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Abstract

Liquids are the primary medium for chemical and biological reactions. Phase transitions
can give rise to phase separation through nucleation or spinodal decomposition. This
phase separation may be the reason behind structure in many liquids, which then has an
effect on more practical processes. Mesoscopic (1 nm-1 um) structuring of the liquid in the
neighbourhood of a second critical point associated with a liquid-liquid transition (LLT)
can cause anisotropic diffusion, which greatly affects the wetting properties of the liquid.
It may also segregate reactants and products, affecting reaction rates and outcomes.
Some examples of processes, which may be affected by this, include the synthesis and
preparation of pharmaceutical drugs (which is sensitive to liquid structure, phase
separation, and nucleation), preparation of nanometre scale materials, electrochemistry,
dye-based solar cells, separation technology, and heterogeneous catalysis.

This thesis concentrates on advancing of the understanding of some of the phase
transitions and mesophases occurring in liquids. The first two chapters are introductory
and the remaining chapters describe original research.

Chapter 3 describes our studies on crystal nucleation in the presence of a liquid-liquid
phase separation. The subjects of these studies were two binary liquid systems:
nitrobenzene-hexane and water-1,2-trans-dichloroethylene. Our discovery of template-
less asymmetric water crystals (water fluff), which we were able to reproduce repeatedly,
strongly suggests that, despite common belief, high driving force does not necessarily
lead to ill-defined crystalline forms. We also propose that crystal templating induced by
liquid-liquid phase separation might be a general phenomenon, not limited to water.

In Chapter 4 we explore one of the most interesting and challenging postulates in the
field of liquid science, that is the existence of more than one isotropic liquid states in a
single-component liquid at constant temperature and an LLT between these different
states. By employing a number of experimental techniques, some of them not previously
used to study this subject, we provide a new evidence for the existence of the LLT in
triphenyl phosphite (TPP). Furthermore we answer an important and fundamental
question of what is the order parameter characterising the LLT in TPP.

Finally, Chapter 5 shows how our investigations into the existence of the LLT in

n-butanol led to the conclusion that the observed phenomenon is in fact a transition



between a supercooled isotropic liquid and a liquid-crystalline (LC) state. The LC is in
general considered a form of matter “in between” the liquid and the crystal. However, the
LC phase in n-butanol geometrically frustrated the formation of the stable crystalline
phase. This frustrated phase can be seen as a template for similar ordering in other

molecular liquids and is likely to be essential in their supercooling and LLTs.
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Introduction

Due to its fluidity, the liquid state of matter is convenient for processing and controlling
chemical reactions. Understanding of the structure of liquids and solutions is of enormous
relevance to chemistry, chemical engineering and related fields. This chapter introduces
the underlying principles of the liquid-state phenomena, which are the subject of this

research, along with a survey of current thinking around these topics.
1.1 Liquid-Liquid Transition

The basic concept behind a liquid-liquid transition (LLT) is that a liquid is not just a single
amorphous state. Experimental and theoretical studies suggest that not only are liquids
not homogeneous but more than two liquid states may exist even for a single-
component material as a function of temperature. The term “polyamorphism” was
introduced to describe this phenomenon of the existence of multiple states in
amorphous materials, by analogy with the term polymorphism, which was long used for
crystalline phases. The transition between two liquid states is thought to be an
amorphous to amorphous (polyamorphic) transition.” Such transition is predicted to be

similar to a gas-liquid transition, except that it occurs between two states of the liquid.*
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The topics of polyamorphism and LLTs have gained increasing interest since Mishima
et al. reported the existence of two amorphous phases in water, differing in density by
about 23%.>° Since then, other examples of polyamorphism have been observed.

The direct observation of coexistence of two liquid phases at ambient pressure in the
supercooled melt Al,Os- Y,0s5 just above the glass transition temperature was reported by
Aasland and McMillan. These two phases differed in density even though their chemical
composition, confirmed by electron probe analysis, was identical.” However, the
composition range and experimental conditions required to observe this phenomenon
are still a matter of debate.?

High-pressure experiments®'" and numerical simulations'? suggested the existence of
more than one amorphous (or even liquid) phases in silicon. Two amorphous phases were
observed in silicon dioxide (SiO;) and their distinction confirmed by X-ray diffraction
studies' and sound velocity measurements."

Synchrotron X-ray scattering facilitated a discovery of the first-order LLT in phosphorus
(P) at high pressure and high temperature.' '® The coexistence of both liquid phases was
confirmed and their structure factors were obtained revealing that during this transition
phosphorus transformed from tetrahedral to network-forming polymeric liquid. Further
studies showed that phosphorus undergoes the first-order transition between a high-
density molecular fluid and a low-density polymeric liquid.”” These results were
supported by the first principle simulation carried out by Morishita.'®

Hints of a first-order reversible transition between two amorphous states were found
in germanium dioxide (GeO,) through experimental high-pressure X-ray absorption
spectra.'®?°

Theoretical predictions and experimental evidence suggested the existence of an LLT
in carbon (C)?"%, although this phenomenon is a subject of a debate.**

Another promising candidates for an LLT at ambient conditions are colloidal liquids,
however experimental evidence is still to be obtained as it presents practical
challenges.®*?

Until 1996, the most common examples of polyamorphism were substances
characterised by an open, tetrahedral network of bonds at ambient conditions (e.g. water,
SiO,, Ge0,). When treated with high pressure or temperature, these networks might have
collapsed forming a second denser structure. In 1996, Kivelson et al. reported the
discovery of the first-order transition leading to a new amorphous solid phase in the

glass-former triphenyl phosphite (TPP) existing at normal pressure, with no rigid
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three-dimensional network.® LLTs have also been suggested for trans-1,2-
dichloroethylene and n-butanol at atmospheric pressure.

It has been predicted that LLTs should be common in all molecular liquids® but
despite all the evidence, the phenomenon of LLTs remains controversial and the physical
origin of this phenomenon is largely unknown. This is mainly due to experimental
difficulties. For example, where the transition occurs at high temperature and pressure

(e.g. for P, C)*° or is hidden by crystallisation (e.g. water).’’

1.1.1 Water

Water is the most common and the most important liquid on Earth - without it life would
not survive. But it seems that the properties, which make water ‘the solvent for life’, also
make it the most unusual of all liquids as this simple molecule exhibits various
thermodynamic and kinetic anomalies.”33* Its density maximum at 277 K, discovered in
the 17" century by the members of the ‘Academie del Cimento’ - a scientific society based
in Florence,® enables life to exist under the surface of frozen lakes, seas and other
reservoirs. Other anomalies include the density decrease upon its freezing at 273 K, and
the increase in heat capacity and isothermal compressibility upon supercooling.*® The
shear viscosity also behaves anomalously — initially decreases with increasing pressure
but above ~ 2 kbar starts to increase again.

In principle, below T, at normal atmospheric pressure, water should crystallise forming
hexagonal ice |,. However, under high pressure the open tetrahedral structure of I,
progressively collapses, density increases, resulting in over 15 different crystal
polymorphs. Water can also be supercooled, as was first described in 1775 by Joseph
Black.>” Four centuries later, despite extensive studies, there is still no consensus to the
origin of water’s peculiar behaviour. Many theories have ascribed it to the unique features
of hydrogen bonding.*®*° In the 1970s, Speedy and Angell proposed a concept known as
“stability limit conjecture” which suggested that nearing the limit of mechanical stability
of the supercooled liquid phase (at ~220 K at atmospheric pressure) could explain many
odd behaviours of water.*

In the following decade, Mishima et al. discovered that there are at least two
amorphous forms of water: high-density amorphous (HDA) and low-density amorphous
(LDA) ices with the transition between them of the first-order nature.*>** LDA can be

prepared by vapour deposition or hyperquenching at 77 K. When LDA is pressurised to
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10 kbar at 77 K, HDA is formed and remains stable even if the pressure (at this
temperature) is lowered to 1 atm. HDA can be converted to LDA by heating to 120 K.
Raman and neutron scattering studies revealed that the structure of LDA ice is similar to
the I, whilst the structure of HDA ice resembles high-density ice V1.4

The existence of these two low-temperature amorphous forms of water implied that
there are at least two liquid states in water and an LLT between them. This discovery
formed a basis for another hypothesis, which suggested the existence of a liquid-liquid
critical point (or a second critical point, LLCP) associated with an LLT,*" *® which is
supported by a number of computer simulations.**° The simulated location of the LLCP
was compared to the location predicted from experiments, however the results were
inconclusive as even the smallest change in the water potential significantly shifted the
location of LLCP.3* Some theories propose that critical phenomena associated with an LLT

may explain peculiar properties of water." 3*3*

Stable water

Supercooled

“No man’s\land”

0 0.2
P/GPa

Figure 1. The amorphous forms of water at one atmospheric pressure inspired by diagrams

presented by Mishima.*
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On the other hand, Tanaka argued that a simple two-order-parameter model
(explained in detail in Section 1.2), predicting the existence of two competing orderings
in water - density ordering and bond ordering, could explain water’s anomalies.® "

The unique properties of water puzzled and fascinated scientists for centuries. There
are many hypotheses to explain them, but unfortunately it is very difficult to verify any of
them experimentally. The reason for this is that the water’s predicted LLT takes place in
the physically inaccessible temperature range known as “no man’s land” (Figure 1) in the
supercooled phase below the homogeneous nucleation temperature. Some up-to-date
experimental approaches to access a hidden LLT in water included confinement in
nanometre-size pores®”>* and protein-hydration water.”* However, the results of these
experiments were not widely accepted as one may argue that the confinement
introduced water-wall interactions and the reduced dimensionality not present in bulk

liquid.>>7

1.1.2 Triphenyl phosphite

In 1996 Kivelson et al. discovered what appeared to be a first-order phase transformation
at ambient pressure between deeply supercooled liquid and a rigid amorphous-like
phase in triphenyl phosphite (TPP), a glass-former with the molecular formula P(OC¢Hs);
(see Figure 43A). When a sample of liquid TPP was rapidly cooled to the temperature in
the range 227-213 K and annealed at this temperature (T,) for hours, the sample initially
got cloudy, then turned opaque and eventually cleared up. The new phase, named
“glacial phase”, was initially believed to be amorphous as the low-resolution X-ray
scattering measurements were practically indistinguishable from the results obtained for
the supercooled liquid and the glass. NMR spectroscopy provided no further insight into
the structure of the glacial phase, as the lines in the solid-state spectra were extremely
broad masking potential shifts of the different phases at low temperatures. Magic-angle-
spinning solid state NMR could not be performed due to weight imbalance preventing
required spinning of the sample. However measured spin-lattice relaxation times of
different solid phases of TPP (liquid/glass, glacial and crystal) were all distinct implying
that on molecular level they all differed. On slow heating of the glacial phase, the sample
was often lost due to breakage of the glass container indicating that the glacial phase was
denser than the stable crystal and it expanded from one rigid phase to another less dense

one on heating. At higher temperatures (225-227 K), apparent phase separation and
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coexistence of small opaque ball-like regions floating in a clear liquid was observed. The
report was concluded with a hypothesis that the glacial phase might be associated with
the LDA ice and not in fact be amorphous but defect-ordered, predicted by the
frustration-limited domain theory.”® In such a phase the domains, characteristic of a
supercooled liquid, would arrange themselves into a crystal array, where the internal
organisation could vary between domains. This hypothesis was based on the results of
model calculations and the fact that this type of structure would not be detected by low-
resolution X-ray scattering.®® It was established that the glacial phase was structurally
distinct from the crystal and the glass and it existed and was at equilibrium above T,
(T4 ~ 205 K), in fact, it was a more stable phase than the supercooled liquid.®

Following the findings of Kivelson and co-workers, several controversial explanations
of the nature and origin of this new phase have been proposed. These included the
glacial phase being an orientationally disordered crystal or liquid crystal,®® a rigid solid
with a structure resembling orientational glasses or glassy crystals,®’ a nematic crystal or a
highly viscous liquid,®? a highly correlated liquid,®* an unusual metastable plastic crystal,*®
and a highly ordered amorphous phase.®* After years of extensive research only two
major scenarios remain and are still being explored: the nanocrystals scenario formulated

by Hédoux et al. and the LLT scenario proposed by Tanaka and co-workers.

1.1.2.1  Nanocrystals Scenario

The main techniques employed by Hédoux and co-workers to investigate the origin and
physical nature of the glacial phase were Raman scattering, X-ray diffraction and neutron
diffraction.®7® All three phases of TPP were studied - the liquid, the stable crystal and the
glacial phase. The standard glacial phase preparation (also called the glaciation) protocol
involved cooling of the sample below T, and thereafter increasing the temperature and
annealing of the sample at the selected T, until full transformation was achieved.

Raman scattering investigations of the low-frequency range revealed that the
spectrum of the glacial phase corresponded to the perfect envelope of the phonon peaks
observed in the crystalline phase, i.e. its local order resembled the crystalline symmetry.®
The Raman spectrum of the glacial phase could be considered as a combination of the
spectrum of the crystal and the spectrum of the supercooled liquid. The downshifting of

some of the Raman bands, presumably due to the force field inside the crystalline
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domains, and significant sharpening of internal modes further supported the scenario of
the glacial phase being partially crystalline.®

The X-ray patterns obtained at different T, temperatures in the range 210 - 222 K were
interpreted as distinctive stages in the crystallisation process. This process was considered
to be aborted, as the glacial phase seemed indefinitely stable without any further
heating.*®¢’

Hédoux and co-workers published a numerous reports on the subject, however their
conclusion remained the same - the glacial phase formed in the temperature range
210 - 235 K was composed of untransformed supercooled liquid and crystallites of the
stable crystal. The size of these crystallites depended on the temperature at which the
glacial phase was prepared. It was suggested that the glacial phase could be described as
microcrystalline, rather than nanostructure, above 224 K.®® The origin of the glacial phase
was believed to be the result of high nucleation rate frustrating crystallisation due to the
residual supercooled liquid being subdivided (by small crystallised particles) in interstitial

volumes not exceeding the critical size for crystallisation.”

1.1.2.2 LLT Scenario

In 2004, Tanaka and Kurita reported the results of their studies proposing that the
phenomenon observed in supercooled TPP was a result of an LLT and that the new
(glacial) phase should be considered a glassy state of the second liquid state (liquid 2),
with its own glass transition temperature T, (T,? = 225 K).”*#°

Phase-contrast microscopy images obtained at different T, revealed two distinct
transformation patterns, sharply changing at the spinodal temperature Tsp= 215.5 K. The
glacial phase was observed below the binodal temperature Ten ~ 230 K. A few different
experimental techniques, including morphological observations and rheological and
calorimetric measurements, were applied to determine and verify the location of these
two temperatures. The proposed schematic LLT phase diagram of TPP in a T-S plane is
shown in Figure 2.7%%

When TPP was rapidly quenched and annealed at a constant temperature
Tso < Ta < Tan, the glacial phase nucleated in the form of spherical droplets in liquid 1 and
grew with a constant (estimated) speed until the whole system became apparently

homogenous again. This behaviour was associated with the nucleation and growth

(NG)-type transformation. The digital image analysis was performed on the images

22



obtained with phase-contrast microscopy. The intensity distribution function P(l),
proportional to the density distribution function, was calculated. Initially there was only
one peak - peak 1, corresponding to liquid 1. With the appearance of the nuclei of the
glacial phase, peak 2 appeared with contrast distinct from peak 1. Over time, the
amplitude of peak 1 decreased whilst the amplitude of peak 2 increased. Finally, only
peak 2 was present. Neither the positions nor the widths of both peaks changed during
the transformation. This P(l) pattern was reminiscent of the (NG)-type phase separation in
phase-separating binary mixtures.”®

At lower temperatures, T, < Tsp, just after the quench of TPP, in initially homogenous
liquid 1, density fluctuations grew very slowly, but continuously. The amplitude of these
fluctuations initially increased exponentially, but later decreased, and eventually the
whole system became a homogeneous glacial phase. P(l) showed a different behaviour to
that observed at higher temperatures. With the formation of the glacial phase, the
amplitude of peak 1 (liquid 1) decreased and became broader with time. When peak 1
became quite broad, another peak (glacial phase) appeared and grew and sharpened
with time. Lastly only peak 2 remained, suggesting the transition was complete. This
pattern of the temporal change of P(l) was a clear indication that liquid 1 transformed to
liguid 2 in a continuous manner and the new phase was formed with a spinodal-
decomposition (SD)-type mechanism. The presence of the (SD)-type pattern evolution
was not consistent with any first-order transitions between liquid and ordered solids,
including plastic crystals, and it was a feature distinctive to an LLT. This strongly
suggested that the observed transformation from supercooled liquid to the glacial phase
was an LLT.”

The estimated, from optical microscopy observations, growth speed and nucleation
frequency of the glacial phase domains changed their temperature dependencies at
223 K. The observed steep increase of the nucleation frequency with decreasing T, and
the change of T, dependencies at 223 K could not be explained by the classical nucleation
theory and thus was another argument supporting the LLT scenario.®

Rheological evolution also changed its pattern around Tsp. The rheological
measurements demonstrated that the supercooled liquid 1 was in a viscous fluid state
without static elasticity, while the glacial domain was in a glassy state of liquid 2 (glass
2).8

The AC calorimetry measurements confirmed previously reported ®®' glass transition

of liquid 1 at T,' = 205 K. However, a second glass transition temperature, T,2 = 225 K, was
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detected for the glacial phase formed at 220 K. The existence of two glass transition
temperatures for a single-component system further confirmed the existence of an LLT.
The polarisation microscopy revealed that the glacial phase domains formed via the
(NG)-type LLT exhibited optical anisotropy due to the presence of micro- or
nanocrystallites embedded in the amorphous glacial phase. Below Tsp no birefringence
was detected in the system throughout the entire (SD)-type transformation. These
observations were further investigated by employing time-resolved polarised and
depolarised light scattering. The results led to the hypothesis that the LLT and
nanocrystals formation occur at the same time, possibly the latter being induced by the
former due to the interfacial energy barrier between crystals and liquid 2 being much
lower than the energy barrier between crystals and liquid 1.2 This conclusion was
additionally supported by the experiments performed at elevated pressures, which
showed that in such conditions crystallisation was suppressed whilst the LLT was

observed.®
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Figure 2. Schematic LLT phase diagram of TPP in a T-S plane; S is a nonconserved order

parameter governing LLT.%*
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The overall conclusion of the studies carried out by Tanaka and co-workers was that
the glacial phase was formed as a result of an LLT, which exhibited two different types of
kinetic behaviour depending on the temperature. The glacial phase formed below Tsp was
a homogeneous glassy state of liquid 2 (pure glass 2), while that formed above Tsp was

a mixture of glass 2 and microcrystallites.®

1.1.3 Butanol

In 2003, following the discovery of the second apparently amorphous phase and an LLT in
TPP, a similar phenomenon was reported by Bol'shakov and Dzhonson for another
molecular liquid, namely n-butanol.®** They observed that when supercooled and
annealed in the temperature range 130-160 K, n-butanol (T, = 183.4 K) transformed into a
white or transparent solid phase, which differed in properties from the known crystal and
glass phases (T, = 118 K). The conclusion that the new phase was amorphous was based
on the experimental observations that tert-butyl chloride, diphenylamine and oxygen
dissolved in liquid n-butanol prior to the transformation, were not expelled, as it would be
expected from a crystalline state. This new phase was stable at low temperatures and
became liquid when heated to 170 K. Further investigations of the properties of the new
phase (called by some glass 2 or, similarly to TPP, the glacial phase) by oxidation kinetics
revealed that its diffusional properties differed significantly from glass 1 obtained by rapid
cooling of the liquid n-butanol (liquid 1) below T,.2¢

Kurita and Tanaka, who proposed the scenario of the existence of an LLT in TPP,
predicted a similar scenario for n-butanol. Using phase-contrast microscopy, they
identified two types of transition patterns, strongly suggestive of an LLT. When n-butanol
was quenched to 120 K, “darker” droplets of the new phase (liquid 2) were observed
nucleating and gradually growing in the supercooled liquid 1. The appearance of these
droplets indicated a higher refractive index and therefore higher density of this new
phase in relation to liquid 1. The droplets of liquid 2 grew and collided until full
transformation was achieved. As it was the case with TPP, Tanaka and co-workers used
digital image analysis for quantitative analysis. The intensity distribution function,
proportional to the density distribution, was calculated. The presence of two peaks, with
one of them decreasing (liquid 1) and the other increasing (liquid 2) in amplitude, implied

the coexistence of two phases. The linear growth of the droplets with the annealing time
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strongly suggested that the observed phenomenon was a nucleation and growth-type
(NG) LLT.?®

When n-butanol was annealed at 115 K, a different pattern evolution was observed.
The “darker” droplets of liquid 2 appeared in liquid 1 with spatial correlation and the
contrast between liquid 1 and liquid 2 gradually increased over time. The intensity
distribution function behaved distinctly different to the one observed at higher
temperature. Only one peak was observed throughout the whole transformation. This
peak (initially corresponding to liquid 1) gradually broadened as a result of the increasing
contrast between both liquids, resembling time evolution of the intensity distribution
function characteristic of spinodal decomposition of a binary mixture. The position of this
single peak gradually shifted to the left as the transformation progressed. Further analysis
revealed that the spatial correlation in the density distribution at this temperature was
consistent with the scenario that the observed phenomenon was a spinodal-
decomposition-type (SD) LLT.”

Calorimetric measurements, carried out by Tanaka and co-workers, to substantiate the
conclusions of the existence of the second liquid phase and an LLT in n-butanol,
concluded with the findings that liquid 1 transformed to the glassy state of liquid 2, with
liquid 2 having its own glass transition temperature at 133 K. As TPP and n-butanol differ
significantly in the molecular structure, and yet their behaviour was strikingly similar, it
was suggested that an LLT might be a general property all molecular liquids.?

Hédoux and co-workers used Raman spectroscopy and X-ray diffraction to study the
isothermal transformation of n-butanol at 120 K with the aim to probe its local and long-
range order. Their sample preparation protocol was different to that utilised by Tanaka as
the samples were cooled from room temperature to 100 K (below T,) and then the
temperature was slowly increased to 120 K, rather than quenched directly from room
temperature to the selected annealing temperature. The overall conclusion of their
studies was that n-butanol transformed into a mixed state composed of micro- or
submicrocrystallites and supercooled (non-transformed) liquid. The estimated degree of
crystallinity was about 70% at 120 K. They argued that the observed phenomenon, just
above T, was associated with the devitrification process driven by the formation of new
associations via hydrogen bonding and was possibly frustrated due to a very high
nucleation rate and very low molecular mobility in the deeply supercooled state,

preventing rearrangement of molecules.?”®
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Hassaine et al. reported that the thermal behaviour of the new (glassy) phase of
n-butanol was different to that of the stable crystal and the glass, but it was, however,
close to a strongly defective crystal. They detected no traces of the second glass transition
and agreed with the conclusions of Hédoux and co-workers that the new phase was a
mixture of submicrocrystallites embedded in a disordered (solid or liquid) matrix formed
as a result of an aborted crystallisation. This was further supported by Brillouin-scattering
measurements showing peaks corresponding to the stable crystal to be present in the
glacial phase, increasing in intensity and displaying improved definition as
the temperature of annealing was increased.®®

Ramos and co-workers addressed the question of the nature of the apparently
amorphous glacial phase by carrying out more extensive X-ray studies in the temperature
range from 96.5 K (glass 1) to 180 K (stable crystal 1). They reported that the spectra of the
stable crystal phase and the crystal obtained from the glacial phase were identical and
described the glacial phase as “some kind of disordered, not-well grown crystal”.”’ This
conclusion was further supported by heat capacity and thermal conductivity
measurements which showed that the behaviour of the glacial phase in n-butanol was
not as expected from an amorphous solid but rather a very defective crystal.*

As it is in the case of TPP, despite extensive studies utilising various experimental
techniques there is no consensus as to the nature and origin of the glacial phase in
n-butanol. And similarly, two main scenarios used to explain the phenomena observed in
deeply supercooled n-butanol are the existence of an LLT or an aborted crystallisation

leading to the formation of microcrystals.

1.2 Order Parameter

The order parameter, briefly mentioned in the previous sections and Figure 2, is
a parameter chosen to best represent physical changes occurring during a phase
transition. In case of the most common phase transitions, i.e., solid-liquid and liquid-gas,
the order parameter is known to be density, which maximises the efficiency of
the molecular packing. In ferromagnetic systems undergoing a phase transition it is the
net magnetisation. Isotropic to nematic liquid-crystalline (LC) transitions are characterised
by the degree of orientational ordering. In such cases, the order parameter S describes

the average orientation angle 6 of molecules in an LC at one time with respect to
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the preferred direction in which the molecular axis of the bulk tends to point and is

defined as®

S=<%c0529—%> (1)

Perfect order results in S = 1, while S = 0 means that there is no orientational order.
Figure 3 shows the typical variation of S with temperature for so-called thermotropic LCs
in which the degree of orientational and positional order depends on temperature.
Typical values of S are between 0.8 and 0.3 and this value decreases with increasing

temperature and entropy. At the clearing temperature T, the system becomes

an isotropic liquid.
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Figure 3. Temperature dependence of the order parameter characterising liquid-crystalline

phases. T. is the clearing temperature at which transition to (isotropic) liquid occurs.*

In the case of LLTs, transitions between two disordered states, up to date there has
been no consensus to what the most suitable order parameter is. Tanaka and co-workers
postulated that, despite a common belief that a liquid can be described using only
density, at least two order parameters are needed to understand and describe the
physical properties of the liquid state. Two-order-parameter model was developed to

explain water anomalies, formation of glasses and LLTs (both from kinetics and
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thermodynamics point of view). The model proposed that most liquids could be
physically described as consisting of unique, locally favoured structures (short-range
bond order) cooperatively excited in a sea of disordered background structures
(normal-liquid). This locally favoured structure (LFS) can be identified as a minimum
structural unit (volume or symmetry element). The number of the LFSs increases with
decreasing temperature as they are (in the ground state) energetically more favourable
than normal-liquid structures (in the excited state) (Figure 4). The assumption is that the
energy and the lifetime between LFSs and normal-liquid structures are distinctly different,
indicating whether the LFS is a symmetry element or not. This description shows that
additional order parameter, named bond order parameter S, is required to satisfactorily
describe a liquid state and the LLT. S represents the fraction or number density

of LFSs.3%5%
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Figure 4. Schematic illustration showing the energy levels of normal-liquid and locally

favoured structures and a proposed locally favoured structure for water. Note that E;<E,,
Uy >V, and g; < g, - energy, specific volume and degeneracy respectively. The subscript S

represents parameters of locally favoured structures, whilst p corresponds to normal-liquid

structures.?

Up to date, the coupling of the bond order parameter and density is the only
alternative to the classical description of the liquid state using only its density. However it
is still unclear what the bond order parameter actually represents on the molecular level

and how to measure it.
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1.3 Nucleation

Crystallisation lies behind many natural phenomena and plays a crucial role in various
industrial processes, such as synthesis, purification and separation of drugs, chemicals
and food.

For crystallisation to occur a solution must be supersaturated, ie. the solute’s
concentration must exceed its thermodynamic solubility limit. Nucleation, a first-order
transition during which solid particles are formed from atoms, ions or macromolecules, is
an essential part of every crystallisation process. In general, nucleation can be divided into
primary (when there is no crystalline substance in the supersaturated solution) or
secondary (when a crystalline substance is present in the supersaturated solution).
The primary nucleation can be further divided into homogeneous and heterogeneous.
Foreign particles, present in the supersaturated solution, induce heterogeneous
nucleation, whilst homogeneous nucleation occurs in their absence.

The importance of crystallisation in many fields of science and technology led to
the formulation of well-established theories for nucleation and crystal growth.”’

Crystal nucleation in melts or solutions is typically described by so-called classical
nucleation theory (CNT). This theory, formulated at the end of the 19" century by Gibbs, is
based on the competition between the free energy of solidification and the free energy
due to the presence of the interface.”® The latter results in a barrier to crystallisation and
hence supersaturation and a metastable nonequilibrium state. Thermodynamic
fluctuations then lead to pre-nucleation sites, the majority of which will redissolve.”
Occasionally, a nucleus will grow big enough to overcome the barrier (a critical nucleus)
and continue to grow. Only at considerable supersaturation will the energy barrier
disappear, at which point homogeneous nucleation will occur (Figure 5). As a result,
crystal nucleation is generally a rare process that is difficult to study either experimentally
or even through computer simulation.

The total free energy AG required for the formation of a spherical critical nucleus with

radius r:

AG =—%7rr3n55/,t+47rr2y )
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where n;is the number density of particles in the solid, du is the difference between
chemical potential of the liquid and the solid, and ¥ is the liquid-solid interfacial tension.
The critical size (i.e. the minimum size) of the stable nucleus r. and the critical free energy

of the system AG_ (see Figure 5) are given by

r. =2y /(nou) 3)
167y’
AG =—T"F (4)
< 3(ngu)

Nuclei with a radius smaller than r. will redissolve and the ones larger than r. will

continue to grow as it reduces their free energy. The nucleation frequency/, equal to the

number of nuclei per volume, is given as

k

I=—exp[-AG, / k,T] (5)
Tt

where is k a constant, k, is Boltzmann’s constant and T is temperature. 7, , the

characteristic time of material transport which controls crystallisation, governs the

kinetics of nucleation.™®
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Figure 5. Classical nucleation theory — simplified illustration of the concepts. Increasing
supersaturation makes it more likely for random density fluctuations to occur, ions or
molecules (A) to cluster (B). If the size of the formed cluster is smaller than the critical nucleus
size, the cluster is unstable and will redissolve (C). However, if the size of the cluster is larger the

critical nucleus size, nucleation occurs (D).
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There are a number of assumptions underlying the CNT: the nuclei are spherical (or
constant shape), there is only one interfacial energy for the entire forming nuclei and
finally - the nucleation is entirely homogeneous.'" Whilst the CNT allows the estimation
of the critical size of the nucleus and the nucleation frequency, it does not take into
account that the nucleating phase may have a structure distinctly different from the final
product of crystallisation. This is crucial for understanding and controlling of the outcome
of any crystallisation process in terms of its size, purity, morphology and structure.

The CNT describes the early stages of crystallisation by two main processes: nucleation
of stable nuclei and their subsequent growth. However this point of view has been shown
to be rather limiting and inadequate in many cases. More than a century ago Ostwald
argued that a system in an unstable state does not necessarily transform directly into the
most thermodynamically stable one. Such system could firstly transform into another
intermediate state, accompanied by the smallest free energy loss, before the stable state
is reached. Hence, the nucleated phase is not necessary the most thermodynamically
stable one, but the one which free energy is closest to the disordered (liquid) phase. This
so-called Ostwald’s rule of stages suggests that the recognition and understanding of
these intermediate metastable states is critical to the understanding of the path and
thermodynamics of nucleation.'” The difficulty is that such metastable states are typically
too rare or short-lived to be observed.

Another concept, developed primarily within the field of bio mineralisation, proposed
existence of small, thermodynamically stable pre-nucleation clusters (PNC) in the
homogeneous region of the phase diagram. Recent work by Gebauer and others has
shown that in some cases (such as the nucleation of carbonates from aqueous
solution)'®'% formed solute clusters may aggregate into amorphous clusters. The
elimination of the interface and re-crystallisation within clusters may lead to formation of
crystal nuclei.'® %% Sych non-classical nucleation theories do not require a “critical

° be counter to

nucleus”. These theories appear to, but may not necessarily,"
thermodynamic theory. Interestingly, a number of light scattering studies of solutions
have shown anomalous clustering in solution suggesting that the effect might be more

general."o "
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1.4 Liquid Crystal Phases

In a crystal, the order is usually both positional and orientational. A liquid, on the other
hand, is considered a dynamically changing phase with molecules undergoing random
tumbling motion and constant re-arrangement. The term “liquid crystal” (also called
a mesophase) indicates a state intermediate between the amorphous liquid and the
ordered crystalline solid, characterised by some degree of long-range orientational order
and sometimes one-, two- or even three-dimensional long-range translational or
positional order (Figure 6). In a mesophase, the affinity for the molecules to spend more
time in a certain position or to point in one direction is much less pronounced which is
reflected in the latent heat values of crystal-LC transition, close in value to normal
melting.”* A typical LC molecule consists of two parts - the rigid central part called
mesogen and the flexible side chains called spacer.'’”> The elongated cigar-shaped
molecules are in constant thermal motion but prefer parallel alignment due to the strong
intermolecular interactions (7 — 7 ). Despite the fact that LCs combine the properties of
amorphous isotropic liquids and ordered crystalline solids, they exhibit unique electro-
optical properties, not observed in case of other solids and liquids. The orientational order
of constituent anisotropic molecules controls the physical properties of the LC and can be
monitored by weak electric or magnetic fields, effectively changing optical and
mechanical properties of an LC. This switchability has broad practical applications in
modern technologies such as displays and opto-electronic devices.'"? The predominant
orientation of alignment, called the “director”, is a unit vector n that characterises the
long-order of constituent molecules (Figure 6).>*

There are a great variety of LC phases varying in their structure and physical
properties. In general, they are classified into two major classes - thermotropic and
lyotropic. Thermotropic LCs are formed by the substances which transit to the LC state
with increasing temperature via the following path of reversible first-order phase
transitions: solid-LC-isotropic liquid. Three examples of thermotropic LCs are shown in
Figure 6. In the least ordered, so-called nematic phase, the molecules are still able to
move but their orientation remains constant. Smectic phase exhibits both orientational
and positional order. As the molecules are arranged in layers, their movement is restricted
inside them. Cholesteric phase is the nematic phase in which molecules are arranged at
a slight angle to one another resulting in a natural twist between layers. On the other

hand, lyotropic LC phase appear when LC-forming substances are dissolved, within
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certain concentration range, in water or other solvents. Lyotropic LCs play a great role in

biology (e.g. in metabolic processes of living organisms) and are found in more materials

than thermotropic LCs.'

... . .. heating
—_—

Crystal

(Ulr

J

Liquid crystal

Nematic

.

Smectic

P
-
|
) e
Arapessss

Cholesteric

J

Figure 6. lllustration of relationship between liquid crystalline phase with liquid and

crystalline solid phases (top) and structure diagrams of three types of liquid crystalline phases

(bottom).”> "* The red arrows indicate the long-order of molecules represented by the

director n.
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Experimental

This chapter introduces the imaging and spectroscopic techniques used to study phase
transitions and mesophases, which are the subject of this work. It also provides full
experimental details, including materials used, configurations of experimental set-ups,

and sample preparation methods.

2.1 Dark Field Imaging

2.1.1 Introduction

The observation of very small objects and many fine details against a bright background
is, in most cases, very difficult, if not impossible. Dark field imaging is a technique, which
enables such observations through formation of the image exclusively from scattered
light.

In practice, dark field imaging can be achieved by placing a so-called ‘patch stop’ (an
opaque disc) onto a standard bright-field condenser or using special dark field
condensers, which concentrate light by reflection. The patch stop blocks out the central
portion of the illumination and ensures that only light deviated by the sample enters the

objective and forms the image (Figure 7). The contrast enhancement comes from
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elimination of the background intensity and the resulting image is that of the small

objects in negative contrast, i.e., they appear bright against a dark background."""’
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Figure 7. Image formation in dark field imaging.

2.1.2 Experimental Set-up

The experimental set-up for dark field imaging is shown in Figure 8. The set-up enabled
experiments to be performed at cryogenic temperatures by using an Optistat DN liquid
nitrogen (LN2) optical spectroscopy cryostat (Oxford Instruments) offering a temperature

range between -196 and 27° C and optical access to the sample space via up to five

windows.
DS Camera Control
Temperature : _
controller UnitD5-02 . o g
Light Optistat®DN liquid nitrogen (LN2) )
source optical spectroscopy cryostat
q Objective
with prime lens
Black Bellows DS-Fi1 Digital
screen Sample Microscope Camera <
_ Head
Nitrogen gas Computer with image

sample space

processing software

High vacuum

Figure 8. Experimental set-up for dark field imaging at variable temperatures.

Dark field imaging was performed using a visible light source placed behind a black
screen acting as a patch stop. Images and movies were recorded using a 5-megapixel

Nikon DS-Fi1 camera interfaced to a computer through a USB port. It was integrated via
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Nikon Digital Sight DS-U2 controller with Nikon’s NIS-Elements Documentation software
that allowed image acquisition.
Magnification offered by this experimental set up did not allow accurate

determination of the size of the observed crystalline structures.

2.1.3 Sample Preparation

This technique was used to study the mixture of water in trans-1,2-dichloroethylene
described in Chapter 3. All samples were degassed by freeze-thaw cycling under vacuum
and distilled directly into a 2mm-deep by 10mm-wide quartz rectangular cuvette with a
long glass tube attached. The end of this tube was connected to a vacuum pump via
series of PTFE tubes, connectors and valves. The whole system was sealed enabling
evacuation of atmospheric gases and preventing their reabsorption. The experiments

were performed at the vapour pressure.

2.2 Bright Field Microscopy

2.2.1 Introduction

Bright field microscopy is the most basic transmitted light microscopy technique.
Bright field illumination (also called Kohler illumination) is designed to provide an even
illumination of a large area using a small light source. This technique is suitable for
samples with relatively high contrast, coloured or stained.""’

To explain how it works, let us consider two sets of light rays, which coincide with each
other whilst performing different roles. The first set - the illuminating rays - contains
successive images of the lamp filament. It is first focused at the condenser aperture plane
and then at the so-called back focal plane, inside the objective. In between these two
focus points these light rays provide a desired wide and even illumination for the
specimen. Finally, the eye lens projects them onto the retina (Figure 9).""7 '8

The second set consists of so called image-forming rays and it carries successive
images of the specimen. Light rays passing through a specimen (evenly illuminated by
parallel illuminating rays) are focused at the primary image plane by the objective

(Figure 9). On this plane an image is magnified but rotated by 180°. The image is rotated
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to the correct position by the eyepiece lenses and it is formed at a small distance from the

top lens of the eyepiece.
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Figure 9. Bright field illumination diagram showing illuminating and image-forming rays

with images formed at particular planes. ™

The total magnification achieved is the product of the magnification of two lens

systems: the objective and the eyepiece.

2.2.2 Experimental Set-up

The experimental set-up for bright field microscopy is shown in Figure 1o0.
It consisted of a Nikon Eclipse 50i microscope with an attached 5-megapixel DS-Fin
camera and a heating and freezing microscope stage (Linkam) replacing a standard

microscope stage.
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A Nikon Digital Sight DS-U2 controller interfaced the camera to a PC through a USB
port. It was integrated with Nikon’s NIS-Elements Documentation software that allowed
image acquisition from the microscope.

A sample was placed in the sample chamber of a heating and freezing microscope
stage (Linkam). A T95 system controller (including Linksys 32 system control software)
communicated with an LNP95 cooling pump and regulated the temperature of the
sample by adjusting the flow of liquid nitrogen. The rate at which the sample could be
cooled was between 0.01 and 100° C/min and the heating rate was up to 150° C/min. The
temperature range could be controlled between -196° C and 300° C, with 0.1° C accuracy.
The dry nitrogen exhausted from the unit was used to purge the sample chamber and

keep the tubing flexible.
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Figure 10. Experimental set-up for bright field microscopy at variable temperatures (Nikon).
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2.3 Phase Contrast Microscopy

2.3.1 Introduction

The aim of phase contrast microscopy is to produce a visible image of structures in
samples or specimens, which are invisible to the eye under standard bright field
illumination.

A phase contrast microscope is designed in such a way that it enables the segregation
of the surround (undiffracted) and diffracted light emerging from the sample and projects
them onto different locations in the rear focal plane of the objective (Figure 11).
Additionally, to generate contrast visible to our eyes, the amplitude of the surround light
is reduced and the phase is either advanced or retarded by about a quarter wavelength
(A/4).

To achieve this a bright field microscope is equipped with two additional specialised
accessories - a condenser annulus and a phase contrast objective featuring a phase plate
positioned either in or near its rear focal plane.

A phase annulus (a ring-shaped hole), placed in a condenser, illuminates the sample
with defocused, parallel light. The light, which goes through a sample, is retarded by
about A/4. The light passing through the sample and the thick portion of the phase plate

(outside the phase ring) is given an additional phase difference of 1/ 4 :
D=x+A/4+A/4=x+1/2 (6)

where @ is the phase difference, x is the retardation given to the light ray by the thinner
portion of the plate, and A is the wavelength. Therefore there is a A/2 phase difference
between the surround ray (@ = x) and the diffracted ray and it results in destructive
interference. On the resultant image, the sample looks darker than the background.
Obtained contrast differs across the sample depending on the phase retardation and
creates detail in the image. The intensity of the image is proportional to the refractive

index contrast and therefore to the density contrast.''®'"’
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Figure 11. Phase contrast microscope optical train.”

2.3.2 Experimental Set-ups

Two different experimental set-ups were used to record phase contrast microscopy
images presented in this work and it is specified in the particular chapters which one was
used to obtain the results.

The first experimental set-up for phase contrast microscopy is described in detail in
Section 2.2.2 and is shown in Figure 10.

The second experimental set-up used to record phase contrast microscopy images is

described in Section 2.6.2.

2.4 Polarised Light Microscopy

2.4.1 Introduction

The polarised light microscopy is primarily used to detect and measure birefringence - the
variation of sample’s refractive index with the polarisation and propagation direction of
light. This technique enables us to determine the sign and type of birefringence and
locate the optical axes of birefringent structures. Due to the fact that anisotropic effects
reveal the presence of regularity in the chemical bond orientations, the polarised light
microscopy can be used to infer the nature of structures at dimensions not accessible by

optical microscopy due to its resolution limits.
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At the early stages of development of this technique, only samples with a high degree
of anisotropy were examined, however nowadays it is possible to perform high-resolution
measurements of low-level birefringence.

In order to perform polarised light observations, the microscope must be equipped
with two polarisers. The first one is positioned in the optical pathway before the sample
and the second one - called an analyser - between the objective rear aperture and the
camera port.

In polarised light microscopy, image contrast comes from the interaction of plane-
polarised light with a birefringent (or doubly-refracting) sample, the result of which are
two wave components polarised in perpendicular to each other's planes. These
components - called the ordinary and the extraordinary wavefronts - travel at different
speeds depending on the propagation direction through the sample. On exiting the
sample, the components become out of phase. The purpose of the analyser is to
recombine them with constructive and destructive interference as shown

in Figure 12.">1"
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Figure 12. (A) Polarised light microscope optical train.*® (B) Triphenyl phosphite crystals

under polarised light. The appearance of ‘Maltese crosses’ is a result of their birefringence.

2.4.2 Experimental Set-up

The experimental set-up used to record simple polarisation microscopy images presented
in this work is described in Section 2.2.2. The only additional accessory required to obtain
polarisation microscopy images was a polariser, which was positioned in the light path

between the light source and the condenser. This polariser could be manually rotated
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through 360 degrees. The second in-built polariser (analyser), located above the
objective, could be inserted into or removed from the light path but it could not be

rotated.

2.5 Confocal Raman Microscopy

2.5.1 Introduction

Confocal Raman microscopy combines two very powerful analytical techniques: confocal
microscopy and Raman spectroscopy.

This technique enables us to collect the signal from a single point on a sample thanks
to a special optical design shown schematically in Figure 13. The single point focus on a
sample is achieved by placing a pinhole aperture in front of the laser, which is then
refocused by the microscope objective. Another pinhole aperture, placed between the
microscope objective and the image plane, acts as a spatial filter eliminating any residual
scattering arising from out-of-focus points on the sample. The signal collected from the
sample is dispersed into a spectrum by a spectrometer and detected by a CCD detector.

The spectral information, obtained through Raman spectroscopy, provides
a molecular fingerprint by probing the vibrational energy levels within a molecule. It is
based on the inelastic scattering of monochromatic light, occurring upon interaction of
the electromagnetic radiation with vibrational and/or rotational motions of molecules.
The frequency of the scattered light is shifted in respect to the original monochromatic
frequency, which is known as the Raman effect. This frequency shift (Raman shift) is
characteristic of vibrational and rotational energies of the specific molecular bonds.
Therefore this technique provides information about the chemical composition of the

chosen spotin a sample.'? 12
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Figure 13. (A) Schematic of confocal Raman microscopy system.” (B) Confocal Raman
microscopy experimental set-up (1- Horiba LabRAM HR confocal microscope, 2 - Linkam stage,

3-Dewar, 4 - LinkPad controller, 5 - Linkam LNPg5 cooling system).

2.5.2 Experimental Set-up

The experimental set-up for confocal Raman microscopy is shown in Figure 13 and
Figure 14. The integral part of this set-up is a Horiba LabRAM HR confocal microscope
system. The excitation source was a 532 nm diode-pumped solid-state (DPSS) laser. The
measured laser power at the sample stage was 28 mW. A 50 um diameter aperture and
50x long-working-distance objective were used to record the Raman spectra.

All samples were placed in the heating and freezing microscope stage (Linkam) and
the sample loading protocols are described in Section 2.6.5. The operating system of the
temperature control system (LNP95, Linkam) was accessed through the touch screen
display called LinkPad.

The Raman microscopy experiments carried out on water crystals, phase-separated
from a mixture of water and trans-1,2-dichloroethylene (trans-DCE), required trans-DCE to
be removed prior to measurements. This was achieved by controlled vacuum evaporation

at 233 K.
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Figure 14. Experimental set-up for confocal Raman microscopy at variable temperatures. The
vacuum pump was used only in experiments required the removal of liquid

trans-1,2-dichloroethylene.

2.5.3 Data Analysis

Raman scattering intensity and the linewidth (FWHM) were analysed by fitting a Gaussian

function to the chosen peaks using IGOR Pro 6.21.

2.6 Fluorescence Lifetime Imaging Microscopy

2.6.1 Introduction

Fluorescence occurs when a fluorophore (or a fluorescent dye) is excited by light of
appropriate wavelength. The light emitted as a result is usually characterised by a longer
wavelength than the excitation wavelength. The fluorescence light produces
a characteristic spectrum and it is emitted with a characteristic time constant known as

the fluorescence lifetime 7 (or fluorescence decay time):*
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where k, and k,, are the radiative and non-radiative rate constant respectively. The

fluorescence lifetime of a fluorophore, within reasonable limits, is not affected by its
concentration but it is highly dependent on its molecular environment and hence can be
used to probe and investigate molecular effects. Environmental properties and factors,
which can influence the fluorescence lifetime, include the local refractive index,”* the
local viscosity,”™™ the solvent polarity,”® pH,” ion concentrations, oxygen, binding to
proteins and proximity to metal surfaces.” Therefore imaging the fluorescence lifetime

allows mapping of this molecular information.™®

Intensity

Unguenched
Fluorescence:

/ e~/

Quenching:
e /g

0 1 2 3 Time (ns) 4

Figure 15. Decay of the fluorescence (red) after excitation with a short light pulse (blue).”

The radiative rate constant k, is a function of the refractive index due to the

polarisability of the medium surrounding the fluorescence probe. This relationship is

known as the Strickler-Berg formula

I(v)d
k= =288x10°n Jiwde jg(v)
T, j/(v)v-3dv

where 7, is the natural lifetime, / is the fluorescence emission, € is the extinction
coefficient, v is the wavenumber, and nis the refractive index. It predicts that the
florescence lifetime is inversely proportional to the square of the refractive index,

7,°<n"’, and there is experimental evidence to support that.'®
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The technique used to perform fluorescence lifetime imaging (FLIM) is time-correlated
single photon counting (TCSPC). Due to its high sensitivity, it enables recording of low-

level light signals with picosecond resolution and extremely high precision.

A Excitation pulse sequence, repetition rate 80 MHz
LLLALETECEEEEEEEEE LR LT EREREEEEREEEEEEEEEEAAL
- 100ns

Fluorescence signal (expected)
AW AW A,

C Detector signal, oscillocope trace

,-_LWI._J___,.._, I R T U L b L

Figure 16. Detector signal for fluorescence detection at a pulse repetition rate of 80 MHz (A)

and the detection rate of 10’ photons per second (C).”*

The classic TCSPC detects single photons of a periodic light signal, measures the
detection times, and reconstructs the waveform from the individual time measurements.
A sample excited by a laser pulsed with a repetition rate of 80 MHz, should in theory
produce the fluorescence signal shown in Figure 16. However, the detector signal
consists of only random pulses representing the detection of single photons of the
fluorescence signal with the photon detection rate of about 10’ s'. This order of
magnitude represents the maximum possible detection capability of most photon
counting detectors. Therefore it is necessary to consider the fluorescence signal as a
photon distribution function created by measuring the arrival times of the photons after
the excitation pulses and building up a histogram (Figure 17). The major limitation of the
classic TCSPC is the fact that it is essentially one-dimensional. In practical terms that
means that the scanner of a laser scanning microscope would have to stop and wait for a

fluorescence decay curve to be recorded for each individual pixel.
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Figure 17. Principle of time-correlated single photon counting (TCSPC).”**

In 1993 Becker & Hickl overcame this limitation by introducing a multi-dimensional
TCSPC technique capable of characterising the photons not by one but by a number of
parameters such as the wavelength, their location in a scan area, the time from the start
of the experiment, or the time from a stimulation of the sample. An example of a resulting
photon distribution is shown in Figure 18. The multi-dimensional TCSPC combined with a
confocal laser scanning microscope delivers multi-wavelength FLIM with picosecond time
resolution, close to ideal counting efficiency, and the multi-exponential decay profile
resolving capability.

Figure 18 shows the basic architecture of a TCSPC FLIM device. The laser scanning
microscope scans the sample and the resulting fluorescence is detected by a photon
counting detector, which sends an electrical pulse into the TCSPC module for each
detected photon. The TCSPC module also receives scan clock pulses from the microscope
and determines, for each received pulse, the time in the fluorescence decay (t) and the
location within the scanning area (x, y) building the photon distribution density over x, y

and t.
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Figure 18. Multi-dimensional TCSPC architecture for FLIM.”®

The result of such measurement is an array of data corresponding to the scan area
with each pixel containing a fluorescence decay curve displayed as a pseudo-colour
image. An example of a FLIM image is shown in Figure 19. The colour may represent any
parameter of the decay profile, for example a lifetime of a decay component or its

amplitude, whilst the brightness corresponds to the number of photons per pixel.'*

Figure 19. Lifetime image of a Convallaria sample.”
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2.6.2 Experimental Set-ups

The fluorescence lifetime imaging microscopy set-up is shown in Figure 20. It consisted of
a Zeiss LSM710 laser-scanning confocal microscope equipped with a 20x objective lens
(NA = 0.4) providing a spatial resolution of 0.4 um. This system, equipped with a number
of CW laser sources ranging from 405 nm to 633 nm, was used for phase-contrast,
fluorescence, polarisation, and differential interference contrast (DIC) microscopy. For
FLIM measurements, the system used a 405-nm laser pulsed with a repetition rate of
20 MHz. A Becker & Hickl Simple-Tau detection system was used for time-correlated single
photon counting (TCSPC). Areas of 212.1 x 212.1 um* were mapped with a total acquisition
time of ~30 s per frame. The emission wavelength of selected fluorophores, perylene and
coumarin 153, was in the range 420-550 nm and 450-700 nm, respectively.

All samples were placed in the heating and freezing microscope stage (Linkam),
replacing a standard microscope stage, and the sample loading protocols are described in
Section 2.6.5. The operating system of the temperature control system (LNP95, Linkam)

was accessed through the touch screen display called LinkPad.

Figure 20. The fluorescence lifetime imaging microscopy set-up (Zeiss / Becker & Hickl).

FLIM images comprising 256 x 256 pixels were obtained at an approximate average
photon flux of ~1 x 10°photons s, and data were accumulated such that the total photon
count was sufficient for fitting purposes (at approximately 3,500 photons per pixel
followed by 9-pixel binning, which was applied as a sliding average). Fluorescence decay

curves were collected to a total delay time of ~50 ns to ensure a good fit (X>~ 1) and
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an accurate determination of the background noise level in order to avoid

underestimating the lifetime.

2.6.3 Data Analysis

Data analysis was performed using SPCImage software (Becker & Hickl). The accumulated
fluorescence decay curves in each pixel of the scanned area were fitted with an
appropriate model yielding a lifetime for each pixel in the image (Figure 21). In case of all
results presented here, this model was a single exponential decay.

As the measured fluorescence lifetimes were much longer than the instrument
response function (IRF) of the FLIM system, tail fitting was applied to all decay curves. The
accuracy of the tail-fitting method was tested by performing a number of full fits (starting
from the rise of the decay curve and including an experimentally obtained IRF). These fits

yielded the same lifetime values within the signal-to-noise ratio.

A B C

Pixels Fit Procedure
> Model, fitted to data

Results: 7, a

Data, photon numbers
in time channels

Figure 21. Analysis of FLIM data. (A) Raw data - pixels containing decay curves. (B) Fit
procedure delivers lifetimes and amplitudes for individual pixels. (C) Pixels contain results of fit

procedure.”®

The FLIM data presented in the following chapters were obtained by tail fitting from
2 ns after the peak of the fluorescence decay curve (where the IRF has fallen to 1/1000t of
its peak value) to about 30 ns where the fluorescence decay reached the noise level. It
was confirmed that the 9-pixel binning procedure did not affect the lifetime distributions
apart from a reduction in width by a factor of V9 as expected.

To obtain the peak value of the fluorescence lifetime distribution, it was fitted to one

or two Gaussians using IGOR Pro 6.21 (Figure 22).
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Figure 22. Fluorescence lifetime distributions of the probe perylene in TPP at 220 K. (A) The
lifetime distribution of liquid 1 (right/black) and liquid 2 (left/black) and their corresponding
Gaussian fits (dashed lines). (B) The lifetime distribution obtained at the approximate halfway

point in the transition (black). The distribution was fitted with two Gaussians (blue and green).

2.6.4 FLIM vs. TCSPC

The FLIM technique is uniquely capable of distinguishing small differences in
fluorescence lifetimes in inhomogeneous samples that cannot be resolved by bulk
measurements. This was imperative in our studies of the LLT in TPP described in
Chapter 4. To demonstrate this, TCSPC data were simulated using an exponential decay
function that incorporated Poisson noise (to simulate the effect of laser noise) decaying to
a Poisson noise floor (to simulate the effect of detector noise). The simulated TCSPC data
removed uncertainties due to pulse shape in the experimental data.

Figure 23B shows that the data sets collected from two distinct regions, with
fluorescence lifetimes of 4.0 and 4.3 ns, could be easily resolved through fitting. When
combined into a single set, to simulate a bulk measurement (Figure 23C), fitting with a
single exponential resulted in an average fluorescence lifetime of 4.15 ns and X*~ 1.
Fitting the same set of data to a double exponential did not improve the fit and did not
allow the extraction of two fluorescence lifetimes.

This reflects what was observed in case of the actual experimental data - the
fluorescence lifetimes of liquid 1 and liquid 2 could be easily identified by FLIM
measurements. However, averaging of all TCSPC data from a FLIM map into a single
TCSPC decay curve, led to a single exponential decay with a fluorescence lifetime with the

value corresponding to the average of that in liquid 1 and liquid 2.
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Figure 23. Very similar fluorescence decay times, unresolvable by bulk measurements, can be
easily resolved by FLIM. (A) Representative image obtained during the NG-type LLT from
liquid 1 (blue) to liquid 2 (yellow) in TPP. (B) Simulated exponential decay traces with decay
times of 4.0 and 4.3 ns. (C) The sum of the two traces fitted with a single exponential decay

function.

2.6.5 Linkam microscope stage THMS600

Apart from the dark field imaging, the remaining experiments described in this thesis
were carried out using the Linkam heating and freezing stage THMS600 (Figure 24). This
stage replaced a standard microscope stage on all three microscopes used. Its main
advantages were the accurate temperature control and the moisture-free experimental

environment.
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Figure 24. Linkam heating and freezing stage THMS60o0. (A) Top view. (B) Position of

a sample in the Linkam stage.

Three different sample-loading protocols were employed depending on volatility and
moisture-sensitivity of the investigated liquid. In case of all experiments carried on
triphenyl phosphite (TPP), a drop of liquid was sandwiched between two disposable ¢ 16
mm glass cover slips placed inside a copper ring covered by a @ 19 mm glass cover slip
(Figure 24). The sample thickness was controlled by using @ 11.58+0.19 um monodisperse
particle standards (Whitehouse Scientific). Typical temperature cycle for the experiments
on TPP in shown in Figure 25. Before the experiment was performed, the sample chamber
needed to be purged for about 20 minutes to eliminate condensation. When the purging
was complete, a sample was cooled to the selected temperature at a rate of 10 K/min. To
ensure that any residual moisture was not affecting data collection, all samples were
cooled at a slower rate of 2 K/min in the range between 278 K and 268 K. This enabled any
residual moisture present inside the sample chamber to condense on the coolest parts of

the chamber i.e., the cooling tubes.
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Figure 25. Typical temperature cycle for experiments performed on TPP. (1) Heating to the
purging temperature; (2) Purging; (3) Cooling to the selected LLT temperature; (4) LLT - data
collection; (5) Heating to the room temperature, above the melting temperature of TPP
(Tm = 296 K). All experiments were performed at temperatures above the glass transition

temperature of TPP (Ty~ 205 K).

For experiments on n-butanol, the empty sample chamber was first purged for about
20 minutes and cooled down to about 243 K. The stage was then placed in the DIY
low-temperature glove box (Figure 26) at a temperature of about 253 K. As in case of TPP,
a drop of liquid was sandwiched between two disposable @ 16 mm glass cover slips
placed inside a copper ring covered by a @ 19 mm glass cover slip (Figure 24). The sample
thickness was controlled by using @ 11.58+0.19 um monodisperse particle standards
(Whitehouse Scientific). Once the sample was loaded, the stage was removed from the
glove box and connected to the Linkam controllers and cooled down to the required
temperature.

Highly volatile and hygroscopic liquids, such as 1,2-dichloroethylene, carbon
disulphide, and solutions of nitrobenzene in hexane, required the use of a THMSQ quartz
crucible, which allowed loading larger volume samples. The empty sample chamber was

first purged for about 20 minutes and cooled down to about 243 K. The stage was placed
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in the DIY low-temperature glove box at a temperature of about 253 K. The sample was
loaded from a bottle, stored previously in the freezer. The crucible was covered with a @
19 mm glass cover slip. Once the sample was in the crucible, the stage was removed from
the glove box and connected to the Linkam controllers and quickly cooled down to
required temperature (e.g., 243 K for trans-1,2-dichloroethylene) to make sure that the
temperature would not rise uncontrollably. Afterwards the cooling stage was positioned

on the microscope.

Figure 26. DIY low-temperature glove box used to handle hygroscopic samples made by Dr

David Turton. (A) Front view shows that the freezer doors was replaced by an insulated front
panel with holes for arms and any object that needed to be put inside it. (B) Inside the glove

box.

2.6.6 Materials

2.6.6.1 Chapter3

Nitrobenzene (>99.9%) and hexane (99.2%, <0.001% water by Karl Fisher coulometry)
were purchased from Sigma Aldrich and used as supplied. Experiments were carried out

on solutions with 0.1%, 1%, and 10% nitrobenzene in hexane by volume.
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The experiments on trans-1,2-dichloroethylene (99.6%), purchased from Sigma
Aldrich, were carried out on solutions with two concentrations of 80 or 458 ppm of water
as determined by Karl Fisher coulometry. The first solution was trans-1,2-dichloroethylene
used as supplied. The second solution was prepared by saturating
trans-1,2-dichloroethylene with water at room temperature.

Cis-1,2-dichloroethylene (97%) and carbon disulfide (99.9%) were purchased from
Sigma Aldrich and used as supplied.

2.6.6.2 Chapter 4

Triphenyl phosphite (TPP), coumarin 153 (C153) and perylene were purchased from Sigma
Aldrich and used as supplied. The concentration of all solutions used in fluorescence
microscopy experiments was ~10° M. At concentrations up to 10* M, we could
experimentally rule out aggregation of the dye molecules used in TPP.

The protocol of sample loading is described in Section 2.6.5. After loading, a sample
was quenched and held at a selected temperature.

The thermodynamically stable crystalline state (crystal 1), required for some
experiments, was prepared by rapid supercooling of liquid 1 to about 230 K following by
slow heating to about 280 K. The temperature was then lowered to a desired value and

measurements performed.

2.6.6.3 Chapters

The experiments described in this chapter were carried out on anhydrous n-butanol
(99.95% pure, 0.001% water content as determined by Karl Fischer titration), coumarin 153
(C153) and perylene purchased from Sigma Aldrich and used as supplied. The
concentration of all solutions used in fluorescence microscopy experiments was ~10°M.

The protocol of sample loading is described in Section 2.6.5. After loading, a sample
was quenched and held at a selected temperature.

In some experiments liquid 1 was quenched to 136 K to initiate nucleation and held at
this temperature until the droplets of liquid 2 reached a desired size. The temperature
was then raised slowly to 173 K to transform the remaining liquid 1 into crystalline phase

through cold crystallization.
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Crystal Templating through
Liquid-Liquid Phase Separation

The physical chemistry of crystal nucleation is of great fundamental and practical
importance, yet still poorly understood. Controlled induction of crystallisation remains
one of the grand interdisciplinary challenges on the border between chemistry, physics
and chemical engineering.

Here we use bright field microscopy, dark field imaging and confocal Raman
microscopy to study crystal nucleation in the presence of liquid-liquid phase separation
using solutions of two liquids of small molecules. We show that under highly
nonequilibrium conditions of spinodal decomposition, water crystallises into long thin
asymmetric wires, structurally indistinguishable from hexagonal ice. It is a highly
unexpected phenomenon, as the only known wire-like form of ice requires a physical
template and a fungal activity for its formation. The observations of this template-less
“Haareis” (hair ice) formed as a result of liquid-liquid phase separation from mixtures
of water and non-polar liquids strongly suggest that such conditions may be used to

control crystal growth.
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3.1 Introduction

Crystallisation always involves nucleation, a first-order phase transition resulting in the
formation of solid particles. The understanding of the mechanisms behind phase
separation and crystal nucleation is of great fundamental and practical importance yet is
still rather limited. The existing classical and non-classical nucleation theories were
described in Section 1.3.

In the classical approach to crystallisation, a substance is dissolved in a solvent to form
a solution and thereafter cooled to a certain concentration-dependent temperature at
which the solution becomes supersaturated and metastable. This can in principle result in
crystal nucleation (Figure 27). On further cooling, at even lower temperature, the solution

becomes unstable and homogeneous crystal nucleation occurs.
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Figure 27. Binary solid-liquid phase diagrams. (left) A system composed of two well-mixing
substances will exhibit a eutectic point. Cooling of such mixture will result in nucleation of
a solid phase. (right) Cooling of a mixture of two poorly mixing substances will give rise to
liquid-liquid demixing, which in particular cases, can be followed by crystallisation of one of

the substances. Dashed line is the spinodal.

When a solution is prepared from two liquids that do not interact favourably, usually at
high temperature entropy favours the mixed state. When the system is cooled to the
temperature at which the spinodal is crossed, the system becomes unstable and liquid-

liquid phase separation (demixing) occurs (Figure 27). At the spinodal boundary,
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the barrier for phase separation disappears and decomposition happens spontaneously,
assuming nucleation was avoided up to this point.”’

In the 1990s, Frenkel introduced the concept of the enhancement of crystal nucleation
due to the presence of a metastable liquid-liquid critical point. It is considered well
known that the crossing of a free energy barrier limits the rate of crystal nucleation.
Frankel's numerical simulations have shown that the presence of large density
fluctuations at either side of the critical temperature T. and critical concentration
drastically changed the free-energy landscape and lowered the nucleation barrier. This
resulted in the increase of the nucleation rate by a factor 10", The most common method
of increasing of the nucleation rate is to prepare a more saturated solution, however by
doing so the thermodynamic driving force for crystallisation is also enhanced leading to
rapidly growing ill defined amorphous or polycrystalline objects.”''** The reduced crystal
nucleation barrier near T, should, in theory, allow for a selective increase in the crystal
nucleation rate by e.g. adjusting the solvent conditions and by doing so controlling the
location of the liquid-liquid critical point."** According to Frenkel a critical point would
enhance the probability of the occurrence of nucleation (either classical or non-classical)
by inducing concentration fluctuations leading to formation of droplets of so-called
“dense fluid”.'*3>"3 Nowadays, this concept is widely used in chemical engineering to
describe crystal nucleation of small molecules where the formation of this “dense fluid” is
referred to as “oiling out”."" '*® However, Frenkel's concept was developed based on
numerical simulations of homogeneous nucleation of globular proteins with short-range
attractive interactions.”* Hence the direct application of this theory for suspensions of
mesoscopic objects to small molecules in solution is unlikely to be straightforward as
the interaction strengths are very different.'?* 4

Here we will take a systematic approach and study crystal nucleation in the presence
of (a critical point for) liquid-liquid phase separation using liquids of small molecules and
will demonstrate that high driving force does not necessarily lead to ill-defined crystalline
forms. In order to test the Frenkel’s concept of crystal nucleation, two systems (a “solute”
liquid and a “solvent” liquid) were chosen in which the solute-rich fraction after phase
separation is most stable in its solid state (see Figure 27).

The first chosen system was the well-known mixture of nitrobenzene and hexane.
The calculated temperature-composition phase diagram for this system is shown in
Figure 28. Due to significant polarity difference between nitrobenzene and hexane, this

system requires thermal energy to overcome the tendency to separate. It has an upper
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consolute temperature, Tyc (or upper critical solution temperature) of 293.55 K at a critical

nitrobenzene mole fraction of 0.4275. Above Tyc both component liquids are fully

miscible in all proportions.
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Figure 28. The temperature-composition phase diagram for hexane and nitrobenzene
calculated by our collaborator Leo Lue. Points represent previously reported experimental

data. Solid black line is the binodal and dashed line is the spinodal (estimated).

The second chosen system was a mixture of 1,2-trans-dichloroethylene and water.
1,2-dichloroethylene (also called 1,2-dichloroethene or 1,2-DCE) has two geometric
isomers, cis-DCE (a planar structure, a dipole moment of 1.9 D) and trans-DCE (a planar
structure, no dipole moment). It is widely used in the plastics industry, dry cleaning and
many other areas as a solvent for waxes, resins, polymers, fats, and lacquers.'** 4332

In 1981 Kawanishi et al. reported evidence for a liquid-liquid transition (LLT) and
a novel liquid phase of trans-DCE at high pressure based on the results obtained with
pulsed NMR and pressure-volume measurements.'* A year later they published results for
both DCE isomers concluding that only trans-DCE undergoes an LLT at atmospheric
pressure at -16°C (257 K).'* Zegrodnik and Hacura confirmed findings of Kawanishi for

trans-DCE using the Raman spectroscopy suggesting that the liquid state order-disorder

transition is involved.'




More recently, Merkel et al. reported that jumps observed in mid-infrared absorption
spectra at 247 K indicate an occurrence of an LLT in trans-DCE. " This behaviour was
ascribed to the local ordering of the molecular system due to the charge distributions of
dimers formed. The results of measurements of specific heat capacity, X-ray diffraction,

and non-linear dielectric effect spectroscopy, published by Rzoska et al., also show
evidence of an anomaly at the same temperature.'*®

However, Turton et al. reported that temperature-dependent optical Kerr-effect (OKE)
spectra of both DCE isomers did not demonstrate any discontinuity. OKE is sensitive to

the molecular interactions such as the low frequency rotations, translations, and
vibration. Therefore it would be surprising if a change in structure of the liquid would not

affect it. Despite the lack of evidence for an LLT, the report concluded with
the observation of unexplained heterogeneities.'*
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Figure 29. The partial temperature-composition phase diagram for water

1,2-trans-dichloroethylene calculated by our collaborator Leo Lue. Points represent previously

reported experimental data.'* Dashed line is the spinodal that was estimated based on limited

solubility data.

After extensive studies on trans-DCE, we identified the nature and origin of these

heterogeneities as a novel form of hexagonal ice formed as a result of liquid-liquid

separation from a mixture of trans-DCE with trace amounts of water. Our findings were
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followed by systematic studies on this system described in the next section. The upper
consolute temperature and critical mole fraction for this system in not known but the
binodal and spinodal are estimated to be steep functions of the water mole fraction

(Figure 29).

3.2 Results

The systematic studies of two poorly mixing binary systems, namely nitrobenzene-hexane
and water-trans-1.2-dichloroethylene (melting temperatures as per Table 1), were carried
out. The chosen variables were concentration and the cooling rate, which enabled us to
place the systems in a range of experimental conditions ranging from highly

nonequilibrium states to full equilibrium.

Table 1. Melting temperatures of studied organic liquids.

Tm (°C) T (K)
nitrobenzene 5.7 278.7
hexane -95 178
trans-1,2-dichloroetylene -50 223
cis-1,2-dichloroetylene -80 192
carbon disulfide -111.6 161

3.2.1 Nitrobenzene-Hexane

The system studied first was a mixture of nitrobenzene in hexane. The experiments were

carried out on samples with 0.1%, 1%, and 10% nitrobenzene in hexane by volume (v/v).
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Figure 30. Bright field microscopy images of nitrobenzene crystals formed as a result of
liquid-liquid phase separation in 0.1% v/v solution of nitrobenzene in hexane. Phase
separation was observed at 183 K. The solutions were cooled down at 0.5 K/min (a) and 10

K/min (b). Scale bar corresponds to 100 um.

Based on the phase diagram in Figure 28, the liquid-liquid phase separation for these
solutions was predicted to occur at 184.0, 225.9, and 277.6 K respectively. The samples
were cooled down to these temperatures at three different cooling rates of 0.5, 10 and
50 K/min.

As can be seen in Figure 30, the samples containing 0.1% v/v nitrobenzene produced
very small needle-like crystals. The length of these crystals, formed at 0.5 K/min, ranged
from 30-100 um and 20-50 um when the samples were cooled at 10 K/min. The 1% v/v
nitrobenzene samples produced larger needle-shaped crystals at all three cooling rates.
However, the samples containing 10% v/v nitrobenzene produced needle-like crystals
only at the slowest cooling rate of 0.5 K/min. Figure 31 shows that at the cooling rate of
10 K/min, both small crystals and round amorphous shapes were observed. However, at
the highest cooling speed of 50K/min, nitrobenzene crystallised into large amorphous

shapes.
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Figure 31. Bright field microscopy images of nitrobenzene crystals formed as a result of liquid-

liquid phase separation from hexane. The solutions of 1% v/v (left column) and 10% v/v (right
column) nitrobenzene in hexane, with phase separation observed at 223 K and 253 K
respectively, were cooled down at 0.5 K/min (A), 10 K/min (B) and 50 K/min (C). Scale bar

corresponds to 100 um.
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3.2.2 Water - Trans-1,2-Dichloroethylene

The second system studied was the mixture of water in trans-1,2-dichloroethylene (trans-
DCE). These two liquids mix very poorly, however due to trans-DCE being hygroscopic,
the presence of water traces is very difficult to avoid. The first concentration studied was
the supplied trans-DCE containing 8o-ppm of water with a predicted liquid-liquid
equilibrium at 238 K (Figure 29). The second concentration studied was the highest
concentration of water in trans-DCE at room temperature, i.e. 458 ppm. The water content
in both solutions was determined by Karl Fischer coulometry.

Figure 32 shows dark field images of the effect that occurred in the bulk sample. When
the mixture of water and trans-DCE was cooled to about 5-10 degrees above the melting
temperature of trans-DCE (see Table 1), the nucleation and growth of water fluff, carried
by the convection current, was observed. As the temperature of the solution was
reaching the equilibrium, they were gradually adhering to the walls of the cuvette. A
closer look revealed that numerous micro-scale agglomerations were attached to the
quartz wall, while a few macro-scale agglomerations nucleated on the curved liquid-gas
interface.

The microscopic studies revealed that the crystal formation patterns, as a function of
cooling rate, were very similar to those observed in the nitrobenzene-hexane mixture
(Figure 33). High cooling rate (50 K/min) resulted in formation of round polycrystalline
structures. At low cooling rate (0.5 K/min), only crystalline structures were observed,
whilst the intermediate cooling speed (10 K/min) resulted in a mixture of both types of

morphology.
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Figure 32. Dark field images of water crystals formed in trans-DCE cooled to 218 K. (a) Water
fluff was seen floating in supercooled liquid as the temperature was reaching equilibrium.
(b and d) After a few minutes water fluff started adhering to the walls of the cuvette. (c) Large
agglomerations of water fluff formed on the curved gas-liquid interface. Scale bar corresponds

to 1000 um.

However, the appearance of water crystalline structures formed as a result of liquid-
liquid separation from trans-DCE was highly unusual (see Figure 35). These structures
grew as very long thin curved wires, occasionally splitting producing an array of side
branches pointing in a single direction and forming asymmetric brush-like features as can
be seen on the series of images in Figure 34. At the lower cooling rates, these wires
entangled into meso- or even macro-scale balls looking like “fluff”. Typical thickness of
the wires was 2 um but the range of sizes varied from 1 to almost 4 um. The largest balls
of water fluff seemed to grow near the curved liquid-gas interface and these were visible

to the naked eye (see Figure 33b).
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Figure 33. Bright field microscopy images of water crystals formed during liquid-liquid phase

separation from trans-DCE containing 458-ppm water. Different cooling rates resulted in
different morphology of nucleating ice crystals. (a) Long asymmetric wires entangled into ball-
like agglomerations were formed at about 255 K at the cooling rate of 0.5 K/min. (b) Top view
through the cooling stage window. Blue arrow points at large agglomerations of wires visible
with the naked eye. Red arrow points at liquid-gas interface. (c) A mixture of asymmetric wires
and round structures was observed when the mixture was cooled to 233 K at 10 K/min. (d) The
cooling rate of 50 K/min resulted in round structures nucleating at about 233 K. Scale bar

COfI’@SpOﬂdS to 100 um.
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Figure 34. Bright field microscopy images of water fluff nucleating and growing in trans-DCE

cooled to 228 K at 15 K/min. It took about 1 min for this structure to be fully formed.
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Figure 35. Bright field microscopy images showing unusual appearance of water crystals

formed in trans-DCE at 233 K. Scale bar corresponds to 100 um.

Despite the presence of water fluff, trans-DCE could be supercooled to about
20 degrees below the melting temperature. Crystallisation was rapid which strongly
suggests that the present water fluff did not initiate it. The fluff structures could be seen
lodged in the crystalline phase of trans-DCE and once the crystalline phase was re-melted,

they reappeared essentially unchanged (Figure 36).

Figure 36. Bright field microscopy images of fluff-like water crystals formed in supercooled

trans-DCE at 213 K (a), embedded in crystalline phase of bulk liquid trans-DCE (b) and after re-

melting at 228 K (c). Scale bar corresponds to 100 um.

Structural investigations on the observed unusual water structures were carried out
using confocal Raman microscopy. The attempts were made to take the Raman spectra of
the wires immersed in liquid trans-DCE. Two approaches were employed - collecting
the data from a point with estimated up to 50% of wires in the studied volume and

collecting numerous spectra along a line scan.
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Figure 37. Representative Raman spectra of liquid trans-DCE (black) and a selected spot were
water fluff occupied estimated more than 50% of the studied volume (blue). Both spectra were

recorded at 223 K.

As can be seen in Figure 37 the Raman spectra of liquid trans-DCE and the selected
spot containing fluff-like water crystals were practically indistinguishable. Figure 38
shows that despite the fact that majority of the sample volume was occupied by water
fluff, the only observed changes in Raman spectra, as the line scan was performed, were
the increase of the peak amplitudes and narrowing of the Raman bands of liquid trans-
DCE. No additional peaks, which could be assigned to crystalline water, were observed.
These results are not unexpected as water is a much weaker Raman scatterer than
trans-DCE.

As both these approaches proved unsuccessful, Raman spectra of the wires were
obtained after the extraction of liquid trans-DCE through vacuum evaporation at 228 K
(Figure 14). Figure 39 shows the spectra in the region of the ice phonon band
(150-350 cm™) and the OH-stretch region (2,800-3600 cm™). The Raman spectrum from
100 to 3,600 cm™ was indistinguishable from that of hexagonal ice and did not show any
activity in the CH-stretch region ruling out clathrate formation. Slight shifts (~5cm™) in

the phonon band were observed, which are attributable to size effects.
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Figure 38. Analysis of Raman scattering intensity (a) and FWHM (c) of selected Raman lines along the
line scan across a fluff-like water crystal formed in trans-DCE at 223 K. The scan was performed along
the dash red line shown on the microscopy images (b and d). This approach did not enable the

detection of water crystals immersed in liquid trans-DCE.
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Figure 39. Raman spectra of water crystals formed in trans-DCE. The spectra were recorded
at 228 K after the removal of liquid trans-DCE was extracted. The measured relative intensity of
hexagonal ice spectrum was almost twice as strong as the relative intensity of water fluff
spectrum. (a) Raman spectrum of water fluff was practically indistinguishable from the
spectrum of hexagonal ice. Insert in the top graph shows a microscopy image of the point
(marked with the yellow dot) at which the spectrum of water fluff was taken. Scale bar 10 um.
(b) Spectra of fluff and hexagonal ice in the region of the ice phonon band. (c) Spectra of fluff

and hexagonal ice in the OH-stretch region.
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3.2.3 Other systems

To investigate whether fluff-like water crystals were uniquely formed as a result of
phase separation of water from trans-DCE, two other systems consisted of water and a

nonpolar liquid were selected.

Figure go. Bright field microscopy images of fluff-like water crystals observed in cis-DCE after

cooling the mixture to 193 K (a) and to 247 K (b, ¢) at 15 K/min. Scale bar 100 um.
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Figure 40 shows the images obtained after cooling a mixture of cis-1,2-
dichloroethylene (cis-DCE) and water to two temperatures above T, of cis-DCE. It can be
seen in that a similar phenomenon to that in trans-DCE was observed and it resulted in
formation of large agglomerations of asymmetric wires of crystalline water.

Figure 41 shows the result of the experiment on the mixture of water and carbon
disulfide (CS,). In this case, no asymmetric splitting was observed, however crystalline
water structures formed as a result of phase separation from this solvent, formed large

agglomerations of curved wires, similar to that of trans-DCE.

Figure g1. Bright field microscopy images of fluff-like water crystals observed in CS, after
cooling the mixture to about 258 K at 0.5 K/min. The concentration of water was about 15% by

volume. Scale bar 50 um.
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3.3 Discussion

The response of the mixture of nitrobenzene in hexane to different cooling rates was not
as expected. All experimental temperatures were above the melting temperature of
hexane (T, = 178 K) and it remained in the liquid state at all times during our experiments.
As the mixture was cooled below the liquid-liquid binodal, the nitrobenzene-rich fraction
was unstable with respect to crystallisation of nitrobenzene (T, = 278 K) and phase
separated. The slowest cooling speed of 0.5 K/min created favourable conditions for
nucleation of nitrobenzene-rich droplets followed by crystallisation and further growth of
nitrobenzene crystals. However, the higher cooling rates allowed the system to remain
metastable for long enough to cross the spinodal, which resulted in phase separation
taking place globally leading to uncontrolled crystallisation of nitrobenzene and
formation of round polycrystalline structures (Figure 31).

The chosen systems were studied experimentally in highly nonequilibrium conditions.
There have been many previous experiments in which crystallisation in deeply
supersaturated solutions were studied. It is well known that high driving force for
nucleation results in ill defined amorphous or polycrystalline objects.””''** This was
certainly the case with the nitrobenzene-hexane system pushed towards the spinodal of
the liquid-liquid phase separation. It is almost certain that reports of “oiling out” '*"'* are
all related to the crossing of such spinodals, although the spinodal can be below the
liquid—solid separation line in some cases. However, we found that in mixtures of poorly
mixing liquids, i.e., water in trans-DCE, water in cis-DCE and water in CS,, crossing of the
spinodal resulted in the formation of highly organised asymmetric wires without the use
of any physical templates.

The observations of asymmetric structures of water fluff (e.g. in Figure 35 and Figure
40) were highly unexpected. The concentration of water in these systems was very low, in
some mixtures on order of ppm. When ice crystals grow in an environment low in free
water molecules (such as cold air), the limitation in the diffusional rate of these molecules
results in the typical growth habit of the standard hexagonal form and creation of
symmetric patterns. There are currently 121 known categories of snow crystal, ice crystal,

and solid precipitation particles'®

but none of them is shaped like a wire or fluff. We
observed, for the first time, novel fluff-like water crystals characterised by asymmetric

branching and growth.
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Figure 42. Hair ice (also called ice wool) formed on a dead beechwood observed on 26

December 2009 in Moosseedorf, hair length up to 10 cm (a). The enlarged image showing

individual ice hairs, image width 3.2 mm (b).”'

The only known wire-like form of water ice is called hair ice, ice wool or Haareis. It is
a very unusual and little-known form of ice, which grows on the surface of unfrozen dead
wood of certain broad-leaf trees. It requires calm, humid conditions and air temperature
slightly below 0° C. The ice hairs are long, smooth and form beautiful structures such as
waves and curls (Figure 42). This phenomenon has been first noted about a century ago,
however its origin was very poorly understood until recently when Hofmann and
co-workers carried out more in-depth studies taking into consideration biology,
chemistry and physics of hair ice formation. Water, from which hair ice is formed, is
contained within the wood. This porous substrate lowers the melting point and when
the air temperature is sufficiently low, water freezes on the surface of the wood and ice
segregation starts to extract additional water from the wood, leading to its dehydration. It
transpired that a presence of a winter-active fungus was crucial for the occurrence of this
phenomenon, however its actual effect is still a mystery. It appeared that the fungus did
not influence the rate and the amount of formed ice, however it affected its shape, as
when absent, the formed ice was crusty and stuck to the wood surface. If the air
temperature remained close to the melting point, hair ice can retained its shape for hours

or even days, possibly due to a recrystallization inhibitor, linked again to the presence of
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the fungus. The mouth of the wood rays, where the hairs were formed, acted as
a template shaping and directing growing hair ice.™"

In case of our experiments, no physical template was used and there was no biological
factors affecting the formation of water fluff (template-less “Haareis"). The employed
experimental conditions, i.e., cooling rates and temperatures, pushed the homogenous
mixtures to become unstable leading to spinodal decomposition and phase separation of
water from nonpolar liquids, at the same time creating highly nonequilibrium
crystal-growth conditions.

As previously mentioned, some reports suggested the existence of a liquid-liquid
transition (LLT) in trans-DCE."**"” We believe the conclusions in these reports to be
incorrect and based on a misinterpretation of the spinodal-decomposition-induced
formation of fluff-like water crystals. Our studies confirmed that these structures were the
origin of light scattering observed by Turton and co-workers during their temperature-

158

dependent optical Kerr-effect (OKE) studies on both DCE isomers.

3.4 Conclusions

We carried out systematic experimental studies of crystal nucleation in two mixtures of
small molecules in the presence of (a critical point for) liquid-liquid phase separation. We
demonstrated that high driving force does not necessarily lead to the formation of
uncontrolled polycrystalline structures.

For the first time, we observed novel asymmetric crystalline water wires (template-less
“Haareis"). This asymmetric growth and branching is inconsistent with transport-limited
growth. We were able to make these wires reproducibly without any physical template.
We believe that such liquid phase-separation-induced crystal templating might be
a general phenomenon with wider applicability than water ice.

We argue that previous studies on trans-DCE reporting the presence of liquid-liquid
phase transition above its melting point were incorrect and based on a misinterpretation

of the phase-separation-induced nucleation of fluff-like water structures.
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Order Parameter of
Liquid-Liquid Transition
in Triphenyl Phosphite

Despite predictions of their widespread occurrence in molecular liquids®, liquid-liquid
transitions (LLTs) remain elusive and controversial phenomena. Their existence is still
debated and practically all reports of polyamorphism were met with counterarguments,
as the experimental verification of this phenomenon is very challenging.

One of the main research questions, which was unanswered until now, was what was
the order parameter (a physical parameter) characterising LLTs. Here we present a novel
approach to investigation of the LLT in TPP by combining fluorescence lifetime imaging
(FLIM) and fluorescence microscopy with the use of environmentally sensitive fluorescent
probes. Our results provide new evidence strongly supporting the existence of the LLT in
TPP and show that its order parameter — local molecular packing associated with two
known crystal polymorphs - gives rise to a change in polarity of the liquid. The LLT is
associated with frustrated molecular clusters, explaining why this type of transition is so

rarely observed in nature.
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4.1 Introduction

As described in Section 1.1.2, the LLT in TPP (Figure 43A) takes place in the
supercooled temperature region where the liquid is extremely viscous and metastable
with respect to the crystalline state. This makes the nature of the observed transition
debatable as some researchers argue that it is not a “true” LLT leading to another
amorphous phase but an aborted crystallisation resulting in formation of a mixture of
microcrystallites with a highly viscous non-transformed liquid.

As the LLT takes place between two amorphous liquid phases, any changes in
structure or thermodynamic properties during the transition between these phases are
expected to be subtle.””® The order parameter (or ‘reaction coordinate’ of the transition) is
largely an unknown but in order to predict, understand and control the LLTs, one needs
to know what the order parameter refers to. There are no pertinent measurements of this
important parameter but it is thought to be associated with m-stacking, packing,
conformers or weak bonding.'® ¢!

Phase-contrast microscopy studies of the LLT in TPP revealed the existence of two
distinctively different temperature-dependent patterns — nucleation and growth (NG) at
higher temperatures and spinodal decomposition (SD) at lower temperatures. The
change between these patterns was used as proof of a phase transition.”” However,
phase-contrast microscopy is limited to detection of (very small) changes in density, away
from the average in the sample, and it does not provide absolute values of density, hence

is not able to identify the order parameter of the LLT.
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Figure 43. The structure of triphenyl phosphite (A), perylene (B) and coumarin 153 (C).
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By combining the FLIM technique with selected fluorescence probes (or fluorophores)
sensitive to particular properties of their environment, we expected to observe the LLT in
TPP and identify its order parameter. FLIM is uniquely capable of distinguishing small
differences in fluorescence lifetimes in inhomogeneous samples that would be
indistinguishable in a bulk measurement and, unlike phase-contrast imaging, measures
absolute values of the fluorescence lifetime. In order to accomplish our research goal, two
fluorescent probes were employed in our studies, namely perylene and coumarin 153
(C153).

Perylene (Figure 43B) is a rigid, nonpolar and weakly interacting fluorescence probe
and its excited-state lifetime is not expected to be affected by changes in the probe-
solvent interaction. Due to extremely high viscosity of TPP in the experimental
temperature range, it was expected that this probe would be only sensitive to the

refractive index of its environment.
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Figure 44. Energy diagram illustrating relaxation of the C153 molecule after excitation in the
first electronically excited state. The permanent electric dipole moment of C153 differs between
the ground (S,) and first (S,) electronically excited state. The extremely high viscosity of
supercooled TPP prevents solvent relaxation within the excited-state lifetime, resulting in

internal conversion taking place from the unrelaxed excited state.
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One of the most common applications of C153 (Figure 43C) is the study of time-
dependent solvation using the dynamic fluorescence Stokes shift measurement technique.’®*'®
In our experimental temperature range, the viscosity of TPP was extremely high, ranging from
2.36x10° cP at 226 K to 8.57x10° cP at 213 K."®® In such conditions, the solvent relaxation time is
much longer than the excited-state lifetime of the fluorophore, hence the solvent is not able to
adjust to the new excited-state dipole moment of C153 and fluorescence takes place from an
excited state (Figure 44). However, a small Stokes shift can be observed due to a certain degree of
intramolecular vibrational relaxation.

All samples were prepared at room temperature, above T, of TPP, where solvent relaxation
time was fast (sub-picosecond). This allowed the solvent (TPP) to adjust to the ground-state
dipole moment of the C153 molecules before the samples were quenched to the temperatures at

which the LLT took place on the timescale of hours. The electronic energy gap (S, — S, ) in C153

is sensitive to the static dielectric constant (polarity) of the solvent. The absorption energy in

the Franck-Condon region is then given by:'®" 1%

AGFC=AU°+%BS(,u;—,uj)+%80,(ug—,ue)2 (9)

7

where AU° is the Franck-Condon absorption energy in vacuum, U, is the permanent

dipole moment of the dye molecule in the ground state, y,is the permanent dipole

moment of the dye molecule in the excited state, and in the Onsager cavity

description:’s7: 68

2 g -1 B — 2 g1
T Ame,r’2e +1 7 Ameys® 2e,+1

where ris the radius of the Onsager cavity, g, is the permittivity of vacuum, €_ is the
infinite frequency dielectric constant, and & is the static dielectric constant. In case of
C153 these parameters are as follows: u,= 6.6 D, u,~ 1 D,* and r = 3.2 A (estimate).
For €_ value, either the previously measured 3.47° or 2.5, the square of the visible

refractive index, can be used, as the final outcome was very similar. The reported

measured &, for liquid 1 in TPP is 4.73.7° As the reported value of & for liquid 2 is

unreliable due to extremely long relaxation times (~100 s), it is assumed that it is relatively
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close to that of liquid 1. The calculated change in the absorption energy in the Franck-

Condon region in C153 is shown in Figure 45.
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Figure 45. Effect of TPP polarity on the energy gap and excited-state lifetime of Ci53.
Equation (9) was used to calculate the effect of solvation on the absorption and unrelaxed
fluorescence energy gap in C153 for a range of solvent dielectric constants (black curve).
Equation (11) was used to predict the excited-state lifetime for C153, taking into consideration

radiative and non-radiative decay (red curve).

The radiative lifetime of C153 is 5.3 ns'”" but the observed lifetime is the inverse of the

sum of the radiative rate and the rate of internal conversion. The rate of internal

conversion is given approximately by the Jortner-Bixon expression:'¢® 72
27V? _ 2
kJB— s Snz(;—exp{ (AG"—AS—nha)) /(4),5kBT)} , ()

where V is the internal conversion coupling constant, A, is the solvent reorganisation

energy, Sis the Huang-Rhys factor, AG®is the energy gap, @ is the angular frequency of
a high-frequency accepting mode, and the sum runs over n quanta of this frequency
mode.

It should be noted that in previously reported temperature-dependent fluorescence
lifetime studies involving C153,'* % the effect of temperature on the fluorescence

transition-dipole moment had to be taken into account. The spectral shift in the
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fluorescence spectrum was observed, which caused the transition dipole moment to

change in proportion to

Jl(v)dv
N Smm (12)
'[I(v)v‘3 dv

However, in our experimental temperature range this effect has not been considered, as
solvent relaxation in TPP is negligible on the fluorescence timescales and so are the
Stokes shifts.

To calculate a reasonable non-radiative decay rate, the following values were used:
V=130cm', S = 085, and w = 2800cm™” (corresponding to a typical CH-stretch

vibrational mode). The solvent reorganization energy A, has been set to 3000 cm™ and is

considered to include the many (otherwise unaccounted for) lower frequency
intramolecular modes as well as librations and [3 relaxation of the solvent (TPP). Figure 45
shows the excited-state lifetime of the probe as a function of the dielectric constant of the
solvent. The calculated values are in good agreement with the measured values for C153

in TPP for e,= 3 + 5. It can be safely assumed that for the experimental parameters

relevant to our experiments, the excited-state lifetime scales linearly with the solvent
polarity, expressed by the dielectric constant.
Taking the above into considerations, C153 was deemed to be a suitable and reliable

polarity-sensitive probe for our experiments carried out on the LLT in TPP.
4.2 Results

The solutions of C153 or perylene in TPP (melting point Ty, = 296 K) were quenched and
subsequently held at selected temperatures in the range between 226 and 212 K.

The experimental set-up enabled for consecutive recording of phase-contrast images
and FLIM maps. Recorded microscopy images and corresponding FLIM maps for selected
representative temperatures are shown in Figure 46 and Figure 47. Upon cooling liquid
TPP (liquid 1) transformed into another amorphous state (liquid 2) exhibiting two types of
kinetics. These observations are consistent with previously reported phase-contrast

studies.”®
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Figure 46. Representative images of typical patterns associated with the NG-type LLT in TPP

obtained by quenching to 223 K (A) and 220 K (B) for the indicated amount of time. The first
and third columns show FLIM maps obtained using the probe C153 while the second and forth
columns show the respective phase-contrast microscopy images (Zeiss set-up). FLIM scaling:

4.17 ns (red) to 4.52 (blue).
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Figure 47. Representative images of typical patterns associated with the SD-type LLT in TPP

obtained by quenching to 215 K (A) and 213 K (B) for the indicated amount of time. The first and
third columns show FLIM maps obtained using the probe Ci53 while the second and forth
columns show the respective phase-contrast microscopy images (Zeiss set-up). FLIM scaling:

4.15 ns (red) to 4.42 (blue).
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The experiments carried out on TPP in the temperature range between 226 K and
215.5 K resulted in observation of liquid 2 nucleating in the form of spherical droplets in
liquid I. The droplets grew with time until the entire system fully transformed into liquid 2
(NG-type kinetics).

When TPP was quenched to 226 K, the nucleation process was immediately followed
by formation of crystallites embedded in liquid 2 droplets (see Figure 48a). The
fluorescence lifetime of these crystalline regions (crystal 2) differed significantly from the
lifetime of the thermodynamically stable crystalline state (crystal 1), acquired at the same
quenching temperature, and at the same time was very similar to the lifetime observed in

liquid 2 at a slightly lower temperature (see Figure 60).

Figure 48. A second crystalline phase of TPP formed at 226 K. All four images were taken at
the same scan area. (a) DIC image at the approximate halfway point in the transition.
Crystalline features are clearly visible inside and at the edges of the nucleating droplets of
liquid 2. (b) DIC image after full transformation. (c) FLIM map obtained using the probe C153.
Scaling: 4.1 (red) to 4.3 (blue). (d) Fluorescence intensity. Scaling: grey ~2,500/pixel, white
~3,300/pixel.

The experiments carried out below 215.5 K (above the glass transition temperature of
liquid 1 at ~205 K), showed the SD-type kinetics. After quenching of liquid 1, density

fluctuations grew slowly, but continuously, until the system became homogeneous.”
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The lower the temperature, the longer it took for the transformation to take place, e.g.,
about 220 minutes at 220 K and over twice as long at 212 K.

Figure 49 shows typical patterns associated with the NG-type LLT and the SD-type LLT
in TPP. FLIM maps, obtained using the probe C153, revealed that liquid 1 is characterised
by shorter average lifetimes and longer average lifetimes are associated with liquid 2 in

both types of transitions.

Figure 49. Representative patterns associated with the LLT in TPP. Top-row images show the
NG-type LLT observed in TPP held at 220 K after about 170 minutes from the quench. Bottom-
row images show the SD-type LLT in TPP held at 213 K for about 325 minutes. (a, b) Phase-
contrast microscopy images (Zeiss set-up). (¢, d) FLIM maps obtained using the probe C153.

Scaling: 4.21 ns (red) to 4.46 ns (blue).

All FLIM maps obtained using C153 and perylene were converted into lifetime
distributions as described in Section 2.6.3.

Figure 50 - Figure 52 show distributions obtained from FLIM maps recorded using the
probe C153 at higher temperatures (226 - 215.5 K) at which TPP undergoes the NG-type
transitions. At these temperatures, an initial distribution of lifetimes, associated with
liquid 1, gradually transformed into a new distribution (liquid 2) characterised by a shorter

average fluorescence lifetime.
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Figure 50. Normalised fluorescence lifetime distributions of C153 in TPP quenched to 226 K (A)

and 224.5 K (B). The colour coding and the arrows show the progression of the transition since

the quench.
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Figure 51. Normalised fluorescence lifetime distributions of C153 in TPP quenched to 223 K (A)
and 221.5 K (B). The colour coding and the arrows show the progression of the transition since

the quench.

It can be observed that, with exception of the transition at 218.5 K, all these FLIM maps

show two distinct fluorescence lifetime distributions (two-state behaviour).
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Figure 52. Normalised fluorescence lifetime distributions of C153 in TPP quenched to 220 K (A)
and 218.5 K (B). The colour coding and the arrows show the progression of the transition since

the quench.

o1



30x10°
—  5min
— 90 min A
135 min t
= 180 min -—
= 330 min
> 20}
[¥)
c
()
S
o
)
]
v
2
d
©
] 10+
o
0 | I )
40 42 4.4 46
T /ns
30x10°
—_—  10min
—— 180 min t B
210 min -+
= 240 min
= 420 min
o 20}
c
()
S
o
)
]
()
2
d
L
g 10+
0 . :
4.0 4.2 4.4 4.6
T Ins

Figure 53. Normalised fluorescence lifetime distributions of C153 in TPP quenched to 215 K (A)
and 213 K (B). The colour coding and the arrows show the progression of the transition since

the quench.

Figure 53 and Figure 54 show distributions obtained from FLIM maps recorded using
the probe C153 at lower temperatures (215 - 212 K) at which TPP undergoes the SD-type

transitions. Unlike the two-state behaviour observed at higher temperatures, in the
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SD-type transitions an initial distribution of lifetimes (liquid 1) gradually shifts towards
shorter average fluorescence lifetime values (liquid 2). The correlation length of the
fluctuations in the SD-type transitions’”® is ~ 1 um and the fluctuations seen in
phase-contrast images for this type of transition (e.g., Figure 49b) are easily resolvable by

FLIM.
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Figure 54. Normalised fluorescence lifetime distributions of C153 in TPP quenched to 212 K.

The colour coding and the arrows show the progression of the transition since the quench.

Figure 55 shows the comparison between the lifetime distributions obtained using the
probes C153 and perylene in TPP undergoing NG-type and SD-type LLT at three different
temperatures.

It can be seen that in case of the NG-type transformation, the distributions obtained
using the probe C153 were clearly distinct. The distributions obtained using perylene
overlapped, however analysis showed the same two-state behaviour.

In case of SD-type transformation, there was only one distribution shifting gradually

towards shorter average lifetime values as the transformation progressed.

93



Relative frequency

C153

30x10°

20

10F

~6.4%
-—

30x10°

20

10

30x10°

20

10

—— 10 min ~ 3.9%
—— 90 min -
—— 120 min
150 min
—— 180 min
[ —— 220 min
—— 270 min
4.0 4.2 4.4 4.6
—  10mi
180 min ~ .2'4%
210 min
—— 240 min
—— 420 min
1 1
4.0 4.2 4.4 4.6

30x10°

20

10

30x10°

20

10

Perylene

— 10min
—— 40 min
60 min
— 70min ~2.0%
—— 80 min <
F —— 130 min

3.6 3.8 4.0

— 8min
—— 121 min
—— 155 min
185 min ~1.7%
—— 225 min
- —— 247 min
—— 292 min

0! ‘
3.6 3.8 4.0
30 x1 06 —— 15min
—120min ~1.3%
—— 240 min N
—— 300 min
—— 410 min
20}
10}
0 1 1
3.6 3.8 4.0

Figure 55. Normalised fluorescence lifetime distributions of the probe Ci53 (left column) and

perylene (right column) in TPP undergoing the NG-type LLT at 226 K (A) and 220 K (B) and the

SD-type LLT at 213 K (C). Colour coding and the arrows indicate time progression since the

selected temperature has been reached.
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To model the molecular scale fluctuations, the fluorescence lifetime distributions
obtained at all experimental temperatures using the probe C153 were fitted to a Gaussian
distribution. All initial (liquid 1) and final (liquid 2) lifetime distributions were fitted using
one Gaussian distribution. The same applied to all lifetime distributions obtained for the
SD-type transformation at 215 K, 213 Kand 212 K.

All NG-type transformation data collected during the transition could only be
satisfactorily fitted with two Gaussian distributions. These two distributions were

characterised by distinct average fluorescence lifetimes.
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Figure 56. Temporal change of the amplitude (left column) and the average fluorescence
lifetime (right column) of the probe C153 in TPP obtained by Gaussian fitting to the lifetime

distributions shown in Figure 50 and Figure 51.
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Figure 56 and Figure 57 show two fitting parameters: the temporal change of the
amplitude and the average fluorescence lifetime of the probe C153 in TPP undergoing
the NG-type transition. Figure 58 shows the same fitting parameters for the SD-type

transformation.
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Figure 57. Temporal change of the amplitude (left column) and the average fluorescence
lifetime (right column) of the probe Ci53 in TPP obtained by Gaussian fitting to the lifetime

distributions shown in Figure 51 and Figure 52.

In the case of the NG-type LLT, the amplitude of the initial distribution (liquid 1)

gradually decreased accompanied by the gradual increase of the amplitude of the new
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distribution corresponding to liquid 2. During the

single distribution remained practically constant.
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Figure 58. Temporal change of the amplitude (left column) and the average fluorescence

lifetime (right column) of the probe Ci53 in TPP obtained by Gaussian fitting to the lifetime

distributions shown in Figure 53 and Figure 54.

The average fluorescence lifetimes of two distributions seen in the NG-type LLT were

nearly time-independent, while in the SD-type LLT the average fluorescence lifetime

followed the sigmoid trend characteristic for this type of transition.
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The observed change from a double-peaked distribution at higher temperatures
(NG-type transition) to a single-peaked but shifting distribution at lower temperatures

(SD-type transition) characterises phase transitions near a critical point.? 3
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Figure 59. C153 fully incorporated into crystal 1 of TPP at 220 K. (A) Fluorescence intensity.
(B) Colour-coded FLIM map superimposed on the intensity image. FLIM scaling ranges from
4.0 (red) to 5.5 ns (blue). The black-coloured area in the left part of the images is air.
(C) Normalised fluorescence lifetime distributions of the probe C153 in crystal 1 of TPP obtained
from FLIM maps recorded from the area similar to this marked with a dashed square. Colour

coding indicates temperatures at which the measurements were taken.

As mentioned before, the nature of liquid 2 remains very controversial. Some
researchers strongly pursue a theory that, rather than being a second liquid phase, liquid
2 is a metastable mixture of crystallites and highly viscous liquid.?”””” To explore this
hypothesis, we carried out a series of experiments on the thermodynamically stable

crystalline state (crystal 1) prepared, as described in Section 2.6.6.2, using the probe C153.
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We found that C153 fully incorporated into the crystal lattice of TPP as fluorescence was
observed throughout the crystal 1 (see Figure 59A). The FLIM map in Figure 59(b) shows
that the fluorescence lifetime was constant across the whole scan area and it was longer
than liquid 1 (4.7 — 4.8 ns), apart from the blue region at the edges of crystal 1 (~5.5 ns)
where the probe was exposed to air.

The FLIM maps, acquired at selected temperatures, were converted into normalised
fluorescence lifetime distributions, which were thereafter fitted to a single Gaussian
distribution to determine the average fluorescence lifetime values for crystal 1.

The average fluorescence lifetimes of distributions associated with liquid 1 (obtained
when the selected quench temperature was reached), liquid 2 (at the end of the
experiment) and crystal 1 were plotted as a function of quenching temperature and

shown in Figure 60.
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Figure 60. Temperature dependence of the average fluorescence lifetime of the probe C153 in
different phases of TPP - crystal 1, liquid 1, liquid 2 and crystal 2 (a blue diamond at 226 K). The
error bar (+10), determined on the basis of three independent experimental results, is

representative for all data points.

The average fluorescence lifetime of liquid 1 and crystal 1 became shorter with the

temperature decrease while the lifetime of liquid 2 showed the opposite trend.
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4.3 Discussion

As mentioned before, due to its rigid structure and nonpolar weakly interacting character,
the excited-state lifetime of perylene is not expected to be caused by the interaction with
the solvent. The viscosity of TPP in our experimental temperature range is extremely high
(10° - 107 cP),"® resulting in exceedingly slow molecular diffusion. For that reason no
changes in the rates of radiationless decay and no preferential partitioning™ of the probe
molecules over phases on the time scales of the experiments are expected. Taking the
above into consideration, the relationship between the fluorescence lifetime and the
physical parameters can be described by the Strickler-Berg formula (Equation 8), which
predicts that the fluorescence lifetime is inversely proportional to the square of the

refractive index (7,e<n”). The observed change of the excited-state lifetime in

perylene/TPP during the transition from liquid 1 to liquid 2 at 220 K was 1.7%. Hence, it can
be estimated that the corresponding refractive index change was 0.9%, which is
consistent with the reported estimated refractive indices of 1.634 and 1.655 respectively
for liquid 1 and liquid 2 based on density measurements at 220 K.2

C153 is commonly used in fundamental studies exploring the influence of the
environment’s microviscosity and polarity on the fluorescent properties of a selected
molecule.”®"? As mentioned above, during our experiments the viscosity of TPP was
extremely high, therefore viscosity, diffusion and dynamic solvation did not play a role
during the ~ 4.5 ns lifetime of the excited state.

All C153/TPP samples were prepared at room temperature (where the solvent
relaxation times are on the order of subpicoseconds) and thereafter quenched to the
experimental temperatures. This protocol kept the probe solvated in the ground state for
the duration of the experiments. In this case, non-radiative decay, known to be

dominated by internal conversion from S, to S,

was controlled by the free-energy gap
in the Franck-Condon region. This resulted in a fluorescence lifetime that was very
nearly linearly dependent on the dielectric constant of the medium within the range of
& = 3-5as discussed in Section 4.1.

Temperature-dependent changes in the probe C153 lifetime reflect changes in the
static dielectric constant (or “polarity”) of TPP, hence we conclude that the LLT in TPP is

linked to a change in polarity. As can be expected, crystal 1 and liquid 1 become more
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polar as the temperature decreases, however behaviour of liquid 2 is anomalous as it
becomes less polar.

It has been suggested that liquid 2 (also called the glacial phase) is composed of
untransformed supercooled liquid (liquid 1) and crystallites of the stable crystalline phase
(crystal 1).¢”77 In this case the fluorescence lifetime of the probe C153 in liquid 2 should
have the value in between that of liquid 1 and crystal 1. However, this is not observed, as
the lifetime of liquid 2 is shorter than the lifetime of liquid 1 and crystal 1.

When TTP was quenched and held at 226 K, the growing droplets of the new phase
exhibited distinct crystalline appearance. The fluorescence lifetime of the probe C153 in
this new phase was faster than the lifetime obtained at this temperature in the
thermodynamically stable crystalline state (crystal 1). Its value was what would have been
expected in liquid 2 by extrapolating the lower temperature data (see Figure 60). We
identify this phase as a different crystalline phase of TPP - crystal 2 - characterised by
molecular ordering resembling that of liquid 2. We further suggest that this molecular
ordering frustrated the formation of crystal 1. This is consistent with X-ray data
suggesting a “crystallite” size of about 30-50 A”7if this is interpreted as the size of
a frustrated molecular cluster.'® Due to the limitations of our experimental techniques, we
are unable to determine whether crystal 2 nucleated directly from liquid 1 or rapidly from
liquid 2 following an LLT from liquid 1. The latter explanation seems more logical and
consistent with the LLT occurring in liquid Si and Ge.?* 18" 182

The thermodynamically stable crystals of TPP (crystal 1) can be easily obtained by cold
crystallisation of liquid 1 described in Section 2.6.6.2. Crystal 1 has needle-like shape and
a hexagonal crystal lattice in which each molecule assumes an approximately pyramidal
shape.'®* However, Golovanov et al. reported that monoclinic prismatic crystals of TPP can
be obtained from an ionic liquid, 1-butyl-3-methylimidazolium bromide, by rapid cooling
of the solution.'® These two polymorphic modifications differ in the crystal packing and
the position of the phenoxy substituents, which in the monoclinic modification is twisted
away from the base of the pyramid (see Figure 61). As the monoclinic polymorph has only
been observed nucleating from a highly polar ionic liquid strongly suggests that its
critical nucleus is more polar than that of the hexagonal polymorph. X-ray diffraction
studies show orientational correlations between phenyl rings on adjacent TPP molecules
in the supercooled liquid™* consistent with local clusters similar, but not identical, to the
monoclinic crystal. Similarly, NMR spectroscopy on TPP has suggested that liquid 2 is

associated with parallel alignment of the molecules in clusters involving only a few
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molecules.”® This is consistent with a reduction seen by X-ray diffraction studies of the P—P
distance on neighbouring molecules upon going from liquid 1 to 2 at 215 K.'®°

As can be seen in Figure 60, as the temperature increases, liquid 2 becomes more
polar. This could be explained by two liquid phases of TPP having distinct and
temperature-dependent fractions of the hexagonal- like and monoclinic-like local
structures as described by the two-state model.”” This model is similar to the proposed
temperature-dependent fractions of a four-coordinated low-density liquid and less

structured high-density liquid in liquid water, 3% 3318619

Figure 61. Superimposed crystal polymorphs of TPP. Solid lines correspond to monoclinic

modification, while dashed lines correspond to hexagonal polymorphic modification. '

4.4 Conclusions

We observed and confirmed that depending on the temperature at which supercooled
TPP is held, the initial phase being liquid 1, gradually transforms into a new phase -
liquid 2 - either following the NG-type or SD-type kinetics. This change in behaviour is
consistent with the previously reported phase-contrast microscopy studies.? It confirms
and proves that the observed phenomenon is an LLT.

For the first time FLIM technique was applied to study the phenomenon of the LLT in
TPP. Two florescent probes — coumarin 153 and perylene — were selected for this study

based on their specific environmental sensitivity. We find that local molecular packing,
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giving rise to a change in the polarity of the liquid, is the order parameter of the LLT in
TPP. We conclude that this local molecular packing is associated with molecular packing
seen in the two known crystal polymorphs and therefore the LLT in TPP is a phase
transition between two liquid phases characterised by different degree of twisting of one

183

of the phenoxy groups'®, not an “aborted crystallisation”. These two liquid phases exhibit

either more hexagonal or monoclinic local ordering effectively resembling corresponding
crystal polymorphs.™!

Our findings also explain why LLTs appear to be so rare despite predictions that they
should be common in all molecular liquids.? If LLTs lead to liquid phases that, due to their
frustrated configuration, effectively inhibit the formation of thermodynamically more
stable crystal phases, then it implies that these phases have different local configuration.
In case of TPP, liquid 2 is more polar than liquid 1 leading to visible macroscopic
separation during transformation. This visible physical separation between two

distinctively different liquid phases may be rare even if the above-mentioned predictions

are correct.
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A Liquid-Crystal Phase
Frustrating Crystallisation

Locally favoured structures frustrating crystallisation are essential to link the phenomena
of supercooling, formation of glasses and liquid-liquid transitions. Here we use various
imaging and spectroscopic techniques, including phase-contrast microscopy, polarisation
microscopy, confocal Raman microscopy and fluorescence lifetime imaging (FLIM), to
show that the previously reported liquid-liquid transition (LLT) in supercooled n-butanol®
is in fact a transition from an isotropic liquid to a rippled lamellar liquid crystal (LC) phase.
LC phases are soft-matter systems thought as states “in-between” the liquid and the
crystalline states. However, in case of n-butanol, an LC phase inhibits transformation to
the thermodynamically most stable crystal state. Our results demonstrate a form of
geometric frustration in which local interactions give rise to partially ordered states that
are incompatible with the thermodynamically more stable crystalline states. This
frustrated phase, being a template for similar type of liquid ordering, is likely to play

an important role in supercooling and liquid-liquid transitions in other molecular liquids.
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5.1 Introduction

A liquid should, in principle, crystallise on cooling. It is well known that this process may
occur in a number of steps, which result in increased order. For example, on cooling an
isotropic liquid may initially form a nematic LC characterised by a partial orientational
ordering. Further cooling may lead to the formation of smectic LC phases introducing
partial translational ordering. Supercooling of the isotropic liquid below the liquid-LC
transition is irrelevant as due to structural similarity between the phases, the interfacial
energy required to establish an interface between two phases, is very low.

As described in detail in Section1.1.3, supercooled n-butanol was reported to undergo
an LLT occurring between two physically different phases - a supercooled liquid (liquid 1)
and the apparently amorphous “glacial phase” (liquid 2).?° As it was the case with TPP
(Section 1.1.2), the existence of this type of transition in n-butanol is highly controversial
and is dismissed by many as aborted crystallisation leading to a mixed state composed of
supercooled liquid and crystallites.?”®°

Here we present the results of our studies aimed at understanding the origin and
nature of the apparently amorphous  “glacial” state observed in supercooled
n-butanol and experimental verification of the existence of the associated LLT using

various imaging and spectroscopic experimental techniques.

5.2 Results

N-butanol (1-butanol) is a glass-forming liquid which has a melting temperature of
Tm = 183.4 K and undergoes a glass transition at a glass-transition temperature of
T, = 118 K.* Figure 62 show typical patterns observed with phase contrast microscopy
when n-butanol was quenched and annealed in the temperature range between 120 and
140 K (below T,). The new phase nucleated in the form of spherical droplets, which
continued to grow until the whole sample was transformed. With decreasing
temperature, the number of nucleation sites increased rapidly as expected for
a homogeneous nucleation process (Figure 47 and Figure 64). However, the growth rate
of the nucleating droplets decreased with lowering temperature due to the increase in
viscosity resulting from approaching the glass transition temperature. These observations

were consistent with previous reports, which assigned them to a polyamorphic LLT.>>#
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On repeating of the experiment with the same sample, the droplets nucleated in random

places showing that heterogeneous nucleation did not play a major role.

T ey
Sl i . . ) ]

Figure 62. Phase-contrast microscopy images (Zeiss set-up) (top) and FLIM maps obtained
using the dye coumarin 153 (bottom) of the transition occurring in n-butanol quenched to (A)
140 K (56 minutes), (B) 130 K (80 minutes), and (C) 128 K (83 minutes). Both sets of data were
taken at the approximate halfway point in the transformation. FLIM scaling from 4.70 ns (red)

to 5.15 ns (blue).

FLIM combined with two different environmentally sensitive fluorophores has offered
invaluable insight into the LLT in TPP,'' hence we decided to use it for n-butanol. FLIM
experiments were carried out with two fluorescence probes — coumarin 153 (C153) and
perylene. As mentioned in the previous chapters, perylene is a rigid, nonpolar weakly
interacting probe and its excited-state lifetime depends merely on the local refractive
index of the medium as described by the Strickler-Berg formula (Equation 8) which
predicts that the fluorescence lifetime is inversely proportional to the square of

the refractive index (7,«n?). On the other hand, the excited-state lifetime of C153 is

strongly influenced by static and dynamic dielectric properties of the medium."”* ™"
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110 min

Figure 63. Representative images of typical patterns observed after quenching of n-butanol
to 138 K (A) and 130 K (B) for the indicated amount of time. The first and third columns show
FLIM maps obtained using the probe Cis53, while the second and forth columns show
the respective phase-contrast microscopy images (Zeiss set-up). FLIM scaling: 4.70 ns (red) to

5.15 (blue).

Representative FLIM maps for two annealing temperatures (T,) for C153 are shown in
Figure 47 and for perylene in Figure 64. Representative normalised fluorescence lifetime
distributions for both probes are shown in Figure 55. Contrary to our experiments carried
out on TPP, no meaningful difference in behaviour of C153 and perylene was observed.
The excited-state lifetime of both dyes decreased by about 3% on transformation from

supercooled liquid to the new phase. This showed that there was no significant difference
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in dielectric properties between these two phases and the decrease in lifetime was

caused by an increase in density by about 4%.

Figure 64. Representative images of typical patterns observed after quenching of n-butanol
to 140 K (A) and 130 K (B) for the indicated amount of time. The first and third columns show
FLIM maps obtained using the probe perylene, while the second and forth columns show
the respective phase-contrast microscopy images (Zeiss set-up). FLIM scaling: 4.15 ns (red) to

4.75 (blue).
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Figure 65. Normalised fluorescence lifetime distributions of the probe Ci53 (top row) and
perylene (bottom row) in n-butanol quenched to 140 K and 130 K. Colour coding and

the arrow indicate time progression since the selected temperature has been reached.

Careful examination of the FLIM maps revealed that the fluorescence lifetime
exhibited an anisotropic distribution within the nucleating droplets. The same effect
(Figure 67) was observed in a droplet of the new phase surrounded by the stable
crystalline phase formed after slow increase of temperature to the value below T, (cold
crystallisation). The FLIM maps showed that the excited-state lifetime of C153 is longer in
the horizontal direction inside the droplet (4.88 vs. 5.05). The stable crystal also displayed
some anisotropy but it was much weaker than the one observed in the droplet of the new
phase. It appeared that the fluorescence intensity inside the droplet was a function of
angle with the highest intensity in the horizontal direction, perpendicular to the laser
polarisation.

In case of randomly orientated dye molecules, the anisotropy of the fluorescence,
i.e. the ratio of the maximum to the minimum fluorescence intensity, should be 1. Dye

molecules in the liquid-crystalline phase partially align giving rise to an anisotropy in

109



the fluorescence. This alignment is modelled with an angular distribution function
consisting of a non-aligned part given by (2r)" Po(cos? ¢) where P,(x) is the n™ order
Legendre polynomial and an aligned part ©' Pi(cos® ) where ¢ is the angle of the
molecular transition dipole moment with respect to the laboratory frame. As the
excitation probability scales as cos* 8 where 6 is the angle between the incoming laser
polarisation and the molecular transition dipole moment, we found that the anisotropy in
the fluorescence intensity inside the droplet was 2.1 (see Figure 66). This strongly
suggested that half of the C153 molecules had random orientation, while the other half
had defined alignment. This observation was consistent with a LC phase in which half of

the molecules has perpendicular alignment to the local LC director.
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Figure 66. Determination of the anisotropy of fluorescence. (A) Fluorescence intensity of a

nucleated droplet in supercooled n-butanol. (B) Curve fit to a sin*-function showing that the

maximum over minimum is 2.1.
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Figure 67. FLIM data of a nucleated droplet (outline marked with a dashed circle) encased in

the stable crystal at 136 K. (A) Fluorescence intensity and (B) FLIM map obtained using

fluorescence fromCi5s3. FLIM scaling from 4.30 ns (red) to 5.30 ns (blue).

Figure 68 shows polarisation microscopy images obtained during the transformation
to the new phase at a representative temperature of 136 K. It can be seen that
the nucleating droplets exhibited high-contrast Maltese cross pattern associated with
a highly ordered LC phase with a director pointing away from the centre of the droplets.
This pattern could be seen at all investigated T, in the temperature range from 140 to
128 K. These observations provided further evidence that this phenomenon is not
a polyamorphic liquid-liquid transition but a transition between an isotropic supercooled
liquid to a highly viscous LC phase, which is metastable at given T, within accessible
timescales (hours). When the LC droplets were allowed to grow to a certain size (e.g.
Figure 68A) and the temperature was raised (T,<T<Tn), the untransformed liquid
crystallised with spherulitic growth away from the interface of the LC droplets (Figure
68C). The droplets resisted crystallisation and were not penetrated by the stable crystal.
The Maltese cross pattern within the droplets weakened and small grains appeared near

to their interface (Figure 68D).
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Figure 68. Polarisation microscopy images of droplets formed in supercooled n-butanol
show Maltese cross pattern consistent with liquid crystal (LC) ordering. N-butanol was
quenched to 136 K and annealed for 8o min (A) and 250 min (B). The LC droplets (outlined with
a dashed circle) resisted crystallisation despite being surrounded by polycrystalline spherulitic

growth as the temperature was increased (C, D).

Figure 71 show Raman spectra of all three investigated phases of
n-butanol, namely the supercooled liquid, the stable crystal and the LC phase. For
comparison all spectra were taken at 136 K. When n-butanol was cooled from room
temperature, the OH-stretch band red shifted and narrowed indicating the formation of
strong hydrogen bonds and local structure.®® When supercooled liquid transformed into
the LC phase, the Raman spectrum changed significantly: it resembled the stable

crystalline phase but was nevertheless distinct. The OH-stretch bands in the crystal and
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the LC phase were much narrower and blue-shifted in comparison to supercooled liquid
(Figure 69). However, these bands in the LC phase were broader than the crystal, which
implied greater disorder. The Raman spectrum of the low-frequency region (<200 cm™) of
the stable crystal exhibited narrow phonon bands (Figure 71). The same region in the
spectrum of the LC phase was broadened and more similar to that of a (structured)
supercooled liquid. In the fingerprint region (200-1600 cm™), the Raman spectra of the LC
phase and the stable crystal were very different. Additionally, many subtle changes were

detected in the CH-stretch region (Figure 70).
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Figure 69. Raman spectra in the OH-stretch region of three phases of n-butanol at 136 K.
“V” corresponds to spectra taken vertically (yellow crosses) above the centre of an encased LC
droplet, while “H"” was taken horizontally displaced (white crosses) from the centre. Shown are
the spectra of supercooled liquid, the stable crystal formed from untransformed supercooled
liquid, and the LC phase. The nucleated droplet grew to the size indicated by the dashed circle
and the temperature was raised allowing the remaining untransformed liquid to crystallise,

followed by quenching to 136 K. Scale bar 4 um.
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Analysis of the Raman spectra of the LC phase showed that they were distinct and
could not be considered as a mixture of the spectra of supercooled liquid and the stable
crystalline phases. Similarly to the fluorescence intensity, the Raman intensity showed
an anisotropic distribution. It was particularly clear in case of the OH-stretch band, which
was an order of magnitude stronger in the vertical direction parallel to the laser

polarisation (Figure 69).
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Figure 70. Raman spectra of the CH-stretch region of three investigated phases of n-butanol

recorded at 136 K. Labelling as in Figure 69.
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Figure 71. Raman spectra of the fingerprint region of three investigated phases of n-butanol

recorded at 136 K. Labelling as in Figure 69.
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5.3 Additional Data

This section presents additional data collected by other members of our research group
within the framework of this project. These are included in this chapter to enable
comprehensive discussion of the phenomenon observed in n-butanol and

the conclusions proposed in our published report.

04k | — isotropic liquid (140 K)
’ — liquid crystal (145 K)

I(q)/a.u.

Figure 72. Microfocus wide-angle x-ray scattering (WAXS) data of n-butanol at 145 K.
(left) A WAXS diffraction pattern obtained from an area, approximately 10 um in diameter,
located to the left of the centre of a 400-um-diameter LC droplet. The intense diffuse bands at
the left top and right bottom correspond with a scattering vector g = 1.7 A~". (right) WAXS
scattering intensity for isotropic liquid at 140 K and LC at 145 K (corresponding to the data in

(left)).”*

Wide-angle x-ray scattering (WAXS) technique was used to probe the supra-molecular
structure of the LC phase. The WAXS experiments were carried out using
a 10-um-diameter microfocus beam at the Diamond Light Source on an LC droplet,
grown to the size of a few hundred micrometres, isotropic liquid and the crystalline
phase. WAXS of isotropic liquid, collected at 140 K, displayed two diffuse bands at g = 0.6
and 1.55 A7, consistent with previous reports.8”-8 WAXS of a nucleated droplet showed
additional less diffused anisotropically scattered bands at g = 0.718 and 1.7 A", consistent
with the LC phase. The widths of these bands were 0.017 and 0.037 A" respectively,
corresponding to a coherent domain composed of about 90 molecules. A number of
weak peaks, corresponding to (estimated) less than 1.8% contamination with the

crystalline phase, were also observed in the WAXS data of the droplet (Figure 72). As the
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microfocus beam was scanned around the droplet centre, the orientation of
the anisotropic scattering rotated, consistent with the LC director pointed away from
the centre.’®

Further confocal Raman microscopy experiments were carried out on all three phases
of n-butanol. As these experiments required long acquisition times, the transition
dynamics had to be arrested. This was achieved by rapid (20 K/min) quenching to 140 K,
followed by droplet growth to approximately 50 um in diameter and subsequent rapid
quenching to 110 K to arrest dynamics or a cold-crystallisation cycle. Such cycle consisted
of heating to 173 K followed by a rapid quench to 110 K."*

The Raman spectrum presented in Figure 73(left) is practically identical to the one in
Figure 69 and as such will not be discussed again. The OH-stretch spectrum around
3100 cm™ was used to estimate the degree of contamination of the LC with isotropic
liquid and it was found to be less than 2.8%. This was consistent with full conversion to

a new phase.'”?

—— isotropic liquid B —— isotropic liquid
I~ | — liquid crystal —— / — liquid crystal
— crystal —— / — crystal
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Figure 73. Raman spectra of three phases of n-butanol. Spectrum of isotropic liquid was
taken at 140 K, while the spectra of LC phase (formed at 140 K) and of crystal (formed via
subsequent cold crystallisation) were obtained at 110 K. Raman spectra of LC and crystal were
taken horizontally (X) or vertically (Y) displaced from the centre. (left) Raman spectra in the
OH-stretch region taken vertically (Y) displaced from the centre. (right) Raman spectra in the

low-frequency (phonon) region.”®>

The changes observed in the low-frequency phonon region were much more subtle
than the one which occurred in the OH-stretch region (Figure 73(right)). The spectrum of
the isotropic liquid exhibited broad featureless bands in the range ~50-200 cm
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associated with libration modes at low frequency and hydrogen bond formation at higher
frequency.'” The spectra of the LC phase, recorded at 110 K, and the one recorded for the
isotropic liquid at 140 K were very similar with the same hydrogen-bonding and

librational modes.”* ' Additional structures observed in the LC spectrum in the

60-300 cm~ ' range strongly suggested a degree of order. However, the order was not at
the same level as in the stable crystal as characteristic sharp phonon bands seen in the
crystal spectra were not present in the LC. The Raman spectrum of the same region of the

droplet after cold crystallisation showed the development of strong phonon bands at 58,

105, and 120 cm~', associated with the stable crystal. The 58-cm™ phonon band was used
to estimate the amount of crystal contamination in the LC droplet prior to cold
crystallisation. It was found to be less than 2%.""

Figure 74 displays Raman spectral maps of an LC droplet before and after cold
crystallisation. It can be seen that the map of the phonon region of the LC droplet, formed
at 140 K, showed no significant anisotropy. However, after cold crystallisation of the
sample, the phonon region became highly anisotropic, demonstrating that the (nano)
crystallites, that apparently formed, were aligned with (what was) the LC director.’

Contrary to the observations in the phonon region, the intensity of the OH-stretch
Raman band within the LC droplet before cold crystallisation was highly anisotropic. This
anisotropy was determined to be ~5,'*? i.e. the Raman intensity displaced from the centre
of the droplet along y-axis was 5 times stronger than that along the x-axis. Theoretical
modelling predicted a maximum Raman anisotropy for the stable crystal of 7.6,'
consistent with the range of ~5-10 obtained via Raman microscopy experiments carried
out on polycrystalline n-butanol. This strongly implied that the LC phase was highly
ordered. The same sample after cold crystallisation displayed similar anisotropy within
(~5) and outside the droplet where the spherulitic crystal growth was observed

(also ~5).12
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Figure 74. Raman maps of a droplet nucleated in supercooled n-butanol recorded at 110 K.
(A, B) Raman maps of the low-frequency phonon region (the 55-60 cm™ range shown in red
and the 115-130 cm™ range shown in blue). (C, D) Raman maps of the OH-stretch region
(the 3285-3305 cm™ range shown in red and the 3370-3390 cm™ region shown in blue). Maps
A and C correspond to a LC droplet (outlined with a dashed circle) formed after quenching to

140 K, while maps B and D show the same sample after a cold-crystallisation cycle.”

5.4 Discussion

Polarisation microscopy experiments carried out on the new phase formed in
supercooled n-butanol strongly implied that it was an spherically symmetric LC. However,

polarisation microscopy could not eliminate the possibility that the droplets were

119



spherulites, i.e. patterns consisting of radially oriented microcrystals arranged at
noncrystallographic angles,® unresolvable by light microscopy.

The FLIM data of C153 and perylene indicated an increase in density by about 4% on
transition from supercooled liquid to the LC. However, there was no significant difference
in dielectric properties between these two phases. The smooth distribution of the
fluorescence intensity in the LC phase showed that the dye was fully incorporated into it.
On the other hand, the fluorescence intensity observed in the stable crystal was, as
expected, highly variable with position due to the dye expulsion from the crystal lattice.

The observed fluorescence anisotropy inside the LC droplets strongly suggested that
the alignment of the dye molecules was perpendicular to the director, as the transition
dipole moment was aligned with the long axis of C153. The fluorescence lifetime of C153
was visibly shorter in the vertical direction where the laser preferentially excited dye
molecules that were aligned parallel to the LC director. The shorter lifetime is known to
be caused by the C153 molecules forming hydrogen bonds with n-butanol.'” The lifetime
shortening was not observed in the stable crystal, which supported our conclusion that
the droplets were not spherulites or mixtures of crystallites and untransformed
supercooled liquid.

The Raman investigations carried out on isotropic liquid showed the OH-stretch region
was quite broad reflecting orientational disorder and the formation of up to 3 hydrogen
bonds.””” The physical picture of the isotropic liquid formed on the basis of computer
simulations of n-octanol, small-angle x-ray scattering studies of n-alcohols, and dielectric-
relaxation studies, is that it is composed of clusters with a polar hydrogen-bonded core
and a nonpolar shell consisting of overlapping alkyl chains (Figure 75). On transforming to
the LC phase, orientational disorder was significantly reduced which was reflected in the
OH-stretch bands becoming more narrow and blue-shifted, resembling the Raman
spectrum of the stable crystal and indicating the presence of only two hydrogen bonds
(one donated and one accepted).

As mentioned previously, the OH-stretch Raman-scattering intensity around
3100 cm™ was used to estimate that less than 2.8% of isotropic liquid remained after the
transition strongly indicating its completeness within the accuracy of the experiment. The
intensity of the main OH-stretch bands was highly anisotropic both in the droplet (before
and after cold crystallisation) and in the spherulitic crystal growth outside the droplet.
Previous studies found that in the stable crystal of n-butanol, the hydrogen-bond network

forms infinite chains in the [100] direction.!” This caused the OH bonds to be aligned
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giving rise to a large anisotropy. If the new phase were an LC, the observed anisotropy
would be consistent with the parallel alignment of the OH bond with the LC director. On
the other hand, if the newly formed phase were a spherulite, then these observations

would imply a complete conversion to a spherulitic polycrystalline phase.

&U/Sof I

o]

Ra

~

[

o
~ O
o ~"0 L. _O
S | [
fz@oi oA s
( <;3?O— o ~9

O
O_/_\ o
Figure 75. Schematic illustration of the molecular structure of three investigated phases of n-
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butanol: the isotropic liquid (A), the rippled lamellar LC (B) and the stable crystal (C). Red

spheres represent the OH groups.

When a crystalline phase is formed, sharp phonon peaks are expected to be detected
in the low-frequency Raman spectrum. That was the case with the spherulitic crystal
growth formed around the droplets after cold crystallisation, which displayed strong
phonon bands at 58 and 72 cm™. However, the same peaks measured inside the droplet
before cold crystallisation, were very weak with estimated less than 2% contamination
with crystals. This result was consistent with the WAXS data leading to an estimated 1.8%
contamination with crystals.'®® After a cold crystallisation cycle, the phonon peaks inside
the droplet were identical to those in the stable crystal. These observations were
inconsistent with a full conversion to a spherulitic crystal and also inconsistent with an
“arrested crystallisation” scenario. They were, however, consistent with a complete
transition to an LC contaminated with less than 2% (nano) crystallites and very weak
anisotropy in the phonon region in the nucleated droplet before cold crystallisation.

The WAXS data also demonstrated the formation of an LC phase. The diffraction peak

at g = 0.718 A~ correlates with the (001) x-ray scattering peak in the stable crystal and a

R 2
Bragg separation of d = 8.75 A, where d relates to g as qzjn. This distance corresponds
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to the distance between hydrogen-bonded molecular planes in the stable crystal (see
Figure 76A).8” Also the diffraction peak at g = 1.7 A" correlates with (012) x-ray scattering
peak in the crystal and a Bragg separation of 3.7 A. The (012) reflection is associated with
nearest neighbour packing perpendicular to the long axis of n-butanol. Therefore these
observations were inconsistent with the formation of a nematic LC phase or a spherulitic
crystalline phase. They were, however, consistent with a rippled lamellar LC or gel phase.
This conclusion was additionally supported by Raman spectra of the CH-stretch region

showing that the alkyl chains in the LC were arranged in mixed gauche and trans

1l %8
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Figure 76. Schematic illustration demonstrating that the new phase is not a nematic LC.

conformations.’®
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(A) Known crystal structure; d (determined as 8.75 A) indicates the distance between
hydrogen-bonded molecular planes. (B) Nematic LC; it can bee seen that if molecules of the

new phase where arranged in this way, d would be about half of the expected d value.

We observed that on heating of the samples towards T, the untransformed
supercooled liquid crystallised without affecting the LC droplets (Figure 68C). This further
supported the conclusion that the LC phase was metastable and frustrated the formation
of the stable crystal. These observations were not consistent with the LC being
a metastable intermediate state on the pathway between the isotropic liquid and the

stable crystal, postulated by Ostwald’s rule of stages.
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Brillouin scattering studies on n-butanol found crystalline-like acoustic phonon peaks
in the new phase inconsistent with those observed in the crystal.®>°' These observations
can be now reinterpreted as resulting from the partial ordering of the LC. Also, the
recently reported disappearance of the Debye process combined with the survival of the

199

liquid-like 3 -process during the transition'” is consistent with the formation of the LC

and the associated breakup of the hydrogen-bonded clusters in the isotropic liquid.

5.5 Conclusions

Our spectroscopic and imaging investigations of the phenomenon occurring in
supercooled n-butanol, led us to conclude that it is not a polyamorphic LLT?® between
two isotropic phases but an isotropic liquid to LC transition. The LC phase in n-butanol is
not “in between” the isotropic liquid and the crystal but it frustrates the formation of the
(thermodynamically more stable) crystalline state.

We excluded the possibility of the formation of a mixed state composed of
nanocrystallites and untransformed supercooled liquid or an “arrested
crystallisation”.®®' Our conclusion is supported by previously reported calorimetric
measurements.? % %120 They observed that on heating of the n-butanol glass at different
speeds, two exothermic peaks were observed — one associated with the “glacial phase”
and the one linked to the formation of the stable crystalline phase at 155 K.*' The origin of
the former peak can be now seen as the formation of a rippled lamellar LC phase.

The estimated temperature range for the observed transition is between 150 K and
120 K, located just above the T, of n-butanol.?® It is unusual for a liquid to LC transition to
have such a large degree of supercooling (30 K) and it may lead to high viscosity of the LC
phase and the sharp interfaces shown in Figure 68B. The Raman investigations show that
the observed transition resembles crystallisation in terms of the number of hydrogen
bonds being severed due to the breakup of liquid clusters and the large interfacial
energy. This explains the unusually large supercooling and the formation of the LC as
droplets rather than schlieren textures.

Previously reported structural investigations established that in the stable crystalline
phase of n-butanol the molecules are stacked anti-parallel forming infinite chains of
hydrogen bonds.?” We find that in the LC phase the hydrogen-bonded chains are
disordered (rippled) and their alkyl tails have a distribution of gauche and trans

conformations (Figure 75).
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Lastly, the reports of the formation of the mixed state composed of microcrystallites
and untransformed liquid will be addressed.?” "2 We showed this conclusion to be
incorrect and we explain the presence of microcrystallites at higher temperatures by the
n-butanol molecules having sufficient kinetic energy to escape from the frustrated state

and move towards thermodynamic equilibrium.
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