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Abstract

At first glance the formation of ice might seem a mundane everyday phenomenon.
But upon closer inspection it reveals a powerful and mysterious nature. Its impacts
are vast: from glaciers, to cryopreservation, to climate modelling, it is at the heart of
a myriad of technologies and natural phenomena. And its formation is perplexing:
a foreign material is almost always required to facilitate its formation, yet despite
over 75 years of research no reliable method or guideline exists to predict how or
which materials can do this. This thesis looks to solve the mysteries of ice formation
by utilising simulation and data-driven techniques to understand it on the molecular
level. In chapter 3, we show how to design materials to nucleate desired polytypes
of ice, including the elusive cubic ice, and show that the process is controlled by
the structure of interfacial water. In chapter 4, we develop a model that accurately
predicts the ice nucleation ability of materials. Deep learning techniques enable
an easy, cheap, and rapid method, that requires just an image of room temperature
water in contact with the material. Chapters 5 and 6 investigate the amorphous ices.
Using these glassy states as models for the liquid has emerged in the field as the
potential key to resolving the famous many anomalies of liquid water. In chapter 5,
we find evidence that the most common form of water in the universe, low-density
amorphous ice, is not actually amorphous but a partially crystallised state. This has
implications for its connections to the liquid and its roles in nature and technology.
In chapter 6, a new form of amorphous ice with a density close to that of liquid
water is presented. The subsequently named “medium-density amorphous ice” may

represent the true glassy state of liquid water.






Impact

The knowledge gained on the formation of ice in this thesis has wide-reaching im-
pacts. Investigations of heterogeneous ice nucleation resulted in significant gains
in understanding how materials can promote and be used to control ice nucleation.
A design methodology to create materials that form desired polymorphs was pro-
duced. Routes to achieve cubic ice from liquid water for the first time were thus
found, bringing the field close to an iconic achievement. Potential impacts include
its use in cryopreservation (a technology widely used in biomedical research and
clinical applications) to increase survival yields, and in atmospheric science. An
increased prevalence of ice polymorphism was uncovered, and the structuring of
interfacial water was discovered to be the key physical mechanism. These results
directly impact technological efforts to control ice, but also impact the plethora of
areas where controlling polymorphism is desirable to tune physicochemical prop-
erties (e.g. pharmaceuticals and advanced materials). Deep learning techniques
were then utilised to give a rapid, cheap, and accurate way to predict a material’s
ability to promote ice simply using images of room temperature interfacial water.
This alleviates the requirement for notoriously expensive complex simulations or
direct experimental measurement for the first time. A pathway to rapidly screen
materials was thus achieved, opening a way to discover novel, cheap, and abundant
cloud seeds for geoengineering; and to identify ice forming aerosols whose affects
present one of the biggest uncertainties in modelling climate change. An open chal-
lenge between the model and the community also led to a greater understanding
of the field’s knowledge gaps. Outside of ice formation, the use of deep learning

on interfacial water gave a generalised methodology that paves the way for future
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studies to predict the many properties of water of interest in materials science, and
is of particular interest to nanotechnology (e.g. blue energy and water desalina-
tion). Investigations into the amorphous ices also proved fruitful. Strong evidence
that the structure of the most abundant form of water in the universe, low-density
amorphous ice (LDA), is not actually amorphous but a partially crystallised state
was found. This impacts the many roles of LDA in cosmological phenomena (e.g.
astrochemistry), nature (e.g. cryobiology) and technology (e.g. cryogenic electron
microscopy). For future research, it shows that great care is needed in conclud-
ing if a sample is a glass or not; thereby providing new investigation pathways for
other amorphous ices, and more broadly potentially benefiting the many technolo-
gies that rely on glasses (e.g. OLEDs and fibre optics). In fundamental research,
using the amorphous ices as models for liquid water is potentially key to resolving
the anomalies of liquid water: a long-held goal of science. We present a new amor-
phous ice, medium-density amorphous ice (MDA), whose density is close to liquid
water and may represent its true glassy state. Our discovery of MDA and results
on LDA raise many questions and future research avenues on the nature of liquid
water. Besides this, MDA presents a new form of water whose presence in nature

will be fascinating to explore.
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Chapter 1

Introduction

Water is the driving force of all

nature.

Leornardo da Vinci

Leornardo da Vinci is yet one in a long list of many famous names who have
been enthralled and enchanted by this elemental material, water. It was Galileo
Galilei who by applying Archimedes' principle on buoyancy (eureka!) seems to be
the rstto note that its solid form, ice, has a lower density than the liquid [1, 2] —in
1612 water's most famous anomalous behaviour had thus been recorded. Today this
tops a catalogue of fascinating behaviours; many of which are key to the viability of
life itself and still puzzling and occupying the mind of scientists across the globe.
One of the most fundamental mysteries remains the formation of ice.

You may be wondering, how can such a simple thing as the formation of ice
still hold scienti c intrigue? Let us perform a thought experiment: cool water just
below @ C, wait a little while, and ice forms? On the surface, this seems like an
unremarkable everyday occurrence. In reality it is quite the opposite. To understand
one must go down to the atomic-scale. Here statistics are sovereign. And moving
from the chaotic disordered liquid state to the highly ordered crystal lattice of ice
(see Fig. 1.1) is actuallyrare event(a more formal de nition of this shall be intro-
duced in chapter 2). For liquid water at temperatures befo®,Ghen the warmer
the temperature the more rare the transition to ice is — i.e. we must wait longer to

observe it. The rate of ice formation is actually so slow that theoretical calculations
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Figure 1.1: Water (top) and ice (bottom) at the atomic-scaleOHnolecules are illustrated
by oxygen atoms in red and hydrogen atoms in white
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tell us if we were to wait the age of the universe then the highest temperature we
could ever expect to see ice form i20° C [3]. Our everyday experience of ice
formation near ©C is an astounding fact hiding in plane sight.

The reason ice formation can be observed n€a€ (s due to the presence
of impurities that facilitate its formation — analogous to the way that catalysts pro-
mote chemical reactions. This is referred toha$erogeneous ice nucleatigsee
Fig. 1.2), whereas the freezing of pure water is referred thamsogeneous ice
nucleation(see Fig. 1.3). We know that the formation of ice almost always oc-
curs heterogeneousiyut much remains to be understood. Our knowledge gap is
perhaps best captured by the fact that despite over 75 years of research, no reliable
method or guideline exists to predict whether and how a particular material might
promote ice nucleation.

Even confronted with this knowledge gap, the reader might fairly ask: “So
what? What can an understanding of ice formation give us?”. If it seems an unin-
spiring goal, one need not look far for inspiration. As usual, nature is the master.
The potential is perhaps surprisingly best illustrated by baby painted turtles. Ice
formation damages and ultimately kills biological cells [4], yet by using proteins
to control the formation and growth of ice crystals these turtles can remarkably
spend up to 6 months of their lives completely frozen [5]. Such a level of con-
trol is far beyond our current technological capability, and achieving it would have
wide-reaching bene ts; not least since cryopreservation “underpins all biomedical
research” [4] and has numerous vital clinical applications [6]. Ice impacts industry
as well. For instance aerospace, where despite the immense complexity of engi-
neering involved the simple formation of ice can still cause huge cost and chaos,
including the emergency landing of ights [7], explosion of space rockets [8] and
frozen fuel systems [9].

One impact of ice formation that is gaining evermore importance to humanity
is in the weather and climate. The presence of aerosols (anthropogenic and natu-

ral) which cause water droplets to freeze or act as sites for condensation has key

1The most simple proof being that we see ice form at temperatures much higher tfa@ @0
our lifetimes!
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