chapter 7,
[36]). These cross-section changes result in absorption changes Aar(w,t) for
the time-delayed infrared pulse probing the sample. The amplitude of this
absorption change is known to be linearly dependent on the amount of heat
absorbed by the sample for both water [118] and ice [60]. The amplitude of the
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F1cURE 8.2. Pump induced absorbance change plotted as a function of probe delay for
a sample of wp=2 and 4 at 180 K. The pump/probe frequencies were 3450,/3444 em !
and 3300/3293 cm ™!, respectively. Much stronger absorbance changes related to heat-
ing are observed for samples of wp>4 than for wo<4.

absorption change can thereby act as a local thermometer.

Fig. 8.3a shows the amplitude of the transmission changes induced by the
heating effect at 60 ps time delay as a function of wy. The amplitude of the heat
effect is scaled to the amplitude of the transmission changes at 0.2 ps, to correct
for the intensity of the excitation pulse (since the data for liquid micelles were
recorded at magic angle instead of at a perpendicular probe polarisation [38], the
relative amplitude of the heating effect was upscaled for these measurements by
a factor 5/3). For wg < 3.5 the heating effect is equally small for frozen micellar
solutions as for liquid micellar solutions. Directly after vibrational relaxation
of a liquid reverse micellar solution, the sample will contain hot reverse micelles
suspended in a cooler apolar solvent. The micelles will cool to the surrounding
solvent on a picosecond timescale [112]. When the micelle cooling is complete,
the heat is equilibrated over the micelles and the solvent. Since the solvent takes
up the majority of the sample volume, the final heating effect on the micelles
will be very small.

For frozen micellar solutions of wy > 4 very slow cooling is observed, and
more than 50% of the heating signal remains at 1000 ps. At 60 ps the heating
effect still has a similar amplitude as a heated sample of bulk ice of the same
concentration of HDO molecules, while for liquid micellar solutions of the same
wp at this delay time cooling is already complete. The heating dynamics reveal
that our preparation method leads to stable micelles up to wy = 3.5 and that
for wg > 4 the micelles fall apart forming large clusters of ice. The cooling
times of these clusters are slower than 1000 ps, which implies that the clusters
must have a typical size larger than 10 nm [112]. The fact that the solutions
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Ficure 8.3. a: Amplitude of the measured absorption changes induced by heating
at 60 ps probe delay (at the probe frequency of maximum absorption change). The
amplitudes are scaled relative to the absorption change induced by population transfer
at 0.2 ps, to divide out any dependence of the signal amplitude on the laser intensity. b:
Fraction crystalline ice as a function of the parameter wo. This fraction is determined
by fitting the linear absorption spectra of Fig. 8.1 to a linear combination of the wo=2
and bulk crystalline ice spectra.

are optically clear puts an upper limit of 500 nm to the cluster size.

It is instructive to correlate the heating dynamics with the appearance of the
crystalline ice peak in the linear absorption spectrum. For all micellar solutions
the linear absorption spectrum can be fitted by a linear combination of the
spectrum of the wy = 2 sample and that of bulk HDO:D5O ice. Only the relative
fraction of the two components varies over the range of wy considered. The
fraction crystalline ice for each sample is plotted as a function of wq in Fig. 8.3b.
From this figure it is clear that in the transition from a micellar solution of
wg = 3.5 to wg = 4 the relative amount of crystalline ice is sharply increasing.
The transition takes place at the same value of wy at which we identified the
onset of micellar breakup from the heating dynamics (see Fig. 8.3a). Most
crystalline ice will therefore be found outside the reverse micelles, coalesced in
larger ice crystals.

We conclude that the aqueous core of the micelles is stabilised in an amor-
phous form of ice for micellar structures up to wg = 3.5. This micelle contains
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FIGURE 8.4. Transient absorbance change for a micelle of wp=2 at various probe
delays, when exciting the sample by a pump pulse centered at 3300 cm ™' (top),
3450 ecm™! (middle) and 3550 cm™' (bottom). The transient spectrum shifts with
pump frequency.

approximately 150 water molecules [1,112]. Breakup of larger reverse micelles
is observed to coincide with the appearance of crystalline ice in the sample.

8.3.2 Vibrational dynamics of micelle-confined
amorphous ice

Fig. 8.4 shows the pump-induced transient absorption change plotted for differ-
ent pump frequencies and varying probe delays for a micelle with wo=2. After
excitation by the pump, the transmission is increased at frequencies matching
the vog = 0 — 1 transition (because of ground state depletion of the O-H
stretch vibration and stimulated emission out of the vog=1 state), whereas
the transmission is decreased at the more red-shifted frequencies matching the
vou = 1 — 2 transition (where the induced population in the v=1 state causes
absorption). The pump—probe spectra obtained with different pump frequencies
are shifted in frequency and remain so at all delays. The amorphous ice appar-
ently contains a strongly inhomogeneous distribution of OH oscillators that are
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FI1Gure 8.5. Pump induced absorbance change plotted as a function of probe delay at
various probe frequencies. The pump frequency was 3450 cm~!. Vibrational relaxation
is observed to be strongly frequency dependent; the transient absorption change is well
described by a mono-exponential decay with a time-constant depending on the probe
frequency.

spectrally different and do not interchange their absorption frequencies. The
O-H stretch frequency is strongly correlated to the length of the donated hy-
drogen bond. For this reason, the absence of any spectral dynamics shows the
absence of large fluctuations in hydrogen bond lengths. The amorphous ice
apparently contains a static ensemble of different hydrogen bonds.

It should be noted that a large amount of the amorphous ice will be sur-
factant bound water. The interaction between the AOT surfactant and water
can be strong, and its sulfonate head group can accept hydrogen bonds from
several water molecules [35]. Therefore the majority of the micellar amorphous
ice may in fact be bound to surfactant molecules.

The vibrational relaxation of the micellar amorphous ice is observed to be
very frequency dependent. This is illustrated in Fig. 8.5, where we show the
transient absorption at different probe frequencies as a function of pump-probe
delay. The relaxation decay constant increases with absorption frequency from
0.7 to 4 ps. The vibrational relaxation of HDO water in liquid micelles has
been described with a two-component model in chapter 4. Two relaxation times
were sufficient to describe the vibrational dynamics at all frequencies within the
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FIGURE 8.6. Fitted exponential time constants for the transient absorption change
recorded at different probe frequencies. The time-constants are observed to depend
on the centre frequency of the pump (data shown for a pump centred at 3300 cm™*,
3450 em ™! or 3550 cm™'). Dotted lines are fits that assume a linear dependence of
the vibrational relaxation time on the O—H stretch frequency and a homogeneous line

width of 55 cm™!.

absorption band. The two components in the vibrational relaxation could be
related to two different types of water molecules, bulk-like molecules in the core
of the micelles (T7=0.7-1 ps) versus interfacial molecules bound to the AOT
surfactant molecules (77=2.8 ps). The vibrational relaxation presented here for
frozen micelles cannot be described with two time constants, and a much more
inhomogeneous distribution of relaxation times is observed.

While for bulk HDO:D>O water the vibrational relaxation becomes faster
upon freezing (from 0.8 ps to 0.4 ps, see chapter 7, [133]), for micellar HDO:D2O
it becomes slower. The freezing of bulk water results in a strong narrowing
and red shift of the O-H stretch absorption, related to increased structural
order and hydrogen bond strengthening. The red shift brings the O-H stretch
energy in closer resonance with the HOD bending overtone, facilitating faster
vibrational relaxation. The O-H stretch spectrum of amorphous micellar ice
does not undergo such a red shift. Therefore the energy gap with the overtone
of the bending mode remains large and the relaxation involves lower-frequency
modes to make up for the energy gap. At low temperatures the coupling to
these modes will be reduced, because these modes will be less populated due to
a small Boltzmann factor. This effect likely explains why the relaxation is even
slower than for HDO:D5O micellar water in the liquid phase.
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The relaxation at each frequency can be well described by a single expo-
nential decay (see Fig. 8.5). The fitted time-constants are plotted in Fig. 8.6.
Besides a dependence on the probe frequency, the vibrational relaxation also
depends on the pump frequency. At a fixed probe frequency, more slowly re-
laxing molecules are observed if these are excited by a pump that has been
tuned to the blue side of the spectrum. This can be understood by noting that
the inhomogeneously broadened O—-H stretch absorption consists of an ensemble
of homogeneous absorption lines with different centre frequencies. At a fixed
probe frequency, more high frequency homogeneous lines will be excited by a
more blue pump frequency, which have a longer associated T} relaxation time.

We model the pump-selectivity in the observed 77 by assuming a frequency
dependence for 77 and a single homogeneous line width across the entire O-H
stretch absorption band. We define Shom(w,w’) as a Gaussian homogeneous
line of width oo, and centre frequency w’. We can deconvolute the homoge-
neous broadening from the linear absorption spectrum to obtain the frequency
distribution of homogeneous lines I(w), such that the linear absorption spec-
trum equals f I(w")Shom (w — w’,0)dw’. The effectively observed T; at a probe
frequency wp, will then be the weighted average over all the homogenous distri-
butions that have been excited by the pump centred at frequency wypy:

fooo dwSpu (@, Wpu) Shom (Wpr, w) I (w) - T (w)
fooo dwSpu (W, Wpu ) Shom (Wpr, w) I (w)

11 (wpr, wpu) = (8.1)

Spu(w, wpy) equals the pump spectrum when centred at wp,, which is taken
to be a Gaussian of FWHM 80 cm~!. Tj(w) equals the relaxation time as a
function of O-H stretch absorption frequency. In view of the observed inho-
mogeneities in the vibrational relaxation, the homogeneous line width will be
much smaller than the width of the linear absorption spectrum. In this limit
we can approximate I(w) with the linear absorption spectrum itself.

We find a good description of the measured relaxation times of the voy =
0 — 1 transition when 7 (w) varies linearly with frequency according to T3 (w) =
A+ B(w—wyp), where wy is taken the central frequency of the O—H stretch band
(wo=3450 cm~1). For the voy = 1 — 2 absorption the same relation holds, but
since this transition is red-shifted by the anharmonicity A and broadened by a
factor k=1.2, we make the transformation B — B/k and wg — wo—A. By aleast
squares fit we find A=2.440.2 ps, B=0.01440.002 ps/cm !, A=2554-10 cm~!
and opem=>55+5 cm~!. The fitted curves are displayed as dotted lines in Fig. 8.6.
The homogeneous line width for the amorphous ice (55 cm™!) turns out to
be similar to the line width of bulk HDO:D2O ice (50 cm™!) at 180 K. The
bulk HDO:D50O ice absorption is known to be only slightly inhomogeneously
broadened (see chapter 7).

In view of the spectral width of the pump (80 cm~!) and the homogeneous
line width (55 cm™!) a distribution of oscillators with different relaxation times
T, will be excited at each probe frequency. This leads in principle to a slight
multi-exponential decay of the pump-probe signal. Oscillators with a longer T
will contribute longer to the signal than oscillators with a shorter T3, causing



8.4 ICE IN REVERSE MICELLES 117

the pump-probe signal to decay somewhat slower at later delay times. A close
inspection of the decay curves of Fig. 8.5 indeed reveals some multi-exponential
behaviour.

Comparing data and fit of Fig. 8.6 shows that a fully linear relation between
Ty and the O-H stretch frequency as assumed in our model is a slight over-
simplification. At low frequencies the T} increases with frequency somewhat
more slowly than at high frequencies. For many hydrogen-bonded systems T}
is related to the O-H stretch frequency not according to a linear dependence,
but by a nearly inverse quadratic relation: Ti(w) = a(won — womng) "8, with
a a constant and won,e the vibrational frequency of the O-H group in the gas
phase [89,117]. This relation shows a stronger frequency dependence of the T at
blue frequencies compared to red frequencies, but this nonlinearity was found to
be far too strong to be in accordance with our experimental data. The formula
was derived for the case of vibrational predissociation, in which vibrational en-
ergy can be transferred to the O- - - O hydrogen bond stretch coordinate only. In
amorphous ice, the relaxation likely involves energy transfer to the overtone of
the bending mode. This prevents the relaxation time to go to infinity near the
gas-phase frequency, as predicted by the inverse quadratic equation. A linear
frequency dependence is more adequate in describing the experiment.

The vog = 1 — 2 line shape of the amorphous ice is slightly broader than
the vog = 0 — 1 transition, by a factor of 1.2. This strongly contrasts with the
case of bulk HDO:D5O ice [113], where the voig = 1 — 2 transition is broadened
by a factor of 5. The broadening in bulk ice was found to be related primarily
to a very short vibrational lifetime of the vor=2 state [36] (see chapter 7). The
vou=2 state of bulk ice is resonant with the HDO bending overtone, which
facilitates very fast vibrational energy relaxation. The amorphous ice studied
here has an O—H stretch spectrum that absorbs at more blue-shifted frequencies,
frustrating enhanced relaxation by this Fermi resonance. The vog = 1 — 2
transition is therefore not significantly life-time broadened.

The micellar amorphous ice that is hydrogen bonded to the sulfonate head
group of the surfactant likely experiences a somewhat different OH- - - O poten-
tial than bulk water and ice. For liquid water a second broadening mechanism
of the vog = 1 — 2 transition was identified, related to proton delocalization
in the vog = 2 state [7,36]. In bulk ice this mechanism cannot be present as
it does not agree with the narrow spread in hydrogen bond lengths [36]. In the
micellar amorphous ice the spread in hydrogen bond lengths is much broader,
however no vog = 1 — 2 broadening is observed in this case either. This con-
firms that the OH---O potential for amorphous ice contained in the micelles
differs from that of liquid water.

8.4 Conclusions
We studied the vibrational dynamics of frozen water contained in AOT reverse

micelles with femtosecond mid-infrared pump-probe spectroscopy. From the
thermalisation dynamics we deduce that fast freezing of AOT reverse micellar
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solutions leaves the micellar structure intact up to a micelle water content of
wo = 3.5. Larger micelles break up to form larger crystalline ice structures
in the size range of 10-500 nm. Freezing micellar solutions at higher cooling
rates is necessary to extend the stability range to micelles with a higher water
content.

The intact reverse micelles of water content wg < 3.5 contain amorphous ice,
which may for a large part be hydrogen bonded to AOT surfactant molecules.
The linear absorption spectrum of this micellar amorphous ice is equally broad
as for water in the liquid phase, which implies the existence of a large degree of
structural disorder and spread in hydrogen bond lengths.

The vibrational relaxation rate of micellar amorphous ice is found to in-
crease almost linearly with the O—H stretch absorption frequency, from 0.7 to
4 ps. Compared to the relaxation rate of micellar water in the liquid phase [38]
(surfactant-bound 2.8 ps, DaO-bound 0.7-1 ps), the average vibrational relax-
ation of the amorphous water slows down upon freezing. This contrasts with
the case of bulk HDO:D>O, for which the vibrational relaxation rate increases
(from 740 fs at T=298 K to 420 fs at T=180 K) [133]. From the pump-frequency
dependence of the vibrational relaxation we deduce that the homogeneous line
width equals 5545 cm™!.

The line width of the vog = 1 — 2 transition of the micellar amorphous ice
is only slightly broadened compared to the vog = 0 — 1 transition. This differs
from the case of liquid HDO:D50O, which has equal structural disorder, but
where the vog = 1 — 2 is broadened significantly due to proton delocalisation
in the von = 2 state [7]. The O-H stretch potential of the amorphous ice must
thus be different from that of bulk water.
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Summary

Water is the most abundant liquid on our planet and has a ubiquitous pres-
ence in our lives. It constitutes the main component of all living organisms,
supporting the popular knowledge that water is crucial to the existence of life.
When examining the role of water in biological systems, we see many examples
of water not being present as a bulk liquid, but hydrating lipid or protein sur-
faces, often in strongly confined regions. The cell is a crowded environment in
which macromolecules occupy a considerable fraction (between 10% and 40%)
of the total volume. The conformations of proteins and membrane sheets in
cells are often such that their surface encloses small pockets of water, either
continuously or during part of their functional cycle. Confinement of water to
volumes of only a few nanometre length scale is a regularly encountered motive
in biological systems.

Water containing reverse micelles have emerged as a suitable model system
for studying confined water. These micelles consist of small aqueous droplets
that are coated by a layer of surfactant molecules, and form spontaneously in an
apolar solvent. The dimensions of reverse micelles are similar to confined spaces
found in cavities in biological systems. The work presented in this thesis aims
at studying the properties of water inside reverse micelles and at understanding
how the properties of water change as a result of confinement. In bulk water the
water molecules are arranged in a dynamical hydrogen bond network, in which
each molecule is near tetrahedrally coordinated by four other molecules. By
confining water to small volumes this hydrogen bond network gets truncated,
which may change both the structural and dynamical properties of the liquid.

Mid-infrared spectroscopy is well suited for studying the hydrogen bonding
properties of water. The O-H stretch vibration of a water molecule, which ab-
sorbs in the mid-infrared spectral region, is very sensitive to the precise strength
of the donated hydrogen bond. To study the dynamics of confined water, we use
femtosecond pump-probe spectroscopy. In these experiments we use two short
(~100 fs) infrared light pulses: a pump pulse to excite the O—H stretch vibra-
tion of a fraction of the water molecules, and a second probe pulse to monitor
the absorption changes in the sample resulting from the vibrational excitation.
By probing the sample at various time delays after the pump, we can mea-
sure the O—H stretch vibrational relaxation. If we perform the experiment with
a combination of different pump and probe polarisations, we can also obtain
information on the reorientational motions of the excited water molecules.
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Most experiments have been performed on the O-H stretch vibration of
isotopic dilutions of HDO in heavy water DoO and not on neat water H5O.
In neat water vibrational excitations rapidly hop from one water molecule to
another (by Forster energy transfer) and as a result we cannot measure water
reorientations.

Experiments on water confined in anionic reverse micelles [using the surfac-
tant AOT (Sodium bis(2-ethylhexyl) sulfosuccinate)] reveal that primarily two
types of water molecules can be distinguished in the interior of such a reverse
micelle. We find that water molecules hydrogen bonded to the outer micellar
wall have a slower vibrational relaxation and a much lower orientational mobil-
ity (7or>15 ps) than water molecules in the core of the reverse micelles, which
behave much like bulk water (7,,=3 ps). The micellar confinement only affects
the mobility of approximately a single layer of interfacial water molecules, and
no long range effect on the orientational mobility is observed. The experiment
also illustrates that the strength of its hydrogen bond does not determine the
orientational mobility of a water molecule. The interfacial water molecules are
more weakly hydrogen bonded than the water molecules in the micelle core, but
nevertheless their mobility is lower.

The effect of confinement of water in AOT reverse micelles was also studied
for neat water HoO. Forster energy transfer in neat water causes rapid sampling
of different water molecules by a single vibrational excitation. The observed dy-
namics is thereby averaged over the core and interfacial water molecules, and
only an averaged single exponential vibrational relaxation is observed. Consis-
tent with the results obtained for isotopically diluted water, the lifetime of the
O-H stretch vibration is found to increase upon confinement (77=0.85+0.1 ps),
which is more than three times as long as in bulk liquid water (77=0.2640.02
ps).

Because specific interface-water interactions are important in explaining the
different behaviour of interfacial water compared to bulk water, it is inter-
esting to see how other surfactants than AOT affect water dynamics within
reverse micelles. We therefore studied water contained in cationic instead of
anionic reverse micelles, by preparing micelles with the surfactant salt CTAB
(cetyltrimethylammonium bromide). For this system we find an anomalously
slow vibrational relaxation rate for water that is hydrogen-bonded to the Br™
counterions of the surfactant. Such slow vibrational relaxation points to a very
high local concentrations of Br~ ions (>10M). Most of the Br~ ions are found
to be densely packed at the micellar interface. Such a dense layer of counterions
is also observed at the interface of normal (not reversed) ionic micelles, and is
referred to as the Stern layer. Within our experimental accuracy, bulk-like wa-
ter in the core of the micelles is found to have an orientational mobility similar
to bulk liquid water, as was found previously for anionic AOT micelles. Wa-
ter bound to Br—, found predominantly at the micellar interface, has a much
lower orientational mobility, that further decreases with decreasing micelle size
(Tor=8—55 ps).

The confinement of liquid water to small volumes can also affect its phase
behaviour and transition to solid ice. Preliminary experiments were undertaken
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to first measure and understand the femtosecond pump-probe spectra of normal
crystalline ice Ih, after which we performed experiments on ice confined in
reverse micelles.

We find the vibrational lifetime of bulk HDO:D;O ice to be 420+30 fs,
and show that the OH-stretch relaxation proceeds via a localised mode which is
likely the H-O—D bending vibration. A striking feature of the pure pump-probe
spectrum of ice is the strongly broadened vog = 1 — 2 transition. We modelled
the vog = 0 — 1 and vog = 1 — 2 line shapes of ice using the Lippincott-
Schroder model for the O—H stretch potential. Using this model, we find that
the strongly broadened vog = 1 — 2 line shape cannot be explained from
proton delocalization in the vop = 2 vibrational state, as has been reported
for liquid water, but that this broadening arises from a very short vibrational
lifetime of the voy = 2 state (20+4 fs). This short vibrational lifetime can be
explained from the resonance between the vog = 1 — 2 transition with the
overtone of the H-O-D bending mode (2900 cm™1!).

We find that HDO:D,O water confined in small AOT reverse micelles can no
longer freeze in a crystalline form. Instead a type of amorphous ice is observed
in the micelle interior. The vibrational relaxation rate of the micellar amor-
phous ice is found to increase almost linearly with the O-H stretch absorption
frequency, from 0.7 to 4 ps, which is considerably slower than the vibrational
relaxation rate of bulk ice.






Samenvatting

De overvloedige aanwezigheid van water op onze planeet is één van de belangrijk-
ste voorwaarden geweest voor het ontstaan van leven op aarde. Alleen al het feit
dat ons lichaam voor meer dan 60% uit water bestaat, toont het belang aan van
water voor het functioneren van leven. Kijken we op microscopische schaal of,
nog kleiner, op moleculaire schaal naar levensprocessen, dan is de belangrijke rol
van water voor leven even evident. Een levende cel is een buitengewoon drukke
biochemische fabriek propvol met organellen, membranen en eiwitten waarmee
de dagelijkse operaties van een cel worden uitgevoerd. Al deze structuren zijn
omgeven door water, dat vaak essentieel is voor hun functie. In deze context
wordt er wel gesproken van ’biologisch water’.

Water bevindt zich niet alleen aan de buitenkant van biologische structuren,
het maakt er vaak actief deel van uit. Weggestopt in door membranen begrensde
compartimenten, of in holtes binnenin eiwitten, vinden we watermoleculen die
aan meerdere kanten worden ingeperkt. Deze inperking van water, of ’confine-
ment’ in het engels, is een veelvoorkomend motief binnen biologische structuren.
Het ingeperkte water kan bestaan uit slechts een paar tot enkele duizenden wa-
ter moleculen, waardoor de afmetingen van deze waterpakketjes slechts enkele
nanometers zijn (miljoenste millimeters). In dit proefschrift wordt bestudeerd
of zulk ingeperkt water zich anders gedraagt dan normaal puur water.

Om ingeperkt water te kunnen bestuderen gebruiken we een model-systeem:
zogenaamde inverse micellen. Dat zijn zeer kleine druppeltjes water van een
welbepaalde grootte, zoals afgebeeld in Figuur 1. Zulke druppeltjes ontstaan
vanzelf wanneer een kleine hoeveelheid water wordt gemengd met een olie, on-
der toevoeging van een zeep-achtig molecuul of surfactant. Een surfactant is
een molecuul met een staart die graag oplost in olie, en een kop die graag oplost
in water. Een dergelijk molecuul dat zowel hydrofiele als hydrofobe delen heeft
wordt een amfifiel molecuul genoemd, en dit type molecuul vormt de bouw-
steen van de meeste biologische membranen. Normaal gesproken mengen water
en olie buitengewoon slecht, maar door toevoeging van de surfactant onstaat
een oplossing van kleine druppeltjes water omgeven door een laag surfactant
moleculen, die rondzweven in een omgeving van olie. De surfactant moleculen
richten hun waterminnende kop naar het water en hun waterafstotende staart
naar de olie, en stabiliseren daarmee het druppeltje. Iets soortgelijks maar dan
omgekeerd gebeurt bij het afwassen van een vette pan, waar het afwasmiddel
kleine druppeltjes olie oplost in een omgeving van water.
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F1GuuR 1. Schematische weergave van een inverse micel, een druppel water van enkele
nanometers grootte omgeven door surfactant moleculen.

Eén van de belangrijkste eigenschappen van een vloeistof als water is dat
deze niet statisch is, maar dynamisch, oftewel continu in beweging. De be-
wegingen van watermoleculen zijn ontzettend snel: een watermolecuul draait
gemiddeld eens in de paar picoseconden om zijn as, oftewel in een miljoenste
van een miljoenste van een seconde. Dat is vele malen sneller dan het snel-
ste electronische apparaat, waardoor het onmogelijk is om met een camera de
bewegingen van watermoleculen te filmen. Om een snelle beweging te kunnen
waarnemen moet je de beweging af kunnen beelden met iets dat nog sneller is
dan de beweging zelf, anders raakt de waarneming uitgesmeerd als bij het ne-
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Ficguur 2. Verandering in de hoeveelheid infrarood licht doorgelaten door water,
wanneer dit water in trilling wordt gebracht met een intense infrarood (pomp) puls.
De verandering in lichttransmissie is weergeven als functie van de lichtkleur, en de
verschillende lijnen corresponderen met verschillende tijdstippen na de excitatie door
de pomp puls. Trillende moleculen absorberen licht bij lagere frequenties, waardoor
licht bij deze frequenties minder goed wordt doorgelaten. Doordat er minder niet-
trillende watermoleculen zijn (ten koste van de trillende moleculen) worden de hoge
frequenties juist beter doorgelaten. Naar analogie met zichtbaar licht noemen we de
hogere frequenties blauw en de lagere frequenties rood. Naarmate de tijd verloopt
verdwijnt het signaal als gevolg van het uitdoven van de O—H strek trillingen.
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men van een sportfoto met een te lange sluitertijd. Een experimentele techniek
die heel geschikt is om waterbewegingen te kunnen meten is ultrasnelle mid-
infrarood pomp-probe spectroscopie. Deze meettechniek zullen we illustreren
aan de hand van Figuur 2, 3 en 4.
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Ficuur 3. Met behulp van een gepolarizeerde lichtpuls kunnen selectief verticaal
georienteerde O—H strek vibraties in water worden aangebracht. Door draaiingen van
de watermoleculen zijn na verloop van tijd evenveel vibraties horizontaal als verti-
caal georiéntateerd. Het aantal vibrerende moleculen in beide richtingen kan worden
gemeten met een tweede probe puls. De snelheid waarmee het aantal horizontaal en
verticaal trillende moleculen gelijk wordt definieert de gemiddelde reorientatietijd van
een watermolecuul.
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Ficuur 4. Verandering in de hoeveelheid infrarood licht doorgelaten door water, wan-
neer water in trilling wordt gebracht met een intense infrarood (pomp) puls. Naarmate
de tijd verloopt verdwijnt het signaal als gevolg van het uitdoven van de O—H strek
trillingen.
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We maken gebruik van twee ultrakorte infrarode lichtpulsen van ongeveer 0.1
picoseconde tijdsduur. Water is volledig transparant voor zichtbaar licht. Dat
is anders in het infrarood, het golflengtegebied van onder andere warmtestraling
van de zon. Met een intense infrarode lichtpuls (de pomp-puls) kunnen we wa-
termoleculen in trilling brengen langs de bindingen tussen de waterstofatomen
en het zuurstofatoom, de O-H strek vibraties. Omdat we een lichtpuls ge-
bruiken waarvan het lichtveld alleen trilt in verticale richting (zogenaamd verti-
caal gepolarizeerd licht), brengen we alleen verticaal georienteerde moleculen in
trilling (zoals aangegeven met de gele pijlen in figuur 3). Omdat de moleculen
continu bewegen en hun orientatie wijzigen, blijven de O—H vibraties niet ver-
ticaal georienteerd, maar na verloop van tijd zullen steeds meer vibraties ook
in de horizontale richting wijzen, en uiteindelijk trillen evenveel moleculen in
beide richtingen. Hoe snel dat gebeurt hangt af van hoe snel de watermoleculen
draaien.

De hoeveelheid trillende moleculen kunnen we meten met een tweede infra-
rode lichtpuls, de probe-puls. Een trillend watermolecuul absorbeert licht bij een
rodere kleur dan een niet-trillend watermolecuul, dat blauwer licht absorbeert.
Het in trilling brengen van moleculen door de pomp puls heeft daardoor tot
gevolg een toename in absorptie van roder licht (als gevolg van lichtabsorptie
door de trillende moleculen) en een afname in de absorptie van blauwer licht
(doordat de hoeveelheid niet-trillende moleculen is afgenomen ten koste van
de trillende moleculen), zoals geillustreerd in Figuur 2 en 4. Door deze ver-
anderingen in lichtabsorptie van de probe-puls te meten op een zekere tijd ¢
na de pomp puls, kunnen we afleiden hoeveel moleculen op dat specifieke mo-
ment ¢t in trilling zijn, in zowel de verticale als de horizontale orientatierichting.
We moeten ons wel realiseren dat deze tijdsvertraging ¢t van de probe puls ten
opzichte van de pomp puls ontzettend kort moet zijn, en dat we deze vertraging
nauwkeurig moeten kunnen variéren. Daartoe maken we gebruik van de licht-
snelheid: we laten de probe puls over een pad lopen dat we langer of korter
maken. Omdat de lichtsnelheid eindig is kunnen we de vertraging ten opzichte
van de pomp puls regelen door de padlengte aan te passen (zo komt 0.3 mil-
limeter padlengte overeen met 1 picoseconde).

Behalve rotatiesnelheden van watermoleculen kunnen we ook de trillingstij-
den van watermoleculen bepalen: na de excitatie van een watermolecuul door
de pomp-puls dooft de trilling in het molecuul geleidelijk uit, net zoals het
geluid en de trilling van een kerkklok uitdooft nadat deze is aangeslagen. De
vibratietijd van een watermolecuul kan sterk athangen van de omgeving waarin
het zich bevindt. Zo blijken we in veel gevallen een verschil in trillingstijd te
kunnen gebruiken om biologisch water te onderscheiden van normaal water.

Wat zien we nu als we met deze techniek de zeer kleine waterdruppeltje
bestuderen, die we hebben gemaakt in de vorm van inverse micellen? Onze expe-
rimenten laten zien dat watermoleculen in de buitenste schil van zo’n druppeltje
(zogenaamd interface water) zich heel anders gedragen dan watermoleculen in
het binnenste van de micellen (zogenaamd core water), zoals aangegeven in
Figuur 5. Het interface water staat vrijwel stil, terwijl het core water net zo
beweeglijk is als normaal water. Slechts een laagje met een dikte van 1-2 wa-
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termoleculen wordt beinvloed door het inperkende oppervlak van de surfactant
moleculen, en al op zeer korte afstand van dit oppervlak gedraagt het water zich
weer normaal.

De surfactant moleculen waarmee micellen worden gevormd zijn vaak zouten;
de hydrofiele kopgroep van het molecuul heeft een lading die gecompenseerd
wordt door een los ion van tegengestelde lading. Door de trillingstijd van water
rondom deze losse ionen te bepalen kunnen we afleiden hoe de losse ionen binnen
de waterdruppeltjes zijn verdeeld. Hieruit blijkt dat de meeste ionen zich zeer
sterk concentreren in de buitenste schil van de druppeltjes, grenzend aan de
surfactant moleculen. De precieze eigenschappen van de grenslaag waar het
water wordt ingeperkt wordt daarom voor een belangrijk deel bepaald door de
eigenschappen van deze ionen.

In een vervolgexperiment bij lage temperaturen laten we zien dat de in-
perking van vloeibaar water ook de wijze van bevriezen van water verandert.
Normaal water kristalliseert in een faseovergang naar ijs. De posities van de wa-
termoleculen in een ijskristal zijn netjes geordend, terwijl water in de vloeistof-
fase veel wanordelijker is. Ingeperkt water in kleine inverse micellen blijkt niet
te kristalliseren. De watermoleculen in de micel verliezen wel hun beweeglijk-
heid, echter met behoud van de wanordelijke structuur die kenmerkend is voor
vloeibaar water. Voor zowel normaal ijs als voor ijs ingeperkt in micellen hebben
we de energierelaxatie van de O—H strek vibratie gemeten. Voor normaal ijs vin-
den we dat het absorptiespectrum van trillende moleculen veel breder is dan het
absorptiespectrum van niet-trillende moleculen. Aan de hand van een theoreti-
sche berekening van deze absorptiespectra komen we tot de conclusie dat deze
spectrale verbreding wordt veroorzaakt door zeer snelle energie-overdracht naar
de buigvibratie van water.

Concluderend kunnen we stellen dat de inperking van water heel sterke ef-
fecten heeft op de dynamica van water dat grenst aan het oppervlak: de reori-
entatietijd wordt meer dan vijf keer trager, en de energierelaxatie ongeveer vier
keer trager in vergelijking met normaal water. De invloed van een inperkend
oppervlak is van zeer korte dracht en enkele waterlagen vanaf het oppervlak
gedraagt water zich praktisch als normaal water. In de context van biologische
systemen speelt daarom het interface water verreweg de belangrijkste biologi-
sche functie.
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Ficuur 5. Schematische weergave van een inverse micel. Het water in de buitenste
schil van de micel (interface water) is veel minder mobiel dan het water in de kern
(core water), dat zich vrijwel gedraagt als normaal water.




Dankwoord

Tijdens mijn promotieonderzoek heb ik het geluk gehad te kunnen beschikken
over twee directe begeleiders, wat maakte dat ik nooit om aandacht verlegen
heb gezeten. Zowel Huib Bakker als Sander Woutersen wil ik bedanken voor
de opvallend losse sfeer waarin we hebben samengewerkt, en voor hun enthou-
siasme tijdens onze vele wetenschappelijke discussies. Direct vanaf de eerste
ontmoeting heb ik me thuis gevoeld op de ultrasnelle afdeling. Huib was nooit
de gedistingeerde professor of de baas die zei wat je moest doen, maar meer de
groepsgenoot bij wie je als eerste aanklopte met een probleem en bij wie je nooit
een blad voor de mond hoefde te nemen. Had Huib licht anarchistische trekjes,
dan deed Sander daar graag een schepje bovenop, wat vaak leidde tot hilarische
conversaties of een kijkje in juist die keuken waar je eigenlijk niet mocht zijn,
maar wel alles van wilde weten.

Van het begin af aan is me een grote vrijheid gegeven om het onderzoek zelf
in te vullen. Net als in het echte leven is het maken van keuzes in de wetenschap
belangrijk, want de tijd schrijt altijd voort. Gelukkig kregen zelfstandigheid en
eigen verantwoordelijkheid alle ruimte voor ontwikkeling in de leerschool van
Sander en Huib. Tot mijn spijt verhuisde Sander halverwege mijn promotie
naar de UVA, maar op wetenschappelijk en bovenal moreel vlak bleef hij altijd
van grote steun, net als zijn partner Saskia die mij menig toekomstgerichte tip
aan de hand heeft gedaan.

Hinco Schoenmaker ben ik buitengewoon erkentelijk voor het oplossen van
vele technische problemen, met een handigheid en snelheid waar ik vaak versteld
van stond. Ik zal ook nooit de vreugde vergeten toen Idsart en Henk de laser
wisten te reanimeren toen ik al dacht dat deze definitief bij het schroot gezet
moest worden.

Meerdere generaties promovendi en post-docs zijn de afgelopen vier jaar
voorbij getrokken. Vanaf het eerste uur waren dat Joop, Michel, Arjan, Dorte,
Anne Willem en Olaf, en niet te vergeten Thomas met wie je na werktijd uren
kunt zitten praten om je vervolgens te realiseren dat het nog geen minuut over
natuurkunde is gegaan. Later volgden Rutger, Sergiy, Han-Kwang en Bradley,
die lange tijd mijn aanstekelijk enthousiaste kamergenoot was. Voor een goede
tijd dank ik ook mijn latere kamergenoten Klaas-Jan en Pavol, die onze kamer
tot een oase van rust maakten (behalve dan wanneer Pavol en Sander de hotline
tussen AMOLF en UVA opereerden), waar je een verloren minuutje kon weg-
dromen bij de buitelende mezen, spechten en boomkruipers van de binnentuin.

141



142 DANKWOORD

De Bakker-groep werd ten slotte versterkt door Jocelyn (i.e. JoJo, muzikaal
metgezel), Lukasz (i.e. Komrad Kukasz, komediant), Christian en Nuria. Yves
Rezus is van de buitencategorie. Hij was er altijd, en het was goed te delen in
zowel de lol als de onvermijdelijke frustratie die naar voren komt bij het doen
van wetenschap. Harm Geert Muller was een onuitputtelijk orakel voor als je
het echt niet meer wist. Edgar Groenen is als afstudeerbegeleider van grote
invloed geweest op mijn natuurkundige carriére, en ik wil hem bedanken voor
het contact dat we ook de laatste jaren hebben gehad.

De meeste betrokkenheid en steun tijdens mijn promotie ontving ik van mijn
partner in crime Lenie, met wie ik vele avonturen en eye-openers beleefde en
die me als geen ander heeft geholpen bij het maken van de grote keuzes. Ook
Pieter gaf mij hierbij steuntjes in de rug, zowel op de baan als in de buitenlandse
bush. Ten slotte bedank ik mijn ouders voor de goede thuishaven en vrienden
en familie voor een mooie tijd.








