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ABSTRACT

This thesis presents three studies conducted over the course of 3 years within the chemical

photonics research group of the University of Glasgow.

Molecular dynamics and structure are intertwined; one can infer the microscopic structure
by the molecular dynamics and vice versa. This thesis is primarily a spectroscopic study of
carefully chosen inter- and intra-molecular vibrations in condensed phase media that are
highly sensitive to microscopic structure and closely linked to their thermodynamic
properties. The two major techniques used throughout are optical Kerr-effect spectroscopy,

and Fourier transform infrared spectroscopy.

Optical Kerr-effect spectroscopy (OKE), to pick one of the technique’s many names, has
been a mainstay in the study of intermolecular interactions for many decades. Despite this
there is no standard approach to the interpretation of OKE spectra. The research within this
thesis seeks to address this issue by converging upon a general blueprint for OKE line-shape
interpretation through robust experimentation and iterative line-shape fitting attempts. As is
the case within most OKE studies, the line-shape fitting procedure used throughout is self-
consistent. What makes this work worthwhile and useful to the field is the apparent
robustness of the final fitting procedure across a very broad range of experimental data. This
includes alterations in firstly the molecular size of alkanes and cycloalkanes, secondly the
temperature of liquid propane, and finally molecular anisotropy through studying liquid
methane and six-carbon ring molecules from cyclohexane to benzene—5 sets of
experiments; 24 OKE spectra in total. Though not perfect, the method employed provides
(at the very least) a justified starting point for the interpretation of more complex liquids.

Indeed, this analytical framework guides subsequent work here.

One of the most notorious THz spectral anomalies is the so-called ‘boson peak’. It has
been reported in Raman and neutron scattering spectra for wide range of amorphous
condensed phases, manifesting as an excess in the vibrational density of states, typically
occurring in the 1 THz region. Little is known of the nature of this vibrational mode other
than the fact that it has a transverse character. The boson peak is very difficult to spot due to

sharing its characteristic frequency with various other oscillatory dynamics, esp. librations.
il



This thesis aims to observe an entirely isolated boson peak through the selection of near-
isotropically polarisable glass-forming molecular liquids with vastly simplified
intermolecular spectra. With librations rendered OKE-invisible, the remaining sub-THz
dynamics result from intermolecular collisions, i.e., washed-out phonon-like modes. This
work will compare and contrast the nature of these localised vibrations present within
various glass-forming liquids with the behaviour expected of the boson peak. Results show
that the remaining collision-induced band may be consistent with transverse acoustic
vibrations, however there are additional low-frequency modes visible in some glass forming
liquids whose origin is less clear and warrants further investigation. Furthermore, this
highlights the importance of these two modes being distinguished from each other, as boson

peaks have not always been assigned in a consistent manner.

Lastly, this thesis takes aim at the putative liquid-liquid transition in water. Its proposed
existence is a product of an explanation of the peculiar thermodynamics of water.
Frustratingly, such a liquid-liquid transition is believed to occur at an experimentally
inaccessible region of the H,O phase diagram, where ice nucleation will occur rapidly and
spontaneously. This work utilises aqueous salt solutions that suppress the onset of
crystallisation and enable the probing of amorphous solvent H>O from ambient to cryogenic
temperatures. H>O structure and dynamics are studied using OKE and FTIR spectroscopies,
while using various dopants to probe local electrostatic environments. Spectra of magnesium
perchlorate and lithium chloride solutions are probed and analysed in this chapter, the latter
of which is often touted as an experimental proxy for pure H>O dynamics. Their spectra are
far from dull, but exhibit temperature dependent phenomena that are explainable outwith the
liquid-liquid transition concept. In concentrated lithium chloride solution, the evidence
suggests the occurrence of nanophase segregation on cooling that is driven by reduced
solubility. This results in an expulsion of solutes into a rich brine phase. Magnesium
perchlorate solution at the eutectic composition meanwhile appears to only vitrify on
cooling, suggesting that this solution may only be analogous to pure water at pressures too

high to access the liquid-liquid transition.

il
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I INTRODUCTION

I.I Overview

Intermolecular interactions facilitate energy transfer and are crucial in driving chemical
reactions in the condensed phase, making the investigation of the nature of these interactions
key to our understanding of chemical reactivity.* The dynamics of matter depends strongly
on the state of the matter, such as solid, liquid, or gas (ignoring the more exotic ones), owing
to their vastly different structures and interparticle interactions. Solid state matter is
effectively locked in place by strong interparticle forces. In the case of crystals—the lowest
energy solids—dynamics are strongly coupled throughout the entire crystal lattice. If
supplied with sufficient heat, and therefore kinetic energy, such particles can break free from
their interparticle cage and diffuse throughout the material; the result is a condensed phase
that doesn’t exhibit long range structural order, i.e., a liquid. Particles in the liquid phase are
still restricted by, and coupled to, their immediate neighbours to varying degrees, however.
Ultimately with enough kinetic energy these particles escape the electrostatic clutches of
their neighbours and evaporate, where they can freely explore and occupy the entirety of
their container volume, while exhibiting simplified interparticle interactions consisting

largely of elastic collisions.

Dynamics and structure within the amorphous (disordered) condensed phases are
arguably the most complex. They can exhibit shorter-range, transient structures vestigial of
the corresponding crystal, resulting in similar collective motions but on more localised scale
and with greater damping. Simultaneously, the constituent molecules (or atoms, ions, etc.)
are afforded enough freedom to showcase their own quirks, which can result in some very
complex dynamics indeed. For example, take the liquid n-alkanes (studied in chapter 4). One
might initially rank these as some of the /east complex liquids, but as one considers longer-
chained alkanes, the individual molecules begin to crumple into diverse conformations, each
of which with their own normal intramolecular vibrational modes, centre of mass, diffusion
rate, efc. For n-alkanes with odd carbon numbers from 11 upwards, the long chains can
arrange themselves with crystal-like order, yet retain the ability to rotate about its major

molecular axis—this is known as a “rotator phase”.> Even methane can exhibit a similar
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effect, where 1 in 4 molecules can freely rotate.* Going to longer molecules such as
polymers, these long-chain molecules are highly entangled, and (in the liquid phase) they
diffuse primarily by “reptation”, a name derived in analogy to snakes slithering past one
another.> Upon cooling they will undergo a glass transition and effectively have their liquid

disorder frozen-in.

Furthermore, otherwise identical molecules can behave differently if their local
electrostatic environment is not identical. Take for example a single water molecule
surrounded by its identical peers (this central H>O may be considered as bulk-like). At any
given moment it may be hydrogen bonded to typically anywhere between 0 and 4 other H.O
molecules. This can affect its intra-molecular dynamics; the O-H stretching vibration is
known to be highly sensitive to the local structure (as will become evident in chapter 6).
Next compare bulk water to a water molecule bound to a solute, which can be slowed down
by order of magnitude or more—factors of 8 and 5 slowdowns are observed in the case of
haemoglobin for the rotational correlation time and translational diffusion coefficient
respectively.® Diffusive relaxation motions of H,O measured using optical-Kerr effect
spectroscopy and dynamic light scattering are found to slow down 7-fold in lysozyme-bound
H,0,” 17-fold for DNA-bound H>O,® and 50-fold within a 1 M trimethylamine N-oxide

solution.’

Of course, it is not only polymers that undergo a glass transition instead of crystallising.
Molecular dynamics occur on an extremely broad range of timescales, depending on the
molecule and dynamics in question. Molecules in highly viscous liquids diffuse relatively
slowly; once diffusion timescales reach 100 s, the material is conventionally considered a
glass. Glasses in general are not new materials by any stretch of the imagination; however,
they still retain some mysterious thermodynamic properties. One of these is the apparent
excess heat capacity over that of the corresponding crystal, originating from an additional
underdamped intermolecular vibrational mode. This is known as the Boson peak (the focus
of chapter 5), which is observed in some of the most simple and ubiquitous glasses, such as

quartz.

In summary, molecular dynamics can be very complex even in relatively simple liquids
and glasses. After presenting an introduction to the scientific principles and experimental
techniques underpinning this thesis in chapters 1 to 3, the research of chapter 4 focusses on
the development of a foundational interpretation of intermolecular dynamics. This is

achieved through the study of a very broad range of molecular liquids that exhibit some of
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the more basic dynamics. Next, this understanding is put to work to uncover more peculiar

structural and dynamical phenomena in more specialised materials in chapters 5 and 6.

1.2 Interparticle Forces

There are various competing and compounding forces at play at the molecular level that
govern the nature of inter- and intra-molecular interactions, and the resulting microscopic

structure.

An important force to first consider is the Pauli repulsion force, which is the major
repulsive force that prevents matter collapsing into a much smaller volume.!®!! This force is
a result of the Pauli exclusion principle that states that no two fermions (particles with half-
odd-integer values of spin) can simultaneously occupy the same quantum state. This is the
strong repulsive force that dominates at short interatomic distances, », which Lennard-Jones

modelled using a simple ' dependence for computational speed.

Molecules are collections of two or more atoms which are bound together by covalent
bonds, which involve the sharing of valence electrons. The simplest case of head-on
overlapping of atomic orbitals produces o-bonds, the strongest type of covalent bond. There
are also z-bonds in which atomic orbitals overlap laterally and are generally weaker than o-
bonds. Double/triple bonds consist of one o-bond and one/two z-bonds. These covalent
bonds can be understood in terms of simple Coulombic attraction between the positive nuclei
and negative electrons. The sharing of multiple pairs of electrons produces progressively
stronger atomic binding. These are some of the strongest bonds present within a system, with
bond energies typically in excess of 200 kJ/mol; intermolecular forces for example tend to

be one or two orders of magnitude weaker depending on their nature.

Intermolecular interactions are often grouped under the umbrella term of van der Waals
(vdW) forces. These include various types of permanent and/or induced multipole-multipole
interactions that can be classified into three types. Firstly, the Keesom interaction, which
describes the attractive or repulsive force arising from the electrostatic interaction between
permanent multipoles. Secondly, the Debye interaction, which is the attraction between a
permanent and an induced multipole. Thirdly, the final vdW force is the London dispersion
interaction, which describes the force of attraction between induced multipoles only. Finally,
there is of course the repulsion or attraction between charges (depending on their relative

polarities), which is the electrostatic or Coulombic interaction.
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Hydrogen bonding is another interparticle force that is present in some materials. It is so
named because the presence of covalently bonded hydrogen in a molecule, due to its
relatively weak electronegativity, may give rise to charge separation and thus polarised
molecules that can attract strongly. Specifically, a hydrogen bond is a directional, attractive,
intermolecular force between a hydrogen atom in a molecule that, due to being covalently
bonded with a strongly electronegative atom, has a slight positive charge, and a non-bonding
electron pair on another strongly electronegative atom," e.g., fluorine, oxygen, and nitrogen
atoms. Hydrogen bonds can be either intermolecular (e.g., H2O-to-H20 or between two
nucleotides in DNA) or intramolecular (giving proteins their folded structure for example).
Hydrogen-bonding groups within a molecule are hydrophilic—favouring interactions with

H>O (or any other polar molecules) over non-polar substances such as oil.

1.3 Intramolecular Dynamics

As mentioned previously, there are a wide variety of ways in which matter vibrates within
a system. The atoms that make up a molecule are held in place by a combination of attractive
and repulsive forces, but they are by no means static. Depending on the timescales of
reference, the atoms within the molecule can be seen to oscillate about their natural
equilibrium position. There are various well-defined modes through which they can do this,
known as the normal modes. Idealised quadratic normal modes are orthogonal to each other,
which is to say an excitation of one normal mode cannot couple to another, however this is
not strictly true in practice. In principle, all intramolecular vibrations can be decomposed

into some combination of these fundamental modes.

Because they are intramolecular, they involve the oscillations of atoms bound by covalent
bonds, which are far stronger than intermolecular forces. This means that many of the normal

mode vibrational frequencies are greater than those of the intermolecular interactions.
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Table 1.1. Examples of various normal modes in n-alkanes.

Shown are types of normal modes that molecules may exhibit using the n-alkanes as an example, along with
their frequencies calculated using Gaussian09 with 6-311++G(2df,p) level of theory. The central molecules
represent the equilibrium position, while the top and bottom represent extrema. For simplicity each example
shown here is with respect to the carbon atoms (or carbon-carbon bonds) in the chain. The torsional mode is
shown with both side view and end-on view for clarity. The first string mode is the lowest (calculated)
frequency normal mode of dodecane, while the next mode is the corresponding second harmonic.

A few examples of normal modes are shown in Table 1.1. Stretching vibrational modes
tend to have some of the highest frequencies. This remains true even for highly delocalised
stretches; for example, the dodecane whole molecule stretching mode has a frequency of 5.6
THz. This is greater than its whole molecule bending modes (the ‘string modes’, analogous
to a guitar string) and torsional modes, although their higher-order harmonics will eventually
exceed this. The bending modes involve bond angle oscillations, while torsional modes are
due to twisting motions where the bond angles remain constant. These can often be of similar
frequencies for the same molecule. Since intermolecular modes typically occur with
frequencies ~1 THz and lower, some of these intramolecular modes will become washed out

by solvent interaction.
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1.4 Solid-State Dynamics

Crystals are solids which exhibit long-range structural order, that can be fully described
in terms of a single repeating arrangement of matter (atoms/molecules/ions etc) that tiles
across 3 dimensions—this tiling unit is known as the unit cell of the crystal. The dynamics
of the crystal’s constituent particles on the other hand, cannot be fully understood with
reference to the unit cell alone, but must instead be considered within the context of the
entire crystal lattice. Because of the periodic structure of the crystal, certain internal nuclear
motions can couple to their neighbouring nuclei and ultimately propagate throughout the

entire solid with high fidelity.

Phonons are indistinguishable bosonic quasiparticles, and so by definition they obey
Bose-Einstein (BE) statistics for the occupation of energy states (just as photons do). Since
phonons are bosons (having integer values of spin), this means that they are not limited by
the Pauli exclusion principle to occupy different quantum states from each other.
Consequently, phonons are free to ‘condense’ into the ground state. Phonons propagate as
the collective sum of individual oscillations of the lattice particles as either transverse or
longitudinal waves as shown in Figure 1.1. The longitudinal waves are due to particles
oscillating along the phonon axis, while in transverse waves they are perpendicular to the

direction of phonon propagation.

Longitudinal Acoustic

Transverse Acoustic

Figure 1.1. Longitudinal and transverse acoustic phonons.

Shown are LA and TA phonons of the same wavelength in 1D chains with the same (equilibrium) lattice
spacing. The distinction between LA and TA is the direction in which the constituent particles oscillate with
respect to the direction of phonon propagation.

Einstein attempted to explain the heat capacity of a crystal by treating each atom (or
molecule, ion, efc.) as an independent oscillator in a harmonic potential well. In this picture,

energy quanta are stored as vibrational excitations of the atom within the well. Predictions
6
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from this model can show agreement with experimental heat capacity data at higher
temperatures, however at low temperatures it breaks down. As 7'— 0 K, the specific heat
approaches zero with an exponential relationship due to the treatment of all phonons as
quasiparticles of equal energy (and thus frequency). Debye showed that heat in crystals is
better explained as being stored in the form of lattice phonons.!* These may propagate with

different frequencies, depending on the phonon type and wavevector, as shown in Figure 1.2.

w(k)

{ ACOUSTIC

-Tt/a 0 ™/a
k
Figure 1.2. The dispersion relation for lattice phonons.

Different branches exist for different phonon types (acoustic vs optical) as shown, but these branches split for
different wave types (transverse vs longitudinal) not shown here.

It should be mentioned here that are two further categories of phonons, acoustic and
optical. Optical phonons can occur only where the unit cell contains more than one atom (or
molecule, ion, etc), that can move out of phase with respect to each other. Just like the
acoustic modes, they can have transverse and longitudinal forms, however this work only
encounters acoustic type modes in the liquid and glassy phases, and so the optical branch
will not be explored in further depth. The phonon group velocity, vy, is given by

Jw
Vg = % (r.1)

where w is the angular frequency and £ is the wavevector.

As shown in Figure 1.3, the low frequency trend in the vibrational density of states
(VDoS), g(w), for the perfect Debye solid (¢ w?) is in good agreement with that of a typical
real crystal. Clearly at higher frequencies this agreement breaks down. The Debye
frequency, wp, is the theoretical maximum achievable vibrational frequency for the lattice,
governed by the interparticle spacing (see Appendix A.l for illustrated explanation). The

area under these g(w) curves is the same, in other words, the total number of states is the

7
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same. It can be shown (via lengthy derivation not reproduced here) that the phonon
contribution to the heat capacity of a crystal produces a T2 dependence at low temperature.

This is the dominant contribution at low temperatures.

g(w)

\

The VDoS, g(w), for both the perfect Debye solid (green), where wj, is the Debye frequency, and a typical real
crystal (orange).

W W

Figure 1.3. The vibrational density of states.

The ‘kinks’ in the real crystal VDoS occur when the group velocity (dw/dk) is zero.
These points are also known as van Hove singularities.”® The group velocity of acoustic
phonons approaches zero when k approaches +m/a. At these points there are many states

with similar frequencies that are free to condense, producing sharp peaks in the VDoS.

Finally, one cannot ignore the fact that solids are not necessarily crystals. Plastics and
glasses for example are solids that do not exhibit long range structural order. Despite their
amorphism, phonon-like vibrational modes can persist to some extent, but with some degree
of damping. Shorter wavelength modes can exist in some washed-out localised form since
they involve collective oscillations of fewer neighbouring units, indeed at the Brillouin zone
edge (k = +m/a) only the motions of the immediate neighbours are required for one full
wavelength of motion. One example of this is the hydrogen-bond bend and stretch modes
which are commonly observed in water. These can be traced back to the TA and LA phonon
modes respectively of ice. Longer wavelength motions on the other hand are less sensitive
to microscopic disorder, a fact laid bare by the infamous collapse of the Tacoma bridge due
to its violent oscillation at ~0.5 Hz. To complicate things further, liquids and plastics may
form local structures/clusters that may indeed result in the preservation of longer-than-
expected wavelength oscillations. These lower frequency contributions to the VDoS (and
thus the heat capacity at low temperatures) of liquids and glasses are still not fully understood

and will be discussed further in chapter 5.
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1.5 Liquid Dynamics and Transitions

A simple and widely used distinction between the solid and liquid phases is that, although
both cannot be compressed (much), a liquid conforms to the shape of its containing vessel.
Its structure is therefore dynamic, with particles able to slip past each other and diffuse. On

a macroscopic scale, the liquid flows while the solid doesn’t.

The movement of a particle within a liquid is of course still not completely free due to
strong interparticle forces with the solvent particles; diffusive motions will have varying
strengths of ‘internal friction’ slowing it down. Macroscopically speaking, liquids will flow
with more or less ease depending on the physical properties of the material, the most
pertinent of which is the viscosity. Viscosity, 17, is a measure of a material’s resistance to a
viscous stress. Unlike an elastic stress, which is proportional to the magnitude of material’s
deformation from some equilibrium position (analogous to Hooke’s law for a simple spring),
viscous stress is one that is related to the rate of deformation of a material. Viscosity
commonly shows a strong temperature dependence that is often modelled using a variety of
empirical functions. One of the more common expressions is the Vogel-Fulcher-Tammann
(VFT) equation given by

DT,
1(T) =g - €™, )
where 1y, D, and T, are empirical fitting parameters. Generally, viscosities increase

(exponentially) as temperatures drop, as indicated in the VFT equation.

As mentioned earlier, the major difference between the solid and liquid states is the ability
of the liquid to flow under an external force. At the microscopic scale this is appears as
translational diffusion of molecules. The Stokes-Einstein (SE) equation relates the diffusion
rate D to the thermal energy and a friction factor, { specific to the material as'

_ kgT
= T

For translational diffusion of a simple sphere, the translational friction factor is of the

(r.3)

form'’

§¢ = Crr, (1.4)

where 7 is the hydrodynamic radius, 7 is the dynamic viscosity, and C is a constant that
takes on values between 4 and 6 pertaining to perfect slip and perfect stick conditions
respectively. Despite being a macroscopic material property, the use of dynamic viscosity
term may often be applicable for friction factors in relation to the diffusion of single

9
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molecules in a pure liquid, or a solute through a solvent. Particle displacements due to
random translations follow a normal distribution which, after some time, ¢, will have a

standard deviation given by

O = 4/ 6Dtt. (I.S)

For orientational diffusion, typically the diffusion rate can be estimated using the Stokes-

Einstein-Debye (SED) relation for spheres, where the rotational friction factor is given as'®

¢ =61V, (1.6)

where V is the molecular volume. The molecule is generally approximated to have

spherical geometry, giving a volume in terms of the effective hydrodynamic radius.

These expressions include the dynamic viscosity which is very much a macroscopic
concept. When the solute molecule is comparable in size to (or as is often the case in this
work, identical to) the solvent molecules, the SE and SED relations risk becoming
increasingly irrelevant. It is therefore unsurprising that they are commonly experimentally
observed to break down.!®"?? The experimental accuracy of the SE relation will generally
improve as solute-solvent interactions average out, i.e., when Tgoute > Tsolent> and

observed to deteriorate when g,y e < Tsomvent> Where 7 is the molecular radius.?

Crysta]

Glass |

Density

z%

Temperature

Figure 1.4. Crystallisation and vitrification upon cooling a liquid.

Possible behaviours of a typical liquid upon cooling, illustrated by the effects of crystallisation and vitrification
on the density. Adapted from ref.?*

There are a few different behaviours that a liquid can exhibit upon cooling as illustrated
in Figure 1.4 in terms of density. Generally, a liquid upon cooling will undergo a first-order
phase transition into a crystalline state around the melting temperature 75,. This is the most
thermodynamically favourable pathway. Crystallisation requires the repositioning and
reorientation of the constituent molecules into the lattice structure; however, it is not always

10
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possible for them to do so. For example, if a liquid is cooled at a rapid enough rate, the
molecules may simply not have enough time to reposition before the material viscosity
diverges and diffusive motion is arrested. The resulting material resembles a ‘frozen-in’
liquid phase, more commonly referred to as a glass. The transition between liquid and glass
is called vitrification and can be thought of as a purely kinetic transition, as opposed to one
between states of thermodynamic equilibrium. Depending on the material, cooling rates to
produce vitrification may be fairly pedestrian, or need to be preposterously fast. H>O will
crystallise with ease unless it is hyperquenched at rates above 10° K/s into the glassy state.
Alternatively, the viscosity of water may be increased by the addition of salt as shown in
chapter 6, allowing for gentle cooling ~1 K/min into the glass. Some of the viscous molecular
liquids studied in chapter 5 meanwhile (such as tetrabutyl orthosilicate and titanium
tetrabutoxide) could not be crystallised experimentally at all, only vitrified. The complexity
of their intermolecular potential landscapes, with multiple local energy minima, prevents

crystallisation.

Transitions in a material need not result in a change of state. Liquids can undergo
structural transitions while remaining liquids; these are known simply as liquid-to-liquid
transitions (LLTs) and have become the focus of much study in recent years. This has been
driven particularly by suggestion that a LLT exists in supercooled water (discussed in detail

in chapter 6). LLTs have been reported in a wide range of materials, such as phosphorus?>,

6 29,30 31

silicon,?® sulphur,?” butanol®®, triphenyl phosphite,?>** aqueous salt solution,* and after

decades of attempts, in neat H,0.*

In order to probe the putative LLT in H>O, a trick employed here (for reasons that will
become apparent in chapter 6) is to instead study aqueous salt solutions. Dissolving salt in
water decreases the melting point of the solution below that of the pure solute or solvent;
sometimes well below. This effect is illustrated by the binary phase diagram shown in Figure

L5.

11
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Figure 1.5. A binary phase diagram.

The phase diagram of a mixture of two components, A and B, whose melting points in their pure form is
labelled as T, and T g. Solids a and f indicate A- and B-rich precipitates respectively.

The liquidus and solidus lines on the binary phase diagram define the temperature bounds
within which liquid and solid states may coexist, as shown in Figure 1.5. The eutectic point
occurs at a particular mole fraction, where the fully liquid phase transitions to a fully solid
binary phase or vice versa. This means that the eutectic system can be cooled to lowest
possible temperature before the onset of crystallisation, which also corresponds to a high

viscosity as described previously with the VFT equation (1.2).

1.6 Lasers and Optics

To understand the physical principles underpinning the spectroscopic technique used
throughout this work, an appreciation of laser physics is necessary. Laser is an acronym for
light amplification by the stimulated emission of radiation. To understand the meaning

behind this, electronic absorption and emission of light will be discussed.

An electron can become more energetic by absorbing an incident (pump) photon whose
energy is equal to the difference between the two electronic energy states as shown in Figure
1.6 (a). Spontaneous emission is the simplest form of photon emission, where the photon
release is a stochastic process; this is not useful if the goal is to achieve lasing. Alternatively,
a photon can be emitted by ‘stimulating’ the electron with another photon to emit a photon
in sympathy (same phase and direction). One won’t get far in creating a laser by passing
energy back and forth between the same two energy levels unfortunately. After continuous
pumping, only a 50:50 population split of electrons across both levels will be reached. This
is described by the Einstein B coefficients, which is the rate of absorption, B;2, or stimulated

emission, B;. These two values reach parity for a 50:50 population split. For lasing to occur,

12
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stimulated emission must exceed that of absorption between the two laser transition states,
otherwise no amplification can occur. To overcome this, the electrons must be cycled

through more than just two energy levels.

a) E, b) —

Slow
Pump Laser Transition

E x Fast El N

Population Density

Figure 1.6. Illustration of a classic 4-level laser system.

a) The energy level diagram with b) corresponding population densities. Lasing occurs between the two red
energy levels. Figure adapted from ref.3

The four-level laser entirely separates the pumping transition from the emission transition
as shown in Figure 1.6 (a). This facilitates population inversion, thus producing viable
amplified stimulated emission. Starting from the ground state, Ey, the electron absorbs pump
energy (usually a pump photon) to reach an excited state Ej3, before rapidly decaying to a
lower electronic energy level E>. The electron is free to decay to E; by photon emission but
will subsequently decay quickly back to the ground state. The bleaching of states £3 and E;
keep the population densities of £ high and E; low respectively, resulting in a maintained
population inversion as shown in Figure 1.6 (b). With population inversion achieved, an
emitted photon is more likely to stimulate the emission of another photon than be reabsorbed,

i.e., By; > By,. This is how amplification occurs in the four-level laser.

In solid-state lasers, the electrons involved in lasing are outer shell electrons of rare-earth
or transition metal ions present as dopants within a host crystal or glass. Common dopants
include neodymium, erbium, and titanium ions, each of which have their own characteristic

lasing wavelengths (and bandwidths).

Lasers can be operated in a continuous wave mode, or a pulsed mode. The pulsed mode
operation of some lasers can produce extremely short and intense pulses, which can be very
useful in fields of scientific research, medicine, defence, and manufacturing. This work

utilises laser ‘mode-locking’, a technique that can produces a train of ultrashort pulses.

13
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Figure 1.7. A basic laser cavity.

Cavity consisting of the gain medium between two mirrors, one of which is partially transmissive to allow
laser light output.
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Figure 1.8. Laser cavity modes.

Modes allowed within the cavity are shown as vertical lines with spacing Av = c/2L.. However, only the
cavity modes (red) that lie within the emission bandwidth of the gain medium (green) may lase.

Within the laser cavity (see Figure 1.7) of length Lc, only modes with wavelength 4 =
2Lc/A (where A € {1,2,3, ... }) will produce standing waves, while all other wavelengths are

supressed through destructive interference.

Intense and temporally narrow laser pulses are created by the summation of these
longitudinal modes when their phase relationship is such that they periodically and
simultaneously interfere constructively. This is known as mode-locked operation, and there
are various mode-locking techniques that can be employed to accomplish this. The laser
used here uses Kerr-lens mode-locking, which utilises the optical Kerr-effect (discussed in
greater depth in section 1.8) to selectively focus down intensity spikes into the high-gain
region of the Ti:sapphire crystal, thereby enhancing them until mode-locked operation
dominates. The origin of the initial spike may be due to random intensity fluctuations, or can

be induced by other experimental means including rapidly fluctuating the cavity length.

Ti*" has a particularly broad laser emission bandwidth, due to various possible laser

transitions between multiple vibronic energy levels. The broad emission bandwidth is
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illustrated in Figure 1.8 as the active gain region that spans a broad frequency range,
encompassing various cavity modes. Given that the temporal pulse width is inversely
proportional to the frequency bandwidth, this has made Ti:sapphire an important gain

medium in the creation of ultrashort laser pulses.

Refractive index and birefringence are relatively simple concepts but one that is central
throughout this work. OKE spectroscopy induces and observes the decay of transient
birefringence in a medium of study. Additionally, the OKE set-up manipulates the
polarisation of ultrashort laser pulses using uniaxial-crystal (i.e., birefringent) optics—more
commonly referred to as waveplates. It is therefore important that these concepts are

discussed here.

The speed of light, ¢, is a universal constant that defines the phase velocity of any
electromagnetic (EM) wave through a vacuum—it is also the upper limit at which
information, energy, or matter can travel. The phase velocity of EM waves travelling through
a medium, however, is (almost) always slower than c. In the classical picture, this is because
light will be partially absorbed and re-emitted by the electrons within the solid with a slight
phase-shift. The resulting superposition of the waves in the medium reveals a retardation
effect of the wave (except in some very particular circumstances and/or metamaterials which
can produce increases in the phase velocity,** or even flip its direction®). The extent to which
a material will change the phase velocity of light is the refractive index. This is a
dimensionless quantity that states the ratio between the phase velocities of EM waves in a
vacuum and through the particular medium. The refractive index, n(4), typically shows a
mild wavelength dependence (over the wavelengths of interest in this work at least), however

this can still produce significant experimental hurdles to the execution of OKE spectroscopy.

n(}) N
5., S =

a) b)

Figure 1.9. Chirped laser pulses.

a) The electric field of a laser pulse before and after chirping by traversing a medium with a refractive index
that varies sufficiently with wavelength. b) Negative chirp produced by prism pair with end mirror. Note that
the chirped pulses in both figures are different because they are travelling in opposite directions.

The wavelength dependence of the refractive index can be relatively small, however the

number of transmitting optics, and thus the total glass thickness, through which laser pulses
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must traverse before they interrogate matter in OKE spectroscopy can be large. This can
result in significant (positive) chirping if left unchecked—see Figure 1.9 (a). The main issue
with chirped pulses in OKE spectroscopy is the broadening of the intensity profile, rather
than the wavelength-sweep across the electric field profile. This is because OKE is a Raman
scattering technique (as discussed in section 1.8), and thus the frequency of the light is not

supposed to be resonant with the transitions under study, making it less important.

Some crystals can have polarisation-dependent refractive indices, the simplest ones are
uniaxial crystals. A uniaxial crystal has a single ‘optic axis’; a polarised wave (in any
orientation) travelling parallel to this axis will only experience one uniform refractive index.
However, should a polarised wave travel in any other path through the uniaxial crystal, it
will experience two different refractive indices for orthogonal components of its electric
field—this is known as birefringence, and a uniaxial crystal is said to be birefringent. This
means that the perpendicular components of the electric field can be retarded at different
rates, which is a useful tool in performing polarisation alterations and manipulations. For
example, consider a linearly polarised EM wave traversing a crystal such that exactly equal
parts of its optical intensity experience different refractive indices. As shown in Figure 1.10,
the component of the wave that ‘sees’ the lower refractive index will travel faster (hence this
crystal axis is called the fast-axis), while the other component (with electric field in the slow-
axis) will be retarded with respect to this. The resulting polarisation depends on the thickness
of the medium. After traversing enough of the birefringent crystal, the slow-axis wave may
have been retarded by, e.g., one half of a wave (41/2). At this point, the net result for the EM
field is that its linear polarisation will be rotated by /4 radians. This describes the function
of half waveplates. There are also quarter waveplates which can turn linearly polarised light
into circularly polarised light and vice versa (see Figure 1.10). Both 1/2 and 1/4 waveplates

are used in the OKE set-up used here, as shown later in section 2.1.
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Figure 1.10. Quarter Waveplate Illustrated.

Linearly polarised light becomes circularly polarised after traversing a quarter waveplate, illustrated by the
different retardation of orthogonal components (blue and red) of the electrical field within the fast and slow
crystal axes respectively.

Finally, it will be discussed in section 1.8 how birefringence can exist in a liquid. In OKE
spectroscopy, a disordered (and thus optically isotropic) liquid can be forced into anisotropy
for a short period of time. Studying the relaxation of this transient birefringence can reveal
information on the relaxation dynamics, which are represent the normal thermal molecular

motions

1.7 Fourier-Transform Infrared Spectroscopy

Infrared spectroscopy is a widely utilised technique to measure the frequencies of
vibrational energy level transitions due to its relative simplicity. Of all possible molecular
vibrations, those that produce a change in molecular dipole moment are said to be IR-active.
As discussed for electronic transitions in section 1.6, absorption of infrared light occurs when
an incident IR photon is of energy, hv, equal to the difference between the two vibrational

energy levels, e.g., E; — E, as shown in Figure 1.11.
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Figure 1.11. Vibrational energy levels in an anharmonic potential.

The shape of the potential landscape is shown by the blue curve, and solid black lines display the lowest
quantised energy levels.

For some transitions, particularly those between low lying energy levels, one can often
assume a quadratic potential landscape form, which greatly simplifies vibrations into
harmonic motions; vibrational energy levels, E,,, under the quadratic model are equally
spaced. In reality however, interatomic/intermolecular potentials are anharmonic, as
illustrated by the asymmetry of the interparticle potential in Figure 1.11. This is intuitive, as
a particle cannot be indefinitely trapped in a finite potential well. A particle will escape the
well once it gains sufficient energy (red dotted line in Figure 1.11). This anharmonic potential

results in a AE (and thus, /#v) reduction at higher energies.

In addition to the frequency of the light, it is also important to understand Zow much light
may be absorbed. The absorbance, A, upon travelling through some volume will be
proportional to both the path length, [, and the concentration of absorbers, c, within the
volume. This is described by the Beer-Lambert law, which simply states this dependence,
where the constant of proportionality is called the molar absorption coefficient, € (although
in practice it is known by various names). If [, is the initial light intensity, and I is the final

intensity after attenuation by absorption, then the Beer-Lambert law is
Iy
A= loglo? = ¢lc. (1.7)

These values (other than / and ¢) are, of course, wavelength dependent. IR spectroscopy
in its most conceptually basic form can be accomplished by passing individual IR
wavelengths through a sample and measuring the transmitted intensities for each
wavelength; indeed, this is the basis of dispersive (or scanning) spectrometers, which are
still widely used for ultraviolet/visible spectroscopies. Fourier-transform infrared
spectroscopy (FTIR) is a more sophisticated technique that passes the complete spectrum of

a broad-band IR source through a sample and measures its entire transmission spectrum
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simultaneously. The SNR « +/t, where ¢ is the time taken to measure a single spectral
element. If a dispersive IR and FTIR spectrometer were to measure the same sample for
equal time durations (twtar) With equal optical throughput, the FTIR signal is vastly superior
as each spectral element is measured in tandem. This means that the SNR in FTIR is
m , while the dispersive SNR remains o /t. Furthermore, assuming the same IR source
the intensity of the IR light can be far greater in FTIR spectroscopy because there is no
monochromator requirement (typically a prism/grating and aperture pair) and thus no loss in

IR intensity, again enhancing the SNR.

M,

Figure 1.12. A Michelson interferometer.

A single ray trace showing the Michelson interferometer concept. BS is a 50:50 beam-splitter, and CP is a
compensator plate. M; is a static mirror while M, can be translated about the axis of the incident light
propagation.

At the heart of the FTIR spectrometer is the Michelson interferometer, depicted in Figure
1.12. It consists of a 50:50 beam-splitter (the ‘half-silvered mirror’ type is illustrated here)
and two end mirrors for each arm, one of which is on a translation stage. This moveable
mirror enables the alteration of the optical path length of one of the two ‘arms’ of the
interferometer, and thus, controls the optical path difference (OPD). The intensity of the
recombined beams is a function of the OPD; plotting these against each other produces an

interferogram, whose generic form is illustrated in Figure 1.13.
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Figure 1.13. Example interferogram.

The measured optical intensity after the Michelson interferometer depends on the optical path difference
between both interferometer arms.

When the mirrors are positioned such that each arm of the interferometer has the same
optical path length, the broad-spectrum light is ultimately recombined in phase (constructive
interference), producing an intense signal. This is the ‘centre-burst’ observed in Figure 1.13
at zero path difference. When the path length of each arm begins to differ, achieved via the
translation of one of the end mirrors (M> in Figure 1.12), the light is recombined with a
different phase shift for each wavelength. The result of this is shown in the wings of the
interferometer, where there is little change in the intensity as the path difference changes.
This is because the equal rates of both constructive and destructive interference for the
spectral elements have an averaging effect on the overall intensity. Although relatively dull
in shape, just as much spectral information is encoded within the wings (fortunately, as
interferograms are mostly wings anyway!). In fact, the larger the interferogram, i.e., the
further the translation of M», the greater the resolution of the resultant frequency spectrum.
This is important for instances when, for example, when the spectral elements under study

are relatively narrow.

Signals that exist naturally in, e.g., the spatial or temporal domain can also be fully
expressed in their corresponding inverse domains (reciprocal space or frequency
respectively in this example). The Fourier transform (F) and inverse Fourier transform (F 1)

are mathematical operations that convert the signal between the two inverse domains:

F() = FIF ()] = f F (e 2miE gy, w8
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f) =FUF@]=| F(&ede. (1.9)

—o

The interferogram is in terms of OPD, and thus will be Fourier transformed into a
spectrum in the inverse length domain (wavenumber). In practice, the mirror M, may be
translated at a constant velocity, with the interferogram taken as a function of time. The FT
will produce a frequency spectrum which is simply proportional to the wavenumber

spectrum by a factor of the speed of light, c.

1.8 Optical Kerr-Effect Spectroscopy

Traditional Raman spectroscopy is a well utilised and relatively simple technique to
measure the frequencies of (Raman-active) vibrational modes. This is achieved by using a
non-resonant laser light source which is absorbed and emitted with a Raman-shift in
frequency that is equal to the rovibrational transition energies, as illustrated in Figure 1.14.
Such transitions must be ‘Raman-active', which is to say that the transition must involve
some change in the molecular polarisability; this is complementary to IR-active modes,
where it is the molecular dipole moment that must be altered. However, its performance at
lower frequencies is complicated by the intense quasi-elastic Rayleigh wing that scales with
the Bose-Einstein thermal population factor. OKE spectroscopy is a time-domain technique
that is superior for the observation of sub-THz dynamics, but considerably more complex.
This section will explain the theory behind OKE spectroscopy, while the experimental set-

up and data analysis are introduced in section 2.1 and chapter 3 respectively.

..... L

A 4

Figure 1.14. Jablonski diagram of Raman scattering.

Solid horizontal lines indicate vibrational energy levels and dashed horizontal lines represent virtual energy
states. This scheme represents Stokes Raman scattering.

The Kerr-effect was discovered by Reverend John Kerr, who observed that an external
electric field could alter the birefringence of a medium, and the strength of this effect is
proportional to the square of the electric field strength.*®*” Note that this differs from the
Pockels effect, which occurs in crystals lacking inversion symmetry and describes a direct
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proportionality of birefringence and electric field strength. The optical Kerr-effect is simply
the Kerr-effect when the electric field applied is due to a material’s illumination with EM
waves, which was observed experimentally some 90 years later.?® This intensity dependence

of the refractive index is given by
n=mn, +nyl, (1.10)

where 7, is the second-order nonlinear refractive index with units of (W /m? )~ and [ is

the electric field intensity.

The degree to which a molecule can become polarised (in other words, gain an induced
dipole) by an electric field is called the molecular polarisability. Although there are higher

order dependencies for the induced dipole for strong electric fields, the first (linear) term in

the expression for induced dipole moment g in an electric field Eis
= aE. (1.11)

The proportionality term @& is the polarisability of the molecule, a rank 2 tensor that relates
the electric field strength in three dimensions to the molecular polarisability in three
dimensions:

Axx Ayxy Axz
a=|Ayx Ayy aAyz|, (r.12)
Azx Azy Ayzy
The value of tensor element a;; states the molecular polarisability in the i axis caused by

and electric field in the j axis.

I +++|+++

+) [+

Figure 1.15. Polarisability shown by an electric field induced dipole.

Atoms are illustrated with a nucleus (red) surrounded by a volume of electrons (green). An atom (left) becomes
polarised due to the displacement of electron density by a uniform external electric field (right) formed between
two oppositely charge plates.
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Generally, in any frame of reference, it is reasonable to expect the diagonal elements of
the polarisability tensor to have the greatest values—that is to say that a molecule in an
electric field will be polarised more in the direction of the field than orthogonal to it. Atoms
have no off-diagonal contributions to their polarisability tensor, so within an electric field as
illustrated in Figure 1.16, the induced dipole is simply parallel with the electric field. For
molecules it is often not so simple; off-diagonal terms can exist. Fortunately, there will
always exist some molecular reference frame where the off-diagonal elements reduce to
zero, leaving only the diagonal elements as non-zero; the spatial axes in such reference frame

are the principal axes.

Ay O 0
a=(0 a, 0 (r.13)
0 0 ay

A molecule is isotropically polarisable if, with respect to the molecular principal axes,
(yx = @y = Az, Consequently, the induced molecular dipole will be in exact alignment
with the electric field. If this condition is not met however, then the molecule is
anisotropically polarisable, and the induced dipole will be misaligned with the electric field.
Figure 1.16 shows firstly an EM pulse with a defined polarisation, and thus electric field
orientation, that will induce a transient dipole in any molecule. Isotropically polarisable
molecules, such as CF4 in the illustration, will have an induced dipole which is parallel to
the electric field. An anisotropic molecule on the other hand, CS; in the illustration, will
have an induced dipole which is not parallel with the field (unless it happens to be in a very
exact orientation with respect to the field already). In this case the molecule effectively
receives a ‘torque-kick’ via the Lorentz force to bring its transient dipole into alignment with
the field. Note that in OKE spectroscopy (for laser pulses with very narrow temporal widths
on the order of 10 s or faster) the transient dipole may have already disappeared before the
molecules have had much chance to rotate in response. The transient dipole duration is the
short window during which the molecules receive angular momentum, they may reach a

maximum degree of alignment long after this.

23



Ultrafast Molecular Dynamics in Amorphous Media Introduction
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Figure 1.16. Cartoon of the optical Kerr-effect.

a) The polarised electric field of an intense laser pulse. b) The resulting induced dipoles on both an isotropically
(weakly) polarisable molecule, CF4 (top) and an anistropically (highly) polarisable molecule, CS; (bottom). ¢)
Anisotropic molecules are brought into some degree of alignment some time after their interaction with the
electric field.

The liquid illustrated in Figure 1.16 (¢) is birefringent. However, OKE spectroscopy does
not measure single molecules, so it is useful to now consider the many-body polarisability
tensor, IT1(t), of the medium. This can be thought of as the sum of two contributions: one

molecular (intrinsic) term, and one interaction-induced term
o) = mM() + M (). (1.14)

The molecular term is simply the sum of all the atomic polarisabilities in the laboratory

reference frame (not with respect to the molecular principal axes).
N

m(t) = Z @, (t). (1.15)

n=1
When molecular orientations are randomised in the liquid, the many-body polarisability
will become isotropic, which is to say, each diagonal element of ITY (t) will be equal, while
the off-diagonal elements will average out to zero. This is true even for anisotropically
polarisable molecules. There must be some orientational ordering in the ensemble as shown

in Figure 1.16 (c) before an overall anisotropy exists.

Intermolecular interactions have an influence on the molecular polarisability. This can
become quite complicated given the many forces at play, as outlined in section 1.2. For
‘simple’ liquids, where dipole-induced-dipole (Debye) interactions are the only light

scattering mechanisms,*® the interaction-induced term is given by*%#!

N
(o) = Z Z a,(t) T a0 (116)

n=ln#m
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where a, is the polarisability of molecule n. T is the dipole-dipole interaction tensor given
by
3rr—1
T = — (r.17)
r
where 7 is the unit vector between the centres of mass of both molecules, » is the

intermolecular separation, and 1 is the unit tensor.*?

It is fluctuations in IT(t) that give rise to the OKE signal, S,k (t). Specifically, the OKE
signal is proportional to the derivative of the polarisability-polarisability time correlation
function of the off-diagonal elements

d

Soxe(t) « KT dt (I, ()14, (0)), (1.18)

where (...) indicates the average.*!

Given that there are both intrinsic and induced terms contributing to IT(t) (and thus
I1,,,(t)) as defined in eq. (1.14), this suggests that liquid consisting of isotropic molecules
can still give rise to an OKE signal via the interaction-induced, " (t) term; this does not
contradict Figure 1.16, which illustrates the evolution of the 1™ (t) term. This is relevant to
the work of chapters 4 and 5, which will present OKE spectroscopic studies into isotropic

(and near-isotropic) molecules.

Finally, OKE spectroscopy excited Raman-active vibrational modes via the mechanism
illustrated in Figure 1.17. This is a coherent Raman scattering technique, and thus requires
that the frequency of the scattered photon lies within the bandwidth of the probe pulse (which
is the same as the pump pulse in these experiments). The bandwidth of the pulses therefore
imposes a limit on the range of measurable dynamics. Because the pump pulse creates a
population of molecules in an excited vibrational state, scattered photons may have either a

Stokes or anti-Stokes Raman shift, the latter of which is illustrated in Figure 1.17.
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Y

Figure 1.17. Jablonski diagram of OKE spectroscopy.

The probe pulse arrives after some controlled time delay, 7, after the pump pulse.

1.9 Computational Chemistry

Throughout this work, the application of computational chemistry will often feature to
compliment experimental data. The simulation of the intramolecular normal vibrational
modes of molecules is useful to this work, especially the lowest frequency modes which can
occur on timescales comparable to the intermolecular motions of interest (which tend to be
on the order of 1 ps and greater). Raman active vibrations with frequencies below ~20 THz
(670 cm™) will also be observable in the OKE spectra in this work, meaning that computed
normal modes can help in the characterisation of spectral line-shapes. Another example of
the utility of computational chemistry to this work is in the calculation of molecular
polarisability tensors. This can provide an insight into the strength of the OKE response of
the molecule, specifically the spectral intensity of various dynamical contributions to the

OKE signal.

As mentioned previously, in the condensed phase there are many different types of
dynamics at play. Many intramolecular vibrations occur on much faster timescales than
intermolecular interactions. Very high frequency vibrations such as X-H stretching modes
have periods faster than 10 fs, meanwhile even a relatively low-mass molecule will take far
longer to traverse a single van der Waals radius—at 20°C, a water molecule is likely to take
longer than 100 fs. Because of this, faster vibrations are, in general, only very weakly
coupled to surrounding heat bath. This means that their calculated vibrational frequencies
often accurately reflect those witnessed spectroscopically. Lower frequency mode
calculations however, do not tend to be as reliable since they are far more dependent on
solvent interaction; they also tend to involve more molecular mass (or the entire molecule
as shown previously in Table 1.1) and thus more electrons, meaning that small errors (due to
implementing mathematical assumptions for example) can start to compound. Furthermore,

the background potential surrounding a single molecule in the condensed phase is not
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uniform, rather depending strongly on the local structure. This is not accounted for
throughout the single-molecule computations performed here. It should be noted that these
non-uniform potential landscapes can be accounted for by conducting many-body molecular
dynamics simulations, however this comes at the cost of increased computational power
requirements (and expertise).

This work utilises Gaussian09 (Revision D.01)* software to perform computational
chemistry calculations using density functional theory (DFT). DFT is a method of
calculating the electron density and structure in a material by treating the N electron
wavefunction as the sum of N wavefunctions. This means that the electron density is reduced
from a 3N dimensional function into a 3 dimensional one. Atomic orbitals are often modelled
by some number of Gaussian functions, while each electron is assigned its own effective
potential landscape determined by its position relative to nuclei and other electrons in the
system. The total electron density around the molecule, and thus the molecular structure, is

a function of all these functions, which is referred to as a ‘functional’ (hence density

functional theory).
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2 EXPERIMENTAL

This section will introduce the major experimental set-ups applied throughout this work,

namely the OKE set-up, and the FTIR spectrometer.

2.1 OKE Set-up

The optical Kerr-effect is induced by very intense optical fields such as those achieved
by powerful lasers. As discussed in section 1.7, mode-locked lasers can produce very short
and intense laser pulses; these are perfect for both inducing and probing a transient
birefringence in the time domain. The laser oscillator (Coherent Micra-10) used in this work
is a mode-locked Ti:sapphire laser that delivers a train of ~10 nJ pulses with a repetition rate
of 82 MHz and with 800 nm nominal wavelength providing a temporal pulse width of ~18
fs within the sample, broadening to ~25 fs when the sample is placed within a cryostat. This

corresponds to an optical power of 820 mW.
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Figure 2.1. Schematic of the OKE experimental set-up.

The path of the laser pulses (red line) is mapped, alongside the major optical components.

As discussed in section 1.6, the laser pulse will undergo chromatic dispersion after
traversing media whose refractive indices vary significantly with wavelength; this applies to
the optical components implemented here. To negate this introduction of positive chirp, the
laser pulses are negatively chirped beforehand by the prism pair shown in Figure 2.1 (but
better illustrated previously in Figure 1.9). This effectively ‘slows down’ the longer
wavelengths, with the knowledge that they will have ‘caught up’ later, after traversing the

remaining optics before the sample. This achieves the narrowest possible intensity profile at
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the sample, which is optimal to induce (and probe) the optical Kerr-effect. Figure 2.1 shows
the use of a lens to focus both pulses onto the sample, however in the set-up used here both

pulses are actually focussed by a single off-axis parabolic mirror.

This set-up places the translation stage on the pump path. In principle it could equally be
placed on the probe path, however in this set-up it is preferable to fix the probe geometry
since any beam-wander would affect its detection at the photodiodes. The time delay
between pump and probe at the sample was altered by as little as 5 fs, and as much as 1 ns.
This translation stage (Newport) can therefore be controlled with sub-micron spatial

resolution, while the stage (by specification) operates over a 600 mm range.

BEFORE AFTER AFTER
SAMPLE SAMPLE FRESNEL RHOMB
PUMP 4 45°
NO SAMPLE
OR
NO PUMP PROBE
PUMP 45°
WITH SAMPLE (-\A
AND PROBE
WITH PUMP K)

Table 2.1. Laser pulse polarisations throughout the OKE set-up.

The pump (black) and probe (red) pulse polarisations at various points before detection. The pump is included
for reference.

Both pulses must arrive at the sample with a m/4 (45°) relative rotation in their
polarisation, as shown in Table 2.1. To this end, the probe traverses a 1/2 waveplate, with
either crystal axis aligned at some orientation, 6, with respect to the probe polarisation. This
has the effect of rotating the polarisation about an angle of 26 (the reference axis only
determines whether it is a clockwise or anticlockwise rotation). Therefore, to achieve a /4
relative pump and probe polarisation, the 4/2 waveplate is oriented at /8 with respect to
the incident probe polarisation. It is preferable to rotate the polarisation in this manner
before passing the pulse through a linear polariser, because when the natural polarisation of
the laser system (> 100:1 at the oscillator output) is aligned with the polariser, there is

minimal loss in intensity. Polarisers are then used to further linearise the polarisation of the
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pump and probe at the sample, because it is important to have highly directional electric

fields to induce and probe the transient birefringence.

When the pump arrives at the sample the optical Kerr-effect is induced, and the molecules
within the pumped volume receive the torque kick to align their transient molecular dipoles
with the electric field (Figure 1.16). Sometime later, as determined by the delay stage
position, the probe arrives at a now-birefringent sample. This sample effectively acts as a
waveplate, with a fast and slow axis that produces a phase shift in orthogonal components
of the probe, giving rise to a small, off-/linear ellipticity (see Table 2.1). This oft-linear
ellipticity is then transformed into an off-circular ellipticity by a Fresnel thomb, which is
essentially a //4 waveplate that introduces very little chromatic dispersion (even less than a

zero-order waveplate).

At this stage there are three contributions to the signal: the transmitted probe intensity,
the homodyne signal, and the heterodyne signal. The heterodyne signal varies linearly with
the response function, R(t), as opposed to < R(t)? for homodyne. This makes it preferable
for OKE spectroscopy, as the homodyne signal decays too rapidly. Heterodyne detection has
been traditionally been accomplished without circularly polarising the transmitted probe
pulse. Instead the probe pulse traverses almost-crossed polarisers before and after the
sample; the resulting signal is detected by a photodiode and the signal is passed to a lock-in
amplifier. This experiment must be repeated again where the almost-crossed polarisers are
altered; if they were oriented at exactly 91° with respect to each other in the first experiment,
they must now be at exactly 89°. The results from both experiments can be subtracted from
each other to yield the pure heterodyne contribution.**** This is fundamentally because the
heterodyne component is dependent on the polarisation angle, changing sign for each

experiment, while the homodyne contribution remains invariant.

In the balanced detection method employed here, this polarisation dependence vs.
invariance is exploited directly within the set-up. By circularly polarising the probe pulse
after the sample, the homodyne contribution is split into exactly equal orthogonal
components, which subsequently cancel each other out electronically at the photodiodes.

This leaves only the heterodyne signal to be passed on to the lock-in amplifier.

Splitting up the perpendicular polarisation components of the elliptical (or circular) probe
pulse is achieved using a Wollaston prism. A Wollaston prism is actually two birefringent

prisms fused together, whose fast and slow axes are perpendicular to each other’s. Light of
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orthogonal polarisations will propagate along either the fast or slow axis in the first prism,
and then swap to the opposite crystal axis for the second prism. At the interface between the
two prisms the orthogonal components will refract towards or away from the normal (by
Snell’s law), effectively splitting them up spatially (see Figure 2.1). A crystal axis of the
Wollaston prism (either the fast or slow, although one should ensure that the probe pulse is
split within the plane of the OKE setup for both practicality and safety) should be oriented
at 0° with respect to the initial probe polarisation. This will ultimately result in the splitting

of the elliptical electric field into its major and minor orthogonal components.

As mentioned previously, balanced detection is employed in this set-up. This technique
utilises two photodiodes that measure the difference in the photocurrent produced by vertical
and horizontal polarisation components, illustrated in Figure 2.1, which cancels out both the
probe intensity and homodyne signal, sending only the heterodyne signal to the lock-in
amplifier.* With the aid of Table 2.1 one can notice that when there is no OKE signal (e.g.,
because of no pump pulse), then a circularly polarised probe pulse undergoes balanced
detection, thereby producing no signal. Conversely, when a birefringent sample is probed, it
is an elliptically polarised pulse that will undergo balanced detection. By definition, one of
the orthogonal components will have a greater optical intensity than the other, and some net

(non-zero) photocurrent will be measured; this is the OKE signal.
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Figure 2.2. Modulation of pump and probe signals, with 'lock-in' at the difference
frequency.

Pump (blue) and probe (orange) beams are modulated by optical chopping at different rates, producing an OKE
signal modulated at the difference frequency (purple).

The OKE signal of interest is of course not the only light that the photodiodes will detect.
Scattered pump and probe light will reach the detector, along with ambient light and other
sources noise sources. To better isolate the OKE signal, lock-in amplification is employed.
The pump and probe beams are chopped at kHz frequencies in the ratio of 7:5. This suggests
that both pulses often do not interact with the sample throughout the duration of an OKE
experiment, however this asynchronous pulse chopping serves a useful purpose, to modulate
the OKE signal of interest by the difference frequency (see Figure 2.2). The exact chopping
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rates are fed into a lock-in amplifier, which selectively amplifies signals at the difference
frequency only, i.e., the OKE signal. Furthermore, signals from other frequency bands, such
as scattered pump/probe light or ambient light, are filtered out. The end result is an OKE

signal with a drastically enhanced signal-to-noise ratio (SNR).*’

2.2 FTIR Set-up

This work utilises a commercial off-the-shelf FTIR spectrometer (Bruker Vertex 70). The
instrument uses a silicon carbide globar as an IR (black body) light source. It incorporates a
Michelson interferometer (as outlined in section 1.7) with a KBr beam-splitter, after which
the recombined light passes through a sample in the transmission geometry illustrated in
Figure 2.3 (although alternative geometries exist). The intensity of the transmitted light is

detected by a pyroelectric detector.

A Q@

| al

M,

DETECTOR

SOURCE

A 4

Figure 2.3. Schematic of the FTIR spectrometer.

FTIR data are gathered by first measuring the sample-free background spectrum formed
from the source emission and atmospheric absorption spectra. The sample transmission

spectrum is the ratio of the with-sample and background spectra.

2.3 Sample Preparation

OKE spectroscopy is highly sensitive to sample quality.** The sample is placed at the lens
focus as shown previously in Figure 2.1, meaning that a very small cross-section of the
sample is probed. The inclusion of foreign particles and/or bubbles, can cause severe laser
light scattering from both the pump and probe pulse. Furthermore, solute concentration
gradients in solution and poorly mixed viscous liquids can introduce refractive index
gradients. This can wreak havoc with the balanced detection set-up used here. Sample

inhomogeneities with domains on the order of the laser cross section can result in the uneven
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probing of these domains, thereby providing an unrealistic picture of the mixture dynamics.
There are various experimental procedures taken to mitigate this. Firstly, if necessary,
samples are mixed using a lab bench vortex mixer. Secondly all samples are filtered upon
their transfer to a cuvette with a short (1-2 mm) path length. Thirdly, the cuvette is immersed
in an ultrasonic bath to degas the sample. This step can take particularly long for the viscous

liquids of chapter 5. Finally, the cuvette is cleaned using optics-grade acetone.

FTIR spectroscopy is far less sensitive to sample quality. Smaller bubbles and scattering
particles will generally not compromise the spectrum quality. Nonetheless, samples were
mixed, degassed, and filtered. The samples are measured in the transmission geometry
outlined in Figure 2.3; to achieve this they are loaded between two CaF: plates within the
standard plate-spacer-plate sandwich configuration, where the spacer is a PTFE ring with a

well-defined thickness.
Hygroscopic salts and liquids studies here were handled entirely within a N gas purged

glove box, with a measured dew point of < -40°C, which converts to a moisture content of

<128 ppm H2O.
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3  DATA ANALYSIS

OKE spectroscopy is a time-domain, pump-probe technique that measures the derivative
of the polarisability-polarisability time correlation function (see eq. (1.18)). OKE data can be
analysed directly in the time-domain, or it can be Fourier transformed into the frequency
domain. By preference, this work primarily presents OKE data in the form of frequency-
domain spectra (FDS). Before one can perform a FT however, the raw time-domain trace
(TDT) must first undergo processing and analysis. Once successfully converted from TDT
to FDS, there are various analytical and empirical function that are commonly used to
explain the spectral line-shape. The functions applied throughout this work will be

introduced in this chapter.

3.1 OKE Signal Processing

The time-domain material response, R(t), contains both the nuclear and electronic
response of the system (R, (t) and R,(t) respectively). The electronic response to the
electric field is essentially instantaneous, while nuclei have much greater mass and thus
move on longer timescales; these motions are the molecular dynamics of interest. The time

domain OKE experiment (as outlined in section 2.1) does not directly access R(t), rather its

convolution with the pump-probe autocorrelation trace, G @ (t):*
SOKE(T) X f dtR(t - T)G(Z)(t) (3.1)

G@(t)is experimentally available via the instantaneous electronic contribution to
Sokg(T), which mirrors the temporal intensity profile of the laser pulse itself. This is
convenient as both G®(t) and Syxz (1) are gathered in the same experiment (see Figure
3.1). A transform-limited, ultrashort pulse from a mode-locked laser typically exhibits a
squared hyperbolic-secant temporal shape. G @ (t) in this work tends to follow this line-
shape given as

G@(t) « sech? (i), (3.2)
tW
where t,, is a width parameter. The response function can then be recovered through the

following Fourier transform relationship:
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Figure 3.1. Time-domain OKE data fitting of the electronic response and the signal
decay.

Example of the time-domain signal processing method. Left: The instantaneous electronic response part of the

TDT fit to a hyperbolic-secant-squared line-shape, which is then used as a model for G ® (t) . Right: The entire

TDT at positive pump-probe delay times, plotted on a log-log scale. The signal is extrapolated via fitting of the

decay slope at longer times.

Using the Born-Oppenheimer approximation, the material response function can be
considered as the sum of electronic and nuclear components, R(t) = R.(t) + R,,(t), of
which R,(t) is a real term. The imaginary term of F[R(t)] provides the OKE (nuclear)

response in the frequency domain:*4

Soxe(w) = Im{F[R(D)]} = Im{F[R,()]}. (-9

Figure 3.2 shows the resulting OKE FDS. This work will primarily present OKE results

in their linear FDS form, i.e., Spxr(w/21), but will often be referred to simply as Spkg.

Soke(w)

log[w]

Figure 3.2. Resultant frequency domain spectrum after Fourier-transform
deconvolution.

Example OKE FDS is shown with a logarithmic frequency axis.
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In this work many traces are gathered (always >50, but typically ~100) and averaged to
produce a single TDT before any data analysis commences. The set-up used here probes
dynamics across several orders of magnitude in time. To accomplish this, the data is taken
with fs temporal resolution at short delay times to capture high frequency dynamics, and
extends to logarithmic temporal steps as the maximum pulse delay of 1 ns is approached (the
final step is often the order of 100 ps). This method ensures that molecular dynamics on all

experimentally accessible timescales are indeed probed.

The quality of the resultant FDS can be further improved through the use of additional
signal processing methods. One such example shown in Figure 3.1 is that the signal decay
may be extrapolated beyond the maximum experimentally accessible delay time. This may
be appropriate for high SNR TDTs, where the decay slope can be easily characterised; this
is not appropriate for materials that exhibit more complex/ambiguous diffusive dynamics.
Typical time-domain decay curves used for extrapolation are introduced in section 3.2
below. The data may also be zero-padded (lengthening the data set by appending zeros),
which is standard practice to smooth the frequency domain spectrum by artificially

increasing its resolution.

3.2 Spectral Line-Shapes

There exist many line-shape functions, both analytical and empirical, that can be applied
to produce a frequency-domain interpretation of molecular dynamics. Dynamics occur in

real time of course and should therefore also be considered in the time domain.

3.2.1 Relaxations and Diffusive Motions

The simplest case of anisotropy relaxation follows a simple exponential decay in the time

domain,

@(t) = A-exp (_Tt) (35

where 7 is the characteristic relaxation lifetime of the system and A is the initial
amplitude. Indeed, many of the OKE TDTs in this work are observed to decay according to
this relationship. The FT of this function yields the well-known Debye function,

A
D(w) = : (3.6)

the imaginary part of which is used to fit the FDS OKE spectra.
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In their study of the dielectric relaxation of polymers, Williams and Watts observed that
dielectric relaxation can be a more protracted phenomenon, conforming instead to an
empirically stretched version of the exponential decay.* The stretched exponential function
was actually first used by Kohlrausch, but in the context of capacitor charge,> over a century

prior. The stretched exponential equation,

Prww(t) = A-exp [— ( d )y] (3.7

Tkww

is therefore also known as the Kohlrausch-Williams-Watts (KWW) function. The

parameter y introduces the stretching and takes on values 0 < y < 1. There is no analytical

expression for the FT of the KWW function,” however there is an analogous empirical

modification to the Debye function introduced by Havriliak and Negami®? that is used to
model such dynamics in the frequency domain, given as

Ay
(1 + (iwt)Pcc)acn’

Hyp(w) = (3-8)

where 0 < acp,fcc < 1. The HN equation reverts to the Debye function when
acpr Bec =1, the Cole-Cole (CC) function when a.p = 1> S, and the Cole-Davidson
(CD) function when B¢ = 1> acp. In this work, the Cole-Davidson parameter is always

set to a value of one, making it superfluous here.

For pure rotations, the orientational diffusion lifetime observed in OKE spectroscopy is
related to the diffusion rate through the relation'®

1

Tr :6—Dr,

(3.9

where D, is the rotational diffusion constant, whose general form was introduced
previously as the Stokes-Einstein relation (see eq.(1.3)). This 7, lifetime is thus calculable
theoretically, and it can often (but not always) reflect the experimental t obtained through

modelling of real OKE relaxation data.

Birefringence relaxation can only commence after the sample material has become
birefringent, which as mentioned in section 1.8, is not instantaneous with the pump pulse. A
small delay will be present between the pump pulse ‘torque kick’ at t = 0 and the time of
maximum birefringence. This delay is simply due to molecular inertia, and can be accounted

for using an inertial rise factor:>>>*
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¢:(0) = p(O)(1—et/™). (3.10)

Again, the effect of inertia on the frequency domain spectrum has been accounted for
using the a phenomenological modification to the CC function, a simplified version of which
is given by’

A A
1+ (iwt)fec 1+ (iwt + Q7)Bec’

iCCp(w) = 3.11)

where (); acts as a high-frequency limit beyond which the diffusive line-shape intensity
is suppressed. The inertial Cole-Cole (iCC) and inertial Debye (iD, when B¢ = 1) functions
are particularly useful when the high frequency tail of diffusive overextends well into the
THz region. One would not expect, for example, molecular orientational diffusion to occur
on faster timescales than single-molecule librational motions, since the librational timescales

effectively define the how quickly the molecules themselves can rotate.

T1b) o5 ~ 0.5

@ =

D(v)

iD(v)

Figure 3.3. The Cole-Cole and Debye line-shapes, and their ‘inertial’ variations.

Each curve is displayed on a linear (main) and logarithmic (inset) scale. Due to their fcc values, black solid
curves are Debye line-shapes, red curves indicate Debye/inertial Debye line-shapes, and yellow curves indicate
Cole-Cole/inertial Cole-Cole line-shapes. The dashed lines show the non-inertia-limited cases. (a) Debye line-
shape for various t values, where Ap = 1. (b) Cole-Cole line-shapes for various £ values, where Acc = o/ps =
1. (¢) Inertial Debye line-shapes for various £; values, where A;p = /ps =1. (d) Inertial Cole-Cole line-shapes
for various &y values, where Aicc = o/ps =1 and = 0.6.

Figure 3.3 shows and compares the forms of equations (3.8) and (3.11) for the case of

regular and inertial Debye and Cole-Cole line-shapes. The Cole-Cole function is broadened
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as the fcc parameter is lowered from unity, while the inertial modification to these functions

is observable as the reduction of the high frequency wing of the line-shape.

3.2.2 The Brownian Oscillator

The Brownian Oscillator (BO) can be used to model homogeneously-broadened intra-
and intermolecular vibrational modes.*®*’ It is the frequency domain expression of a damped

harmonic oscillator (DHO), taking the form:

Appwo?
BO(w) = BOWo

wo? —w(w +iy)’ (3-12)

where w, is the central frequency of the undamped oscillator and y is the damping rate.
Critical damping occurs at y = 2w, and the limit of y >> w( returns the Debye function. Its

line-shape is illustrated in Figure 3.4, alongside its variation with wg and y.

(a) (b) 0.7

1 - 1 wy/2m: 2 THz + Jv/2m 1 THz
] 1.5 THz
1.5 THz E 2 THz

1THz
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o .
m
- T T T
- Logqev 13
o I T T T T T T T T T T T T
0 v/ THz v/ THz 10

Figure 3.4. The Brownian oscillator line-shape.

(a) BO line-shape for various wy values, where Ago = y/2n/THz = 1. (b) BO line-shape for various y values,
where Apo = wo/2x/THz = 1. Each curve is displayed on a linear (main) and logarithmic (inset) scale.

Clearly from Figure 3.4 (b), the damping has an effect on the frequency of the
oscillation—the greater the damping the lower the frequency. This is intuitive, as in the
overdamped regime there is no oscillation by definition, only a decay to the equilibrium
state. Only underdamped modes (w, > y/2) oscillate. The frequency of the damped

harmonic oscillator is given by

WpHO = /w(z) —y%/4. (3.13)

The undamped (y = 0) oscillator frequency therefore represents the maximum frequency.
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3.2.3 The Anti-symmetrised Gaussian

The anti-symmetrised Gaussian (ASG) function is used to model inhomogeneously-

broadened vibrational modes and has the form>->°
(w-wg)’ (wtog)’
ASG(w) =A4gle & —e 96 |, (3-14)

where wg is the Gaussian frequency and oy, is related to the full width at half-maximum
(FWHM) of the ASG by gpyuy = 20¢+/In (2). Figure 3.5 shows the ASG function and its

variation with w and o;;.

-
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Figure 3.5. The anti-symmetrised Gaussian line-shape.

(a) ASG line-shape for various w¢ values, where A¢ = o6/2n/THz = 1. (b) ASG line-shape for various o values,
where A¢ = we/2n/THz = 1. Each curve is displayed on a linear (main) and logarithmic (inset) scale

The Gaussian amplitude can also be expressed as
Aq = I
. I

3.2.4 The Ohmic and Bucaro-Litovitz functions

The Bucaro-Litovitz (BL) line-shape was derived to model the spectra of isotropically

polarisable liquids, whose signal is collision induced (CI).%° The BL function has the form

BL(w) = Ag w%e “sL, (3.16)

where wp; is the BL frequency and § is a parameter related to the strength of the

molecular frame distortion during pairwise collisions, taking on values close to 1.
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(b)

BL norm (V)

0 v/ THz 10 0
Figure 3.6. The Bucaro-Litovitz line-shape.

(a) The normalised BL function for various 6 values, where wg;/2mr = ITHz. (b) The normalised BL line-shape
for various wp; values, where 0 = /. Each curve is displayed on a linear (main) and logarithmic (inset) scale.
BL curves with § = / are Ohmic functions.

When § =1 the BL reduces to the Ohmic function. BL line-shape intensities are highly
sensitive to small changes in ¢ and wgz; those shown on Figure 3.6 are normalised to enable

illustration.
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4  LIQUID HYDROCARBON
DYNAMICS

With the exception of some additional data and further exploration of various concepts,
the research which comprises this chapter has been published as an article entitled: “Low-
Frequency (Gigahertz to Terahertz) Depolarized Raman Scattering off n-Alkanes,
Cycloalkanes and Six-Membered Rings: A Physical Interpretation”, within the Journal of
Physical Chemistry B. See ref.%! for details.

Throughout this chapter, the label of ‘f-relaxation’ is applied to diffusive motions related
to translational diffusion. Translational diffusion is found (in this work) to exhibit a largely
similar dependence on viscosity as rotational diffusion, which is labelled as a-relaxation. It
should be noted that within the research field focussed on the dynamics of glasses and glass-
forming liquids, ‘f-relaxation’ is a term which is often applied for relaxation process that
strictly do not exhibit the same viscosity dependence as a-relaxation dynamics, while
translational diffusive modes are instead subsumed into the a-band. Therefore, the labelling
in this chapter, though entirely self-consistent, may be confusing to some experts in glass
dynamics. One need only remember this fact while reading this chapter. This was appreciated
post-publication. It should be noted, however, that a recent paper®” relates -relaxation (a.k.a.
Johari-Goldstein relaxation) to the local rearrangement of molecular cages and cage-

breaking events, which is in-keeping with this chapter.

4.1 Introduction

Intermolecular dynamics consist of a broad range of interactions on many different time
scales, typically anything ~1 ps or slower (<1 THz). The corresponding low-frequency
spectra are also broad, appearing as “blobs” lacking discernible features. The featureless
character of gigahertz to terahertz spectra complicates the assignment of line shape
contributions and therefore any subsequent interpretation.

Through instantaneous normal-mode analyses of molecular-dynamics simulations®*6¢
and comparisons with Stokes-Einstein-Debye theory for diffusion, it is understood that the
highest frequencies are dominated by molecular librations (and possibly low-frequency
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intramolecular modes, torsions in particular), while the lowest frequency response is due to
molecular orientation relaxation. At intermediate frequencies, dynamics are predominantly
translational in origin. In the 1970s, Bucaro and Litovitz suggested that motions at these
frequencies could be approximated as pairwise collisions causing molecular frame
distortions.®®®” Like the librational modes, collision-induced contributions at high
frequencies are more localised ‘cage-rattling’ motions, becoming progressively more
diffusive at lower frequencies; to distinguish them from the orientational motions, these will
be referred to as translational (i.e., collisional) in origin. This line-shape division is applied
in dielectric relaxation spectroscopy (DRS), where orientational and translational diffusion
are known as a and B-relaxation respectively, and ‘cage-rattling’ is referred to as a ‘fast-§§’

process (see Figure 4.1).63°7

SOKE

v/ THz

Figure 4.1. Generic form of the intermolecular vibrational spectrum of a weakly
interacting liquid.
Contributions are generally identified as a-relaxation (orientational relaxation, red), B-relaxation (translational

diffusion, yellow), fast-f (cage rattling, green), and librations (blue). Inset displays the same spectrum on a
logarithmic frequency scale which is advantageous for highlighting the sub-terahertz part of the spectrum.

In reality however, all such dynamics are highly interdependent, and this method of
spectral compartmentalisation produces a highly simplified interpretation. A potential
alternative is the application of mode-coupling theory, which has been successfully used to
describe depolarised light-scattering spectra of liquids.”"~’¢ However, mode-coupling theory
describes the low-frequency spectrum through an abstract Langevin equation with a memory
kernel related to the static structure factor, whose physical meaning is more difficult to
extract.”””° Thus, spectral compartmentalisation may well give better physical insights, but

is it too simplistic? In this work, the applicability of this approach is tested by applying it to
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a wide range of molecular liquids whose intermolecular interactions are not expected to be
particularly complex, especially n-alkanes and cycloalkanes, using ultrafast optical Kerr-
effect (OKE) spectroscopy®?#+8082 to measure the low-frequency depolarised Raman
spectrum. This work shows that this ‘simplistic’ division in fact provides a realistic and
consistent picture over a wide range of molecular sizes and temperatures. This picture can
be extrapolated to interpret the dynamics of weakly anisotropic molecular liquids such as
cyclohexane, and the (notoriously difficult to fit) spectra of liquids such as benzene. It will
also be shown, by studying liquid methane, that both the a-relaxation and librations can be
‘switched-off” through molecular symmetry®*3* to enable the study of the B-processes in

isolation thereby emphasising the validity of the model.

4.2 Experimental

Liquids were purchased from Sigma-Aldrich with a rated purity > 98% with the
exceptions of hexane, cyclopentene, and 1,4-cyclohexadiene, which have a purity > 95%,
and were used without further purification. Liquid samples were filtered with a PTFE filter
(Millex) with 20 um pore size and degassed for 1 min in an ultrasound bath before
measurements. Room-temperature samples were contained in a 1 mm thick rectangular
quartz cuvette (Starna) and held in a temperature-controlled (£0.5 K) aluminium block. Low-
temperature measurements were performed using a liquid-N2 cryostat (Oxford Instruments,
+0.1 K) in a nitrogen environment to avoid water condensation. Gaseous species were also
purchased from Sigma-Aldrich with a purity >99.9%; these were condensed into a similar

cuvette within the cryostat attached to a sample-purged bladder valve.

In order to fit the OKE spectra a number of analytical functions have been used, all of
which have been examined in detail in section 3.2. OKE signal contributions due to
molecular orientational diffusion in this work mostly follow an exponential decay in the time
domain that upon Fourier transform produces the well-known Debye line-shape (eq.(3.6)).
Where possible, Spxg(t) decays are fit to exponential decays before FT deconvolution. For
particularly fast decays with diffusion lifetimes only one order of magnitude-or-so slower
than the librational/fast-f timescales, Havriliak-Negami line-shapes begin to protrude well
into the THz region, which is unphysical (as discussed in section 3.2.1) and also produces a
poor fit to the data. For these reasons, the inertial Havriliak-Negami line-shapes (eq.(3.11))
have been applied for all diffusive modes throughout for consistency, even for slowly
diffusing molecules where the additional (inertia) parameter has little influence on the line-
shape. For oscillatory dynamics, the Brownian oscillator is always applied to model the fast-

[ spectral contribution, while librations were found to conform to either a BO or an
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antisymmetrised Gaussian function. The Bucaro-Litovitz line-shape also features in this

chapter, but primarily to display its poor fit to data.

4.3 Modelling of Thermodynamic Properties

The OKE response is sensitive to the thermodynamic properties of the system under
study, so the effect of altering temperature and hydrocarbon chain/ring size on such
properties, particularly density and viscosity, must first be accounted for. Figure 4.2 shows
the molarity trends across the various molecular series investigated in this work; six
membered rings show a linear trend with molecular weight (or alternatively, number of z-

electrons) while the n-alkanes and cycloalkanes are fit to power laws.

10 - L
=
T 2
—_ _ - 10—
J 8 =
o -
E 6-membered rings
s 6— 9= I | |

78 80 82 84
MW (g/mol)

4 — Molarities (25°C)

n-Alkanes

7 Cycloalkanes

| | | | | | | |
6 8 10 12 14 16 18 20

n

Figure 4.2. Trends in hydrocarbon molarities at 25°C.

Values are obtained from literature for n-alkanes®® (+), cycloalkanes®® (0), and 6-membered rings®>*’ (O) where
the ring of 80 g/mol is 1,4-cyclohexadiene.
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Figure 4.3. Viscosity trends in n-alkanes and cycloalkanes, and with temperature in
propane.

Left: The relation between viscosity and molecular sizes are modelled using literature values for n-alkanes®>%-

% (+) and cycloalkanes® (o). Right: The temperature dependent viscosity (main) and density (inset) of liquid
propane is modelled.

Malk = 31.971_0'79 (4.1)
M.y, = 37707078 (4-2)

The n-alkanes and cycloalkanes exhibit a very similar molarity dependence on molecular
size as one might expect, with best fit values shown in egs. (4.1) and (4.2) respectively.
Dynamic viscosities appear to vary exponentially (to a reasonable approximation) with the
number of carbons for n-alkanes and cycloalkanes. This of course produces straight line fits

(equations (4.3) and (4.4)) when using the logarithm of viscosity as shown in Figure 4.3.
In(Man) = 0.24n4y — 9.59 4-3)

In(n¢yc) = 0.45n,,,. — 9.81 (4-4)

The relationship between viscosity and temperature in liquids must often be fit to
empirical models, of which there are many. This work only requires an adequate fit of
viscosity data, and so the n(T) curve for liquid propane shown in Figure 4.3 has been fit to
a commonly used four parameter model shown in eq.(4.5) with best fit values; this fit has

been extrapolated into the supercooled regime.
In(n(T)) = —16.1+ 782T ' + 3.44-107%T — 6.99 - 107°T?  (4.5)

p(T) = —1.03T + 821 (4.6)

Finally, it will be necessary to consider the nature of translational and rotational diffusion
for the molecules under study with more ‘exaggerated’ dimensionalities. Longer n-alkanes
for example cannot be expected to diffuse as perfect spheres, they will instead be exposed

to far greater solvent friction for rotations about both axes orthogonal to the molecular axis.
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This will result in our observation of slower diffusive lifetimes than predicted by Stokes-
Einstein-Debye. The friction factor of a tumbling rod-shaped molecule, {04, 1S

L3

Zr,rod = 3[ln(2L/d) — 0.5] ) 4.7

where L is the length of the rod (/cylinder), and d is the diameter.”>** This friction factor
is for ‘stick’ diffusion, but it can be used to calculated the ‘slip’ diffusion by applying a
correction factor. Hu and Zwanzig®® have derived the aspect ratio dependent slip friction
factors of both oblate and prolate spheroids—illustrated in Figure 4.4 as the ratio of the slip
friction factor to the stick friction factor of the same spheroid. These values can aid in the
determination of orientational diffusion lifetimes for all chemical species under

investigation, if such values do not conform to those predicted by SED theory.

Needle/Disc-= - Sphere
1.0 — Spheriod friction factors
Prolate (n-Alkanes)
0.8 Oblate (Cycloalkanes)
& 0.6 —
=
NR
0.4 — Benzene
0.2 —
0.0 | | | |
0.0 0.2 0.4 0.6 0.8 1.0

Aspect Ratio

Figure 4.4. Slip to stick friction factor ratios as a function of aspect ratio.

Adapted from ref.?>. The positions of the n-alkanes (blue 0), cycloalkanes (red ©), and benzene (green ©) are
marked along the appropriate prolate or oblate curve. The positions on the n-alkanes are strictly for the straight
chain conformers.

The rod-like geometry ought to again be considered for translational diffusion lifetimes,

{t.roa> and is given by**

3nnL

Ctroa = mL/d) 4-8)
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4.4 Calculation of Molecular Polarisabilities

The OKE signal is sensitive to the anisotropic part of the polarisability tensor,*” and so it
is important to gain insight into the molecular polarisabilities of the hydrocarbons under
study. Molecular polarisability tensors, &, were computed using Gaussian09 software with
6-311++G(2df,p) level of theory. The polarisability tensor is given as

ayy O 0
a= ( 0 ayy O >, (4-9)
0 0 ayy
from which the isotropic and anisotropic polarisabilities, a(@&) and f(@&) respectively,

can be calculated using96
a@) = Tr(@)/3, (4-10)

and

R 1
B(a) = ﬁ\/(axx — ayy)? + (axx — az7)* + (ayy — azz)*.  (4.11)

Computed polarisability tensor elements are given in Table 4.1, and the principal axes
used here are illustrated in Figure 4.5. For the hydrocarbons considered here, the major
contribution to polarisability comes from the carbon-carbon bonding electrons, which are
more polarisable along the bond than perpendicular to it. Of course, n-bond electrons are

more polarisable than 6-bond electrons perpendicular to the bond.

Linear Cyclo-

alkanes Xxx Ayy az; a(@ B(a) |alkanes Oxx (1477 a;; a(@ pl@
CuHonr2 N NN /A3 /A3 | CoHan A /A3 N NN
n=1| 240 240 240 240 0.00 n=3| 6.04 6.04 530 579 0.74

2| 465 421 421 436 045 4800 800 691 7.64 1.09
31693 628 596 639 0.85 5(10.0 100 873 958 127
41946 808 765 840 1.64 6| 120 120 10.6 11.5 1.40

51 1.9 996 928 104  2.38 71 143 4.0 122 13.5 1.97

6| 145 11.8 109 124 324 8| 164 160 138 154 243

7| 171 13.5 12.5 144 418 9| 184 182 15.5 174 2.81

8| 19.8 154 14.2 16.5 5.11 10 2.0 197 169 192  3.63
91224 171 15.8 184  6.06 1m| 231 222 18,6 213 412

10 | 247 18.8 173 203 6.78 12| 250 247 202 233 4.66
(273 205 189 223 777 cCeHg | 13.5 13.5 7.14 1.4  6.36
12305 223 206 245 917 |[14-cC¢Hg | 148 109 815 11.3 5.79

cCeHpp | 127 106 891 107  3.29

Table 4.1. Calculated polarisability elements of various hydrocarbons.

For the n-alkanes, cycloalkanes, and unsaturated 6-membered rings, individual polarisability tensor elements
as well as the isotropic and anisotropic polarisabilities of each molecule are shown. All units are cubic
Angstroms.
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Anisotropic Polarisabilities
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Figure 4.5. Molecular anisotropic polarisability trends in various hydrocarbons.

Left: Alkanes (+) and cycloalkanes (©) polarisabilities as a function of chain/ring size are shown as well as
cyclohexene, 1,4-cyclohexadiene and benzene. The blue line shows the linear dependence of the anisotropic
polarisabilities of n-alkanes longer than ethane with n, while the red curve is a quadratic line to guide the eye.
Right: The x- and y-axes correspond to the n-alkanes’ major and minor axes and the cycloalkanes’ two major
axes. The x-axis is aligned with the double bond(s) of the unsaturated rings. The z-axis is out-of-plane for all
molecules.

Since increasing n simply reflects the addition of a single CH2 group to each of these
molecules one might expect the polarisability tensor elements, as well as the anisotropic
polarisabilities, to exhibit a linear trend with n. This is certainly the case in the n-alkanes
from propane onwards as seen in Figure 4.5; ethane is an exception for the simple reason
that its calculated principal x-axis projects along the C-C bond. Whilst optimised linear
geometries have been used for the m-alkanes, most cycloalkanes buckle under varying
degrees of ring strain into various conformations. This may be responsible for the observed

non-linearity in S (@) vs. n, which instead seems to follow an approximately quadratic curve.

4.5 n-Alkanes

First, one of the simplest series of molecular liquids will be considered: linear alkanes.
Although, some of these liquids have been studied previously,”’ % the far superior signal-

to-noise ratio in the experiments presented here allow new insights to be gained.

Figure 4.6 presents both the OKE time domain responses of various room temperature 7-
alkanes alongside their corresponding frequency domain spectra after Fourier transform
deconvolution. The initial fast decay up to ~30 fs is the instantaneous electronic response of
each liquid, which simply follows the laser pulse intensity profile. All slower dynamics are

the nuclear motions of interest. Immediately clear in the FD spectra is the growing and red-
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shifting orientational-relaxation band as n-alkane chains lengthen, however a deeper

understanding of the dynamics at play requires these spectra to be fit to line-shapes.

10° 16
n-Alkanes 25°C 1.2 y
4 12
210 .
5 2 =
2107 5
& , g
=107 -
T %
% 10" 16 @
8\ 10
10° 12,4
I I I I I
0™ 10" 10" 10" 10" 10° 10°
time/s

Figure 4.6. OKE spectra of various n-alkanes at 25°C.

"

n-Alkanes 25°C

1012 1013
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The time domain OKE response (left), and the frequency domain OKE spectra after Fourier-transform
deconvolution (right), are shown for labelled n-alkanes.
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Figure 4.7. Line-shape fitting of n-alkane OKE spectra at 25°C.

Octane
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Frequency/ Hz
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The fits (blue line) of the data (black line) are comprised of the a-relaxation (red), B-relaxation (yellow), fast-

B mode (green), and librational mode (blue).
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Figure 4.7 shows the n-alkane OKE spectra fit to 4 functions: a single inertial Debye
function for a-relaxation, either an iD or iCC function for f-relaxation, a single Brownian
oscillator for the fast-f (cage-rattling) process, and another Brownian oscillator for
librations. These spectra significantly broaden as chain lengths increase; this may need to be
compensated for by either introducing (yet) more modes or simply by empirically
broadening an existing mode. The former is potentially justifiable as one could resolve the
o- and p-relaxations into separate orthogonal spatial components, however the latter
essentially accomplishes the same outcome while maintaining continuity in the fit functions.
p-relaxation is often typified by a Cole—Cole function in the frequency domain, it is sensible
that it should be the preferentially broadened mode. Surprisingly, in these particular spectra,
the line-shape fit improvement accomplished by broadening the inertial Debye S-relaxation
into an inertial Cole-Cole is relatively minor and was therefore deemed unnecessary; it is

necessary for other spectra explored later in this chapter.

Various forms of SED equation (particularly the friction factors therein) have been
mentioned throughout this work, so it is important to pin down exactly which version is best

suited to the n-alkanes’ experimental diffusive lifetimes.

® Experimental Lifetimes -7

T/ ps
1

SED for:
——- Rod with stick

——— Sphere with stick

—— Rod with spheroid slip
—— Sphere with spheroid slip|

6 8 10 12 14 16
CnH2n+2
Figure 4.8. SED for slip and stick conditions with experimental n-alkane a-relaxation

lifetimes.

Theoretical SED ‘stick’ (dashed lines) and ‘slip’ (solid lines) conditions for both spheres (purple) and rods
(orange) are shown alongside the experimental lifetimes (®).

Figure 4.8 shows that firstly, the n-alkanes exhibit a closer overall conformity to ‘slip’

conditions. This is expected given the relatively weak intermolecular forces at play.
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Secondly, the orientational diffusion lifetimes for n-alkanes up to decane can be well
modelled with either rod or sphere SED—the former perhaps marginally superior. Finally,
the largest n-alkanes here begin to diffuse more like spheres than rods. This can be attributed
to the increased prevalence of gauche conformations; more “bent” n-alkanes should have

shorter a-relaxation times as they become slightly less rod-like and more spherical.
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Figure 4.9. Fitting parameter trends in n-alkane OKE spectra vs chain length.

Shown are the fitting parameter values of the a-relaxation (red e), f-relaxation (yellow m), fast-f (green o),
and libration (blue 0) line-shapes as a function of n-alkane chain length, n. The parameters displayed are the
amplitudes (top), diffusive lifetimes (middle), and vibrational frequencies (bottom). See Appendix C.1 for
fitting parameter values.

In this work the a-relaxation amplitude is expected to scale with M - B(@)?, where M is
the molarity of the liquid, which corrects for the changing number of molecules within the
laser focus. Given that M varies as n *"° (eq.(4.1)) and, as shown in Figure 4.5, B (@) scales
linearly with n, the amplitude of the a-relaxation is proportional to 7. This relationship is

used to fit the data (see Figure 4.9) with some success for pentane to decane but ultimately
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breaks down for longer chains. This comes as little surprise as chain-bending becomes more
significant as discussed previously. Average end-to-end distances of the n-alkanes deviate
from the straight chain by 5% for pentane up to 13% for dodecane,!*! ultimately leading to
a preferred hairpin conformation in hexadecane.!? Of course this bending effectively lends

polarisability from the axx tensor element to the orthogonal elements, thereby reducing

B(@).

Since the f-relaxation is translational and diffusive, its lifetime was fit to the Stokes-
Einstein equation for rod diffusion. Setting the time as the experimental fS-relaxation
lifetime, ¢ = 74 (see eq(1.5)), produces a best fit value of o; of 1.07 A, which is close to a van
der Waals radius. Because of the proximity of the two f-modes, the amplitude of the p-
relaxation is heavily dependent on its inertial rise frequency €1 which, as discussed in section
3.2, is fixed to the fast-f frequency. As a result, these amplitudes are not representative of
the actual strength of the mode and are considered essentially useless. They have been

omitted from analyses throughout this chapter.

The fast-ff mode is a collision-induced signal, and as such its strength must depend on the
interparticle distance. An expression for this dependence can be derived, starting with the

most probable velocity, v, of a molecule in a Maxwell-Boltzmann distribution:

2kgT
vi =" (4.12)
m

where 7T is the temperature and m is the mass of the molecule, which scales with the
number of carbons, n. Next consider that each CHz unit has the same polarisability, and
broadside collisions of long chains and short chains have different velocities at the same
temperature. It follows that the CH> units in shorter chains (with greater velocities) more
closely approach their nearest neighbours, and therefore yield a greater collision-induced
signal. If the intermolecular repulsion falls off exponentially as
r

V(r) =Vyexp (— r_0>' (4-13)

where r is the interparticle distance, 7y is close to the Bohr radius and Vy (referred to as
the repulsive or Buckingham potential) is ~1077 J.19 This value is derived from calculations
involving noble gas atoms, however it will be used here as a starting point for fitting the data
presented here (but left as an unbound fitting parameter). Considering collisions at the most

probable energy will lead to a minimum collision distance of
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T 1
V(r) =V,exp (— r_0> = Emv

) (414)
mv
> Tr=-1 In <m>

The OKE signal scales with IT? (see section 1.7). From equations (1.16), (1.17), and (1.18),
the collision induced OKE signal is proportional to r~®. Combined with eq. (4.14) this

becomes
Scp &« In~® m—vz (4.15)
cl 2V, ) 4-15
Referring only to a single CH> unit, this can be rewritten as
S o 16 14av? ;
4 .
CI n ZVO ’ (4 I )

where a is the atomic mass unit. Finally, using the entire molecule as the velocity of the
CH2: unit, this gives

7kxT
£ ) (417)

Scp o< In~® (—
cl n VO (77’1 +C )

where n is the number of carbons and C is a constant with value 1 for n-alkanes
(accounting for terminal hydrogens) or value 0 for cycloalkanes. By fitting the fast-f

amplitude to this model, a ¥y value of 1 x 107 J is obtained (with fit shown in Figure 4.9).

Figure 4.10. Cartoon of the time-averaged intermolecular potential landscape.

Left: the average liquid phase molecular cage around a simple chain molecule, represented by white free space.
Right: discretised one-dimensional quadratic potentials about each unit.

To understand the effect of molecular size on the fast-f (cage rattling) oscillation, the
intermolecular landscape around each molecule should be considered. Figure 4.10 illustrates
the time-average intermolecular potential about a single alkane molecule, approximated by

a linear chain of (CH.) spheres. The fast-f process frequency appears to stay roughly
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constant for short chains, eventually drops off with longer chains. The trend for short chains
can be explained using the assumption of rigidity, whereas longer chains will become
progressively floppier. Since the fast-f mode is collision-induced, collisions orthogonal to
the molecular axis should produce the greatest collision-induced anisotropy. Assuming a
harmonic potential, the intermolecular force, F,, felt by the molecule during a broadside

translation can be defined simply as the sum of interatomic forces
E, = —nkx, (4-18)

where £ is the force (or spring) constant and x is the displacement. Since wy = /k/m,
where wq is the angular frequency of the harmonic oscillator, and from eq.(4.18), the

effective spring constant k.rr = nk, it is found that

(1)0 o \/E = 1. (4'19)
n

The frequency of the fast-f mode is therefore expected to be independent of chain length
or ring size. This does indeed match the experimental data for the fast-f of pentane up to
octane. This suggests that nonane and beyond may become significantly floppy on these
timescales. In fact, the simulated spectra of the n-alkanes only exhibit normal intramolecular
modes at frequencies < oy at nonane onwards, effectively marking the end of the rigid rod

regime.

Librations appear to remain at constant frequency throughout the series, which is not
intuitive. In the rigid rod regime, where one can reasonably speak in terms of librations, one
might expect an increasing moment of inertia for longer chains to result in a redshift, as with
the orientational diffusion. On the contrary one can show mathematically that the librational
frequency should remain constant. The total repulsive restoring force via the nearest-
neighbour collision (using the simple time-averaged potential landscape of Figure 4.10) is
calculable as the summation of individual restoring forces on each unit within the chain. A

librating rigid rod is illustrated in Figure 4.11.
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Figure 4.11. Cartoon of the radial displacement of the libration of a simple chain
molecule.

Using the small angle approximation for an angle of libration, 0, atomic displacements (blue) are directly
proportional to the radial atomic distances (red).

The moment of inertia of a simple chain-like molecule is of course dependent on the
length of (or number of units in) the chain. Approximating the n-alkanes as a linear chain,
where each unit in the chain corresponds (approximately) to a CHz group, then the moment

of inertia 7, of the first 3 even number of carbon alkanes (n = 2,4,6) can be written as

d\? 1
L =2m (§> = 2md> 7 (4.20)
d\2 /3d\? 10
= — - = 2 (4.21)
I, =2m (2) +(2) l 2md %
d\: 3d\: /5d\? 35
= s - )| = 22 (4.22)
le Zm_(z) +(2)+(2)l 2md* =5

where m is the mass of a CH; unit and d is the C-C bond length. The generalises to

zn: (12;1)2] = 2md? % (n* - Dn. (4.23)

i=2,4,6,...

I, = 2md?

Now that the relationship between moment of inertia and alkyl chain length is derived,
the restoring torque must be accounted for. The magnitude of the torque, T, is of course the
perpendicular force times the distance from the centre of rotation; the restoring torque on
each CH; unit is therefore given by Hooke’s law. Again, for simplicity, total restoring torque

on the first 3 ‘even’ alkanes can be defined as follows:
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d d? 1
= — —) = —Kk—sinf = ——kd? (4-24)
T, Zrc(xz) KzsmH_ Zrcd@

d 3d
Ty = —2K (XE + 3x 7) = —10kxd

(4-25)
d2
= —10K?sin9 =~ —5kd?0
Te = —2 ( d+3 3d+5 5d>— 35kxd
6= —2ic(x-+3x x—)= KX
(4.26)
= =35 d2'9~ 35 d?0
= K—-sinf = ——-xcd?f.

Here, 0 is the angle of libration, x is the displacement of the first (inner) CH; unit, k is
the angular Hooke’s constant for each CH> group (with units of Nm/rad), and the factor of 2

arise through symmetry (as illustrated in Figure 4.11). The general form is therefore

T, = 2(d+3 3d+5 5d+ )
n=—2k(x5+3x7 X

d
= —2;c§(1+32 +5% 4 )x

2

d 2 2
== _ZKH (E) (1+3 +5 +"‘) (4.27)
A\~
= —2xk6 (E) Z (i—1)?
i=2,4,6,...

= 29<d)21 (n>-1 = ! d?on(n? —1)
= —2K 5) & n(n =-5 kd“6n(n .
The relationship between the restoring torque and # is therefore

Tn = —Keppf x n(n® — 1), (4.28)
where

1
Keff = E;cdzn(n2 -1. (4-29)

Finally, and with the combination of equations (4.23) and (4.29), the librational

frequency, wiip depends on n as

2 _
Keff o nn?—-1) _ (4.30)

This proof can explain the w/» independence on n, however this continues beyond (what

was previously referred to as) the rigid rod regime, which is perhaps surprising.
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Finally, understanding how the amplitude of the libration should scale with n is
complicated. For example, the reduction in free angle of libration as n-alkane chains extend
will have a depressive impact on A»; longer chains have a greater S(@) enhancing Ay;
fewer larger molecules will be probed by the laser in the same volume, depressing A, etc.
Molecular collisions can also enhance the (anisotropic) polarisability*? to varying degrees.
This work suggests that all such influences appear to produce a cancelling effect, making
the librational amplitude appear largely independent on n. It should be noted that the
contributions to the spectra from Raman active intramolecular mode(s) at librational
frequencies or lower, that are expected (by calculation at least) to occur from n-octane
onwards, cannot by resolved here. Instead their contributions to the OKE spectra are

subsumed into the ‘intermolecular’ bands.

4.6 Methane

Although a-relaxation and librations are strictly speaking delocalised collective motions,
their amplitude depends directly on the molecular anisotropic polarisability tensor, which is
zero (or very near zero) in molecules with a high degree of symmetry such as tetrahedral and
octahedral.*7-*684104105 For this reason, it is useful to consider the OKE spectrum of liquid
methane, which will be purely collision-induced due to its tetrahedral symmetry. Traditional
fitting procedures of such isotropic liquids dictate that a single Bucaro—Litovitz function
should account for the dynamics. Figure 4.12(a) shows the best fit of the spectrum using a

Bucaro—Litovitz function.

0.15

(a) Methane 95K (b) Methane 95K
—=== Bucaro-Litovitz —— Fit with fast-B
----- Fit with phonons
2
= 01 +
=]
£
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Figure 4.12. OKE spectrum of liquid methane at 95K with various fits.

The liquid methane data (black lines) are shown with: (a) the best fit Bucaro-Litovitz curve (dashed line), and
(b) line-shape fitting composed of a fast-ff mode (green) and f-relaxation (yellow). Also shown in (b) are line-
shapes representing the transverse and longitudinal acoustic (TA and LA) phonon modes of solid methane. See
Table 4.2 for values.
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B-relaxation Fast- Bucaro-Litovitz TA Phonon LA Phonon
Acc T B Q | Ap wo2rm p2m | Ap. wpl/2n O | Ap wo2n y2m | Ap wo/2n y/2n
/10" /ps /THz|/10" /THz /THz|/10* /THz /10" /THz /THz|/10" /THz / THz

a)| - - - - - - - 12,60 095 1.05| - - - - - -

b)|0.67 0.64 093 165 |1.88 165 132 | - - - - - - - - -
b)|0.67 0.64 093 1.65 | - - - - - - [115 100 0.72 10.86 210 115

Table 4.2. Fitting parameter values for various fits of the methane OKE spectrum.

Values correspond to the fitting parameters used in Figure 4.12 (a) and (b). The f-relaxatiOn € is fixed to the
fast-f @o. TA and LA phonon modes are used for illustrative purposes only, so the same fS-relaxatiOn iCC
function was applied. Phonon w, values are fixed to literature values.'%

The Bucaro—Litovitz function was derived almost 50 years ago and is used abundantly to
date. Its contribution has been substantial, but in highly simplified spectra such as in this
work, the BL function performs no better than a single antisymmetrised Gaussian or
Brownian oscillator in fitting the spectra and is clearly inappropriate. If the same
interpretation is applied as that for the other n-alkanes, liquid methane should still have a
vastly simplified spectrum that only exhibits S-processes that can be well-modelled using

two modes as shown in Figure 4.12 (the fit parameters are listed in Table 4.2).

As the name suggests, the strength of a collision-induced signal exhibits an inverse
relationship with intermolecular separation; in terms of a crystal, Brillouin-zone edge
phonons would produce the greatest collision-induced signal. The Brillouin-zone edge
transverse and longitudinal acoustic (TA and LA) phonon frequencies of the plastic phase of
solid methane were used to fit the OKE spectrum of liquid methane.!’® This is of course
unreasonable in the liquid phase and it unsurprisingly produces a poor fit, but this
nonetheless illustrates the potential origin of the rattling dynamics described by the fast-$
mode in the disordered liquid. The data are well-modelled by this fast-f mode represented
as a single Brownian oscillator. The low frequency f-relaxation accounts for more diffusive
motions and is thus modelled by the inertial Debye function introduced previously, which
suppresses the high-frequency slope to prevent any unphysical encroachment beyond the
fast-f oscillation. The S-relaxation lifetime corresponds to a diffusion length of 1.08 A,

similar to that seen in the n-alkanes.

4.7 Propane

It is also important that consistent fits can be obtained as a function of temperature with

this procedure. Propane was chosen first because of its broad liquid phase range (85—231 K).
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Measurements were taken between 210 and 78 K (into the supercooled regime),
corresponding to a 100-fold increase in viscosity that produces a significant evolution of the
spectral line-shape. At the same time, propane has an anisotropic polarisability even smaller
than cyclohexane and cyclopentane, making it relevant to other more popularly studied
weakly anisotropic molecules. Figure 4.13 shows the OKE response at five temperatures. At
210 K the spectrum exhibits a monomodal appearance but broadens significantly on cooling.
Even before line-shape fitting, these spectra suggest two distinct types of dynamics: those
whose frequencies are either highly dependent or mostly independent of temperature. These
spectra were fitted, as shown in Figure 11, in the same manner as the longer alkanes with the
exceptions of the libration, which fit to an antisymmetrised Gaussian function and the -
relaxation at 78 K, which required an inertial Cole—Cole function.. Discrete contributions to
the spectrum are impossible to spot in the 210 K data alone, but the individual modes can be
tracked from the supercooled liquid. The diffusive modes exhibit the most significant change
with temperature, accounting for an increasing proportion of the spectrum at lower
temperatures until the f-relaxation becomes an inertial Cole—Cole function to fit the broad,

flat line-shape from ca. 200 down to 20 GHz.
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time /s Frequency / Hz
Figure 4.13. OKE spectra of liquid propane at various temperatures.

The time domain OKE response (left), and the frequency domain OKE spectra after Fourier-transform
deconvolution (right), are shown for propane at various temperatures.
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Figure 4.14. Line-shape fitting of liquid propane OKE spectra at various temperatures.

The fits (blue line) of the data (black line) are comprised of the a-relaxation (red), B-relaxation (yellow), fast-
B mode (green), and librational mode (blue). See Appendix C.2 for fitting parameter values.

Compared to the other alkanes, the propane time-domain trace exhibits a particularly
large and long-lived oscillation owing to a strongly Raman active intramolecular mode at 11
THz (360 cm™) assigned to the C-C-C torsional mode. In the time domain this oscillation
appears to disappear abruptly, however this is an artifact of the data collection method, where
the step-scan data collection changes from linear to logarithmic in time- as discussed

previously in section 3.1.
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Figure 4.15. Fitting parameter trends in liquid propane OKE spectra with temperature.

Shown are the fitting parameter values of the a-relaxation (red e), f-relaxation (yellow m), fast-f# (green o),
and libration (blue o) line-shapes as a function of temperature. The parameters displayed are the amplitudes
(top), diffusive lifetimes (middle), and vibrational frequencies (bottom).

The fit parameters are shown in Figure 4.15, with parameter values tabulated in Appendix
C.2. As shown previously (Figure 4.3 and Eq.4.6), propane densities were fit to a linear
relationship with temperature that was in turn used to model the librational and fast-f

frequency temperature dependence.

The a-relaxation band (Figure 4.15) is very weak at high temperatures but it becomes

107.108 and proposed to arise

gradually more prominent on cooling, an effect seen previously
from polarisability enhancement due to cooperative molecular ordering but is yet to be fully
understood.”® The experimental a-relaxation lifetimes are comparable with
Stokes—Einstein—Debye using slip conditions at higher temperatures but deviating by an
order of magnitude at 78 K. For the f-relaxation the characteristic diffusion length, o, was
set at 1 A for comparison with the other alkanes, revealing a poor conformity to the
Stokes—Einstein relation by up to 2 orders of magnitude at 78 K. Given that the broader

lower temperature spectra best expose the diffusive dynamics and thus offer the greatest
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confidence in diffusive line-shape fitting, these deviations from theory are real phenomena
that require explanation as opposed to a limitation of the fitting procedure. It is well-known
that Stokes—FEinstein and Stokes—Einstein—Debye relations excel in predicting the diffusive
behaviours of macromolecules in solution, for example, but commonly break down for small

molecules!¢-10%110

which are said to “hop” through the surrounding solvent, especially at low
or supercooled temperatures."!* This is the reason that the T & nV /T relationship
violation in propane is witnessed in Figure 4.15, where the macroscopic viscosity is of little

relevance to the microscopic motions.

The librational amplitudes decrease slightly with decreasing temperature, which could be
explained by liquid densification producing a reduction in the average angle of libration.
Librational frequencies increase on cooling, an effect observed previously in experimental
and simulated OKE studies on benzene." This is again attributed to the increasing liquid
density, where less free space means less free motion of a molecule in a cage, and
intermolecular potential landscapes become more quadratic in nature. This also applies to
the fast-f mode, where the w o« p(T) proportionality also holds. The fast-f process
increases in amplitude with increasing temperature, which is expected from higher energy
collisions. Eq. (4.15) was used previously to model the collision induced signal (at constant
temperature) as a function of chain length; one can substitute back the thermal energy term,

kT, into this equation to get
kgT
Sc; X r~® o In~® (L) (4-31)

Fitting the amplitudes to eq. (4.31) yields ¥y ~ 107'¢ J, again within an order of magnitude
of typical values. The difficulty in achieving greater agreement between Vy values between
the propane and n-alkane investigations (and the cycloalkanes introduced next) is likely due
to the shapeless nature of the intermolecular part of the OKE spectra. Bear in mind that this
amplitude is of a line-shape fit that is not tightly bound by the data, rather it is mostly

dependent on the surrounding line-shape fits.

4.8 Cycloalkanes

At room temperature, the cycloalkanes may have one or multiple discrete conformations
(CsHis has 10 known conformations®) that could contribute distinct intermolecular
interactions—such an effect may or may not be negligible. Their dynamics are also more
complex than their linear counterparts; for example cyclopentane at room temperature is
known to undergo nearly free pseudorotation in the gas and liquid phases via an

7119 jtg intermolecular dynamics are coupled not only
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to each other but to an intramolecular mode and its overtones. It should be noted that other
cycloalkanes also undergo pseudorotation but with some energy barrier; e.g., cycloheptane

AE = 2.2kgT at 298 K.12°

The low-frequency spectra of room-temperature cycloalkanes are shown in Figure 4.16.
Cyclopentane and cyclohexane exhibit a monomodal appearance similar to liquid propane
at higher temperatures and typical of near-isotropically polarisable molecules. Upon
increasing the ring size, the spectral evolution resembles that of propane upon cooling, where
the lowest frequency (diffusive) modes grow in amplitude and red shift, uncovering the high-

frequency oscillatory dynamics.

Cycloalkanes 25°C Cycloalkanes 25°C

Soke(t) / arb. units
Soke / arb. units

o I o
o 1 = o N
a T R R}
| | | | |

o
|

107 10 10”%  10™ 10" 10° 10"° 10" 10 10

time /s Frequency/ Hz
Figure 4.16. OKE spectra of various cycloalkanes at 25°C.

The time domain OKE response (left), and the frequency domain OKE spectra after Fourier-transform
deconvolution (right), are shown for labelled cycloalkanes.
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Figure 4.17. Line-shape fitting of cycloalkane OKE spectra.

The fits (red line) of the data (black line) are comprised of the a-relaxation (red), f-relaxation (yellow), fast-f
mode (green), and librational mode (blue).

Cycloalkane spectra take on forms varying from monomodal to trapezoidal throughout.
The line-shape fitting, shown in Figure 4.17 (and with values tabulated in Appendix C.3), for
the smallest rings is particularly difficult; these spectra could be modelled with relative ease
using a higher frequency antisymmetrised Gaussian oscillator (attributed to librational
contributions) and a Bucaro—Litovitz function to mop up the remaining dynamics. This
procedure ultimately fails when the diffusive and oscillatory components diverge for larger
rings whose broader spectra require additional line-shape contributions and thus a higher
resolution interpretation of the dynamics at play. By extrapolating from the larger rings and
using the line-shape evolution of the n-alkanes series as a blueprint, a consistent picture

across all the cycloalkanes may be constructed.
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Figure 4.18. Fitting parameter trends in cycloalkane OKE spectra with ring size.

Shown are the fitting parameter values of the a-relaxation (red e), f-relaxation (yellow m), fast-f# (green o),
and libration (blue o) line-shapes as a function of temperature. The parameters displayed are the amplitudes
(top), diffusive lifetimes (middle), and vibrational frequencies (bottom).

As discussed previously, the amplitude of the a-relaxation band scales with M - B (@)?,
and since these polarisabilities were modelled as x n2 (and M « n~%78), amplitudes were
fit to the n®?? proportionality shown in Figure 4.18. There is a clear deviation from
monotonicity from the cyclooctane a-relaxation amplitude, however, which is possibly
related to the conformational complexity of the molecule. Lifetimes compare well with

Stokes—Einstein—Debye theory with the slip friction factor for oblate spheroids.

P-relaxation lifetimes fit to a translational diffusion distance just under 1 A, in keeping
with the alkanes’ values. It is interesting to note that the f-relaxation is predicted to have a
shorter lifetime than the a-relaxation for cyclopentane. Fits can be made to reflect theory as
is the case in this work; however, this is generally avoided in OKE spectroscopy, as the o-
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relaxation is expected to terminate the material’s response in the time domain. Observation
of dynamics slower than the oa-relaxation are therefore anomalous. Arguably the strong
overlap and coupling of these diffusive modes make their dynamics largely indistinguishable

in such instances, which should allow for some leeway.

Librational and fast-f mode amplitudes can be modelled in an identical fashion to the n-
alkanes, with the former maintaining a constant amplitude throughout while the latter again
varies with the strength of intermolecular collisions, with a ¥ value of 5 x 1077 J. The
librational and fast-f frequencies conform to the same » dependence seen in short alkanes
and drop off at cyclooctane. Recall that in the n-alkanes the decrease in fast-f frequency was
attributed to molecular floppiness, marked by the occurrence of normal intramolecular
modes with the same (or lower) frequency (see section 4.5). This same explanation cannot
be used here, because the lowest calculated normal mode of the most populous cyclooctane
conformation, boat-chair, is 3.7 THz and is visible in Figure 4.17 as a small shoulder on the
librational band — the lowest energy intramolecular normal mode of the (less populous) chair
conformer is 2.2 THz. This is instead attributable to conformational complexity and/or
deviations from ideal ring geometry. The simple intermolecular interaction outlined in
Figure 4.10 underpins the assumption of Eq (4.18): that the intermolecular repulsion scales
with n. This of course relies on each atomic unit participating in collisions, i.e., all mass must
reside on the molecule’s surface. More spherical molecules have atoms which are more
shielded from direct bulk interaction, which is likely the effect witnessed in the more
“crumpled” hydrocarbons such as boat-chair cyclooctane. As molecules become more
spherical or crumpled, the shielded mass still acts as an inertial load, but its contribution to
the spring constant, £ diminishes. Simply put, for the molecule as a whole, the m « n
relationship still holds, while k « n does not. In cyclooctane the (slightly) shielded CH,
units contribute less or less occasionally to the intermolecular forces that produce
intermolecular cage-rattling motions but still fully contribute to the inertial load; this will

result in the reduction of the librational and fast-f frequencies.

4.9 6-Membered Rings

Due to their complicated spectra, some of the most commonly studied liquids are

benzen687,1217130

and cyclohexane 310012781 Just as with the alkanes and cycloalkanes, it is
necessary to observe line-shape trends across a series in order to make reasonable
assignments of the intermolecular dynamics at play. The OKE spectra of cyclohexane,

cyclohexene, 1,4-cyclohexadiene, and benzene are shown in Figure 4.19.
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Figure 4.19. OKE spectra of various 6-membered rings at 25°C.

(Left) Time-domain OKE response of the 6-membered rings on a log-log scale, with a portion of the initial
response displayed on a linear scale (inset). (Right) The corresponding frequency-domain spectra. C¢Hs is 1,4-
cyclohexadiene, and its TDT is orange purely for clarity.
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Figure 4.20. Line-shape fitting of 6-membered ring OKE spectra with fit parameter
trends.

Left: the fits (green line) of the data (black line) are comprised of the a-relaxation (red), f-relaxation (yellow),
fast-f mode (green), and librational mode (blue). Right: the fitting parameter values of the a-relaxation (red
o), f-relaxation (yellow m), fast-f (green o), and libration (blue ©) line-shapes across the series. The parameters
displayed are the amplitudes (top), diffusive lifetimes (middle), and vibrational frequencies (bottom).
Anisotropic polarisabilities are also shown (top inset) for each molecule.
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Previous work has seen cyclohexane modelled using one,"! two,'® and three®’ line-

5122128130 three 87126 and five'?® line-shapes. Most

shapes; benzene has been fit with two,
recent work has fit the series from cyclohexane to 1,4-cyclohexadiene to benzene using
combinations of BL+BL+ASG to BL+BL+ASG+ASG to BL+ASG+ASG functions,
respectively.®” This work shows how a far more consistent picture can be achieved using the

four line-shape model as shown in Figure 4.20.

The anisotropic polarisabilities, along with the amplitudes of all modes, increase in a
near-linear trend across these rings from 6 to 0 z-electrons as shown in Figure 4.20. The o-
relaxation is expected to scale with (@)?, and this appears to be the case certainly for the
three heaviest rings at least; the a-relaxation amplitude for benzene may be slightly less than
expected. Similar results were found by Kakinuma ef al., who suggest that the time integral
of the nuclear part of the entire response function, Sokg(t) scales with (@) for all rings.*’
One might have expected the f modes to depend on the isotropic polarisability, a (&), but as
shown in Table 4.1, isotropic polarisabilities are mostly invariant across the six-membered

rings. These observations suggest that all intermolecular dynamics in this series remain

strongly coupled; the f-modes retain some orientational dependence.

Orientational relaxation lifetimes in benzene match Stokes—Einstein—Debye theory with
the oblate spheroid slip condition and other experimental and simulated benzene studies."'>!¥
Notably the cyclohexene 17, 1s approximately double that predicted by
Stokes—Einstein—Debye. Cyclohexane and benzene are roughly oblate spheroids but
interpolating for the intermediate rings may contribute to the experimental deviation from
theory given the more irregular geometry of cyclohexene. It is also worth noting that the
centre of mass is slightly askew in cyclohexene only, so in principle, rotations would require
more free volume and should therefore occur on slower time scales; it would be surprising
if this effect alone would double z,. In more realistic terms, the presence of z-electrons has
a significant effect on the intermolecular potential, evidenced by the ~20% drop in dynamic
viscosity between cyclohexane and cyclohexene, which then remains approximately
constant for the remaining rings. These two distinct viscosity regimes suggest that one need
not expect a smooth trend in orientation relaxation from saturated cyclohexane to benzene;
rather one can expect dynamics that are heavily dependent on the presence or absence of -
electrons. The librational frequency of benzene matches previous work,'?? while studies on
the remaining rings are lacking or unreliable. For instance, the three and four-fit model

mentioned previously finds that the Gaussian (librational) frequency, wg, halves from

cyclohexane to cyclohexene and then doubles for 1,4-cyclohexadiene, which is unrealistic.
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On the other hand, the fitting procedure described here arrives at realistic values and trends

for the oscillatory frequencies.

4.10 Discussion & Conclusion

This chapter sets out to demonstrate a logical and useful interpretation of gigahertz to
terahertz spectra that produces a disentangled picture of intermolecular dynamics. The a-
relaxation ranges from the most obvious feature of the OKE spectra of highly anisotropic
and/or viscous liquids to one of the most obscure in isotropic and/or low-viscosity liquids.
In the former cases, these experiments show the orientational relaxation lifetime, 7, abiding
Stokes—Einstein—Debye theory with the slip condition (and accounting for aspect ration in
the n-alkanes); less spherical molecules eventually require aspect ratio dependent correction
factors. In spectra with the weakest a-relaxation contribution, there is every reason to expect
a continuation of the trend, which is effectively extrapolated in this work. SED theory does
however fail to account for the dynamics in liquid propane at lower temperatures, but this is
due to the viscosity becoming progressively irrelevant for microscopic molecular motions

within supercooled liquids (see section 4.7).

The collision-induced contribution to these spectra have been fit to two line-shapes that
have been treated analogously to the rotational contributions from librations (an oscillatory
mode) and orientational diffusion. While it is intuitive to assign the oscillatory part of the CI
contribution to a ‘cage-rattling’ type motion, the nature of the ‘diffusive’ part is less clear;
here it is has been treated as single-molecule diffusion. It should be noted that often these
parts of the intermolecular spectrum are fit to single broad bands resulting from

13133 or power-law fits>>!%7 to the time-domain decay. In this work, it is found

exponentia
that the f-relaxation is the most difficult to fit due its concealed and relatively weak
contribution to the dynamics. It is not possible to make meaningful conclusions on the basis
of its amplitude, which is a limitation of this model. On the other hand, 73 values correspond
to standard deviations in position (translational diffusion) of 0.85 A < ¢,<1.08 A, which are
remarkably consistent with the fact that OKE spectroscopy is sensitive only to collisions and

translations on the order of a van der Waals radius.

Whilst this work has reasonable success in applying just one line-shape for each of the
four types of dynamics mentioned here, it is worth noting that molecules of exaggerated
dimensionality with, e.g., needle or disc-like geometries, may diffuse and vibrate on entirely
different timescales for in-plane vs out-of-plane and parallel vs perpendicular motions. In

fact, this is almost certainly a contributing factor to the broadening of n-alkane spectra as
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chain lengths increase. An idealised (and intrepid) approach to the line-shape fitting of such
spectra would include the eventual splitting of single modes into their two spatial
components. This is not attempted here for various reasons, not least of which is to avoid
both overparameterisation and the compounding difficulty of achieving consistent and
meaningful fits. Furthermore, one may reasonably expect a signal dominance of one spatial
contribution over another. For example, in-plane orientational motions will produce a small
signal due to the relatively small difference between the associated polarisability tensor
elements when compared with the out-of-plane case. In terms of the collision-induced p-
modes, it can be argued that for these species the “broadside” collisions involve a greater
number of interparticle interactions across the molecule and should be the dominant £
contribution to the OKE spectra. For these reasons, to account for the broad spectra of long-
chain n-alkanes and supercooled propane, the f-relaxation mode was gradually broadened
from an inertial Debye to an inertial Cole—Cole function. The is the simplest possible

approach, introducing just one extra broadening parameter.

Fast-f mode characteristics are governed by the strength and frequency of approximately
harmonic intermolecular cage rattling. Intermolecular potential, V', values obtained through
fitting parameter modelling are consistently within an order of magnitude of literature
values, which is surprising given the central location of the fast-f mode within these
shapeless spectra. The effect of temperature is a proxy for density, which is known to have
clear influence on the librational frequencies;'"” this work shows that, unsurprisingly, this

holds true for the fast-f mode as well.

The antisymmetrised Gaussian function is commonly used to fit librational motions and
indicates the presence of inhomogeneous environments. Librational modes in the n-alkanes
from pentane to hexadecane, however, fit the Brownian oscillator line-shape. This notably
excludes propane whose librational mode has an antisymmetrised Gaussian profile. This
appears to correlate with aspect ratio, where ratios > 0.55 (more spherical) follow an
antisymmetrised Gaussian line-shape, while ratios < 0.55 (more needle- or disc-like) have
Brownian profiles. This binary outlook is of course simplistic, and indeed previous n-alkane
work has modelled the librational mode using a Gaussian—Brownian convolution.!¢ In any
event, far more data would be required on different molecules with a range of aspect ratios
to determine if this correlation is real or simply coincidental. What is clear from these data
is that conformationally simple molecules, which are rigid on picosecond time scales, librate
and rattle in their intermolecular cage according to relatively straightforward mechanics,

which gradually break down for progressively larger molecules. Diffusive modes on the
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other hand seem to closely follow Stokes—Einstein—Debye and Stokes—Einstein theories
throughout, with the exception of cyclohexene, which behaves far more like benzene than

cyclohexane.

In summary, this work tests the validity of a physical line-shape fitting approach to
gigahertz to terahertz dynamics for simple weakly interacting molecular liquids. The study
of liquid methane reveals how collision-induced (f) signals do not follow the
Bucaro—Litovitz line-shape, derived to account for precisely such dynamics. Instead, these
dynamics must be split into vibrational and diffusive parts, directly analogous to librations
and orientation relaxation. One should therefore expect to be able to reasonably
compartmentalise the gigahertz to terahertz spectra of weakly interacting liquids into four
simple dynamical categories: orientational o-relaxation, translational S-relaxation, fast-f
oscillations, and librations. This work has shown the model’s applicability across the room-
temperature n-alkanes and cycloalkanes, across a 130 K temperature ramp of propane into
the supercooled regime, and across various six-membered rings from cyclohexane to
benzene. These spectra can indeed be meaningfully partitioned across dimensions of
oscillatory/diffusive and rotational/translational dynamics in a single coherent picture for the
first time. Though not without limitation, this interpretation provides a foundation on which

our understanding of intermolecular dynamics can be built.

72



Ultrafast Molecular Dynamics in Amorphous Media The Boson Peak

5  THE BOSON PEAK

This data of this chapter is available online as a preprint, see ref."** for details. Based on

insightful peer-review feedback this data has been re-interpreted here.

5.1 Introduction

The expected behaviour of a liquid when cooled is to freeze at the melting temperature,
where the molecules arrange themselves in an ordered crystalline state. However, many
liquids can be supercooled where crystallisation is postponed. On further cooling, the
supercooled liquid becomes increasingly viscous and at the glass-transition temperature
vitrifies into an amorphous solid called a glass. The liquid—glass transition is one of the most

difficult and well-studied problems of condensed matter physics.*> 1%

A common and quintessential feature of glasses is the observation of the so-called boson
peak (BP) typically seen in spontaneous Raman scattering spectroscopy and inelastic
neutron scattering at a frequency around 1 THz. It is named as such because one of the few
known characteristics of its Raman spectral line-shape at its time of discovery was that its
temperature dependence appeared to obey BE statistics for thermal population of energy
levels (see eq. 5.2).1*° The BP represents a peak in the vibrational density of states, g(w),
normalised by the frequency squared, g()/@”.' This corresponds to an excess in the density
of states over that expected from phonons in a perfect Debye crystal, as illustrated in Figure
5.1. This gives rise to anomalous behaviour of the low-temperature heat capacity C, and a
peak in C,/T° at a few 10s of K. The boson peak has a predominantly transverse character'**-
144 and is strongest in depolarised Raman scattering. The boson peak typically becomes
visible when a (supercooled) liquid is vitrified. Thus, the position, amplitude, and shape of

the boson peak could provide crucial information on the physics of supercooling and

vitrification.
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Figure 5.1. Illustration of the Boson peak in the VDoS.

The Boson peak illustrated as excess vibrational states above the Debye model.

The origin of the boson peak is still the subject of much scrutiny to date, with many
proposed mechanisms to explain how it emerges. Some believe it to be caused by random
spatial fluctuations of elastic constants brought about by disorder.'*>*" It has also been
argued to be the remnant of a van Hove singularity of the corresponding crystal, that has
been washed out by amorphous structure.'*3!*’ Other explanations include the coupling of

150.51 the weak

acoustic phonon modes with quasi-localised soft modes arising from defects,
interaction between quasi-localised harmonic modes producing anharmonicity,'> or
competition between elastic mode propagation and diffusive damping.'>* In supercooled
liquids, it has been argued that crystal nucleation is inhibited by locally favoured structures
that geometrically inhibit the formation of the thermodynamically most stable state’* and
give rise to the emergence of the boson peak.!>® Thus, the spectral features of the boson peak
could provide crucial insight into the nature and abundance of these locally favoured

structures.

However, in most liquids (including those that vitrify) it is difficult to distinguish the
various processes that contribute to the vibrational spectrum in the low-terahertz range. In

this range in liquids, one can distinguish spectral contributions from®-®

primary- or a-
relaxations due to orientational and translational diffusion, an oscillatory intermolecular
mode (sometimes referred to as “cage rattling”), librational motion, and finally low-
frequency vibrational modes. The a-relaxation process freezes out on vitrification while

vibrational contributions are sometimes narrow and relatively easy to distinguish. That
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leaves the intermolecular cage-rattling mode and librations in addition to possible
contributions from a boson peak, all of which peak around 1 THz, making an unobscured

observation of the boson peak difficult or impossible.

There are numerous reports of observations of boson peaks in the literature, however,
many of these are obscured. In depolarised Raman scattering, the intensity of both the
orientational-relaxation and librational bands scale with the anisotropic part of the molecular
polarisability tensor and therefore the presence of one implies the other. The boson peaks
reported in the Raman spectra of vitrified B203,5%57 As,S3,1% Ca:K3(NOs)7,"%7 propylene
glycol,'” glycerol,"*1® m-tricresyl phosphate,*® toluene,'® and salol'> all show
orientational relaxation in the liquid implying the presence of a librational band that is
partially obscuring the boson peaks. Raman and inelastic neutron scattering spectra of Y203-
A0, NagsLigsPOs3,'** ZnCl, and ZnBr,'®  ortho-terphenyl,'®1%7 polyisoprene,!¢’

168

polystyrene,'” and other polymers'®® are also complicated by phonon bands again

complicating the identification of the boson peak in the glass. The Raman spectra of glassy

170 show a complex band shape between o and 100-150 cm™, the

sulfur'® (Ss) and selenium
high frequency region of which has been correctly assigned to librations. Bumps at circa
20 cm™ (~0.6 THz) are assigned to boson peaks but reliable analysis of their (temperature
dependent) shape and amplitude is difficult. Lastly, the features observed at ~50 cm’
(1.5 THz) in glassy SiO2, GeOa, etc.,**"""1"> appear to be some of the best isolated boson
peaks—the local SiO; structure is likely to be close to tetrahedral, where each silicon is
surrounded by 4 oxygens (and where the anisotropic part of the polarisability tensor would

vanish and which would make the librational band invisible in depolarised Raman

scattering).

In summary, although observation of the BP in vitrified liquids has been reported many
times over, many of these line-shapes are complicated by the presence of other, often
overlapping, modes. Perhaps as a result, some of these boson peaks have been cross-checked
by other techniques such as neutron scattering!’® or inelastic x-ray scattering.!””!’ However,
a common theme is that it is difficult to determine the temperature-dependent shape and
amplitude of the BP for detailed analysis. However, the example of glassy SiO2> shows the

way forward: symmetry can be used to simplify depolarised Raman spectra.

The glass-forming liquids under investigation in this work are toluene, titanium alkoxides
(particularly tetrabutoxide), and tetrabutyl orthosilicate. Toluene will be first introduced as

an example of a glass-forming liquid whose intermolecular spectrum exhibits the
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aforementioned issue of overlapping spectral features that can obscure the BP. The focus
will then shift onto glass-forming titanium alkoxide liquids in which the molecules and/or
molecular clusters have a greater degree of symmetry, thereby reducing the signals from
orientational diffusion and librations. Diffusive translations freeze out on vitrification,
leaving a single, largely isolated, intermolecular mode whose signal in depolarised Raman
spectroscopy scales with the intermolecular collision strength. This intermolecular mode is
consistent with the fast-B mode (of chapter 4), the rattling of molecules in the cage formed
by their neighbours.®>**” Thus, in a model in which the supercooled liquid consists of
liquid-like regions and locally favoured structures (LFS), whose size and/or population
increases on lowering temperature (see Figure 5.2), then both should show such cage-rattling
intermolecular modes. Finally, the OKE study of vitreous tetrabutyl orthosilicate reveals an

additional intermolecular mode at a lower frequency which may originate from a cluster fast-

S mode.

Figure 5.2. In a supercooled liquid, locally favoured structures form in a sea of the
normal liquid.

Circles represent individual liquid molecules. Structures (red) with 5-fold symmetry are shown for illustration
within a normal liquid (blue), as they cannot tile space. Adapted from ref. '8

5.2 Methods

5.2.1 Experimental

Liquids were purchased from Sigma-Aldrich and have a rated purity > 98% with the
exceptions of titanium tetracthoxide, which has a purity > 80% (5% contamination with
titanium tetraisopropoxide resulting in 20% titanium triethoxide monoisopropoxide) and

were used without further purification. As will become clear in section 5.4, this substantial
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impurity is entirely acceptable for its application, which is to deliberately reduce the
symmetry of a titanium alkoxide liquid mixture. Liquid samples were filtered with a PTFE
filter (Millex) with 20 pum pore size and degassed for I min in an ultrasound bath before OKE
measurements. Room-temperature samples were contained in a 1 mm thick rectangular
quartz cuvette (Starna) and held in a temperature-controlled (£0.5 K) aluminium block. Low-
temperature measurements were performed using a liquid-N» cryostat (Oxford Instruments,
+0.1 K) in a nitrogen environment to avoid water condensation. The OKE spectra of toluene

were gathered by Dr. David Turton (University of Glasgow) several years prior to this work.

It is important to quantify the glass transition temperature of the liquids used here.
Without access (at the time) to a differential scanning calorimeter that could operate at
cryogenic temperatures, instead viscometry measurements were performed with the help of
Dr. Emily Draper on a rheometer (Anton Paar MCR 201) using a 50 mm cone at a fixed
shear rate of 10 rad/s. The temperature was lowered from 75°C to -40°C at a rate of 1°C/min
and the viscosity recorded every minute. Measurements were performed under an
atmosphere of nitrogen to prevent oxidation of the sample using a custom-made 3D printed
plate hood courtesy of Dr. Bart Dietrich. A cylinder of nitrogen gas was attached to an inlet
on the hood to allow for a stream of nitrogen to pass over the measurement system and
sample throughout the measurement. To help the temperature reach and maintain -40°C, the
nitrogen gas line was passed through a liquid nitrogen bath before it reached the hood on the
rheometer. This does not reach temperatures as low as Tg, but the viscosity data can be

modelled and extrapolated to approximate the glass transition temperature.

Differential scanning calorimetry (DSC) measurements were eventually performed by
Dr. Ben Russell using a TA Instruments DSC 2500 differential scanning calorimeter

equipped with a quench-cooling accessory.

5.2.2 OKE and Raman Scattering Relationships with the Density of
States.

The vibrational density of states (VDoS) g(w) can be measured in several related
experiments such as Raman scattering (including OKE spectroscopy), inelastic neutron
scattering, etc. Such spectroscopies never measure g( ) directly but instead a product of the
VDoS with the strength of the coupling associated with the particular spectroscopy. Thus,
the various spectroscopies measure the same dynamics or spectra but with different

amplitudes for the various components. One can write more general relations between the
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measured spectra and the VDoS; for example, the spontaneous Raman scattering (SRS)

spectrum and the inelastic neutron scattering (INS) spectrum are related to the VDoS by!*

Sors (@) o Sis (@) o g(@)C(a) "L s

where

1
n(a), T) = W (5.2)

is the Bose-Einstein occupation number, and C(w) is the coupling term specific to the
technique. The coupling term in SRS will have some frequency dependence, while in INS it
is frequency independent. Most importantly, INS can measure propagating (phonon) modes
whereas SRS cannot because of momentum matching. It has been suggested that the
frequency dependence of the coupling in the SRS spectrum may follow w? at very low

frequencies (< 20 cm™) and w at low frequencies in glasses.!”>!73-181-183

The OKE spectrum is given by'3*
—hw/kBT

2h

1—e
Soxe(w) = Ssrs(w)

(5-3)
C(w)

x g(w)—,
g(w)—
thus, one can convert an OKE spectrum to the equivalent spontaneous Raman scattering

spectrum.

5.2.3 Line-Shapes and Fit Functions

As discussed previously in section 3.2, overdamped or diffusive modes (corresponding to
orientational and translational diffusion) are typically fit to the imaginary part of the
Havriliak-Negami function (see eq. (3.8)) with 0 < acp,fcc < 1. Diffusive motions are
described by the HN line-shape which varies around the frequency origin as w for a regular
Debye or Cole-Davidson function and w® as B¢ = 0 (see Appendix D), and therefore does
not produce a peak in g(w)/w?. Thus, diffusive modes do not represent any ‘excess’ heat
capacity. Underdamped Brownian oscillators and antisymmetrised Gaussian functions (eqs.
(3.12) and (3.14) respectively) will display a peak in g(w)/w?; these line-shapes therefore

can describe a boson peak.

The intermolecular mode (named the fast-f mode in chapter 4, and will be named as such

herein for consistency) originating from washed-out pseudo-Brillouin zone edge phonon
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modes, can be considered for simplicity as the rattling of a molecule in the cage of its
neighbours. If the BP does indeed arise due to LFS, then there is no obvious a priori model
for the temperature dependence of the centre frequency of a fast-f mode. Often, in OKE
studies the frequency of the librational band is related to the density of the liquid as a function
of temperature, and (chapter 4 argued that) a similar model could apply to the intermolecular
mode as well. This is convenient when p(T') is known, however some of the materials under
study here are quite obscure. An alternative approach would be to attempt to model the

averaged intermolecular potential.

The Morse potential is a rough and ready representation of the anharmonicities of the
intermolecular potential. The vibrational eigen energies in a Morse potential as a function of
the quantum number » are

N2
1) 3 [th (" + E)] (5-4)

En=h1/0(n+§ 4De

where D. is the dissociation energy of the well and w is the vibrational frequency at the
bottom of the well. This equation was solved for n; the spacing of the eigen energies can be
written as

(n + 1) (hvy)?
_RT AW _
2D,

En+1 - En = hVO (5'5)

Inserting the solution for n,

_ (44D, (D, — Ey) — hvy)hv, | (5.6)
4D

e

En+1 - En

If it is assumed that E,, = kT, one obtains

. (44/De(De — kgT) — hvp) " (5.7)
4D,
as the expected frequency of the boson peak. This expression goes to zero at
hv,y/4)?
kyT = D, — (hvo/4)" (5.8)
D,

Typical parameters would be vy ~ 1 THz (the presumed frequency of the boson peak) and
D./h estimated as 10-50 THz. The problem with this model is that the temperature of eq.(5.8)
is not the boiling temperature, as the density of a liquid is very much finite just below the
boiling temperature (and the frequency not expected to be zero). Therefore, egs. (5.7) and
(5.8) should be regarded as reasonable fit functions to account for the anharmonicity of

intermolecular vibrations, rather than reflecting meaningful physics.
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5.3 The Hidden Boson Peak in Toluene

Toluene is a liquid that vitrifies at 7, = 120 K. The boson peak is directly related to the
extra heat capacity of the glass over the crystal—in toluene, the heat capacity C, has been
measured for stable'® (liquid, crystal) and metastable'®® (supercooled, glass) sequences. As
can be seen in Figure 5.3 (based on data from these previous studies)'®>!® vitrified toluene
has ~10% extra heat capacity over the crystal, which peaks at a temperature Tposon = ~20 K.
This must be due to an “extra” vibrational density of states, that is, a boson with a frequency
that would be estimated as ksThoson/h or ~0.4 THz in the case of toluene. Analysis of C,/T°

for toluene similarly leads to an estimate of the boson peak frequency of ~0.5 THz.!*’
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Figure 5.3. Molar heat capacities of stable and metastable sequences of toluene.

Shown are crystalline toluene (blue squares), and supercooled and vitrified toluene (red circles) from refs.'®

and '* respectively. Fits are to 8™ order polynomials, and the difference between these fits (green line) is shown
to peak at 20 K (0.42 THz).
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Figure 5.4. Temperature dependent terahertz spectra of toluene.

Shown are the OKE spectra (inset) and spontaneous anisotropic Raman spectrum (SRS, main panel) derived
from it.

The temperature-dependent terahertz spectra of toluene taken using OKE spectroscopy
are shown in Figure 5.4. The reduced spectrum can be converted to a spontaneous Raman
scattering spectrum by multiplying with a Bose-Einstein occupation factor (eq. (5.2)) as
discussed in section 5.2. This converted spontaneous Raman spectrum is shown in Figure

I6LI88  Tn  liquid and

5.4 and is consistent with published Raman spectra of toluene.
supercooled toluene, the spontaneous Raman spectrum is dominated by so-called quasi-
elastic scattering. The quasi-elastic peak vanishes only when toluene is vitrified, to reveal a
peak at 2.5 THz and a weaker shoulder at 0.5 THz. In similar temperature-dependent
spontaneous Raman and inelastic neutron scattering spectra, the higher frequency peak is

often identified as the boson peak but is in fact due to molecular librations.!”’

The 0.5 THz shoulder appears to be the actual boson peak (the frequency is right based
on excess heat capacity measurements, see above) but its shape is difficult to determine with
great accuracy from Figure 5.4, and it cannot be ruled in or out from the spectra alone that it
exists in the supercooled liquid as well. OKE spectra do not exhibit this quasi-elastic curtain
that obscures the sub-terahertz dynamics in the liquid phase but instead have eminently

analysable bands due to diffusive processes such as orientational- and translational-
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relaxation. Using the line-shape fitting methodology developed in chapter 4, the spectra of
liquid and glassy toluene over temperature was analysed, with results shown in Figure 5.5

and with parameter trends shown in Figure 5.6 (and parameter values in Appendix E.2).

The most prominent feature in Figure 5.5 is the a-relaxation peak which is observed to
redshift on cooling as expected, but also increase in intensity. Again, this is less understood

53107108 and of course chapter 4. This is assigned to

but commonly observed in other studies,
reorientational diffusion, whose time constant starts at 5.1 ps for room temperature toluene
1.1 ns at 150 K and freezing out completely by 120 K indicating vitrification (consistent with
T, in Figure 5.3). The existence of two relaxation mechanisms in toluene was first suggested
over 50 years ago by Santarelli and coworkers.® A more recent THz time domain

1'% observes a dominant relaxation band at room

spectroscopic study by Renne et a
temperature with a lifetime of 5.8 ps, which they also assign to reorientational diffusion and
fit to a Debye curve. After this contribution is subtracted, they note the presence of a residual
diffusive contribution—this reflects the additional diffusive mode contributing to the line-

shape fits of these spectra, attributed to more translational motions here.
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Figure 5.5. OKE spectra of toluene at various temperatures, and their line-shape fits.

Shown are the OKE spectra of toluene at several temperatures as shown, with fits to a Debye function
(orientational relaxation), an inertial Cole-Cole (for translational diffusion), a Brownian (for the boson peak),
and a Gaussian (librations) function.

The toluene spectrum at 120 K is the most pertinent to this work, where the diffusive
motions are frozen out leaving only oscillatory modes. Toluene is highly anisotropically
polarisable—slightly more so than benzene—and thus a strong peak due to librations is
expected. The intense peak at 2.6 THz at 120 K is assigned to librations, which has a similar
room temperature frequency to that seen in benzene previously (within 5%), as one would
expect. Its amplitude is invariant with temperature, again consistent with the findings of the
hydrocarbon studies of chapter 4.This suggests that the expected increase in the band
amplitude resulting from increased density on cooling (more molecules probed within the
same volume) must be counterbalanced by the reduced average angle of libration—a by-

product of the density increase.
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With the libration taken care of, the attention can be shifted to the remaining lower
frequency shoulder mode which is the lowest (oscillatory) frequency feature observable
here. Its frequency over temperature mimics that of the libration, exhibiting a very linear
dependence. The temperature-dependent density of toluene is taken from literature®® and
used to fit the undamped frequencies of both modes which can be seen to abide the general

trend as expected.

The amplitude of the shoulder mode exhibits a positive temperature dependence which
can be modelled as the strength of a collision induced signal (eq.(4.31), but also stated within

Figure 5.6). Thus, this shoulder mode is assigned to a fast-ff mode.
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Figure 5.6. Fitting parameters for the line-shape fits of toluene at various temperatures.

Frequencies fit proportional to the density, which is found to be strongly linear with temperature (see ref.3% and
Appendix E.1). Note that Brownian frequencies are the undamped oscillator frequencies, w,.

The fast-£ is fit to a Brownian oscillator throughout. From 300 K to 150 K (in the liquid
state) the fast-f BO is an overdamped vibration, and only at 120 K does it become
underdamped, with a DHO frequency of 0.6 THz. In other words, the fast-f motion is an
oscillation in the vitreous state, and only then exhibits an excess peak in the VDoS. In
essence, the fast-f becomes a BP on vitrification. Recall that the fast-f is argued here to be
washed out phonon(s) in the pseudo-BZ edge; in the crystal these phonons will exhibit an
excess in the VdoS (and C,(7) curve) as a van Hove singularity at (approximately) the
undamped oscillator frequency which is ~2.5 times greater than the DHO frequency. This
result is consistent with the washed-out van Hove singularity hypothesis of the BP origin,
which suggests that the BP originates from the transverse acoustic phonon in the

corresponding crystal.'*® If this is the case, they are not excess states over the crystal at all.

The question must be asked: why should the fast-f only become underdamped on
vitrification? Is this a pure coincidence or is it some fundamental property of glass
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dynamics? Of course, damping is expected to decrease as temperatures drop, while
vibrations become increasingly quadratic, but it is not obvious that the crossover into the
underdamped regime should occur exactly at the glass transition. Certainly, further such
studies on other glass forming systems would be necessary to conclude the significance of

this result.

5.4 Titanium Alkoxides

In order to simplify the spectra, an extensive search for molecular liquids consisting of
molecules with high symmetry (tetrahedral, octahedral, or icosahedral) was carried out,
including ionic liquids with high symmetry ions and eutectic mixtures. Unfortunately,
liquids of highly symmetric molecules or ions have a propensity to crystallise rather than
vitrify. However, some of the liquids formed by titanium(IV) alkoxides are found to be glass
formers (see Figure 5.7). Titanium tetraethoxide, tetrapropoxide, and tetraisopropoxide were
found to crystallise readily on cooling. However, titanium tetrabutoxide (TiBuO) and tetra-
2-ethylhexyloxide could be vitrified with ease. TiBuO has a glass transition at 7, = 162.5 K
as measured using DSC (see Figure 5.8). TiBuO could not be crystallised and therefore the
formal melting temperature is unknown. Analysis of measurements of the viscosity at
relatively high temperatures compared to the glass transition temperature, suggests that
TiBuO is a weakly fragile glass former (see Figure 5.8). This is indicated by the non-
Arrhenius scaling fit of the rheology data when fit to the VFT equation.

p
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Figure 5.7. Titanium alkoxides investigated.

Shorter chain titanium alkoxides (top) tend to crystallise on cooling, while the longer chain ones (bottom)
vitrify.
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Figure 5.8. Measuring the glass transition temperature of TiBuO.

As found by DSC measurement (left), T, = 162.5 K. Rheology data (right) was fit to a Vogel-Fulcher-Tammann
expression for viscosity, 1 = ngexp (DT /(T — Ty)), with 5y = 0.24£0.03 cP, D = 5.2+0.3, and T) = 15612 K.

TiBuO is known not to be monomeric. The crystals of titanium tetramethoxide and
tetracthoxide are known to be tetrameric, with the titanium atom being octahedrally
coordinated.'”® In the liquid phase, the titanium atoms in TiBuO are thought to be 5-fold
coordinated in what are most probably trimers."”’ The most probable 5-fold (D3n)
coordination of titanium in liquid TiBuO might give rise to a (small) anisotropic component
in the molecular polarisability. The known rapid terminal-bridging alkoxide exchange'™*
will be used below to demonstrate that the low-frequency OKE spectrum is predominantly

collision-induced.
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Figure 5.9. OKE spectra of titanium butoxide at various temperatures.

Spectra taken at a range of temperatures from 350 to 80 K (see legend). Data is shown on both a linear (main)
and logarithmic (inset) frequency axis.

Figure 5.9 shows the OKE spectra of TiBuO over temperatures ranging from the glassy
state (80 K), through the glass transition temperature (162.5 K) into the supercooled regime,
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to room temperature and above (350 K). The spectra show several bands at frequencies
4 THz and higher whose amplitudes are essentially independent of temperature. These are
almost certainly due to intramolecular vibrations. Vibrational normal mode calculations
were carried out and used to calculate the depolarized Raman spectrum converted into an
OKE spectrum. As can be seen in the calculated OKE spectrum in Appendix F.4, there are
modes with moderate OKE intensity throughout the low terahertz frequency range. The four
lowest frequency modes are butoxide librations. Based on the study on toluene (and propane,
section 4.7), the strength of the librational mode should exhibit hardly any temperature

dependence.

The dominant feature in the spectrum however is a band peaking between 1 and 3 THz,
whose position and amplitude are strongly temperature dependent. When viewed with a
logarithmic frequency axis, there is clearly an additional broad diffusive contribution below
1 THz. This shifts to lower frequency on cooling and is invisible below the glass transition
temperature (as expected). Similar experiments (although much less detailed) were carried

out on titanium tetra-2-ethylhexyloxide (see Figure 5.10), which shows the same effect.
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Figure 5.10. OKE spectra of liquid and vitreous titanium 2-ethylhexyloxide.

Spectra taken at 298 K (red) and 80 K (blue), shown with a linear (main) and logarithmic (inset) frequency
axis
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Figure 5.11. OKE spectra of titanium butoxide and ethoxide and their 50:50 vol%
mixture at 20 °C.

Spectra shown on both linear (main) and logarithmic (inset) axes.

As the symmetry around the titanium atom is not tetrahedral or octahedral, the lower
symmetry 5-fold coordination of titanium in liquid TiBuO could potentially give rise to a
librational band in addition to the butoxide librations. To examine the extent of librational
contributions to the OKE spectra, the symmetry was lowered more severely on purpose by
making 50:50 mixtures of TiBuO and titanium tetraethoxide (TiEtO). As the terminal and
bridging ligands are known to exchange rapidly,'* this will lead to the formation of mixtures
of Ti(OEt)n(OBu)4.n most of which lack symmetry. The OKE spectra of TiBuO, TiEtO, and
their 50:50 mixture at room temperature are shown in Figure 5.11. The 50:50 mixture does
not show an increased amplitude of the 1-3 THz main band but simply a band that is exactly
in between that of TiBuO and TiEtO. This confirms that this band is indeed predominantly
of collision-induced character, and it is therefore assigned as the intermolecular cage-rattling

fast-ff band.
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Figure 5.12. Line-shape fits to the temperature dependent OKE spectra of titanium
butoxide.

Spectra taken from 300 K to 80 K (left to right), See legend for assignments; the high frequency shoulder mode
(purple) is consistent with either an intramolecular mode or librational mode.

The (temperature-dependent) OKE spectra of TiBuO can be fitted with an inertial Cole-
Cole function for the translational-relaxation and Brownian-oscillator functions for the
intermolecular mode and intramolecular vibrations (see Figure 5.12, also shown on a
logarithmic frequency scale in Appendix F.1, and parameters included as Appendix F.2). In
the case of TiEtO and its mixture with TiBuO, the intermolecular mode could only be fitted
satisfactorily with a Gaussian function, consistent with the presence of a mixture of
Ti(OEt)n(OBu)4-n species (see Appendix G.2 for and Appendix G.1 for line-shape fits and

fitting parameters).
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Figure 5.13. Trends in line-shape fitting parameters of TiBuO.

Shown are the amplitudes of the boson peak and the shoulder (left) and the boson peak frequency (right). The
boson-peak amplitude data are fit to equation S16 with amplitude 59 + 22 and ¥y x 107 = 6.3£3.9 J. Frequency
data are fit to equation (5.7) with D./h/THz = 14.8 £ 0.7 and vy/THz = 3.04 £ 0.05.

As shown in Figure 5.13, the amplitude of the shoulder peak is largely independent of
temperature; this is possibly an intramolecular mode, however it is also consistent with a
librational mode as discussed previously. Regardless, it does not obscure the intermolecular
mode, which again can be modelled as a collision induced signal. This fast-f mode is in fact
underdamped throughout the 80-300 K range, which suggests that the crossover between
over- and underdamped regimes in toluene at its glass-transition temperature is possibly
coincidental. Toluene may be a more fragile glass than TiBuO, as a result of weaker vdW
forces (an indicator of fragility'®®). No BPs can be found in literature with frequencies as
large as the results for the TiBuO fast-f; the DHO frequency here at 80 K is 2.4 THz. Ideally
calorimetry measurements would be performed on TiBuO in the glassy and crystalline state
to quantify its Tposon. This could be compared with the fast-f frequency to prove whether or
not this mode matches the BP. As mentioned earlier however, TiBuO could not be

crystallised in the laboratory, which poses a slight problem!

TiBuO has a weak OKE signal due to the low anisotropic polarisability and the SNR
suffers as a result, compared to the toluene FDS whose signal is 5 times greater in the
intermolecular (~1 THz) region. Whilst a single Brownian oscillator produces a good fit
around the TiBuO signal peak, it is poor at the low frequency wing particularly at low
temperatures. It is possible that lower frequency features are lost in the signal noise. Indeed,
with the existence of trimers in the liquid and glass, a secondary fast-f mode at lower
frequency would be expected. This would correspond to the ‘cage rattling’ of the whole

trimer, which would be of lower frequency due to its greater mass.
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5.5 Tetrabutyl Orthosilicate

Tetrabutyl orthosilicate (TBOS) is essentially the silicon analogue of TiBuO with a less
ionic and more covalent character. It too is a glass-forming liquid, however the silicon
tetraalkoxides generally do not form dimers, trimers, etc. in the liquid; one might expect this
to simplify its intermolecular spectrum. On the contrary, as shown in Figure 5.14, the 80 K
spectrum exhibits a clear low-frequency (c.a. 1 THz) shoulder mode which was not present—

or at least observable—in glassy TiBuO.
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Figure 5.14. OKE spectra of tetrabutyl orthosilicate at various temperatures.

Spectra taken at temperatures from 350 to 80 K (see legend). Data is shown on both a linear (main) and
logarithmic (inset) frequency axis

The spectra have been fit to line-shapes as shown in Figure 5.15 below (see Appendix H.1
for logarithmic frequency scale, and Appendix H.2 for parameter values). TBOS again
exhibits a busy intramolecular region that does not interfere (much) with the intermolecular
part. The lowest frequency band that red-shifts and disappears on cooling is consistent with
a diffusive mode, which is modelled using the iCC function. This work remains agnostic to
the nature of the high frequency (c.a. 3 THz) shoulder, which is consistent with both
intramolecular and librational dynamics, however this mode is consistent with butoxide
librations (which is technically intramolecular). What is interesting is that the spectral
intensities of both intermolecular modes exhibit a strong temperature dependence. The circa
2 THz fast-f can be modelled by the usual collision- induced signal (see Figure 5.16),
however the low frequency shoulder cannot be well modelled as such, likely again due to

SNR. It is qualitatively consistent with a collision-induced signal, however.
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Figure 5.15. Line-shape fits for TBOS OKE spectra at various temperatures.

Spectra taken from 300 K to 80 K (left to right), See legend for assignments; the high frequency shoulder mode
(purple) is consistent with an intramolecular mode.

The low frequency fast-f band becomes underdamped between 250 and 200 K, much
greater than the TBOS Ty of 125 K (see Appendix H.3), while the fast-f is underdamped
throughout. It might be considered that the low-frequency mode arises as the fast-f of locally
favoured structures, i.e., (Si(BuO)s)s clusters. This line of reasoning would suggest that the
cluster size can be inferred from the frequency ratio between the (single molecule) fast-f
and the cluster fast-f. By Hooke’s law, this would suggest the theoretical cluster size at 350
K is n = 2.9 molecules, and by 80 K it has increased to n = 4.8 molecules. Obviously not all

clusters will be of equal size, and therefore this mode should ideally follow an ASG line-
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shape (see equation (3.14)) to account for the inhomogeneous broadening associated with the
distribution of cluster sizes; a better fit to these data is achieved with a BO (see equation

(3.14)) however.

Alternatively, this mode could be simply another washed-out van-Hove singularity.

Without the ability to crystallise TBOS however, this may be impossible to determine

experimentally.
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Figure 5.16. Line-shape amplitudes and frequencies for TBOS at various temperatures.

Left: Amplitudes of the Brownian fits to the first three (lowest) frequency vibrational modes: the low frequency
shoulder (dark green e), the main intermolecular mode (light green D) fit to eq.(4.31) with V; - 10'8] = 3.1 +
0.9, and the broad high frequency shoulder mode (purple A). Right: Undamped BO frequencies are shown for
the lowest two frequency modes, with the same symbols.

5.6 Conclusion and Further Work

In conclusion, this aim of this research was to uncover the BP, which is reported in many
glass systems often sitting shoulder to shoulder with other more prominent spectral features,
thereby making line-shape characterisations either difficult, unreliable, or simply
impossible. Librational contributions to the spectra have indeed been supressed, however
the issue remains as to what part of (or indeed if) the remaining collision-induced dynamics
are boson peaks. This depends entirely on what interpretation is taken as to what a BP is. In
the van-Hove singularity hypothesis, the remaining fast-f mode may indeed be the BP. As
seen in the case of toluene—whose OKE spectra are of such high quality that the librational
band is not a nuisance—the BP is consistent with a fast-f mode that becomes underdamped

at 7.

The OKE spectra of the near-isotropically polarisable glass-formers exhibit line-shapes
are mostly inconsistent consistent with the formation of LFS. TiBuO might indeed have

many extra ‘cluster’ mode, however the SNR here makes it too difficult to access.
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Furthermore, the additional vibration in TBOS fits to a BO function instead of an ASG
function. This mode is however obscured in these spectra (a cruel irony) and the SNR is an
issue as well; both facts mean that the BO vs. ASG issue remains unsettled. There is further
scope for investigation of the boson peak in TBOS by means of greater quality OKE data
(e.g. through greater scan averaging, better sample efc.). The resulting spectrum should be
fit with both BO and ASG functions, and resultant fit qualities compared. An improvement
in the SNR of lower frequency region would allow more confident fitting of the diffusive

band as well.

Computational chemistry simulations on TBOS in particular may be useful to first
characterise its crystal structure, which could then be used to calculate phonon dispersion
curves for acoustic phonons. If the ‘cluster’ mode frequency matches that of a phonon, then

there it is likely that the mode does not indicate molecular LFS after all.
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6  THE LIQUID-LIQUID TRANSITION
IN WATER

The results presented in this section are a concatenation of two experimental
investigations into the liquid-liquid transition of water. The first presented here are
experiments that directly measure the behaviour of H>O solvent molecules in solutions of
isotropically polarisable (and nearly OKE-invisible) ions. This line of experiments was
completed with the help of Nicola Fairbairn, to whom I am grateful. Additionally, a thank
you to Dr. David France is in order for synthesising hydrazinium trifluoroacetate solution

for these experiments.

The second set of experiments employ the use of dopant thiocyanate ions to indirectly
probe the water structure in aqueous LiCl solutions from room temperature down to 80 K.
These results have been published as an article entitled: “Experimental observation of
nanophase segregation in aqueous salt solution around the predicted liquid-liquid transition
in water”, within Physical Chemistry Chemical Physics, see ref.®® for details. Work

belonging to co-author Paul Lane has been included here with consent.

6.1 Introduction

Water is the facilitator of all life."’ It covers 70% of the surface of the earth, hosting an
estimated 70% of all life on earth (believed to be down from 100% a few billion years ago).
In searching for habitable planets or extra-terrestrial life, the existence of water is a primary

criterion; “follow the water” is somewhat of a NASA slogan in this regard.

The human body is 60% H>O by mass, and it occupies half of a biological cell’s volume.
It contributes to countless biological functions, such as thermoregulation, lubrication, shock
absorption, flushing out waste products; it is also the medium of all chemical reactions
within the body. Biomolecular functionality, such as that of DNA,*!*® is contingent upon
intermolecular forces with solvent H>O, as are the incredibly complex mechanisms of

199,200

protein folding, and even protein-DNA interactions.>"!
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For such a seemingly basic liquid, its microscopic structure and ultrafast dynamics can
be surprisingly complex. Water will exchange protons on picosecond timescales®*? while
forming dynamic, partially hydrogen bonded local structures. The inclusion of solutes
complicates things further, producing slower-moving ion solvation-shell or biomolecular

surface water.”?%3

Water exhibits many anomalous properties, including reaching a maximum density at 4

197,204,205 and an

°C (277 K), a specific heat capacity that rapidly increases on supercooling,
isothermal compressibility that does the same.? Poole et al.2" interpreted this divergent
behaviour as indicative of a hidden critical point which terminates the coexistence line
separating high and low density liquid (HDL and LDL) water phases. Such a low-density
liquid phase could be thought of as ice-like, resulting from a larger degree of tetrahedral
ordering, while the high-density phase is more water-like (more disordered). Indeed, LDL
has been referred to as the ‘mother of ice’, proposing it to be a necessary, but often very

short-lived, intermediate state to crystallisation.?%

350

300 Stable Liquid

250

Temperature /K

Ultraviscous LDL

100

LDA
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0 0.1 0.2 0.3 0.4 0.5
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Figure 6.1. Illustrative Phase Diagram of H.O.

The acronyms are for low- and high-density liquid and amorphous (glassy) phases. The transition between
high- and low-density regimes (solid red line) terminates at a critical point (red circle), continuing as a Widom
line (dashed red line) thereafter. The melting, homogenous nucleation, and glass transition temperatures are
indicated (T with subscript m, H, and g respectively), with the “no man’s land” region indicated by the striped
area.
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Figure 6.1 shows the proposed H2O phase diagram. Ty is the homogeneous nucleation
temperature, at which ice nucleation will occur spontaneously in the bulk liquid, resulting in
rapid crystallisation. Thus, the striped region of the phase diagram below Th has been given
the nickname of ‘no man’s land’, in reference to the experimental difficulty of studying
liquid H>O in this region. Unfortunately, the liquid-liquid critical point is predicted to lie
within no man’s land, making experimental verification of its existence troublesome. If
crystallisation is somehow avoided, cooling H>O below 140 K results in the vitrification into
an amorphous state (HDA or LDA) dependent on the structure of the preceding liquid. No
man’s land can therefore be approached ‘from below’ after hyperquenching H>O (at rates of
10° K/s and above)?®?'? into the glassy state—crystallisation occurs when T, is crossed

(however there is experimental evidence for an ‘ultraviscous’ intermediate phase®!).

In recent years there has been a tremendous drive to experimentally observe the proposed
LLT of water, with very mixed results. Murata and Tanaka believed they observed a LLT in

water-glycerol mixtures,?"

but this was later revealed to be caused by H2O
crystallisation.?>?'* A method to delay the onset of nucleation is the addition of solutes that
lower the liquidus temperature. The addition of salt to H2O is also considered a proxy for

increasing the pressure.”"

In a 2018 article, Woutersen et al.>! report on their observation of phenomena that appear
to accomplish this. In their work, the infrared absorption spectra of highly concentrated
aqueous solutions of deuterated hydrazinium trifluoroacetate (HTFA) are studied upon
cooling and reheating. They observed a reversible transition between two spectral line-

shapes strongly resembling HDL and LDL water.

Finally a very recent article (succeeding this work) by Kim et al* details their
experimental observation of a LLT in supercooled neat H>O using an IR (thermal) pump x-
ray (scattering) probe technique. This involved the intense local heating of HDA into HDL
using a high energy, 100 fs IR pulse, and probing the local structure during rapid expansion
with 50 fs x-ray pulses. They witnessed an intermediate structure (LDL) that formed on
timescales one order of magnitude faster than ice, which eventually followed. This is the

first direct experimental observation of the LLT in pure water.
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6.2 Experimental

6.2.1 Experiments on HTFA and Mg(ClO,).

Hydrazinium trifluoroacetate was synthesised by Dr. David France for these experiments.
Magnesium perchlorate hexahydrate was purchased from Sigma Aldrich with 99% purity

and used without further purification.

FTIR measurements with the cryostat were performed between 300 and 100 K, at constant
cooling/heating rates, and with 16-scan averaged spectra taken at constant time increments.
The temperature ramps were given a > 10 min starting margin before spectra were taken to
help stabilise any temperature lag of the samples with respect to the cryostat temperature.
The cooling and heating rates are not managed by the instruments used here. To complete
temperature ramp experiments with (approximately) linear cooling/heating rates, the
instruments required continuous monitoring and manual adjustment throughout
measurements, e.g., upon cooling, the liquid N> flowrate was gradually increased, and upon
heating, the heater voltage was gradually increased. As such there will be some variability
in the cooling rate throughout, here it is estimated as + 10 % between each scan but averages

out to + 2 % over the entire ramp.

OKE measurements take a longer time to perform (~ 1 hr per spectrum), and so, unlike
the FTIR spectra, they are not snapshots of the sample dynamics during a constant
heating/cooling cycle rate. The temperature of the sample was instead allowed to stabilise at

each chosen temperature step for 1 hr before measurements.

6.2.2 Experiments on Eutectic LiCl-SCN Solutions

A eutectic solution (6.76 M) of LiCl was prepared by dissolving anhydrous LiCl (Sigma-
Aldrich) in distilled water. To allow use of SCN™ as an IR-sensitive probe, the LiCl
concentration was reduced to 6.36 M and 0.4 M of LiSCN added to maintain the ionic
concentration of the eutectic mixture. As both LiSCN and LiCl are hygroscopic, the
solutions were prepared under 1 atm N> to minimise the absorption of water before and
during weighing. A Volhard titration was performed to allow the amount of water absorbed
by the LiCl and LiSCN to be accurately determined, this was then considered when
preparing the solutions. In some cases, 9% D>O was added to the H>O solvent (keeping
concentrations constant) to allow visualisation of the OD stretching vibration without signal

saturation. The OH-stretching band of water was saturated under normal conditions,
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preventing direct observation of this transition. Non-eutectic samples were prepared by

keeping the SCN concentration constant at 0.4 M and changing the LiCl concentration.

For FTIR measurements, the samples were loaded between two CaF> windows separated
by a polytetrafluoroethylene (PTFE) spacer of 25 um thickness. For the room temperature
measurements, this was housed in a standard transmission cell. For low temperature
measurements, the samples were loaded into a cryostat (Oxford Instruments, £ 0.1 K) in
which the sample space had been evacuated to less than 10 mbar, before being purged with
a 0.2 bar overpressure of dry N> for a period of 15 minutes before the sample was inserted.
This purge was maintained throughout the experiment. The sample was then adjusted to the
required temperature, and it was ascertained that the results for the eutectic solution were
consistent irrespective of whether the sample was simply cooled to a given temperature or
first cooled to 90 K and subsequently heated to the required temperature. Once the
temperature had stabilised the sample was held at this temperature for a further 10 minutes

before measurements began.

All IR absorption spectra were acquired using a Bruker Vertex 70 Fourier Transform
(FT)-IR spectrometer operating in the range of 800-4000 cm™ with a resolution of 1.0 cm™.

The average of three measurements, each consisting of 20 scans was used for all data shown.

6.3 Neat Water

The OH (and OD) stretching vibration in water exhibits a very broad, inhomogeneously-
broadened IR absorption band, however it is highly sensitive to its electrostatic environment,
making it a useful probe of local structure. In pure water the molar absorptivity of the OH
stretch mode, €(voy) is too large for the instruments used here, producing the saturated peak
in Figure 6.2. Doping water with a controlled amount of heavy water can introduce a ‘sister’
stretching mode at a lower frequency whose intensity lies within the dynamic range of the

spectrometer.
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Figure 6.2. IR spectrum of pure H:O at room temperature.

Labelled from left to right is the HOH bend mode (d#o#), the combination band of the HOH bend and molecular

libration (0mor+ viis), and the OH stretching mode (vor). The vor mode has a strong absorbance, and readily
saturates the FTIR detector, as shown here.

The OD stretch is redshifted with respect to the OH by a factor of v/2 into a mostly
featureless part of the water IR spectrum (see Figure 6.3), sitting on the shoulder of a very
weak combination band. One could dope pure D,O with H>O or vice-versa, however using
a D>0O dopant to probe local structure has greater benefits in the HTFA studies, enabling the
avoidance of X-H stretch bands due to both water and ions, which will occur in the same
region as vou. Furthermore, a broad saturated vop band would encroach on the vew stretching

frequency of the thiocyanate ion, making it impossible to measure reliably.
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Figure 6.3. OD stretch transition in water and ice.
FTIR spectrum of the vop mode is a single broad band in water. In ice it takes the form of readily identifiable

intense and narrow peak. The intermediate state is an artifact of scan averaging. Sample is cooled at a rate of 1
K/min.
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The frequency of the OH (and OD) stretches is typically interpreted in terms of the
number of hydrogen bonds present. A molecule of D0 in ice will be tetrahedrally hydrogen
bonded to 4 neighbouring molecules, and in Figure 6.3 the vop mode has a lower frequency
than that of the liquid. Furthermore, non-hydrogen bonded gas-phase water molecules are
observed to exhibit the highest possible stretching frequency at ~3750 cm™.2'%?!7 Thus the
broad line-shape of the OH (and OD) stretch may be understood as the summation of

contributions from molecules with 0 to 4 hydrogen bonds (from high to low frequency).

For completeness it should be mentioned that H>O and D>O will readily exchange their
hydrogen isotopes, and thus statistically the number of HOD molecules throughout the
solvent will outnumber that of the original dopant. This will have negligible effect on the

OD stretching mode though.

6.4 Hydrazinium Trifluoroacetate Solution

These first measurements set out to replicate the findings of Woutersen et al.,* but with
non-deuterated HTFA salt for convenience. Aqueous solutions of HTFA are doped with
heavy water to study the isolated OD stretch band (vop). Notably however, the CO:
asymmetric stretch does encroach on the low frequency slope of the OD stretch as shown in
Figure 6.4 centred at around 2350 cm™, but this is atmospheric and thus the two vibrations
are not coupled; the CO; bands are also relatively narrow (gas phase) and thus are easy to
identify and ignore. Conversely, the OH stretch overlaps with the NH stretching vibrations

of the hydrazinium ion in solution, which is why the OD stretch is preferred in this work.

OD Stretch
Iso

/ [NHs] [CF,CO0] gy
R=4.6

0.35 —
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Figure 6.4. IR spectra of the OD stretch in concentrated HTFA @aq) upon cooling.

The solution has 2.3 water molecules per ion (R=4.6). An isosbestic point (labelled ‘Iso’) is observed. The
cooling rate is 1 K/min.
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The results shown in Figure 6.4 and Figure 6.5 show the vop mode of solvent water on
cooling and heating respectively. Isosbestic points are spectral features indicative of a
transition between two spectrally distinct populations. These are identifiable here as points
on the A(v) curve that are invariant with changing temperature. Figure 6.4 shows a nonlinear
shift in both intensity and wavelength occurring at ~185 K, with an associated isosbestic
point throughout a range of spectra at lower temperatures only. This is consistent with a
transition between two states that only occurs when the liquid is cooled into no man’s land,
and certainly not before. Clearly the newly formed structure is not ice, but it appears as a
liquid with a greater degree of tetrahedral order. This is consistent with a HDL to LDL
transition, and occurs at a sensible temperature with respect to the phase diagram (although
the experimental temperature lag is not accounted for as discussed in section 6.2.1). At colder
temperatures the solution vitrifies, essentially freezing-in the structure at this point, thus

there is minimal change in the vop mode thereafter.
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Figure 6.5. IR spectra of the OD stretch in concentrated HTFA(aq) upon heating.
This is split into two segments for greater clarity. Left: 120K to 200K. Right: 200K to 250K, with spectral

evolution marked with arrows. This result is similar to that observed in ref.?!, except this is the vop stretch
instead of vou. The heating rate is 1 K/min.

The line-shape evolution on heating is more complex. Figure 6.5 (left) shows the apparent
LDL to HDL transition accompanied with an isosbestic point at ~2480 cm™ between 120 and
200 K. Figure 6.5 (right) then shows what appears to be a reversion to LDL before
crystallising. This is reminiscent of the ‘mother of ice’ description of LDL by Bullock and
Molinero.??® The dip in peak intensity coincides with an increase in the high frequency wing,
followed by the clear onset of crystallisation. Recall that LDL may be 4-coordinated water
in this solution, but where a significant proportion of the hydrogen bond donors and
acceptors are solute ions. To crystallise, these ions must be expelled from solution, resulting
in a coordination number flux, which may explain the sharp dip and broadening of the OD

stretch before the emergence of ice.
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Notably, these solutions do not actually contain much water—only 2.3 molecules per ion.
Woutersen et al. argue that, although there may be no truly bulk-like water, H>O interactions
with the N and O atoms of the solutes may be considered a proxy for other water molecules.’!
Nonetheless, if an aqueous solution with a greater water content could be observed to exhibit
this spectral behaviour it may constitute a more compelling observation of the LLT in water.
Additionally, OKE spectroscopy may be able to uncover further insights into the transition,
but the OKE signal of H>O is relatively weak, and contributions from the ions (especially

trifluoroacetate) overcomplicates the intermolecular spectrum.
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Figure 6.6. OKE spectra of HTFAaq) solution at various temperatures.
OKE spectra are shown with both logarithmic (left) and linear (right) frequency axes. Molecular normal modes

(top right) are calculated using Gaussian09 with 6-311++G(2df,p) level of theory; note that the calculated
normal mode spectrum of hydrazinium is scaled tenfold.

The OKE spectrum of (undoped) HTFA solution is shown in Figure 6.6. The calculated
normal modes map well onto the observed intramolecular modes. It is to be expected that
the very low frequency (torsional) normal mode of TFA at 0.3 THz will be too washed out
by the heat bath to exhibit any distinct spectral signature, and clearly it doesn’t. More
interestingly, there appears to be two intermolecular spectral events that may be associated
with the LLT. Most prominently, the growth of the triangular shoulder band at 6 THz. This
band is consistent with the hydrogen-bond stretching mode (for crystalline H>O this is the
LA phonon).?® Tt clearly blueshifts and intensifies first steadily on cooling but then is
accelerated due to the LLT between 200 and 180 K. The most prominent feature at 2 THz
that exhibits narrowing and an increase in intensity is consistent with the hydrogen-bond
bending mode (TA phonon in ice)?'**?°, however librational modes of the ions may be

significant contributors to this peak.
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Realistically it would require a host of OKE experiments, both temperature and salt-
concentration dependent, to confidently assign all vibrational modes. It would be convenient
if the spectra could be simplified through the use of symmetrical ions. Librations of
molecular ions would become OKE invisible, leaving only their collisional motions and
normal modes. Monatomic ions would be ideal insofar as they do not have normal modes to
consider either. In HTFA, it is the TFA ion that is the most troublesome. It has a greater
anisotropic polarisability than the hydrazinium ion by a factor of 4.5—hydrazinium on the

other hand is very isotropic.

6.5 Aqueous Solutions of Symmetric Ions

An exhaustive search for H»O-soluble salts consisting of symmetrical (or near-
symmetrical) ions was carried out. Highly soluble salts of ions with low charge densities
were sought after first. The logic behind this being that with too little ion density in the
solution bulk water may freely crystallise, but excessive charge densities may destroy both
the local H>O structures and local H>O dynamics. In terms of the alkali metal halides, only
LiCl is (very widely) known to prevent crystallisation of H2O on cooling, as will be
discussed later. Some of the other candidate solutions were made from the salts listed in
Table 6.1. Binary phase diagrams were not found to be readily available in literature for most
of these solutions. Aqueous solutions of these were therefore made at their solubility limit,
as opposed to their eutectic concentration. Solute-rich precipitation was expected on cooling;
however, the remaining solution would be continuously diluted as a result, tending towards
the eutectic composition. The vop mode in each solution was monitored throughout cooling
and in every instance a sharp band at the characteristic frequency of ice was observed to
form. This was interpreted as the failure of the eutectic solution to supercool beyond the

solidus temperature.

Anion Cation
Li" CIOg
Na* ClO4
Ag' Clog
NH4* PF¢
NH4* OH-
[N(CH3)4]" | CI'
[N(CsHo)s]" | Br
[P(CsHo)a]" Br

Table 6.1. Various salts dissolved in water.

The salts of these ions are relatively H,O soluble. These ions have high symmetries and low charge densities.
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By necessity, the salt specification of low charge density was somewhat relaxed
ultimately leading to experiments on magnesium perchlorate solution. This solution has
gained significant scientific interest since the discovery of Martian brine, which contains
magnesium and perchlorate ions in high concentrations among others.??! It has a known
eutectic composition of 44 wt% salt, has a liquidus temperature as low as 206 K.??> Mg*" is
regarded as kosmotropic, that is, its presence has an effect of reducing macromolecule (e.g.
proteins or DNA) solubility, eventually causing them to precipitate- kosmotropes are said to
cause °‘salting-out’. Kosmotropes are water ‘structure-makers’ meaning they enhance
molecular order in water, promoting more tetrahedral structure. The ClO4 ion on the other
hand is a chaotrope, which essentially has the opposite effect on water (and
macromolecules). This means that for the Mg(ClOs), solution there are two competing
effects at play. HO molecules solvated around Mg?" ion may be thought of as more tightly
bound and uniformly structured, while those surrounding ClO4 are loosely bound and

disordered.

The charge density of the Mg?" ion is a factor of 2.3 greater than that of Li*, meaning first
solvation shell water should be tightly bound to the ion. ClO4 has an effective radius
approximately 3 times larger than Mg?* and thus an effective surface area 9 times greater,
not to mention they are the 2:1 ion majority in solution. This means that most water
molecules in this solution will exist in the solvation shell of the weakly charged anion.
Neutron scattering experiments by Lenton et al.?>* show the Mg?" in this same solution has
6 surrounding H20 molecules on average (leaving ~12 that are not), suggesting octahedral
structure. Likewise, further away from the Mg?" ion 6 surrounding ClO4™ ions are typically

found. This shows that there is a high degree of charge ordering in this solution.
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Figure 6.7. FTIR spectra of the OH stretch in Mg(ClOy)2(aq) on cooling.

FTIR spectra on cooling at 5 K/min (main), and a subtle isosbestic point at low temperatures (inset). Solution
is 44 wt% salt, resulting in Mg(Cl04),:18.6D,0 (H,O doped).

The high frequency shoulder band shown Figure 6.7 suggests that this solution permits a
substantial population of weakly hydrogen-bonded OH groups. This has been assigned to
hydrogen bonding with the ClO4™ ion.?**?*> The broad low frequency band must represent
all inter-H>O hydrogen bonded OH groups. The gradual red-shift on cooling may suggest
either an overall increase in the number of hydrogen bonds per molecule, or a strengthening
of the existing bonds. In the former case, on the pure-H>O phase diagram (Figure 6.1) this
would correspond to cooling at pressures below that of the liquid-liquid critical point,
thereby not encountering the LLT. Instead, this would cross the Widom line in the single-
phase region, which marks the onset of a continuous transition from HDL to LDL on cooling,

as opposed to a first-order transition.
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Figure 6.8. Temperature dependent OH stretch mode absorbance at 3330 cm™ in
Mg(ClOy,): solution cooled at a constant rate.

Data is fit to straight lines for high and low temperature ranges. The intercept occurs at (approximately) 183 K,
however the temperature scale is not exact due to experimental limitations.

There does appear to be an isosbestic point in these spectra only at lower temperatures
(see Figure 6.7 inset). This is accompanied by a subtle change in the line-shape evolution as
shown by the temperature dependent absorbance at fixed frequency as shown in Figure 6.8,
which exhibits a very slight ‘hockey-stick’ trend that corresponds to a reduction in dA/dT
on cooling. Given the clear increase in dA/dT present in HTFA solution, this observed
decrease is unexpected for an HDL to LDL transition. Conversely, the neutron diffraction
studies of this solution by Lenton et al.>** compares this solvent water structure to that seen
in pure H>O at 2 GPa. This is of course far too high for the LLT to be observed (by a factor
of 10, see Figure 6.1). In this case, the liquid would remain HDL-like on cooling, until
vitrifying into the so called very-HDA (VHDA) glass.??® Indeed, a reduction in the OH
stretch dA/dT is a typical result of vitrification.”®?*” Furthermore, according to the extended

L ’228

H>O phase diagram of Ruiz et a a Tg of around 180 K would suggest an equivalent pure-

H>O pressure of ~2.5 GPa, in keeping with the aforementioned neutron diffraction studies.
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Figure 6.9. FTIR spectra of the OH stretch in Mg(ClOy):(aq) on reheating.

FTIR spectra on heating at 5 K/min, split into two segments for greater clarity. Left: heating from
(approximately) 150 K to 196 K, with an isosbestic point marked. Right: heating from (approximately) 196 K
to 250 K, with line-shape evolution marked with arrows. Solution is 44 wt% salt, resulting in
Mg(Cl0O4),:18.6D,0 (H>O doped).
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Figure 6.10. Temperature dependent OH stretch mode absorbance at 3330 cm-1 in
Mg(ClO4)2 solution when reheated at a constant rate.

Data is fit to straight lines for high and low temperature ranges. The intercept occurs at 176 K, however the
temperature scale is not exact due to experimental limitations.

On reheating the magnesium perchlorate solution, the first thing to note is the intensity
decrease and blue-shift as shown in Figure 6.9 (left). The absorbance at a constant
wavelength is plotted in Figure 6.10 which again exhibits a change in dA/dT, as identified
by the slight ‘kink’ at 176 K. This occurs at 7 K lower on heating than on cooling which is
nonsensical and provides further proof that the instrument sensor temperature is unreliable,
and a direct measurement of the sample temperature is needed. Nonetheless this kink is

likely due to heating above T,, where the liquid reverts to an HDL-like phase. There is a
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potential isosbestic point at lower temperature, however vitrification is considered a kinetic
transition only and should not result in the conversion between distinct spectral populations.
These isosbestic points were subtle to begin with, and clearly their validity as a reliable
indicator of phase transitions is questionable. They may exist here purely as a fluke, resulting

from continuous frequency and intensity shifts.

As shown in Figure 6.9 (right), liquefaction is followed directly by the formation of a
sharp low-frequency shoulder band that resembles the crystallisation witnessed in HTFA
(Figure 6.5), and finally the disappearance of the shoulder band—Iikely due to the
dissolution of the precipitate. There is clearly plenty to discuss with regards to the dynamical
and structural changes in this Mg(ClOa)2 solution, however there is no evidence of a LLT.
Observations instead point towards a solution whose solute water is analogous to pure H.O

at pressures that inhibit the formation of LDL, and regular (In) ice for that matter.

0.4
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Figure 6.11. OKE spectra of Mg(ClQ,): solution between 280 and 120 K.

Spectra are displayed on both a linear (main) and logarithmic (inset) frequency scale. Solution is 44 wt% salt,
resulting in Mg(ClO4),:18.6H,0.

The OKE spectrum of magnesium perchlorate solution, shown in Figure 6.11, should be
dominated by H>O dynamics, with some smaller contribution from the solute IT"! term. Like
the OKE spectra of HTFA solution, a 6 THz band emerges at low temperatures. Given that
it is likely that no LLT is present in this liquid, this suggests that this similar band observed
in HTFA is not related to the LLT. Turton et al.®* observed that in LiCl(ag) solution the H,O
LA phonon is red-shifted with respect to its frequency in pure water from ~5 to 4 THz, but
blue-shifts to 6 THz and grows in intensity on cooling. This is consistent with the spectral
evolution observed here. A ca. 2 THz band is also present, but its intensity decreases with
decreasing temperature; this may be due simply to the freezing out of the diffusive sub-THz
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modes. If there was an increase in tetrahedral ordering one might predict an increase in
amplitude due simply to the greater proportion of H>O molecules available to participate in
a bending mode. Indeed, there is a small amplitude increase in the HTFA 2 THz band around
the LLT, however as mentioned previously, the ion (especially TFA) librational bands

complicate the interpretation of these spectra.

6.6 Thiocyanate-Probed Lithium Chloride Solutions

Lithium chloride solutions in particular have been studied as a proxy for neat water at
high pressure.?%22%23% Turton et al. showed that the characteristic hydrogen-bond bend and
stretch modes are maintained in LiCl solution at low temperature.®® In vitreous
(hyperquenched) LiCl solutions there is experimental evidence for a polyamorphic transition
between HDA and LDA states,?*° and for phase-separation having occurred.?’! By necessity
the LDL phase expels solutes to facilitate the formation of four-coordinated water,?*? and
computer simulations suggest that homogenous salt solutions will undergo nano-scale

phase-segregation into LDL and salt-rich brine domains.?*

LiCl solution has a liquidus temperature at its eutectic concentration of 6.76 M (7 H20
molecules per ion pair) that is approximately 80 K less than neat water,?*>?** and on further
cooling the solution can be vitrified at ~140 K.>** LiSCN solution is actually very similar to
this; at its eutectic concentration the liquidus temperature is suppressed by ~90 K.?3
However, the thiocyanate ion is a powerful experimental probe: it has a strongly IR-active
vew stretch mode at 2040-2200 cm™ that is sensitive to its local electrostatic environment, >’
23 and a large anisotropic polarisability, resulting in a strong OKE signal. The following
section will study the IR spectra of LiCl solutions that are SCN™ doped, and sometimes D,O
doped as well; these will be often labelled as LiCl-SCN:nH>0, where n = 7 corresponds to
the eutectic composition. This is method, which is similar to that used by Yuan and Fayer

for room temperature LiCl solution,*® can provide greater insight into the temperature-

dependent structure of the solution.
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Figure 6.12. IR spectra of eutectic LiCI-SCN:7H:O doped with D:O at various
temperatures.
Solution is measured between 253 and 93 K in 10 K intervals (direction of arrows). Labelled spectrum

displaying a range of vibrational transitions: the thiocyanate CN stretching vibration vcy, a water combination
band of H-O-H bending dxon and libration vii, and the O-D stretching transition vop.

The FTIR spectra of the doubly doped LiCl(.q) eutectic mixture are shown in Figure 6.12
on cooling. The 20002600 cm™ region is jam-packed with spectral features, containing
from low to high frequency: the narrow vcw stretching mode, the broad H>O combination
band formed of the H-O-H bend mode (dnor) and a librational mode (vi»), and finally the

slightly less broad vop stretching mode.

The temperature-dependent behaviour of the water component in the eutectic solution is
indicated by the combination band and the OD stretching mode. Decreasing the temperature
causes the former to shift to high frequency and latter to lower frequencies, while both
increase in amplitude. The point at which the solution becomes vitreous is marked by the

slow-down of these trends, which occurs at Ty = 140 K (see Figure 6.14).

The formation of ice should be readily identifiable as shown previously in D>O doped
pure water (Figure 6.3) by the growth of a narrow, lower-frequency OD stretch mode. Figure
6.13 shows the occurrence of crystallisation in a more dilute solution of doubly doped
LiCl(ag). Furthermore, the combination band line-shape can also be used as an indicator,
where the presence of ice is observable as a higher frequency contribution to the band that

does not exist in the more concentrated solution of Figure 6.12. This is largely due to the
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stiffening of the vi» mode in ice.?***? On heating, the sharp OD stretch peak vanishes at 233

K, consistent with the liquidus temperature of this solution.?**

LiCI-SCN:9H,0 l
83-253K 0.5
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Figure 6.13. Temperature-dependent FTIR spectra of doped and undoped LiCl:9H-O.
Left: D>O and SCN- doped solution. Right: Undoped solution showing the H,O combination band only.

The vcy stretching mode appears as a single mode at room temperature peaking at 2070
cm as opposed to 2055 cm™ observed in fully water-solvated ions. This is consistent with
the formation of Li*SCN" contact ion pairs (CIPs), as expected at high concentration.?*”-?#?
Eventually a second, higher frequency shoulder mode ~2105 cm™ appears on cooling. Figure
6.13 confirms that this shoulder peak is due to the thiocyanate probe and not the H>O
combination band. To characterise the temperature-dependence of the vcy stretching mode,
the combination band was fit to Gaussian line-shape functions and subtracted from the
spectra, leaving the isolated thiocyanate contribution. This was completed by Dr. Paul Lane,

and thus Figure 6.14 is courtesy of his work.

As shown in Figure 6.14, the ~2075 cm™ CIP vey band shifts to higher frequency on
cooling down to 180 K, consistent with an environment with increased hydrogen-bonding
strength. Thereafter this blue-shift is arrested, and the vcy shoulder peak exhibits rapid
intensity growth. This mode is not consistent with the spectrum of crystalline LiSCN,*** and
has instead been previously identified as “aggregates”.?***} The thiocyanate ions exists in
dynamic equilibrium between solvated, CIPs, and aggregates, meaning that this apparent

equilibrium shift therefore shows a segregation of a salt-rich (brine) phase.
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Figure 6.14. Fitting parameter tends for the T-dependent LiCI-SCN:7H20 IR-spectra.

Normalised Gaussian amplitudes for the vcy shoulder (red ©), the combination band (green o), and the vOD
mode (blue A) are plotted (left axis) against temperature. Frequencies of the vey (green @) and vop (yellow m)
stretches are plotted (right axes, labelled) against temperature. Courtesy of Dr. Paul Lane.

As with the magnesium perchlorate solutions, there is no appreciable spectral line-shape
evolution that would directly indicate a first-order LLT in this solution. The continuous
aggregation upon cooling revealed by the increasing vcy shoulder intensity is indicative of
the formation of an LDL phase that drives out solute into a salt-rich brine phase. In terms of
the pure H>O phase diagram, this effect suggests a Widom-line crossing. However, the
presence of isosbestic points in the OD stretch is dubious at best (see Appendix I.1 for
enlarged figure of potential isosbestic points), nor does it blue-shift to the same extent as
that witnessed in HTFA solution indicating more tetrahedral H2O ordering. Without
definitive evidence of a LLT obtained via the vop mode alternative explanations for these

results must be offered.

Highly concentrated solutions of NaCl are known to form large aggregate clusters in
solution that exclude water, whereas KSCN can form spatially extended networks that
intertwine with the surrounding hydrogen bonding network.?*> Regardless of the structure
of the aggregates, the H>O hydrogen-bonding structure at high salt concentration is different
from that of pure water. Reduced water coordination in these solutions may explain the
failure to witness a more tetrahedral H>O structure. Furthermore, the simulations of Choi et

al.** showed that aqueous NaCl solutions exhibit CIP mole fractions that increase with salt
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concentration up to 3 M, beyond which they remain constant as the solubility limit is
approached. This is consistent with the relatively unchanging amplitude of the vy CIP mode
as the temperature is reduced (and thus the solubility limit is approached), coupled with the

formation of aggregates.

6.7 Conclusion & Further Work

A conclusive, unambiguous observation of the LLT of water has proved elusive in this
work. Aqueous salt solutions that can be supercooled into no man’s land without
crystallising are not particularly common (assuming these efforts are indicative). Those that
do have this ability must also (to some extent) retain the hydrogen-bonding properties of
neat water. Magnesium perchlorate solution seems to introduce local electrostatic fields that
are too strong, comparable to neat water at high enough pressures such that LDL or LDA

are not expected to exist.

It is difficult to say for certain why HTFA solution is apparently successful in showcasing
the LLT in H>O while others are not, however it is notable that it is a salt formed of ions that
both form (arguably) water-like hydrogen bonds with solvent H>2O. For OKE spectroscopic
studies there appear to be two potential avenues for further research, firstly is the continued
search for a salt of isotropic ions that can suppress crystallisation without destroying the
water characteristics. Perhaps other salts of the hydrazinium ion, such as hydrazinium
perchlorate, may be worth exploring. The second option is to fully characterise the OKE
spectra of HTFA through temperature and concentration studies. This would certainly be a
time-consuming exercise, but if done correctly should enable the direct study of its GHz to

THz dynamics throughout the HDL to LDL transition.

It would be interesting to effectively combine the work of sections 6.5 and 6.6
(magnesium perchlorate and thiocyanate probed lithium chloride). Recall that one of the
major issues with the LiCl (3.5 H>O molecules per 1on) solution study was the reduced H>O
coordination numbers due to high salt concentration. This may have resulted in the failure
of the formation of tetrahedral LDL water. As shown previously, a Mg(ClOs), solution
containing 6 water molecules per ion can be supercooled beyond no man’s land and into the
glassy state. Lenton et al.?** suggest that this solution exhibits octahedral charge ordering,
as opposed to nano-segregated dilute vs. briny domains for example. Regrettably, the water
structure in this solution resembles that of pure water of > 2 GPa, which is far too high, but

perhaps lowering the cation charge density by replacing the magnesium ion with, e.g., Ca",
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may solve this problem (its charge density is approximately equal to Li"). Indeed, eutectic
Ca(ClOg4)2 solution has been supercooled beyond no man’s land without the need for
excessive cooling rates.?*® Probing these perchlorate solutions with the thiocyanate ion may
be a worthwhile attempt to observe the LLT; other supercooled behaviours of the solution

may be interesting within the context of Martian brine.
Finally, an improvement to the constant cooling/heating rate experiments used here

would be the use of thermocouples (or similar) to directly probe the temperature of the

sample to provide a more accurate temperature scale throughout.
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7 CONCLUSION

This thesis has presented three spectroscopic studies on molecular dynamics and structure
throughout a broad range of condensed matter systems. Materials ranging from hydrocarbon
molecular liquids to the more exotic Ti:alkoxides (and Si analogue) glass formers, and

finally to aqueous salt solutions.

Ultrafast optical-Kerr effect spectroscopy is the main technique that has been utilised
throughout. This method applies transform-limited pulses to induce and probe a transient
birefringence, producing a Bose-Einstein corrected depolarised Raman spectrum with an
unrivalled SNR in the THz-GHz regime. These are the timescales of a broad range of
intermolecular dynamics, the nature of which can be complex—even for relatively ‘simple’,
weakly interacting liquids such as the n-alkanes and cycloalkanes. Fourier-transform
infrared spectroscopy is also employed to observe the behaviour of much higher frequency
(intramolecular) vibrational modes that are sensitive to their electrostatic environment; these

are studied to deduce changes in local structure.

OKE spectroscopy has been a well-known and well-used technique for several decades
now, however the output data is far more difficult to interpret. A few different methods of
interpretation have emerged organically which have undoubtedly provided useful insights
into intermolecular dynamics (and indeed provided a starting point for this work). However,
upon closer scrutiny the current methods produce inconsistent and/or limited illustrations of
the dynamics. No standard approach to the line-shape fitting exists to guide the interpretation
of the relatively shapeless intermolecular bands; the complexity of these dynamics/spectra
identify the need for a generic blueprint for the analysis of the GHz-THz part of the OKE
spectrum—this is the focus of chapter 4. To accomplish this, the OKE spectra of many cheap
and cheerful, weakly-interacting, molecular liquids had to be gathered and analysed en
masse. These measurements are grouped into 4 series of experiments: n-alkanes,
cycloalkanes, propane over temperature, and the 6-membered rings. Each series vary certain
OKE-relevant properties (e.g. viscosity, polarisability) in a controlled manner, enabling the
component line-shapes that comprise the spectra to be gradually deduced. Ultimately, after
many iterations, a self-consistent solution was converged upon that can provide a coherent

illustration of the intermolecular dynamics. This blueprint for spectral analysis may be useful
116



Ultrafast Molecular Dynamics in Amorphous Media Conclusion

in instances where the current (albeit simpler) ad hoc methods become untenable, which, as
argued within this chapter, can happen quite rapidly as more data is collected. No time was

wasted in testing the utility of this work, which underpins the work of the following chapter.

One of the more arcane spectral features of glasses (but sometimes also liquids) observed
in Raman (or X-ray, or neutron) scattering is the Boson peak; other than being transverse in
nature, little is known of its origin. The BP is observable as one of many Raman-active bands
in an often-overcrowded region of the spectrum. Consequently, most research into this
anomalous band is complicated by its convolution with other spectral features, especially
librations, making even its assignment difficult, let alone tracking its temperature-dependent
line-shape with any confidence. Chapter 5 presents an optical-Kerr effect study on carefully
selected glass-forming molecular liquids with near-isotropic polarisabilities. These were
selected to simplify the intermolecular spectra, allowing the BP to be isolated enough to
provide new insights into its nature and origin. It was found that vitreous titanium butoxide
exhibits intermolecular spectra that can be explained using a single collision-induced
molecular “cage-rattling” mode (labelled the fast-f in chapter 4). Such dynamics been
suggested to originate from broadened van Hove singularities of the corresponding crystal,
and in fact this has been a suggested origin of the BP itself; this result is therefore consistent
with this outlook. Vitreous tetrabutyl orthosilicate however clearly exhibits not one but two
fast-f modes. This second, lower frequency mode may result from molecular clusters (i.e.
locally favoured structures), the presence of which has been touted as a major factor that
influences whether a material will supercool and vitrify or simply crystallise. Further work
is required to determine if this indeed the origin of the second intermolecular vibrational
mode, e.g. X-ray or neutron scattering may reveal changes in the liquid structure over

temperature, where clusters ought to form on cooling and disappear at higher temperatures.

The liquid-liquid transition in water is a product of a theoretical explanation to its
divergent thermodynamic behaviour on supercooling, and has been a very controversial
topic since its existence was postulated some 30 years ago. Since then, there has been a
strong impetus for its experimental verification, however the LLT is believed to occur within
aregion of the H>O phase diagram that is dominated by the onset of rapid crystal nucleation.
To prevent this, aqueous salt solutions (esp. lithium chloride solution) have been investigated
as an experimental proxy for neat water at high pressure, with the added benefit of impeding
crystal nucleation. Recent work claims to have witnessed a LLT within an aqueous
hydrazinium trifluoroacetate solution, revealed by the temperature dependent O-H stretching

line-shape observed through FTIR spectroscopy. The work of chapter 6 approaches the LLT
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on several experimental fronts: through both OKE and FTIR spectroscopies on HTFA ),
thiocyanate-doped LiCl(g), and Mg(ClO4)2@aq). These solutions are closely studied at their
lowest possible concentration that prevent ice nucleation on cooling. Results show the OKE-
active intermolecular bands in HTFA (aq) and Mg(ClO4)2(aq) exhibit very similar temperature
dependences, which is surprising given that the evidence strongly suggests that the latter
does not exhibit any LLT. Meanwhile LiClag) solution appears to undergo nanophase
separation into a salt rich brine and more dilute phase. This however does not appear to be
driven by a LLT, evidenced by the OH (or OD) stretching line-shape which does not change
appreciably throughout. Meanwhile, magnesium perchlorate solution appears analogous to
neat water at much higher pressure (too high to encounter an LLT), attributable to the high
charge density of the cation. In summary and despite best efforts, no new evidence of an

LLT in water has been observed in this work.
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Appendix A.1. Phonon energy states from the lowest 3 to the maximum

n=3 ‘/'.-_-‘\

Shown in terms of TA phonons for illustration, however this applies equally to LA phonons too.

The longest wavelength phonons are the lowest energy; the first phonon mode (7 = 1) has

a wavelength of 2L, where L is the length of the chain. Clearly the length of the 1D chain, or

volume of the 3D crystal, imposes a limit to the phonon wavelength. The lattice spacing

imposes a lower limit to the phonon wavelength (and thus upper limit to the phonon

frequency) as shown by 7max. This in turn imposes a maximum (Debye) frequency, wp =

v /a, where v is the speed of sound and « is the lattice spacing.
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B. Hydrocarbon Molarities

n-Alkane Density [g/L]| Mol. weight| Molarity
CoHons2 (at 20 °C) (g/mol) (mol/L)

5 626 72 8.694

6 659 86 7.663

7 684 100 6.84

8 703 114 6.167

9 718 128 5.609

10 730 142 5.141

11 740 156 4.744

12 749 170 4.406

13 756 184 4.109

14 763 198 3.854

15 769 212 3.627

16 773 226 3.420

17 777 240 3.238

20 789 254 3.106
Cycloalkane Density [g/L]| Mol. weight| Molarity
CuHon (at 20 °C) (g/mol) (mol/L)

5 751 70 10.73

6 779 84 9.274

7 811 98 8.276

8 834 112 7.446

10 871 140 6.221

Cyclohexene 811 82 9.890

1,4-Cyclohexadiene 847 80 10.59

Benzene 876 78 11.23

Appendix B.1. Molarity of n-alkanes, cycloalkanes, and six membered rings from their

density.
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C.Hydrocarbon OKE Spectra Line-Shape Fitting Parameters

o-relaxation [S-relaxation Fast-f Libration
298K | Aip T Q |Ap T Qi | Ag w02t y2n | Az ®o/2m y/2n
CoHoni2|/10" /ps /THz|/ 10" /ps /THz|/10" /THz / THz|/10" / THz / THz
5 334 2,60 157 |213 0.69 122 |3.69 122 166 [1.89 157 119
6 523 523 170 |219 112 121 [320 121 179 {175 170 1.33
7 836 8.69 175 |193 123 120 {285 120 191 (183 1176 141
8 1.0 139 1.82 | 178 141 122 |250 122 197 |1.82 182 146
9 134 244 182 |153 240 1.09 |233 1.09 205 |19 182 152
10 159 436 180 | 157 4.07 101 |2.06 101 211 |1.85 180 1.52
12 20.6 875 177 |142 630 093 [1.84 093 214 192 177 152
14 235 162 178 | 165 938 0.88 | 171 0.88 217 |185 178 157
16 24.0 244 180 |1.56 138 0.79 |1.59 0.79 222 |1.90 180 1.66

Appendix C.1. Fitting parameter values for n-alkane OKE spectra.

Q; are fixed values; a-relaxation €); is fixed to the libration wy and S-relaxatiOn € is fixed to the fast-f wo.

a-relaxation B-relaxation Fast- Libration
T |Ap = Qi [Aicc T Qi Pec| As @o2n y2n | A ®c/2T 66/2T
/K |/10" /ps /THz|/10" /ps /THz /10" /THz / THz|/10" /THz / THz
77.7/1.80 259 1.58 |2.09 1.54 174 0.721133 174 2.08 |1.19 1.58 153
90 |1.66 9.64 1.57 |2.07 131 1.69 096|143 169 2.04 130 157 157
130 142 6.16 149 {199 0.77 159 1 |[1.70 159 192 |115 149 1.58
170 |0.83 2.74 139 |2.14 055 145 1 |2.03 145 173 |1.38 139 154
210038 193 124 12.04 047 141 1 1228 141 159 |1.61 124 154

Appendix C.2 Fitting parameter values for propane OKE spectra.

Q are fixed values; a-relaxation € is fixed to the libration wg and f-relaxatiOn € is fixed to the fast-£ wo.
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a-relaxation B-relaxation Fast-f Libration
298K | Aip T Qi |Aicc T Qi Pec| A ®o2n y2m | Ac ®c/2m o6/2n
cCoH2,|/102% /ps /THz|/10% /ps /THz /102 /THz / THz|/10% /THz / THz
5 |[3.55 050 095(7.88 0.89 123 1 |28.8 123 126 |11.0 095 160
6 |546 130 102|696 141 122 1 [245 122 164 |149 1.02 147
7 1108 6.52 110 [13.9 155 122 1 |227 122 213 |146 110 130
8 (947 10.6 105|134 219 117 1 |22.0 117 256|145 105 120
10 [32.8 479 0.97 [284 4.57 1.04 0.84/19.0 1.04 250131 097 117

Appendix C.3. Fitting parameter values for cycloalkanes OKE spectra

Q; are fixed values; a-relaxation € is fixed to the libration mg and S-relaxatiOn € is fixed to the fast-f wo.

a-relaxation f-relaxation Fast-f Libration
298K | Ap T O [Ap 7T Qi | Ag @o2n y2n | Ac ®c/2T 66/2T
Cerings |/ 102 /ps /THz|/10* /ps /THz|/102 /THz /THz|/10? /THz / THz
Ce¢Hip [5.46 130 1.02 {696 1.41 122 [245 122 1.64 (149 1.02 147
CsHio | 104 3.35 1.05 [959 0.88 1.21 |[879 121 175|331 105 148
1,4-C¢Hg| 290 2.88 1.22 | 201 0.76 120 | 160 120 1.85 |64.8 122 1.62
Ce¢Hs [296 3.05 1.77 | 192 0.74 1.26 | 175 126 190 | 107 177 1.68

Appendix C.4 Fitting parameter values for 6-membered ring OKE spectra.

Q; are fixed values; a-relaxation €); is fixed to the libration mg and S-relaxatiOn € is fixed to the fast-f wo.
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D. Havriliak-Negami Line-Shape Proportionalities

Soke ! arb. units

|

—

v/ THz v/ GHz
Appendix D.1. The effect of the Cole-Davidson parameter on the Havriliak-Negami
line-shape.

HN line-shapes with ©/ps = Ay = fcc = 1, with linear frequency axes throughout. Left: The HN line-shapes at
THz frequencies for various acp values. Right: The same HN line-shapes at GHz frequencies

2
=
=
g
©
F
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Appendix D.2. The effect of the Cole-Cole parameter on the Havriliak-Negami line-

shape.

HN line-shapes with ©/ps = Apv = acp =1, with linear frequency axes throughout. Left: The HN line-shapes at
THz frequencies for various fcc values. Right: The same HN line-shapes at GHz frequencies

Both Cole-Davidson and Cole-Cole parameters broaden the HN line-shape but with
different results (see Figure 3.3 for Cole-Cole line-shapes displayed with a logarithmic
frequency axis). Focussing on the proportionality as v — 0, it can be seen from Appendix
D.1 (right) that the Cole-Davidson parameter does not affect the o v relationship of the
lineshape (for non-zero values). With regards to the Cole-Cole parameter, the line-shapes

appears as X v where 0 <n < 1.
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E. Toluene Supplementary Data

", Toluene density
960 =, o(T) = -0.93373T+1140.4
940
£ 920~
X s
-~ ny
Q 900-
880
860, | | | | | 5
180 200 220 240 260 280 300
T/K
Appendix E.1. Toluene density as a function of temperature
Data taken from ref.?’ is fit with a linear trend, with result shown.
Orientational o Translational o Boson peak Intramolecular mode
Aip T Prse/27 | Aicc T Vise/2n  Pec A ®o2n  y12=n Ac 62t o2=n
T /K /ps /THz /ps /THz /THz /THz| /10 /THz /THz
300 | 196.1 5.072 1.867 |67.72 1501 1.367 1.000 |299.3 1.367 3.962| 72.96 1.867 0.959
250 | 248.9 10.19 2.053 | 68.19 1.950 1.398 0.864|278.7 1398 3.679| 7490 2.053 0.927
200 | 271.7 46.55 2.263 | 121.3 6.391 1.455 0.703|243.2 1455 3.613 | 73.40 2.263 0.875
150 | 193.8 1129 2.450 |82.43 57.12 1.531 0.416 |207.2 1.531 3.456 | 73.82 2.450 0.831
120 -- -- -- -- -- -- -- 181.8 1.626 3.022 | 71.50 2.634 0.797

Appendix E.2. Fitting parameter values for the OKE spectra of toluene as a function
of temperature
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F. TiBuO Supplementary Data

10 - Ti[OBu], Ti[OBu],
300K 8 —| 250K
8_
6 — 6
4 - 4
2 2 -
o 1 1 ||||||| 1 1 rFrrrri 0 1 1 IIIIIII 1 1 LU
0.1 2 4 6 81 2 4 6 810 0.1 2 4 6 81 2 4 6 810
g | TilOBu, 8 T TioBu],
p 200K 175K
= 6 —
S 6
g
© 4 — 4 —
U
W 2 - 2 -
0 1 1 ||||||| 1 1 rmrrrii 0 1 1 ||||||| |4lll
0.1 2 4 681 2 4 6810 0.1 2 4 681 2 4 6810
8 .
Ti[OBu], Ti[OBu],
150K 6 80k
—— Data
— Fit
4 —
—— Fast-8
Diffusive
2_
o_l 1 1 ||||||| 1 1 rFrrrri 0 1 1 ||||||| 1 1 LI
0.1 2 4 6 81 2 4 6 810 0.1 2 4 6 81 2 4 6 810

Appendix F.1. Line-shape fits to the temperature dependent OKE spectra of titanium
butoxide with a logarithmic frequency scale.

Spectra taken from 300 K to 80 K (left to right).
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Translational diffusion Fast-f Intramolecular mode

Aicc T Vrise/2  Pec Ap wo2n  y2=m Ac 0a/2T o/2n

T /K /ps /THz /THz /THz| /102 /THz /THz
300 | 13.92 1162 2171 0.550 | 75.27 2171 3250 | 1176 3432 0.955
275 19.923 0.800 2235 0.612 | 71.06 2.235 3156 | 1.201 3.695  0.949
250 | 6.873 0.683 2274 0.700 | 67.55 2.274 3.046 | 1178 3.858  0.865
200 | 4.287 0.529 2380 0.670 | 56.00 2380 2.863 | 1.210 4302 0.744
175 -- -- -- -- 53.57 2.450 2786 | 1.152 4398  0.706
150 -- -- -- -- | 46.56 2591 2734 | 1.245 4.466  0.688
80 -- -- -- -- 3719 2710  2.681 | 1.217 4.668  0.698

Appendix F.2. Fitting parameter values for the temperature dependent TiBuO spectra

Appendix F.3. Damping rates of the TiBuO line-shape fits with temperature.

Ti[OBu], Damping Rates
0 od

E Boson Peak
E 2
o
c
2

1 N )
© o

o

a ® °e Shoulder

0_

0 50 100 150 200 250 300
T/K

Boson peak values correspond to the y value of the Brownian oscillator, whilst the shoulder values are the ¢
values of the antisymmetrised Gaussian function

0,030

OKE intensit

0 50 100

150

wavenumber, cm”

200

Appendix F.4. Calculated OKE spectrum of TiBuO trimer.

Calculation performed by Dr. Nikita Tukachev and Dr. Hans Senn. PBE-D3(BJ)/def2-SVP level of theory.
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G.OKE Line-Shape Fitting Parameters for Titanium
Tetrabutoxide, Tetraethoxide, and Their 1:1 Mixture.

Diffusive Mode Boson Peak Intramolecular Mode #1

Aicc T Vrise/ 2T Bec A¥* wo/2n  (yorao) 2m| A* w2m (yora) 2m
/ ps / THz / THz / THz / THz / THz

TiEtO | 13.08 0.617 2169 0.722 | 2536 2.169 1.050 | 0.626 4.534 0.731

F{éﬁ;ﬂ" 1426 0.628 1.994 0.670 | 2554 1994 1.091 1.380 4.490 1200

TiBuO | 13.28 1.046 2.182 0.683 | 74.73  2.182 3.250 1.007 3.370 0.938

Intramolecular Mode #2|Intramolecular Mode #3|{Intramolecular Mode #4

Ag w2 y/2m Agp w2t y/2n Ag wo2n y/2m
/THz /THz /THz /THz / THz /THz

TiEtO | 2.070 5.689 2.444 | 0950 7152 1171 0.411 8.011 0.978

TUEOR 951 5671 2357 | 0853 7042 1467 | 0442 8073 Lls4
[BU.O]4»n

TiBuO | 0.1518 6.817 1.025 | 0.729 7.849 1.687 1.176 9.895 1.903

* Gaussian (shaded entries) amplitudes are in units of X10"
7 o for Gaussians (shaded entries), otherwise y for Brownians.

Appendix G.1. Fitting parameter values for Ti[BuO],4, Ti[EtO]4, and Ti|[BuO]a[EtO]4-n

OKE spectra of these liquids were taken at room temperature.

Ti[OEt], Ti[OEt] [OBu], Ti[OBu],
10+ — Data i 11 vol mix — Data
— Fit — Data — Fit
8 Diffusive T — Fit b Diffusive
a —— Boson Peak Diffusive —— Boson Peak
S 6 —— Boson Peak]
g
& 4
E
» 2]
O——F—7 71 T T T T T T T T T T

vITHz vITHz vITHz
Appendix G.2. OKE spectra of liquids Ti|BuO],, Ti[EtO],4, and Ti[BuO]a[EtO] x

Spectra taken at room temperature. The mixture was made by mixing the two neat liquids in a 1:1 volume ratio.
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H.TBOS Supplementary Data

8 v
8 — TBOS 350 K 300K
6 —
6 —
4 4
2 2
0 — : 0
2 4 68 2 4 638 2 4 68 2 4 68 2 4 638 2 4 68
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" — BO
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=
£
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| |
0.01 0.1 1 10 0.01 0.1 1 10
v /THz

Appendix H.1. Line-shape fits for the TBOS OKE spectra shown on a logarithmic scale
at various temperatures

Spectra taken from 300 K to 80 K (left to right), See legend for assignments; the high frequency shoulder mode
(purple) is consistent with an intramolecular mode.
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Translational diffusion ‘Cluster’ Fast-f Fast-f

Aicc T Vrise/ 2% Pec Ag o/21 Y21 Ag Wo/271 Y21

T/K / ps / THz / THz / THz /THz /THz
350 | 0.211 7.635 1.876 0.730 | 0.441 1.102 3310 |0.392 1.876 3.114
300 | 0.543 1259 2.012 0.506 | 0.287 1.097 3229 |0.341 2.012 3.110
250 | 0.756 9752 2.056 0.422 | 0.233 0.986 2.531 |0.304 2.056 3.079
200 | 1.000 3981 2215 0.378 | 0.154 0.970 1.836 | 0.251 2.215 3.009
150 -- -- - -- 0.084 0.955 1.506 |0.190 2.246 2.807
80 -- -- -- -- 0.056 1.038 1.352 0.101 2.293 2.357

Appendix H.2. Fitting parameter values for the diffusive and two lowest frequency
intermolecular modes of TBOS as a function of temperature

Heat Flow / mW

TBOS
-4.0 —
-4.5 —
-5.0 —
-5.5 —

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

115 120 125 130 135 140 145

T/K

Appendix H.3. DSC measurements showing the glass transition in TBOS

Measurements taken by Dr. Ben Russell
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I. Doped Lithium Chloride Solutions

0.55 41— = : .
\ / Isosbestic Points ?
0.50 —
c
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Appendix L1. Possible isosbestic points on the OD stretch mode of LiCl-SCN:7H.O.

Spectra are taken over the temperature range of 253 to 93 K in 10 K intervals.

If one separates the temperature ramp into narrower ~50 K segments, multiple isosbestic
points can be observed. It would make no physical sense to infer that this represents multiple
transitions. Clearly care must be taken when making these links, especially for such subtle

1sosbestic points.
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