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Abstract

The class of water-ice compound known as gas hydrate has been of interest to
science for sometime where, for instance, gas hydrates make excellent candidates
for studying the interactions of water and gas molecules. They are also
of relevance to industry, where they present an interesting material for the
separation, transport, and storage of different gases, and also due to the vast
quantities of methane gas that are trapped in natural gas hydrate formations.
While much is known about the behaviour of many gas hydrate systems at high-
pressure, the CO2 hydrate system is less well studied, with apparent hydrate
dissociation at just 10 kbar, and (prior to this work) an unsolved crystalline
phase in the pressure range 6-10 kbar.

In this work the CO2-H2O system has been studied at high-pressure and, by
heating samples to the liquid state and observing their behaviour on refreezing,
it has been confirmed that there are indeed no hydrate phases in the system
above 10 kbar (up to at least 40 kbar). While performing this investigation,
an interesting effect of CO2 on the behaviour of water crystallisation was also
observed, and additionally, a simple yet effective technique for making solubility
measurements in the system at high-pressure has been discovered.

Using a combination of neutron and x-ray diffraction techniques, the crystal
structure of the previously unsolved ‘HP’ CO2 hydrate phase has been determined
by ab-initio methods. It has been found to be a new gas hydrate structure, but is
shared by a small number of Zintl compounds, and may also be common to the
unsolved C0 phase of H2 hydrate. The structure has a characteristic spiral of guest
molecule sites, leading to its suggested label as the spiral hydrate structure (s-Sp).
Its composition has been measured as a tri-hydrate, and the compressibility of
s-Sp and the low-pressure s-I CO2 hydrate phases have also been measured. On
cooling to 77 K it has been discovered that a third CO2 hydrate phase is formed
with a significantly larger unit cell, which is thought to possess a structure similar
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to that of s-Sp, but with an ordered arrangement of CO2 molecules.

Finally, a pilot study of the high-pressure behaviour of the binary H2-CO2 hydrate
system has been performed. Using Raman spectroscopy it has been found that
a new mixed hydrate phase exists in the pressure range 5-15 kbar, and it is
speculated that this could exhibit a freely tunable H2/CO2 content, based on
suspicion that it forms the s-Sp structure. Additionally, it has been found that
H2 and CO2 chemically react at room temperature, when compressed to ∼5 kbar
in a rhenium gasket. From the Raman spectrum this reaction product has been
identified to be aqueous-methanol.
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Lay Summary

Water is one of the most abundant substances on Earth and yet it has a
complexity which is known only to a relative few. For instance, it is not commonly
known that if water is ‘squeezed’ at room temperature, it will freeze. By squeezing
water, and watching how it behaves at different temperatures too, it turns out
that there are in fact many different types of ice. This process of squeezing, or
applying pressure, to materials such as water is a valuable tool for science, as
observing the way that matter behaves when pressure is applied can reveal how
its atoms and molecules interact, and create new materials. The ability to squeeze
materials to high pressure underwent a revolution in the last century, and today
it is possible to routinely access pressures of over one-million atmospheres (or bar,
the pressure at the surface of our planet), using a device that is small enough to
fit in the palm your hand. To try and give this some perspective, this is roughly
equivalent to the pressure under the point of a drawing-pin if a pile of ten small
cars were placed on top of it.

When water is frozen in the presence of simple gas molecules, such as methane
and carbon dioxide (CO2), it is found to do something unusual. As the water
solidifies, the gas molecules are absorbed into it and the water molecules arrange
into small structures that look like cages, that trap the gas molecules inside. This
type of ice is known as a gas hydrate, and it is found that if these gas hydrate
materials are squeezed to high pressure their molecules reorganise themselves
into new arrangements, or phases. In many cases, as the gas hydrate is squeezed
further, its goes through a sequence of such phase changes. By observing how
the molecules rearrange at different pressures we can learn a great deal about
the water and gas molecules, and how they interact with each other. As well
as this, these materials are also of potential use. For instance, over a great
length of time methane gas, from decaying biomass, has slowly bubbled out of the
sediment on ocean floors, and this has caused large volumes of methane hydrate
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to form in these regions. This methane hydrate is a significant fossil fuel resource.
Also, the formation of gas hydrate could be used to capture CO2 from the flue-
gases of fossil-fuel power plants, and there are other areas of application under
investigation. It is on the subject of CO2 hydrates that this work is focused, and
more specifically on its behaviour under high pressure. While other gas hydrates
often display phase changes as they are squeezed, as mentioned, CO2 hydrate
appears to respond quite differently. At a pressure of approximately 6000 bar,
CO2 hydrate undergoes a phase change to an arrangement of molecules that is
not currently known, and at just 10,000 bar, it has been reported that this CO2

hydrate phase breaks apart into separate water-ice and CO2 components.

This thesis has investigated this behaviour of the water and CO2 system at high-
pressure, and by heating samples to observe their behaviour as the they refreeze
on cool down from the liquid, it has been confirmed that there are indeed no
CO2 hydrate phases above 10,000 bar. In doing this study, some interesting
observations on the effect of CO2 on the behaviour of water as it freezes have also
been made, and furthermore a useful new method for measuring the solubility of
CO2 in water at high-pressure has been discovered.

The work of this thesis has also determined the molecular arrangement of water
and CO2 in the gas hydrate phase between 6000 and 10,000 bar, and has found
that the phase is new to the field of gas hydrates. Some of the material properties
of this new gas hydrate have been measured, and experiments performed on
it at low temperature have found that it transforms into a third gas hydrate
phase. While the molecular arrangement of this third phase has not yet been
fully determined, some significant progress towards this has been made, and it is
thought to be closely related to the higher temperature gas hydrate phase.

A study of the behaviour of mixed hydrogen and CO2 hydrate at high-pressure
has also been performed, due to the relation of this material to CO2 hydrate, and
also because a mixed gas hydrate such as this could be valuable for industrial
applications. It has been determined that a new mixed gas hydrate phase is
formed in this system at high-pressure, and it is suspected that this may possess
an arrangement of water molecules that might be common to both hydrogen
hydrate and CO2 hydrate separately, and so may have a gas composition that can
be tuned, which would be a potentially useful material property. The study of this
system also made the unexpected discovery that hydrogen and CO2 chemically
react to form methanol at room temperature, when compressed to five-thousand
atmospheres in the presence of rhenium (a metallic element).
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Chapter 1

Introduction

1.1 Motivation

It is generally agreed that the issues of energy supply and climate change present
some of the greatest current challenges to science. On this subject though
it seems inevitable that fossil fuels will continue to play an important role in
energy production in the immediate future, and that carbon capture and storage
(CCS) technologies will therefore be required to mitigate climate change during
the transition to carbon-free energy [1]. It is on the subject of both fossil-fuel
resources and CCS technology that a little known class of ice known as ‘gas
hydrate’ may play an important role in the near future. These water based
compounds are formed when certain gases come into contact with ice, usually
under pressure, and the gas molecules essentially become incorporated (and
trapped) in its crystalline structure.

Gas hydrates are found to form in nature [2], and in some cases in great quantities.
For instance, it has been established that there are large volumes of methane
(CH4) hydrate on the ocean floor, formed from the naturally occurring CH4 gas
that rises out of decaying biomass in the ocean sediment. These reservoirs of
gas hydrate are potentially a significant energy resource [3], and so there is a
considerable ongoing research effort to learn how we can efficiently (and safely)
recover this gas [4]. Beyond this, gas hydrates also have a number of potential
industrial applications, the most notable of which is their possible use in capturing
CO2 from the flue gases of fossil-fuel power plants [5]. Other applications of gas
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hydrates [6] under investigation include their use in the transport of CH4 and as
a storage medium for hydrogen (H2), which may be important in future energy
economies [7, 8]. There is also the prospect of sequestering CO2 in a hydrate
based H2 storage material, which could additionally be useful as a feedstock
medium for processes that have been suggested for recycling CO2 into fuels such
as methanol [9]. Before moving on it is important to note for balance that there
are other materials under investigation for both CCS and H2 storage purposes,
most notable of which is arguably the class of material known as metal-organic
frameworks (MOFs) [10]. These materials form complex frameworks which act
as a host to a range of different molecular species that can be adsorbed into their
structures, and are currently the focus of considerable research effort due to their
great versatility.

Beyond the potential applications of gas hydrates, and the likely importance of
CH4 hydrate as an energy resource, these materials are also of general scientific
interest. They can, for instance, be useful subjects for learning about the bonding
of water molecules (a substance that is fundamentally important to life) due to
their often quite complex crystalline structures. They are also ideal candidates
for studying the interactions between confined gas molecules, as well as between
gas and water molecules (for which they are uniquely useful). In all these
cases the application of pressure is an excellent tool for revealing the nature
of these interactions and their subtleties, and often under the application of high-
pressure quite striking and unpredicted behaviour is revealed [11]. Gas hydrates
are also thought to occur elsewhere in the solar system, and it is due to high-
pressure studies on CH4 hydrate that we now understand the previously confusing
persistence of CH4 on the surface of Saturn’s moon Titan [12]. Of course, in
progressing our fundamental understanding of these materials, for instance by
observing their behaviour under pressure, we also become better equipped to
develop them for tangible applications, such as those mentioned above.

1.2 Thesis Outline

In the field of gas hydrates it has been found by a small number of research groups
that the behaviour of CO2 hydrate is considerably different to other, relatively
similar systems, as it is observed to dissociate into its separate components on
compression beyond pressures of ∼10 kbar. As well as the fundamental interest
that this unexplained behaviour presents, understanding this phenomenon may
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also provide useful information on the interactions between CO2 and water
molecules that is relevant to future applications of CO2 hydrate.

The work of this thesis aims to extend the current knowledge of this gas hydrate
system through studies of both its solid and liquid states at high-pressure, and in
doing so also hopes to contribute towards understanding its unusual behaviour.
Additionally, motivated by the potential application that a combined H2 and CO2

hydrate could have, work has also been performed on the behaviour of this mixed
hydrate system at high-pressure.

Briefly, the thesis is structured as follows. In Chapter 2 an introduction to gas
hydrates is given before a review of the CO2 hydrate system and the binary
H2-CO2 hydrate system. During this review of the current knowledge of these
systems the specific research questions of this thesis are established. In Chapter 3
an overview of the methods of high-pressure research relevant to this work is
presented, and in Chapter 4 the experimental techniques employed in this work
are described. Chapter 5 is the first of three experimental chapters, and presents
the work performed on the CO2 hydrate system at high pressure and temperature
conditions in search of new CO2 hydrate phases forming from the melt, as
well as work on the behaviour of the liquid state of the system. Chapter 6
presents a crystallographic study of a previously ‘unsolved’ CO2 hydrate phase,
and constitutes a major portion of the work of this thesis. In Chapter 7 the
results of work on the binary H2-CO2 hydrate system are presented, including the
investigation of an unanticipated chemical reaction observed at room temperature
(RT). The results of the thesis are concluded in Chapter 8, in which suggestions
of possible further work are also made. Finally, some background on the need for
central research facilities used in this work, and in general, is given in Appendix A.
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Chapter 2

Background

This chapter aims to provide a general familiarity with the field of gas hydrates,
before presenting a more rigorous review of the published literature within this
field that is relevant to the specific research of this thesis. As such, it provides
the foundations upon which the work in this thesis is built upon, and in doing so
places it in context.

The topic of gas hydrates introduced in the previous chapter is discussed first,
with an overview of some of their main characteristics. The general behaviour of
these materials under the application of high pressures is then presented, before
discussing the CO2-H2O system and the gas hydrate phases it forms in detail. A
thorough review of the current understanding of this system under high-pressure
is given, including some discussion of the behaviour of its liquid state. Finally, a
brief overview of research into binary gas hydrates is presented, together with a
review of the H2-CO2 hydrate system.

While attempt has of course been made to keep this chapter accessible, a number
of technical terms are inevitably used in places, particularly in sections reviewing
the published work of others. Where these terms are important and relevant to
this thesis they are properly introduced in Chapters 3 & 4. In all other cases, the
associated citation is suggested as a first point of reference.
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2.1 Gas Hydrates

2.1.1 Ice Inclusion Compounds

The existence of the type of ice known as ‘clathrate hydrate’ has long been
known, with its accidental discovery in the early nineteenth century by Lord
Davy [13]. This form of ice is in contrast to that more commonly associated with
the word in its nature as an inclusion compound, where simple molecules such
as argon, nitrogen (N2) and CH4 are incorporated into its crystal structure. The
compounds usually exhibit cage like features, formed by the hydrogen bonded
water molecules, which essentially trap (or ‘enclathrate’) the gas molecules inside
the ice. This forms a host-guest type crystal structure, where the cage forming
water molecules can be imagined as ‘host’ to the ‘guest’ gas molecules trapped
within. In cases where the guest species is gaseous at ambient conditions the
compound is often referred to simply as a ‘gas hydrate’.

Figure 2.1 Examples of gas hydrate occurrence in industry and nature. Left: A
plug of CH4 hydrate removed from a gas pipeline. Right: Recovered
block of natural gas hydrate. Images sources: [14, 15].

While early interest in these materials arose out of scientific curiosity, in the
early twentieth century research into gas hydrates received a significant increase
in attention after their responsibility for costly blockages in natural gas pipelines
in industry was realised [16] (see Figure 2.1). A considerable body of research
into these materials has continued since, fuelled by their interesting properties
and the number of potential applications that they have, and not least by the
significant volumes of CH4 hydrate found to exist on ocean floors. On the subject
of these natural hydrates it should be noted that, while also possibly a valuable
resource, they are also a potential cause for environmental concern, as indicated
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by reports that in some regions natural hydrates could become destabilised by
changing ocean temperatures [17].

2.1.2 Clathrate Structures

There are three crystal structures commonly adopted by low pressure gas hydrates
[18], two cubic clathrate phases commonly referred to as structure-I and structure-
II, and a hexagonal clathrate phase referred to as structure-H (abbreviated to s-I,
s-II and s-H respectively). The cubic phases were discovered first [19, 20], and are
composed of ‘small’ and ‘large’ type cages, formed from hexagonal and pentagonal
faces, which acts as building blocks to form the crystal structure (see Figure 2.2).
The size of guest species is the dominant factor in determining which phase is
formed [18], with s-I forming in the case of small molecules such as CH4 and CO2,
and s-II usually forming in systems at both extremes, with very small guests such
as argon and N2, and large guests such as propane. The hexagonal phase (which
was discovered sometime later) [21, 22] is more complex and consists of three
different cage sizes (formed from hexagonal, pentagonal, and square faces), one
of which is very large, and only forms (if at low-pressure) where a mixture of small
and large guest species are present. As a result of the latter property, this phase
was discovered significantly later than s-I and s-II, but despite its occurrence at
low pressure being considered as anecdotal [18], it is observed in a number of gas
hydrate systems at high pressure, where it is found to form with the presence of
only a single guest type [23, 24].

At high-pressure a fourth variety of gas hydrate is observed, with a tetragonal
clathrate structure (abbreviated as s-T) which differs considerably from those
above with just a single cage type formed from pentagonal, hexagonal and square
faces [25]. This phase is somewhat rare as to date it has only been observed
in the argon and N2 hydrate systems [26], although the structure is based upon
a similar phase that occurs in pinacol hydrate [27]. On compression of the gas
hydrates described a number of systems transition to new structures that, as
they do not posses cage-type features, are no longer describable as clathrates.
These are sometimes differentiated from true clathrate structures and labelled as
filled-ices. These are discussed later.
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Figure 2.2 The four clathrate hydrate structures and the cage types which compose
them. Labelling indicates the number, and type, of faces that each cage
is composed of (for instance 512 indicates twelve pentagonal faces).
Shown top are the three phases most commonly formed and known to
occur at low pressure. The structures shown (from top to bottom) are;
cubic s-I, cubic s-II, hexagonal s-H, and tetragonal s-T. The s-T phase
has only been observed to occur at high-pressure.
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2.1.3 Properties & Thermodynamics

Clathrate hydrates are a type of non-stoichiometric compound due to the
dependence of cage filling on applied pressure, which in ideal cases follows a
Langmuir isotherm [28], with increased filling at higher pressure (analogous to
the increase in gas solubility in water usually observed with the application of
pressure). Furthermore, the composition of any given clathrate structure can
vary across different systems due to the differing sizes of guest molecules. While
both large and small cages may be occupied this is not universally observed, and
is not always necessary for stability, where in some cases only the large cages may
be occupied when a larger guest molecule is present. Contrastingly, when smaller
guest molecules are present not only is occupation of both cages observed, but
double or even multi-occupation of the large cages can occur, as demonstrated
for the case of N2 hydrate using high-resolution neutron diffraction [29].

The interaction between the enclathrated guest molecule and the host is of a
hydrophobic nature, and it is generally agreed that this repulsion plays a crucial
role in stabilising the hydrogen-bonded clathrate cages, essentially holding them
up like the gas pressure does in a balloon. However, recent neutron diffraction
work by Falenty et al. [30] has discovered that an empty s-II clathrate (from
neon hydrate) can be obtained by fully extracting the guest species at 140 K
using a vacuum pump, which conflicts with the prediction based on this previous
understanding that an empty clathrate structure would be unstable [31]. More
significantly, the study found that the volume of the host structure is altered by
the presence of the guest. This has important consequences for the modelling of
clathrate hydrate stability as current methods (for example, that of Sun & Duan
[32]) are based upon the theory of Platteeuw and van der Waals [28], which is
built upon a basic assumption that the guest species do not distort (or affect
the volume of) the host cages. If this assumption were correct the theory should
certainly be valid for a very small and spherical guest specie such as neon (some
perturbation would be expected for rod shaped species, such as CO2 [33]), but
in light of the work of Falenty et al. this is not the case. As such, it transpires
that the behaviour of clathrates is more complex than had been thought, and
new approaches to modelling these structures will likely be needed to improve
the accuracy of clathrate modelling.

A peculiar property of some clathrates is the so-called ‘self-preservation’ effect,
where the hydrate is observed to have a considerably damped decomposition
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rate outside its known thermodynamic field of stability. Recent work using
neutron diffraction and cryo-SEM on CO2 hydrate has revealed there to be
two mechanisms responsible for this phenomenon [34]. The first, observed to
operate at temperatures above 240 K, is the annealing of a three-dimensional
ice layer formed at the hydrate surface from the initial hydrate decomposition.
This layer acts as a self-protecting ‘ice shield’ and preserves the hydrate by its
effect of hindering the permeation of the enclathrated gas out of the hydrate.
The second mechanism (identified for the first time in the study) was observed at
temperatures below 240 K, over a narrow pressure range, where rapid growth of a
two-dimensional dendritic ice layer over the hydrate was observed, and the micro-
structure formed acted to limit the hydrate surface permeability and effectively
formed a seal. As well as a phenomenon of general interest, if this effect could
be accurately modelled then it could be useful both for the manipulation of gas
hydrate samples in the laboratory, and more importantly in the application of
gas hydrates for storage.

2.1.4 Behaviour at High-Pressure

Figure 2.3 The filled-ice structure (FIS) gas hydrate phase formed at high-pressure.

While the low-pressure gas hydrate phases have been known for a considerable
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time, very few studies of their behaviour at high-pressure had been performed
before the turn of this century [12], due in part to (now defunct) theory arguing
that gas hydrates would dissociate at pressures beyond 10 kbar. Much of the
initial wave of work performed on these systems at high pressure focused on
CH4 hydrate where, despite early ambiguity over its behaviour [35, 36], it was
established through a number of diffraction studies that methane hydrate can in
fact persist up to a pressure of at least 860 kbar [37], with two structural changes
from the initial s-I phase. On compression to 9 kbar the s-I CH4 hydrate phase
was observed to transition into s-H hydrate (the first occurrence of a pure phase
s-H hydrate) [23, 24], and on compression of this phase to 18 kbar a transition to a
new hydrate structure was discovered [24]. The structural solution of this phase
demonstrated it not to be a clathrate type phase [12], with greater similarity
instead to ice Ih, leading to its label as the filled-ice structure (FIS). To date this
orthorhombic structure is still established as the ultimate high-pressure hydrate
phase in the system, with its dissociation not yet observed.

A number of other gas hydrate systems have since been studied at high-pressure,
many of which have been observed to exhibit hydrate phases up to pressures well
in excess of 10 kbar. While these do not all undergo an identical series of structural
changes, it has been suggested that there may be a similar sequence across the
systems with small to medium sized guests [12], as shown in Figure 2.4. At low-
pressure all the systems adopt either the s-I or s-II phase, and on compression
typically transform into either the s-H or s-T phase (except for krypton hydrate,
which apparently has a brief transition from s-II to the s-I phase before forming s-
H). On further compression, three of the four systems shown form the FIS, which
in the case of CH4 and N2 persist to very high pressure and are not observed to
dissociate.

It should be noted that hydrate systems with very small guest molecules such
as H2 and helium have so far not been mentioned. These systems exhibit a
considerably different behaviour to those above, likely due to the considerably
smaller volume of these molecules, and notably a clathrate phase was only
discovered in the H2 hydrate system relatively recently [38], and no diffraction
evidence exists yet for a clathrate phase in the helium hydrate system (although
it is suspected to posses one [39]). Significantly more work has been performed
on H2 hydrate, and four different phases [40, 41] have been found to exist up to
600 kbar. The s-II clathrate phase is observed at low-pressure and on compression
a sequence of new hydrate structures are formed, commonly denoted C0, C1 and
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Figure 2.4 A common structure sequence in gas hydrates under the application
of pressure (at ∼300 K), illustrated with bar-sections indicating the
respective structure formed (see key) at different pressures in a number
of systems. Fade-out bars indicate where high-pressure dissociation
of the hydrate has not yet been observed, and the striped bar of Kr
indicates an uncertainty in its observed dissociation pressure. The red
bar indicates the unsolved gas hydrate structure observed in the CO2
hydrate system, discussed in Section 2.2. Data from Loveday & Nelmes
[11].

C2. The C0 phase was discovered only recently and its structure is presently
unknown due to the limited quality of diffraction data, although a number of
candidate structures have been proposed [41–43]. The C1 phase was found to
have a rhombohedral unit cell similar to that of helium hydrate (an ice II based
structure) [44], and supported by composition estimates it is thought to have
the same filled-ice type structure as helium hydrate. The C2 phase has been
determined as another filled-ice type hydrate with a structure similar to that of
ice VII.
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2.2 The CO2-H2O System

2.2.1 P-T Phase Diagram

The behaviour of the CO2 hydrate system at high-pressure has primarily been
studied by Hirai et al. [45] and Manakov et al. [46] using diffraction methods,
and more recently by Bollengier et al. [47] using Raman spectroscopy (published
after the work of this thesis had begun). The phase diagram of the system is
given in Figure 2.5 where it is shown that, so far, two gas hydrate phases are
known to form. These are an s-I clathrate phase (shown in blue) at low pressure,
and a new crystal structure (shown in red) referred to as the ‘high-pressure’ (HP)
phase. At pressures above the field of the HP phase the system is reported to
dissociate, which renders its behaviour significantly different to the other hydrate
systems (as highlighted in Figure 2.4).

2.2.2 s-I CO2 Hydrate

The CO2 clathrate phase was first observed by Wroblewski in the late nineteenth
century [2], and has the s-I structure [50]. Occupancy of both the large and small
cages of the structure has been confirmed from diffraction [51, 52], MAS-NMR
[53], and ATR-IR spectroscopy [54] studies (despite the comparative volume of
the guest molecule to the small cage), and its CO2 content has been determined
from these and dissociation experiments [55] to vary from 11.5% to a maximum of
14.8% (single guest occupation of all cages). An investigation of the dependence
of cage filling on applied pressure using diffraction methods [56] has shown that
the large cavities rapidly fill at low pressure (∼15 bar), while the small cavities
achieve only 50% filling at the same conditions (following a Langmuir isotherm
with the application of pressure [28]).

The dissociation curve of the phase is well established, with the recent Raman
spectroscopy work of Bollengier et al. [47] (shown in Figure 2.5) in excellent
agreement with past studies [57, 58]. Measurements of the dissociation curve
by Manakov et al. [46] using DTA show disagreement with the other studies,
indicating a dependence of the behaviour on the overall sample composition.
They report that in CO2 rich samples the dissociation curve extends to higher
temperatures than previously observed, with an increase at the maximum in the
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Figure 2.5 P-T phase diagram of the CO2 hydrate system. Data taken from
the work of Hirai et al. [45] (open-squares) and Bollengier et al.
[47] (crosses and filled-diamonds); refer to key for meanings. Thick-
black lines are a guide to the eye based on the data of Bollengier et
al., indicating the melt curves of the s-I phase and ice VI (H2O and
saturated-H2O) in the system, while the thick-red dashed lines show
the upper and lower pressure boundaries of the HP phase proposed
by the same study. Corresponding melt curves and phase boundaries
suggested by Hirai et al. are shown by thin- black and red dashed lines
respectively. Thick- purple and grey dashed lines show the established
melt curves of ice and CO2 I respectively [48, 49] (solid phase boundaries
of ice not shown).

curve of 6 K (in the most extreme case). The authors attribute this increase to
multiple occupancy of the large cages, and present an argument for the viability
of this based on the respective volumes of the cage and CO2 molecules. While
such an occurrence would be of great interest it is suggested here that, given
the close CO2-CO2 proximity that would result from multiple occupancy of the
large cage, the authors’ suggestion is somewhat unlikely (particularly in absence
of supporting diffraction evidence). A more reasonable explanation may lay in
consideration that, in the observations by Manakov et al. on the CO2 rich system,
the hydrate phase exists in a considerably different chemical environment to the
other studies. As the hydrate is surrounded by liquid CO2 in this case, rather
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than water, the kinetic mechanism by which the hydrate dissociates is likely to
be very different, which could in turn account for the difference in dissociation
temperature observed by the authors.

Figure 2.6 An illustration of the disordered nature of CO2 in the s-I clathrate cages.
Left: Small cage. Right: Large cage, with alternative perspective shown
inset.

A further instance of suggested double occupancy of the large cage was made
in diffraction work performed by Hirai et al. [45], although at very different
conditions. At a pressure of ∼3 kbar they report two instances of a small
lattice expansion (∼0.6%) of the clathrate after cooling from 220-200 K, with
an expulsion of ice. They propose that the increase in lattice parameter is caused
by an expansion of the large cage to accommodate additional CO2 molecules in
the cavity. While this theory is consistent with the observed expulsion of ice, it
is more likely that this was simply caused by partial dissociation of the hydrate,
possibly due to a small pressure increase caused by thermal contraction of the
cell. It is difficult to reconcile this theory with the reported increase in cell
volume, particularly if a small pressure increase did occur (which would normally
cause a volume reduction), but it is unclear to what extent the expansion is
greater than the experimental uncertainty, as no details of this are provided by
the authors. While inspection of the diffraction intensities would have provided
stronger evidence of a change in the CO2 arrangement and occupancy of the cages,
the data were reported to be of insufficient quality to permit this. Given the
argument against the possibility of double cage occupancy in CO2 hydrate made
earlier for the work of Manakov et al. [46], it is suggested that the observation of
Hirai et al. is likely erroneous, although it perhaps demands further investigation.

The hydrogen atoms of the structure’s water network are disordered, and
are observed to remain so by neutron diffraction down to 15 K [51]. The
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CO2 molecules in both cages are likewise observed to be disordered down to
this temperature, with each guest centred in its cage but with considerable
orientational freedom of the oxygen atoms, as shown in Figure 2.6. Using high
quality x-ray diffraction data Hartmann et al. [59] have tested a number of
proposed models for the guest disorder and find the large cage guest to be best
modelled by four CO2 orientations, arranged approximately in the equatorial
plane (with a small tilt out of the plane). The small cage is fitted equally well by
a number of models, the simplest of which defines eight CO2 orientations with
their oxygen atoms pointing at the center of the pentagonal faces of the cage.

Figure 2.7 Depiction of the conventional ‘shrinking-core’ model of clathrate
hydrate growth from an ice particle. An initially pure ice particle
(left) is exposed to a hydrate forming gas, and a layer of clathrate is
rapidly formed at its surface (middle). Gas diffusion into the ice particle
becomes limited by the established gas hydrate shell, and conversion of
the remaining ice into clathrate slows with increasing shell thickness
(right).

Interest in this CO2 hydrate phase has been present for some time with regard
to astronomical models, where it has been postulated that it may exist in large
quantities at the polar regions of Mars [60]. While such theories persist there
has recently been an investigation of the hydrate’s growth kinetics by Falenty
et al. [61, 62], which casts doubt on this possibility. Where the conventional
model of hydrate growth (see Figure 2.7) is based upon an initial hydrate shell
surrounding an ice crystal, the work by Falenty et al. identifies the unsuitability
of this model for growth from frost-like powders, as the established initial hydrate
shell thickness is greater than the ice particle diameter. The work, based on in-
situ neutron diffraction studies, found limiting factors for the hydrate growth rate
at both extremes in a spectrum of ice particle size. For fine ice-powders the slow
rate of nucleation is seen to limit the rate of formation, while for larger volumes
of ice the limited diffusion rate of gas through the established hydrate layer also
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hinders the rate of hydrate formation (as previously thought [51]). Application
of a suitably modified model to gas hydrate formation on Mars indicates that the
timescales required for large volumes of hydrate to form there are incompatible
with the seasonal temperature variations of the planet. It is reasoned by the
authors that any small quantities of hydrate formed during the Martian winter
would very likely be destroyed when yearly temperature changes go beyond the
hydrate field of stability.

2.2.3 ‘High-Pressure’ CO2 Hydrate

The HP CO2 hydrate phase was recently discovered in low temperature x-ray
diffraction work by Hirai et al. [45], who performed a significant exploration of
the P-T phase diagram of this system up to pressures of ∼20 kbar and over a
temperature range of 80-300 K. This hydrate phase was apparently missed in
earlier high pressure work by Manakov et al. [46], who performed neutron and
x-ray diffraction studies of the system. Scrutinising the description provided by
the authors of the P-T conditions they explored in the system reveals the cause of
this discrepancy with the work of Hirai et al.. Their reported neutron diffraction
study was performed at 273 K but only up to a pressure of 2.5 kbar, below the
pressure required for the phase to form, while the x-ray diffraction study was
performed over the pressure regime 5-26 kbar but at room temperature, above
the temperature range of the phase. This case highlights the relatively narrow
P-T range in which the phase exists, and how easily it can be missed.

In the work of Hirai et al. the phase is observed to be richer in CO2 than the s-I
phase, evidenced by the expulsion of a significant quantity of ice on its formation.
However, due to the poor powder quality of samples in the study and uncertainty
over their initial stoichiometry, no suggestion of the composition of the new phase
is made. The authors report that the phase is likely a new hydrate structure
as it could not be indexed to any of the known clathrate structures, although
notably they do not mention consideration of the FIS, and their attempts to
independently index the phase apparently failed. Given the interest of this thesis
in the CO2 hydrate system at high-pressure, and particularly in light of evidence
that this phase is likely to possess a structure that is new to gas hydrate systems,
determining the crystal structure of the HP CO2 hydrate phase is a central aim of
the work of this thesis. The results of a combined neutron and x-ray diffraction
study of the phase are presented in Chapter 6. It should be noted that a neutron
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diffraction study of the system performed by Tulk et al. [63] (published at the
time of writing) claims to have solved the HP phase as the FIS, but analysis of
the phase presented in Chapter 6 finds a significantly different structural solution.
In light of this, a discussion of the structure proposed by Tulk et al. is left until
later (Section 6.5.1).

The Raman spectrum of the phase has been characterised by Bollengier et al. [47],
who have employed the technique to map out the phase diagram. Comparison
of their phase diagram to that reported by Hirai et al. reveals a significant
inconsistency in measurements, which is apparent from the differing positions of
the melt curves reported in each. Both studies report the use of Ruby fluorescence
for measurement of sample pressure, together with a thermocouple located near to
the diamond for temperature measurements, but Hirai et al. do not give details of
the Ruby pressure scale they use or what temperature correction was made to it.
In contrast, Bollengier et al. cite a published Ruby scale that has been specifically
determined for this P-T regime using the established melt curve of ice [64], and
the accuracy of their experimental apparatus is vindicated by the consistency
of presented measurements of the melt curve of ice with the established curve
(shown in Figure 2.5). Given this, it is likely that the P-T measurements of
Bollengier et al. are more reliable, and so it is the phase diagram of these authors
which is presently accepted, although their exploration of it is unfortunately less
extensive1.

2.2.4 Behaviour Above 10 kbar

At pressures over 10 kbar the HP hydrate phase has been observed by both Hirai
et al. and Bollengier et al. to dissociate into separate ice and CO2 components,
and no further gas hydrate phases were reported in either study. As mentioned
above, this places the system in considerable contrast to others such as CH4

hydrate, and it is not clear why this is so. It is possible that the ‘rod’ shape
of the molecule causes an intolerable distortion of the clathrate cage at high
pressures, which would prohibit the formation of further clathrate phases, but
this characteristic would not obviously inhibit the formation of an FIS phase (or
some variant of it).

1It should be noted that the work of Bollengier et al. was published after much of the work
of this thesis was completed, and it was the phase diagram of Hirai ei al. which guided most
experiments.
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While dissociation of the HP phase appears to have been established at ∼10 kbar,
it is noteworthy that studies of the system at pressures above this dissociation
point have not been extensive, with only a small number of diffraction patterns
at higher pressure collected (up to a maximum of only ∼30 kbar, by Hirai et al.).
Furthermore, the system has not been studied at elevated temperature, with all
previous studies performed at room temperature and below. A possible reason
for the absence of additional hydrate phases in this system at higher pressure may
be kinetic hindrance, where the formation of new hydrate phases is inhibited by a
lack of thermal energy. Such a possibility could be readily investigated by heating
the system at high-pressure, ideally to the melt, and observing its behaviour on
refreezing. Establishing if CO2 hydrate phases at high-pressure are kinetically
hindered is a central aim of the work of this thesis. This is presented in the first
part of Chapter 5.

2.2.5 Liquid State

In discussing the phase diagram of the CO2-H2O system it is also useful to be
aware of the behaviour of its liquid state. At ambient conditions CO2 is gaseous
and has a very poor solubility in water of ∼0.05 molar % (there is just 0.7 grams
of CO2 in a regular can of carbonated drink), which is typical for a gas hydrate
former. As is typical of gases the solubility rises sharply with the application of
pressure up to the critical point, where the gas becomes a fluid (liquid-like density,
but with gas-like viscosity), after which its solubility increases more slowly (as
shown in Figure 2.8). At reduced temperature (but above the freezing point of
water) the solubility is improved, and at ∼20 bar and 273 K the s-I hydrate phase
is formed and the (effective) solubility rises sharply as the system enters the solid
state.

At more extreme conditions the behaviour of the system becomes significantly
more complicated, as shown in Figure 2.9. While at milder temperatures the
isobaric application of heat reduces the CO2 solubility, at higher temperatures
the opposite is observed and heating increases mixing in the system. Similarly,
while initially the isothermal application of pressure causes an increase in CO2

solubility, the behaviour inverts at ∼2 kbar, after which compression causes the
separation of CO2 from the water.

As water and CO2 are among the most common molecular species in geological
fluids [67], investigations of solubility in the system under high pressure and
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Figure 2.8 The solubility of CO2 in water at low pressure and moderate
temperatures. Data from solubility model of Duan & Sun [65].

temperature conditions are of considerable interest in geology. Despite this
though, experimental studies of the solubility of this system have only been
made to quite low pressures, with the highest pressure solubility data collected in
work by Takenouchi & Kennedy [66] and Todheide & Franck [68], who presented
investigations up to 3 and 3.5 kbar respectively. Due to interest in the system at
higher pressures than this (relevant to conditions in the lower crust of the earth
[67]) and the apparent experimental challenges limiting the collection of such data,
other methods of investigation have been pursued, such as modelling properties of
the system using a first-principles approach [67]. Such models have been tested
against the available data, including observations up to 20 kbar from quartz
fluid inclusions [69], but the reliability of large extrapolations of such models
to Mbar pressures will always carry uncertainty without greater support from
experiment. The first reported diamond anvil cell work on this liquid system has
recently been presented [70], using Brillouin scattering techniques to investigate
the system up to 60 kbar at 575 K, but only a 5% CO2 sample has been studied
so far. Potentially though, such experiments could provide useful high-pressure
data for vindicating models of this liquid system, and investigating the use of
diamond anvil cells for the measurement of solubility at high P-T conditions is
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Figure 2.9 Showing the complex behaviour of the CO2-H2O system in the liquid
state at moderate pressures, which features an inversion in the pressure
response of CO2 solubility in water at ∼2 kbar. Black lines indicate
approximate isotherms (temperatures given on plot). Data from
experiments by Takenouchi & Kennedy [66].

part of the work of this thesis. This is presented in the latter part of Chapter 5.

2.3 Binary Hydrates

2.3.1 Areas of Interest

Beyond interest in unary gas hydrate systems such as that described above, there
is also significant interest in mixed gas hydrate phases as these materials have
a number of potential applications, as mentioned earlier. A few of the binary
hydrate systems currently of interest are:

• CO2/CH4. On the subject of recovering CH4 from natural gas hydrates
it has been proposed that a gas exchange process could be employed,
which would provide a method of recovering the CH4 while simultaneously
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sequestering CO2 into these natural formations [71, 72].

• CO2 + hydrocarbons/promoter. In research into the use of hydrate
formation for removing CO2 from the flue gases of power plants, it is
necessary to understand their behaviour in the presence of other species
in the gas stream, such as hydrocarbons. The effect of hydrate ‘promoters’
to reduce formation conditions is also an important area of study in this.

• H2 + CO2. As mentioned, mixed H2 and CO2 hydrates could serve as
both a H2 storage medium and a simultaneous method of sequestering CO2,
which could also serve as a useful feedstock material for converting CO2 into
fuel.

It is the last of these materials that is of interest in this work, and a short review
of this system is presented next.

2.3.2 H2-CO2 Hydrate

As well as the potential of this binary hydrate for energy storage and carbon
sequestration [73, 74], studies on this system are also relevant for the separation
of CO2 from H2 rich gas streams such as ‘syngas’ [75]. As such the perspective
of the various studies on this system vary somewhat, but are reviewed together
here, with focus on the main properties of this mixed hydrate system.

At low pressure it has been established by Kim et al. [73] from x-ray diffraction
that mixtures of (80%) H2 and CO2 form the s-I clathrate phase, with filling of all
the large cages and a number of the small cages by CO2. 1H and 13C MAS-NMR
studies performed on the same samples corroborated this and found the H2 to
occupy the small cages, and in some cases doubly, although no estimate of the
composition was made. This observation has been vindicated by Kumar et al.
[75] who employed the same techniques together with mass spectrometry, FT-IR,
and Raman spectroscopy on samples formed from a (60%) H2 and CO2 mixture.
This work found the phase to have a very poor H2 content, with only ∼15% of
the small cages occupied by H2 (although 2⁄3 of these were double occupied). The
hydrate synthesis conditions in these studies were low-pressure, similar to those
that would be employed for pure CO2 hydrate synthesis. It was noted in the work
of Kumar et al. that the self-preservation effect associated with CO2 hydrate was
observed on warming the mixed hydrate at ambient pressure, but the significance
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of this is not clear as no firm evidence was presented that H2 remained in the
hydrate when self-preservation was observed.

In work by Grim et al. [74] a mixed H2 and CO2 hydrate was formed by a
considerably different method. In their work a pure CO2 hydrate sample was
synthesised at 20 bar, before quenching the sample at low temperature and re-
pressurising it with H2 gas up to 0.7 kbar, and warming to 260 K. By use of
Raman spectroscopy it was confirmed that H2 entered the preformed clathrate
structure, and evidence of H2 occupation of both small and large cavities was
found. While no estimate of the hydrate’s composition could be made it was
inferred from relative intensities of the Raman spectrum that only a poor H2

content was achieved, and for this reason it was suggested by the authors that
the s-I structure has little prospect as a feasible H2 storage medium.

While the work of Grim et al. investigated the phase behaviour of this system
up to 0.7 kbar, this is well below the pressures at which new hydrate structures
typically form (Figure 2.4), and there have not yet been any studies of the system
at high pressure. While materials formed at higher pressure would be more
difficult to synthesise in bulk, exploring the phase behaviour at high pressure
may reveal useful new structures, which could perhaps be stabilised at more
accessible conditions through careful doping (such as the use of tetrahydrofuran
in s-II H2 hydrate [76]). Determining if new, mixed hydrate, phases form in the
H2-CO2 hydrate system at high-pressure is a central aim of the work of this thesis.
A study of this system is presented in Chapter 7.

22



Chapter 3

Generating High-Pressure

This chapter introduces the field of high-pressure research and describes some
of the key methods by which high-pressure experiments are performed. Due to
the breadth of this topic the focus is kept on only the particular techniques that
are relevant to the work of this thesis, which are centred around two specific
classes of high-pressure device; the diamond anvil cell (DAC) and the Paris-
Edinburgh (P-E) press. While it is likely that these are the two most used
devices in contemporary high-pressure research, there are other important classes
of device that should be mentioned, including; the gas cell, multi-anvil press, and
the McWhan cell. Details of these and other devices can be found elsewhere, and
are discussed in texts such as Klotz [77].

While the general techniques used for accessing high-pressure are provided here,
the specific methods for loading samples are not, and are instead described later
where they become relevant in the experimental chapters.

3.1 Role in the Physical Sciences

In the study of condensed matter the ability to observe the effect of pressure
on a sample is an extremely powerful tool. While it is essential for measuring
certain material properties, high-pressure is also valuable for revealing subtleties
in complex crystalline structures, provides a means to simulate extreme and
inaccessible environments, and gives us a way to discover and synthesise new
materials [78]. Through all this, the study of a system under high-pressure can
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Figure 3.1 Illustrating the diversity of science in high-pressure research, from left
to right; recovered methane hydrate, formed on the ocean floor under
the weight of water above it; a natural diamond, formed in the Earth’s
mantle; Jupiter, theorised to have a core of metallic hydrogen [78];
a neutron star, of immense density and pressure at its core. Images
sources: [15, 79–81].

provide new insight into the properties of matter, and broaden our understanding
of the natural world. It is the technical ability to access high-pressure that
underpins these studies, and over the past one-hundred years there has been
great work and progress in this, and over this time the maximum accessible static
pressure has risen from just 3 kbar [82] to over 6 Mbar [83]. While this started
with work by Bridgman [82, 84, 85], it was the invention of the diamond anvil
cell in 1958 [86] which truly opened the door for high-pressure science1. Not only
did the device have the potential to achieve immense pressures, but the diamond
anvils offered the perfect window for observing and probing the sample within.
Due to its central importance in high-pressure research, it is the DAC that is
discussed here first.

3.2 The Diamond Anvil Cell

3.2.1 Principles & Design

Since its invention the DAC has become an indispensable tool to the high-
pressure scientist. Its simple design, shown in Figure 3.2, uses an opposed-anvil
geometry pioneered by Bridgman, and exploits the conic form of specially cut
diamonds to ‘focus’ a force applied to the base of each anvil onto a small sample
positioned in-between their micrometer sized culets. This design, coupled with
the unparalleled hardness of diamond, allows it to generate very high pressure

1For an overview of the extensive work of Bridgman, and the later development of the DAC,
the papers of Newitt [87] and Bassett [88] are suggested respectively.
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between the culets, while the transparency of diamond to a large band of the
electromagnetic spectrum provides an excellent window to the sample through
the back of either anvil.

Figure 3.2 The basic elements and operation of a diamond anvil cell. Thrust
applied to the back of the diamonds results in a volume reduction of
the sample chamber and an associated increase in sample pressure. Not
shown are the diamond backing seats and the cell body.

While the design and specification of DACs can vary, they are always composed
of the following key components.

Diamond Anvils: The diamonds used in a typical DAC [89] are naturally
formed and high purity, approximately 0.3 carats in size, and shaped in a similar
fashion to the ‘brilliant cut’ gem stones commonly seen in jewellery, but with the
diamond tip (culet) polished to form a small flat surface. The size of the culet
is dependent on the intended use, but is commonly 300-600 µm wide, and must
be the same for both diamonds [89]. Special diamond designs are available for
improved performance in particular circumstances, such as partial perforation of
the diamond behind the culet to give improved transmission of radiation [90],
or bevelled culets for accessing very high-pressure [91]. In some cases synthetic
diamonds with small electrical components embedded under the culet surface may
be used, such as coils for magnetic measurements, which are known as ‘designer’
diamonds. The anvils are held in the DAC by the backing seats (Figure 3.3), and
are normally secured with suitable glue.

Seats: The purpose of the seats is primarily to act as a bridge between the cell
body, which is usually made of steel, and the diamonds. While steel is suitable for
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the cell body it is too soft to apply any significant force directly to the diamonds,
and the back of the anvils would simply indent the steel [89]. A harder material
is therefore needed as an intermediate between the cell and diamonds, and for
this either discs of beryllium (with a small hole cut for optical access) or tungsten
carbide (WC) (with a larger aperture) are used. Originally, a simple design was
employed where the flat surface of the disc supported the base of a standard cut
diamond, but development of the Boehler-Almax (B-A) style of seat and diamond
[92] has supplanted this. Here a large bevel is polished around the sides and table
of the diamond which fits into an equivalently cut WC seat, as shown in Figure 3.3.
This design has a number of advantages, including improved anvil support which
results in fewer anvil failures (such as cracking), and greatly increased angular
access, which is beneficial for x-ray diffraction (XRD) experiments.

Figure 3.3 Left: A standard cut diamond anvil on a traditional WC seat, where an
aperture is cut for x-ray and optical access. Right: The Boehler-Almax
design diamond and seat, which provides anvil support through the base
and radially, and has a far greater angular opening for XRD.

Cell Body: The design of the cell, which holds the components of the DAC
together, can vary depending on the experiment it is intended for [89], but in all
cases it has three main functions; to hold the two seats securely in place in an
arrangement such that the diamond culets are opposed; to provide an alignment
system for the diamonds, and; to give a mechanism for applying thrust to the
seats. The alignment of the diamond culets is critical for the proper operation
of the DAC, where they must be both accurately concentric and parallel to each
other. In most cases the culet is made parallel to the seat when the diamond is
glued into place, simplifying alignment as long as the seats are held correctly in the
cell. In the simplest cases, such as the Merrill-Bassett (M-B) cell, the alignment
is made by carefully adjusting a set of three small screws arranged around each
seat, that both hold it in place and allow small translational movements of the
seat to be made, so that the culets can be manoeuvred in small steps while
using a microscope to check their alignment. In cases where very small diamond
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culets are being used (<100 µm) a more elaborate alignment system will likely
be employed to allow smaller translations of the anvils. The complexity of the
thrust mechanism may also vary but can be as basic as a set of screws that draw
the anvils together as tightened, with guide pins present to ensure that the thrust
is applied uni-axially and perpendicular to the culets (as used in the M-B cell).

Gasket: While a gasket was not used in the first DACs its implementation
constituted a significant advancement in DAC technology [88], and they are now
used as standard. The gasket is simply a thin piece of hard metal positioned
between the diamond culets with a small hole drilled through it, into which the
sample of interest is placed (as shown in Figure 3.2). It is made by indenting
a thin piece of metal with the aligned DAC and then drilling a hole though
the center of the impression made by the diamonds to form a sample chamber,
approximately 1⁄3 the diameter of the culets, usually by spark erosion (electric
discharge machining) or laser drilling. The gasket is then cleaned to remove
debris from the sample chamber, before being carefully repositioned back over the
diamond culet. A sample can then be loaded into the chamber, the cell closed, and
pressure applied. The development of the gasket has provided many advantages
and improvements to the operation of a DAC. Its earliest use was to load liquids
into the cell [88], removing the constraint of studying only solid materials, and
(crucially) also allowing the use of liquids as a pressure transmitting medium for
crystalline samples, providing hydrostatic pressure in the sample chamber which
is essential for crystallography [88]. The gasket is also necessary for studying
reactive samples, loading gases, as well as in high temperature experiments, where
for instance it permits the study of melt curves. Additionally, the gasket radially
supports the diamond culets, and is found to help reduce anvil failure [88].

3.2.2 Merrill-Bassett Cell

Of the many different styles and variants of DAC one of the simplest is the M-B
cell (Figure 3.4), and is that used in this work. It was originally designed for single
crystal XRD, and so is small and light enough to fit on a standard diffractometer,
with the cell featuring a wide opening angle to allow maximum angular access.
The cell comprise of two sections machined from steel, and is made to be compact
by the use of three bolts which pull the cell halves together, applying thrust to
the anvils as explained earlier. Originally the cell was designed with beryllium
backing seats to allow full use of the wide angular access provided by the cell for
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Figure 3.4 Left: Schematic of the M-B cell. Right: Photo of an M-B cell with
modern Boehler-Almax diamond anvils and backing seats. Schematic
adapted from Merrill & Bassett [93].

x-ray scattering, but the design is such that these can be easily substituted for
B-A style seats and anvils.

While the cell was designed for use on a single crystal diffractometer it is far
from limited to this use, and with the use of B-A seats it is a compact and
versatile cell which can be used for XRD experiments as well as spectroscopy
studies such as Raman scattering. The small size and simple nature of the
cell means that ancillary equipment can be similarly compact and mechanically
simple. The primary limitations of the cell are its basic alignment system and
thrust mechanism, which while effective for anvils culets of 300 µm or larger, are
too imprecise for smaller culets.

3.2.3 Measurement of Pressure

The ability to easily and accurately determine the pressure of a sample in the
DAC is clearly of key importance for any meaningful studies using it, but it was
not until 1972 that a practical method was developed [94]. Initially the only
accurate technique available was to use XRD to measure the lattice parameter of
a material with a well established equation of state (EoS), such as sodium chloride
(NaCl) [95], that was mixed with the sample in the DAC. This worked well but the
necessity to use diffraction to determine the sample pressure was far from ideal,
and so a spectroscopic method was sought. The use of chromium-doped corundum
(ruby) was developed after lengthy effort to find a more practical pressure marker,
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where it was found that the strong ruby fluorescence had a high sensitivity to
pressure. By calibrating the wavelength of the strongest sharp fluorescence line
(the R1 line) of ruby against pressure using an NaCl standard (by combined XRD
and fluorescence measurements) a pressure scale for ruby fluorescence shift was
determined with a high accuracy up to 195 kbar [96]. Hence, it became that by
simply including a small ruby chip in the sample chamber of a DAC, the pressure
could be readily measured with a simple spectrometer, utilising the transparent
window into the sample chamber provided by the diamond anvils. The method
is now almost universally adopted in DAC work, and since its invention has been
extended to higher pressure [97].

Figure 3.5 The ruby fluorescence pressure scale determined up to 800 kbar by Mao
et al. [97]. Inset: Showing the R-lines of the fluorescence spectrum of
ruby.

An additional feature of the ruby method is its sensitivity to uneven (or
deviatoric) stress, caused by compressing a sample that is not in a fluid state
(known as non-hydrostatic conditions). As its fluorescence spectrum features two
strong sharp lines that are close together, whose widths are sensitive to deviatoric
stress [94], the overlap of these spectral lines can give an indication of the presence
of this type of stress. As such, ruby fluorescence can also serve as a useful indicator
for some phase changes, such as a loss of hydrostaticity due to solidification of
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the pressure transmitting medium.

A complication of using the ruby method for pressure determination in some
types of experiment is its sensitivity to temperature. This can be corrected for
though if the sample temperature is simultaneously measured [98], for instance
from a thermocouple positioned very near to (or in) the sample chamber. It is
also important to note that at elevated temperature the intensity of the ruby line
diminishes considerably, and so an intense light source is required to use the ruby
method at high-temperature.

It should be noted that, since the development of the ruby method, a number
of other optical pressure sensors have also come into use which have particular
benefits depending on the experiment undertaken. These include the use of the
Raman spectrum of diamond [99], allowing pressure determination from the anvils
which is convenient as it negates the need to include a pressure sensor in the
sample chamber, and the use of samarium-doped yttrium aluminium garnet [100]
which is useful due to its negligible dependence on temperature.

3.2.4 Ancillary Equipment

When experiments using the DAC require access to high temperatures a simple
ring-heater that surrounds the edge of the cell can be used. Due to the small size
of the cell just a 100 W heater is typically adequate to reach up to ∼600 K, and
its temperature can be regulated with a proportional-integral-derivative (PID)
controller which uses a thermocouple (TC) in contact with the ring-heater. While
this allows good regulation of the cell temperature, a TC in this position will
not accurately report the sample temperature due to thermal gradients across
the cell (even once a steady state is achieved). Accurate measurement of the
sample temperature would ideally be made by a TC located in the sample
chamber, however this is technically difficult due to the small dimensions involved,
and additionally because the delicate TC wires can be easily damaged when
loading the DAC. Furthermore, in some cases the TC may react with the sample
(for example if it is corrosive) causing contamination and possibly failure of
the TC. Given these issues it is more practical instead to measure the sample
temperature by a TC in contact with the back of the diamond anvil, which
negates the aforementioned difficulties while providing a good measure of the
sample temperature. Not only is the TC in close proximity to the sample in this
position (∼2 mm for a standard B-A anvil), hence minimising inaccuracy due
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to the thermal gradients, but the diamond provides an excellent thermal contact
to the sample (the thermal conductivity of diamond at RT is 2200 W m−1 K−1,
which is six times that of copper). Ideally the TC is glued or cemented against the
diamond to achieve the best thermal contact and consistency in measurements.

Figure 3.6 The combined heater and membrane assembly used for a M-B cell. The
membrane/cell collar encloses the cell and membrane, holding them
tightly together so that expansion of the membrane translates to a
pressure response in the cell. The ring shape design of both components
is so that access to the sample is not heavily restricted, allowing access
to the back of both anvils for experiments.

Although the sample pressure in an M-B cell can be raised by tightening the cell
bolts, this is not practical for high temperature experiments where the cell cannot
be handled, and is inconvenient in situations where the cell has been mounted
onto a sample stage such as on an x-ray diffractometer. In these situations a gas
membrane is used to control the pressure instead, shown in Figure 3.6, together
with a heater system. The membrane is a hollow metal ring that is positioned
against the back of the DAC, and is enclosed in a metal jacket that holds it and
the cell firmly together. The membrane has a pressurised gas connection on the
back, and has a thinned metal wall on the side in contact with the cell, such that
when gas pressure is applied the membrane expands, exerting force against the
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back of the cell as it does. This applies load to the anvil on the back side of
the DAC, and hence increases the sample pressure. As the force exerted on the
cell is proportional to the expansion of the membrane the sample pressure can
simply be controlled by regulating the gas pressure, which can be achieved using a
simple needle-valve which allows gas to pass through from a standard pressurised
gas cylinder. Typically N2 gas is used, as it is cheap and readily available, but
for cryogenic experiments helium gas should be used to avoid condensing N2

in the membrane. A ring-heater, as described earlier, can easily be positioned
around the DAC/membrane assembly, allowing the pressure to be varied in a
high temperature experiment.

3.3 The Paris-Edinburgh Press

3.3.1 Principles & Design

While the DAC is able to squeeze a sample from atmospheric pressure to over
a million atmospheres, it is only able to do this for very small sample sizes,
typically around 1⁄1000 mm3. Where spectroscopy or XRD are used this small
sample size is a challenge but not ultimately a problem thanks to the intense
beams available from powerful lasers and modern synchrotrons. However, other
techniques such as neutron scattering are generally unable to render useful data
from samples as small as those in the DAC2, and so a different kind of pressure
cell with a larger sample volume must be employed. Up until the 1990s the
highest attainable pressure in neutron scattering experiments was limited to just
30 kbar, and so setting out to increase this a collaboration was formed between
the universities of Paris and Edinburgh to develop a new ‘large-volume’ press
for neutron scattering, resulting in the Paris-Edinburgh (P-E) press [104]. While
other types of large-volume press are available the P-E press has become the
standard for high-pressure neutron scattering [77] work due to its compactness
and ability to routinely access pressures as high as 250 kbar in a sample volume
of up to 40 mm3 (over ten-thousand times larger than that of the DAC).

The P-E press (as shown in Figure 3.7) is significantly larger than any DAC
2While this is generally the case, there have been notable cases where neutron diffraction

data has been successfully obtained from a sample in a DAC [101, 102], and more recently there
has been development of ‘large-volume’ DAC [103] which has rendered neutron diffraction data
up to 970 kbar.
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Figure 3.7 Cross-section schematic of a Paris-Edinburgh press. Illustrated in blue
is the transverse scattering geometry, where the incident beam enters
at the top of the cell through the breech, and neutron are collected
radially about the sample position. Schematic adapted from Besson &
Nelmes [104].

but at a weight of no more than 95 kg it classes as compact when compared to
other large-volume devices with similar load capacity, such as multi-anvil presses
[77], which can be several meters square and weigh over a tonne. Its body (or
load frame) is machined from high tensile steel, with columns holding its upper
and lower halves together. Like the DAC, an opposed-anvil design is employed,
where one anvil is held static while thrust is applied to the other, with a sample
contained in a gasket which is sandwiched in-between. Where the P-E press is on
a much larger scale to the DAC a far greater force must be applied to the anvils,
which is supplied by a hydraulic ram (which constitutes the bulk of the press)
that is driven by an external compressor. It is the special design of this ram,
which was optimised using finite-element methods, that allows the P-E press to
be so compact and was the key breakthrough in its development [77].
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Where the press was purpose developed for neutron scattering its design is such
that the incident neutron beam can impinge on the sample through either the
side of the gasket or through the back of one anvil, making it flexible for use with
different neutron sources. The ‘through-anvil’ option uses a hole drilled from one
end of the cell through to the back of one anvil, minimising attenuation of the
beam before it reaches the sample. In this arrangement the scattered neutrons
are collected at 90° to the incident beam, and so this is referred to as transverse
scattering, while the former geometry (through the side of the gasket) is dubbed
longitudinal. It is this transverse geometry that is predominately used in time-
of-flight neutron scattering (see Section 6.1.1).

As provided for the DAC, descriptions of the key components of the P-E press
are given below.

Anvils: There are a range of anvils available for use in the P-E press, varying
in both their construction material and profile design. Typically the anvils are
machined from WC, sintered diamond (SD) or cubic born nitride, with a steel
binding ring, and feature either a single toroid or double-toroid profile [105] with
a central cup for increased sample volume (see Figure 3.8). A single toroid WC
anvil can achieve a maximum pressure of 130 kbar by using a bevel angle of 10°
which, while providing limited angular access for neutron collection, is found to
give the highest pressure performance [77]. In applications such as single crystal
diffraction, anvils with a larger bevel are beneficial due to the greater opening
angle, but this is at the cost of reduced performance. To achieve pressures higher
than 130 kbar SD must be used, and for the highest attainable pressure of over
250 kbar they must be double toroid [77]. The use of a double-toroid results in
a reduction in sample volume of roughly 1⁄2, giving a sample of 40 mm3, but the
reduced scattering from the smaller sample volume is to some extent countered
by the improved transmission of neutrons through SD compared with WC [77].
In all cases, the surface of the anvils around the sample must be shielded in order
to minimise neutron scattering by the anvils, usually by applying a thin layer of
cadmium.

Cell: There are presently five sizes of P-E cell body, available as one of two
variants; V-type cells which have four tie rods acting as support columns between
the two cell halves, and; VX-type with two support columns that are machined
as one piece with with the upper and lower cell halves [77]. The V-type cell
design is stronger and generally able to support greater loads, but the VX-type
cell offers a larger angular opening which is beneficial in some circumstances. All
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Figure 3.8 Cross-section of opposed single toroid anvils for the Paris-Edinburgh
press, shown with an encapsulation gasket in position (dark grey), and
empty sample chamber. Striped dark grey sections indicate the anvils,
machined from hard material such as sintered diamond. Striped light
grey sections are compression fitted steel binding rings. Inset: A pair
of double-toroid anvils, also with encapsulation gasket. Images adapted
from Klotz [77].

cells retain the same core design with the opposed anvil assembly at the center,
where the first anvil is held static, seated against the removable ‘breech’ in the
upper half of the cell, with the second seated against the piston in the lower
half, which supplies thrust. The breech is a large threaded component which
is withdrawn to allow access to the anvil assembly for loading, and is tightened
down into position against the sample and gasket before load is applied to the
piston. In transverse scattering the incident beam passes to the sample by a hole
drilled through the center of the breech, with a neutron collimator placed in the
cavity at its end. The hydraulic ram in the lower half of the cell is driven by
an external compressor connected by an inlet at the bottom of the press, and
dependent on the cell variant has the capacity to apply a load of 50-450 tonnes
on the anvils3 [77]. The ram is normally driven by an oil compressor, but in
cryogenic experiments helium is used instead to prevent freezing of the hydraulic
fluid. The final variation in cell type is rear-anvil access to the sample, supplied
by a hole channelled through the bottom of the cell and piston to the lower anvil.
However, such cells require the use of a more complex seal on the piston and so
are ideally not used unless necessary.

Gasket: There are two types of gasket available for use with both single- and
double-toroid anvils [105]; a simple washer gasket (with a toroid ring) which

3For a piston with a typical surface area of 100 cm2 that is driven by a 4.5 kbar compressor,
the force on the piston is equal to 4500 kN, which is equivalent to the weight of a 450 tonne
mass under the Earth’s gravity.
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surrounds the sample radially, and an encapsulation (or capsule) gasket, with
two hemispherical sections which fit in the anvil cups and fully encapsulate the
sample (also with a toroid ring). In both cases the gasket is manufactured from
a hard metal and is a key part of the toroid design [77]. The capsule gasket offers
a number of benefits over the washer gasket despite its reduced sample volume,
primary of which is in overcoming an issue where hydrostatic pressure conditions
in the washer gasket were frequently found to cause anvil failure at just 40 kbar
[77]. The capsule gasket hence allows the use of a pressure transmitting medium
at high-pressures. Premature anvil failures are also common with the ring gasket
following phase changes in the sample [77], where a sudden reduction in sample
volume may occur, making the capsule gasket a ‘safe’ option in the majority of
experiments. As the incident beam and scattered neutrons must pass through the
gasket they are manufactured from special null-scattering alloys, such as titanium
zirconium (TiZr), which do not contribute to the neutron diffraction pattern due
to their zero net scattering length (see Section 4.1.2).

3.3.2 V3 & V4 Cells

Figure 3.9 Left: A V3 Paris-Edinburgh press at ISIS held horizontally on a trolley.
The top of the cell is shown with a BN collimator (white) positioned
in the breech, and a band-heater attached around it. Right: Side view
of the same cell (upside-down from Figure 3.7) with radial collimation
removed, showing the anvil assembly and a second band-heater which
surrounds the hydraulic-ram body. The perspective of both images here
make the cell indistinguishable from a V4.

All high-pressure neutron diffraction work presented in this thesis was carried out
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on the Pearl instrument at ISIS (Section 6.1.1), where V3 and V4 P-E cells are
used, shown in Figure 3.9. The cells are the same except for the different hydraulic
fluids they have been commissioned with (helium with the V3 and pentane with
the V4), and rear-anvil access on the V4 (which is unused in studies here). The
cells are both approximately 50 kg in weight and 30 cm in height, and have a load
capacity of 250 tonnes, driven by either a helium compressor or pentane pump.
Due to their superiority in all respects over ‘standard’ WC anvils, only SD anvils
were employed in the work of this thesis. The SD anvils used were a single toroid
design with a 7° bevel.

In all experiments where the P-E press was used in the transverse geometry,
the incident beam was collimated to a 5 mm wide circular cross-section by a
cylindrical block of boron-nitride (BN), a highly neutron absorbent material,
which has a small hole drilled through it to allow a collimated neutron beam
to pass. This method of collimation is convenient as it allows the profile of the
beam incident on the sample to be controlled by simply interchanging different
BN blocks. In order to minimise secondary scattering (where diffracted neutron
beams scatter a second time) from the cell in the transverse geometry, particularly
from the tie rods, radial collimators are attached around the sample position.
These are a box construction of aluminium covered internally in 2-3 mm thick
cadmium, a highly neutron absorbent and weakly scattering material.

3.3.3 Measurement of Pressure

Due to the use of anvils that are opaque to the visible spectrum there is no
optical access to samples in the P-E press, which means that the spectroscopic
techniques for pressure measurement cannot be employed here. Primary methods
of pressure determination therefore have to be used where, by mixing the sample
with a material which has a well defined EoS, the diffraction pattern of the added
material can be used as a pressure calibrant. While this method is highly effective,
it is not without drawbacks; as it relies on accurate measurement of the calibrant’s
lattice parameters it is sensitive to inaccuracy in the calibration of the particular
neutron instrument, and so measurements can exhibit a systematic error; the
inclusion of a second material means that the sample volume is reduced, leading
to longer data collection times, and; additional peaks in the collected diffraction
pattern can be a severe hindrance to data analysis, particularly when there is peak
overlap with the sample. In order to avoid the latter issues as far as possible a
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pressure calibrant is only employed when needed, a minimal amount is used, and
it is selected so as to achieve as little Bragg peak overlap as possible between it
and the sample (as far as can be anticipated).

The main requirements of a pressure calibrant (other than those already
mentioned) are that it has a high compressibility, a well known EoS, and that it
does not interact with the sample (ruling out the use of NaCl with samples of
water/ice for example). Commonly used in P-E press experiments is lead [106],
which is also convenient as a cheap and readily available material. However, in
experiments where a pressure calibrant was required in this work, bismuth was
used [107], as it had a more acceptable peak overlap with the sample under study.

3.3.4 Ancillary Equipment

Figure 3.10 Top view of the Paris-Edinburgh press cryostat positioned on the Pearl
instrument, with its vacuum hose attached (back left) and uncoupled
needle valve for connection to the external compressor visible (red
handle). Inset: Side view of the cryostat on a trolley, showing it
during an LN2 transfer (indicated by mist at top).

A custom designed cryostat is available on the Pearl instrument for use with the
V3 and V4 presses, shown in Figure 3.10. It can cool the entire 50 kg press down
to 77 K using liquid N2 (LN2) in 2-3 hours, and with a pair of powerful band-
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heaters attached to the cell (together with suitably positioned TCs and a PID
controller) is able to maintain temperatures in the range 77-295 K. The cryostat
is a ‘tank’ design, where a vacuum is held between the inner and outer layers of
its skin to create a thermal barrier between the interior of the tank and outside,
and the P-E press is held in a cradle which is craned into its interior from the top.
A transparent acrylic lid is placed on top of the tank and LN2 is sprayed over
the cell and/or decanted into the bottom of the tank. To reach and maintain
temperatures at or near base, a large volume of LN2 is needed such that the
tank is approximately 1⁄2 filled and the cell is mostly submerged (if the tank is
filled over the height of the sample and incident neutrons then the beam is too
greatly attenuated). For higher temperatures (>200 K) significantly less LN2 is
required, but this is dependent on how long the particular temperature must be
held without intervention.

The key feature of this design of cryostat is the ability to access the cell while it is
held at low temperature. This allows cryogenic samples to be loaded directly into
a pre-cooled cell, and allows manipulation of the sample at cryogenic temperatures
once all load has been removed (allowing cryogenic recovery of samples for
instance). This functionality is of great advantage, and has been critical in the
experiments presented in this work.

On the subject of temperature control and measurement, it should be noted that
both the general bulk of the P-E press and the absence of a vacuum in the
cryostat have some effect. These two factors mean that temperature gradients
across the cell are inevitable, can be large when cooling or heating, and can take
considerable time to reach a steady state. This has implications for the accurate
measurement of sample temperatures in the P-E press. Typically, two TCs are
used, and in the experiments performed here the first was attached to one of the
four tie-rods and used for temperature control, while the second was positioned
near to the anvils (but could not be directly attached to either of them due to
the manner in which samples were loaded) and used for sample measurements.
Temperature measurements were therefore made using a TC ∼10 cm away from
the sample position, and so there is considerable uncertainty on the accuracy of
these measurements. In general, measurements were only made once the cell had
become well equilibrated, and the difference in reading between the two TCs was
usually no more than 10 K, which suggests the upper limit on this uncertainty.
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Chapter 4

Experimental Techniques

This chapter introduces the experimental methods by which samples were
investigated in the work of this thesis. The main methods employed were neutron
diffraction, x-ray diffraction, Raman spectroscopy and, to a lesser extent, simple
visual observations (although this is not discussed here). As diffraction methods
constitute the main technique employed, the majority of this chapter is focused on
diffraction and the analysis of diffraction data for determining crystal structures.

An overview of neutron scattering is provided before presenting the theory
of diffraction by a crystal, which is applicable to both neutron and x-ray
techniques. It should be noted that a specific overview of x-ray scattering is
not provided, principally due its secondary role to neutron scattering in this
work. The theory of x-ray scattering can be found in texts elsewhere, such
as Giacovazzo [108]. However, some of the practical differences of x-ray and
neutron scattering are discussed as they arise. Following this core theory, the
subjects of powder diffraction and solving crystal structures are then presented,
including considerations which must be made for diffraction from samples in
sample environments such as the DAC and P-E press (discussed in the previous
chapter).

The last section of the chapter introduces Raman scattering. Its core theory is
presented, and its use in this work for identifying different molecular species and
tracking sample phase changes is discussed.
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4.1 Crystallography

In the study of condensed matter it is of principle interest to know how the
atoms and molecules of solid materials are arranged, as it is the structure and
the associated bonding in a solid which largely define its physical properties
[109]. It is to this end that the field of crystallography is dedicated, and it plays
an important role in understanding solids observed under high-pressure. This
section presents a derivation of the core theory of diffraction and crystallography,
following the basic approach of texts such as Kittel [109], and Kisi & Howard
[110]. In the theory of neutron scattering that is presented, general reference has
also been made to the texts of Squires [111] and Pynn [112].

4.1.1 Describing Crystals

A crystalline material is one in which the atoms and molecules that compose it
are ordered, and can be described by the combination of; a lattice, a periodic
array of points generated by a unit cell which repeats infinitely in all directions,
and; a basis, which provides the positions of atoms inside the unit cell. Together
these components describe a crystal structure, and it is this that differentiates a
crystalline solid from others, such as glasses, where the atoms and molecules have
no long-range order. This concept is illustrated in Figure 4.1 for a simple solid,
where the crystal structure of caesium chloride (CsCl) is used as an example.

Formally the lattice is constructed from a set of three translation vectors (a, b,
c), referred to as lattice vectors, with the arrangement of atoms around each
point identical under each translation and any arbitrary combination of them.
This can be expressed as a lattice translation vector T, where

T = naa + nbb + ncc (4.1)

and na, nb, nc are any integer values. The vectors define the unit cell and also
specify the crystal axes used in the coordinate system of the basis. There is a
choice in the selection of lattice vectors for any structure, however it is usually
convenient to select a unit cell with the shortest possible set of vectors. These
are dubbed the primitive lattice vectors and define the primitive unit cell, which
is the smallest repeat volume of a crystal able to describe its structure. While
the primitive unit cell is often favourable, in certain cases its symmetry does not
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Figure 4.1 The crystal structure of CsCl, with a simple cubic unit cell of edge
length a, and a two atom basis with chloride atoms located on the
corners of the unit cell (the lattice points) and a caesium atom at the
center. Using a fractional coordinate system relative to the unit cell
edges and centred on a lattice point, the atom basis can be written as
a chlorine atom at (0,0,0) and a caesium atom at (1⁄2,1⁄2,1⁄2).

reflect the full symmetry of the lattice that it generates. For instance, a cubic
lattice with an additional lattice point at the center of each cube has a primitive
cell that is rhombohedral, and does not reflect the true symmetry of the lattice
(which is cubic). In these cases ‘centred’ cells are more convenient, which can
have up to four lattice points associated with them (whereas a primitive cell has
just one). When discussing the unit cell of a crystal it is the lengths of the sides
of the cell and the angles between them, defined by the lattice vectors, that are
most useful, and these are called the lattice parameters.

The most general unit cell is triclinic, where all edges of the cell are different
lengths with non-orthogonal and non-equivalent angles between them. All cases
after this are higher symmetry, building up to the case of a cubic cell where
all edges are the same length and orthogonal to each other, resulting in seven
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System Length Conditions Angle Conditions
Cubic a = b = c α = β = γ = 90°

Tetragonal a = b 6= c α = β = γ = 90°
Hexagonal a = b 6= c α = β = 90°, γ = 120°

Rhombohedral a = b = c α = β = γ 6= 90°
Orthorhombic a 6= b 6= c α = β = γ = 90°

Monoclinic a 6= b 6= c α = β = 90°, γ 6= 90°
Triclinic a 6= b 6= c α 6= β 6= γ 6= 90°

Table 4.1 The seven lattice systems and the lattice parameter conditions of each.
a, b, and c denote the three lengths of the unit cell edges, and α, β, and
γ are the interior angles from b to c, a to c, and a to b respectively. The
list is ordered from the highest symmetry system to the lowest.

lattice systems (listed in Table 4.1). Considering both primitive and centred type
unit cells there are a total of fourteen space lattices (called Bravais lattices), and
through combination of these with the thirty-two crystallographic point groups1,
a total of two-hundred and thirty space groups are generated. Together, all the
space groups describe every symmetry combination that is possible in a crystal
structure (within the definition of a crystal given earlier).

It is useful at this point to give a brief guide to the Hermann-Mauguin (H-M)
notation, which is used in this thesis for labelling space groups. The intention
here is to provide the essentials, with a more complete description of this notation
and the symmetry operators it refers to available elsewhere, in texts such as
Giacovazzo [108]. In the H-M notation the space group is labelled using up to
four symbols. The first symbol is a letter, and denotes the type of unit cell, which
could be primitive (P, or R for a rhombohedral unit cell) or a type of centred cell
(I, F, A, B, C). The following symbols (up to three) then indicate the highest
symmetry element evident when projecting the structure down each of the three
highest symmetry axes, ordered with the highest symmetry axis first (and with
each unique). The possible symmetry elements are rotations axes (1, 2, 3, 4,
and 6), an inversion centre (indicated by a bar over the rotation axis, such as 3̄
for an inversion center on a threefold axis), screw axes (indicated by a subscript
on the rotation axis, such as 31), mirror planes (m), and glide planes (a, b, c).
The simplest example is the lowest symmetry space group, a triclinic unit cell

1A point group describes a set of symmetry elements about a point, and the thirty-two
crystallographic point groups are those that are compatible with the translational symmetry
imposed by a crystal lattice, as discussed by Giacovazzo [108].
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with no inversion centre, which is labelled P111 (usually shortened to just P1,
with the other onefold axes implied by their absence). To take another example,
the symbol P6122 denotes a space group whose highest symmetry axis has a 61

screw, and whose next two highest symmetry axes both a have twofold rotation
axis. The type of Bravais lattice is always implied by the space group, where for
instance P6122 obviously has a hexagonal axis, although in some cases it is less
obvious.

Identifying the symmetry present in crystals and using space groups to describe
them is a powerful tool which can greatly simplify calculations in crystallography.
The central consequence of using a space group is the reduction in parameters
needed to describe a given crystal structure. For example, solid CO2 (phase I) has
a primitive cubic unit cell (‘simple cubic’) containing four CO2 molecules (twelve
atoms), and so to describe the structure making no use of symmetry forty-two
parameters are needed; six lattice parameters and the x, y, z coordinates of all
twelve atoms in the unit cell. When exploiting the symmetry of the crystal the
same structure can be described using the space group (Pa3̄ in this case) and just
seven parameters; a single lattice parameter (as the space group implies a cubic
cell) and the coordinates of just one oxygen atom and one carbon atom, which
are duplicated around the cell by application of the symmetry elements in the
space group. Considering how calculations on crystal structures could become
very demanding for cases with hundreds of atoms in a unit cell, the usefulness of
symmetry to reduce parametrisation becomes quite apparent.

Figure 4.2 Some examples of crystal planes, shown shaded in grey in a cubic
unit cell. Using the convention of Miller indices described in the text,
the planes shown (from left to right) are the (100), (110) and (111)
respectively.

When discussing crystal structures it is essential to have a clear way of referring
to different crystal planes, and Miller indices provide a simple way of doing this,
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using the crystal axes defined by the unit cell and an integer based indexing
system. They are determined as follows:

• A plane through the cell is taken so that any interception with the crystal
axis a, b or c occur within the cell, but not through the origin.

• Fractional coordinates of the intercepts are recorded, and where the plane
does not intercept an axis ∞ is noted. For instance the coordinates of
Figure 4.2 (left) are (1,∞,∞).

• Reciprocals of these coordinates are then taken (with any fractions made to
integers by appropriate multiplication) and divided by the lowest common
denominator to give the Miller indices.

• The indices are grouped and given in round brackets, for example the
Miller index of a plane passing through the coordinates (1,∞,∞) such as in
Figure 4.2 (left) is denoted (100). Any negatives are noted by a bar above
the indice.

The set of parallel crystal planes that the Miller indices refers to will have some
separation distance (or d-spacing), and this can be given with reference to the
indices as dhkl, where h, k and l refer to the first, second and third Miller indices
respectively. Dependent on the type of lattice system a given crystal plane may
be part of a family of planes with a shared d-spacing, for instance in the case of
a cubic system the planes (100), (010) and (001) all have the same d-spacing due
to their relation by symmetry and are part of a family. The family of planes may
be referred to by use of curly brackets around the Miller indices, for example in
this case {100}.

4.1.2 Neutron Scattering

The crystal structure of a material is determined by observing how x-rays,
electrons or neutrons scatter off it, where the wavelength2 of the incident radiation
is of the same order as the spacing of atoms (10−10 m), such that wave interference
effects occur, otherwise known as diffraction. The theory of this technique can
be split into three distinct parts; a) how the radiation interacts with the atoms;
b) how diffraction occurs in the crystal, and; c) how the observed scattering (the

2The De Broglie wavelength in the case of neutrons and electrons (λ = h/mv).
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diffraction pattern) can be interpreted in light of a) and b), such that structural
information can be yielded from it. The theory of b) and c) is largely general and
can be applied in all cases of crystal diffraction, but the interaction mechanisms of
a) are radiation specific, and vary significantly. As mentioned earlier, the theory
here is derived from the perspective of neutron scattering.

There are a number of ways in which neutrons interact with atoms, and these
mechanisms are non-trivial, and so discussion here must be constrained to just
elastic neutron scattering, where a neutron scatters from an atom with no change
in energy. Briefly, other types of interactions include; non-elastic scattering,
where energy is transferred to or from scattered neutrons, and; absorption, where
the neutron is captured by the nucleus, resulting in behaviour such as nuclear
fission.

Elastic scattering of the neutron can proceed by two mechanisms; deflection
from the nucleus by the nuclear strong force, and; magnetic dipole interaction
between the neutron and an unpaired atomic electron. This second mechanism
is a key property of neutrons and allows the determination of magnetic ordering
in crystals, but is not relevant to this work as the atomic species of interest
here (carbon, oxygen, and hydrogen/deuterium) have no magnetic moment, and
so it is therefore mentioned no further. The interaction of the strong nuclear
force occurs on the scale of 10−15 m, which relative to the neutron wavelength
renders the nucleus a point scatterer, resulting in spherically symmetric neutron
scattering. The significance of this is that the scattering occurs equally in all
directions (isotropically), a unique property of neutrons which is beneficial in the
design of neutron instruments, as it allows flexibility in the scattering geometry.

When a beam of neutrons is incident on some scattering material, as in Figure 4.3,
the number of neutrons scattered by it per second is defined as the ‘total scattering
cross-section’ σtotal, which is normalised against the beam flux Φ. The ‘total’ in
this quantity refers to its inclusion of all neutrons scattered through the surface
area of an enclosing sphere centred on the material. Given this, a second cross-
section can be defined, called the differential scattering cross-section dσ

dΩ , that is
equal to the number of neutrons scattered per second through a small surface
element dS, specified by the solid angle dΩ. The quantity dσ

dΩ is needed when
considering the collection of scattered neutrons in real experiments, where it
would not be possible to collect over the full area of the scattering sphere. The
scattering cross-sections are measured in barns, a unit of area where 1 barn =
10−24 cm2, with the scale of this unit giving an indication of the very weak nature
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Figure 4.3 Isotropic scattering of a neutron beam which is incident on some
scattering material (the target). Image from Squires [111].

of neutron scattering (roughly one in every 1024 incident neutrons is scattered).
While this may seem problematic it can be exploited to advantage as, conversely,
a neutron beam is highly penetrating. This means that in neutron experiments it
is no problem to have a sample enclosed in a complex sample environment, where
the beam must unavoidably pass through external layers of equipment before
reaching the sample.

Considering a neutron incident on a scattering sample, it can be described by
a simple wavefunction with wavevector k (where k = 2π

λ
), here directed along

the z-axis, such that ψincident = eikz. If the sample is located at the origin, then
the elastically scattered neutron with wavevector k′ (k′ = k) is then described at
some point r by the spherical wavefunction

ψscattered = − b
r
eik

′r , (4.2)

where b is complex, and called the scattering length. The scattering length is
dependent on the nuclei type and system spin state, as well as the neutron
energy, and describes both scattering and absorption properties. It hence
dictates the scattering cross-section making it an important quantity in neutron
scattering that is empirically determined for all available isotopes [113]. Shown
in Table 4.2 are the scattering lengths and corresponding cross-sections for a
selection of isotopes, illustrating the erratic manner in which nuclear scattering
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Isotope bcoh (fm) binc (fm) σcoh (bn) σinc (bn) σabs (bn)
1H -3.7 25.3 1.8 80.3 0.3

2H (D) 6.7 4.0 5.6 2.1 0.0005
N 9.4 – 11.0 0.5 1.9
C 6.6 – 5.6 0.001 0.004
O 5.8 – 4.2 0.0008 0.0002

10B -0.1-1.1i -4.7+1.2i 0.1 3 3835
11B 6.6 1.3 5.6 0.2 0.006

Table 4.2 The scattering lengths and cross-sections of various elements and
isotopes, including those relevant to this work. There are three
different cross-sections; coherent and incoherent (corresponding to their
respective scattering lengths), and absorption. Large absorption cross-
sections are usually associated with a complex scattering length, and
these materials are typically used for neutron shielding and collimation.
Noteworthy is the large difference in σcoh and σinc for hydrogen (H)
and deuterium (D), making deuterated samples preferable to their
hydrogenated equivalents (for instance, using D2O instead of H2O).
Values from Sears [113].

and absorption vary with atomic number (Z) and mass. This lack of correlation
with Z makes neutron scattering complimenting to x-rays, as where elements
such as nitrogen and oxygen have a very similar number of electrons and hence
very little contrast in x-ray scattering3, they have substantially differing neutron
scattering cross-sections, and so far higher contrast. Additionally, light elements
such as hydrogen (which are almost invisible in x-ray scattering) have a high
neutron scattering cross-section, and so can be clearly seen with neutrons. The
large variation in cross-section between isotopes of the same element is also of
great advantage, allowing the contrast between different elements to be tuned
as needed during sample synthesis. It should be noted that both coherent and
incoherent scattering lengths (discussed next) may be measured, which can be
complex, and additionally negative, corresponding to a 180° phase shift of the
scattered neutron. This property is very useful as it allows the synthesis of alloys
which have a zero net scattering length by balancing the positive scattering length
of one element with the negative length of a second. An example of such an alloy
is TiZr, which is used as the gasket material in the P-E press due to this ‘null
scattering’ property.

3Contrast here refers to how easily two elements can be distinguished given their individual
scattering powers.

48



Introduced in Table 4.2 is the separation of the neutron scattering cross-section
into coherent and incoherent components. This is a complexity in neutron
scattering arising from the dependence of the scattering length on the isotope
and spin state of the particular neutron-nucleus system. The dependence leads to
random variation in the scattering length of one nucleus to the next in a sample
that is not isotopically pure and has a non-zero nuclear spin4, which causes a
fraction of the incident neutrons to be scattered incoherently. It is the coherently
scattered neutron waves that systematically interfere and thus contributes to
the diffraction pattern and are useful in structural studies, while the incoherent
scattering essentially contributes to the background. Given that the ratio of
coherent to incoherent scattering can vary significantly between isotopes, it is
often useful to selectively synthesise samples with isotopes that have the smallest
ratio of incoherent to coherent cross-sections.

4.1.3 Diffraction by a Crystal

Interference of Waves

Having introduced how neutrons are scattered by the nucleus of an atom, the
theory can now be extended to how neutrons are scattered by a crystalline
structure to produce a diffraction pattern. While a two-dimensional example is
taken here as a starting point, the derivation is made generally to allow extension
to three-dimensional crystals.

Shown in Figure 4.4 is a beam of coherent monochromatic neutrons, denoted by
wavevector k and of wavelength λ, incident at an angle θ on planes of atoms in
a crystal structure with an inter-plane spacing dhkl. As the incident wavefront
passes over the first plane of atoms it successively scatters off each nucleus along
it, emitting spherical waves from each position, and creating a new wavefront of
scattered neutrons at an angle 180−θ to the plane (known as specular reflection).
As the incident beam continues it passes over the second plane, producing the
same effect again. As this scattered wavefront travels and expands out it begins to
overlap with that from the first plane and others around it, and interference effects
occur. Where the crests of the neutron waves meet in phase they constructively

4The dependence on the spin state of the neutron-nucleus system can be avoided only if
the nucleus has non-zero spin, or if the nuclear spins are aligned and the incident neutrons are
polarised, such that only one angular momentum state is accessible to the system.
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Figure 4.4 Neutron diffraction from crystal planes, as described in the main
text. Shown in red is the incident neutron beam, and in blue and
green are the scattered neutrons from the first and second planes
respectively (labelled as A and B). Dashed circles show the radial
scattering from each nucleus, and the solid lines tangential to these
indicate the scattered wavefronts, from each plane, that these neutrons
form (specular reflection). Shown bottom right is a summary of the
scattering event in vector form, discussed in the text. Based on diagram
by Pynn [112].

reinforce each other, while destructively cancelling out where they meet in anti-
phase. The result of the interference is that neutrons are seen to scatter off
the planes in only particular directions (those in which constructive interference
occur).
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Bragg’s Law

Whether the scattered neutron waves of Figure 4.4 meet in phase or not is
dependent on the path difference experienced by the two waves. If the neutron
beam is incident at an angle of θ to the scattering plane, then by simple
trigonometry the path difference between scattered waves is 2dhkl sin θ. If this
is equal to an integer number of wavelengths n, such that

nλ = 2dhkl sin θ , (4.3)

then constructive interference will occur. This is Bragg’s law [114], and can be
re-written in terms of the neutron beam wavevector k and diffracted wavevector
k′ by defining a scattering vector Q, shown in Figure 4.4, where

Q = k− k′ , (4.4)

whose magnitude under elastic scattering is

Q = 2ksinθ = 22π
λ

sin θ . (4.5)

Substituting the Bragg condition (4.3) into the above gives

Q = 2π
dhkl

, (4.6)

for when Q is perpendicular to the scattering plane, with first-order diffraction
(n = 1). The central result of this is that a diffracted beam (commonly referred
to as a ‘reflection’) will be observed whenever the incident neutron beam k is
such that Q is perpendicular to a set of scattering planes (hkl) and has length as
given above.

The Reciprocal Lattice

At this point it is useful to introduce a construct known as the reciprocal lattice,
as it will shortly come in useful for determining the specific vectors Q which will
satisfy (4.6) for a given crystal lattice. The reciprocal lattice is a representation of
the crystal lattice (called the real-space or direct lattice, for clarity) in ‘reciprocal
space’, and is defined by analogues to the direct lattice vectors known as reciprocal
lattice vectors. The reciprocal lattice vectors, denoted a∗, b∗, and c∗, have the
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following relation to the direct lattice vectors, a, b, and c;

a∗ · b = a∗ · c = b∗ · a = b∗ · c = c∗ · a = c∗ · b = 0 , (4.7)

and;
a∗ · a = b∗ · b = c∗ · c = 2π . (4.8)

Equation 4.7 gives that a∗ must be perpendicular to both b and c, and b∗ is
perpendicular to both a and c (and so on), while Equation 4.8 defines the length
(and sign) of a∗, b∗, and c∗. Therefore,

a∗ = 2π
V

(b ∧ c) , b∗ = 2π
V

(c ∧ a) , c∗ = 2π
V

(a ∧ b) , (4.9)

where V can be shown to be equal to the volume of the direct lattice unit cell by
applying (4.8) to a∗ (for example), and so

a∗ · a = 2π
V

(b ∧ c · a) = 2π , (4.10)

as the term b ∧ c · a is the volume of a parallelepiped. The units of the
reciprocal lattice vectors are therefore the reciprocal of the real space units, and
are measured in Å−1.

As the reciprocal lattice is simply another representation of the direct-space lattice
it possesses the same properties, and so a reciprocal lattice translation vector T∗

which is equivalent to Equation 4.1 can be defined, where

T∗ = ha∗ + kb∗ + lc∗ , (4.11)

and h, k, and l can be zero or take any integer values. The choice of integers h,
k, and l (the same as for Miller indices) here is no coincidence, as the planes in
the direct lattice defined by (hkl) are a vector in reciprocal space given by (4.11)
[109], which is perpendicular to the lattice planes and has length equal to 2π

dhkl
.

Crucially though, the reciprocal lattice vectors T∗ corresponding to the crystal
plane (hkl) satisfy the Bragg condition (4.6). Thus for a general crystal, with
crystal planes (hkl) as defined earlier, diffraction will occur when

Qhkl = ha∗ + kb∗ + lc∗ . (4.12)

A useful alternative way of viewing this is that each diffracted beam from a crystal
is a point on its reciprocal lattice.
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The Structure Factor

A result of the above is that, by measuring the directions of neutrons diffracted
by a crystal, its lattice can be determined. However, a model of a crystal consists
of a lattice and a basis (the contents of the unit cell), and so the above only
gets us half way to the structure. While the lattice dictates the directions of
diffracted beams, it is clear that it is the scattering contents of the unit cell
which determines the intensity of each reflection. To treat this, a summation of
the neutrons scattered by every nucleus in the crystal which satisfies (4.12) is
needed, but taking into account the effects that the basis and different isotopes
have.

It is important to note that, while the treatment of diffraction presented above
is correct, it can lead to the false impression that scattering occurs from crystal
planes, when it is of course the nuclei which actually scatter neutrons. For a
simple crystal with a basis containing one nucleus this would be of no consequence,
since the nucleus could simply be considered to be at the lattice point, and so
scattering would occur directly from the planes. Where the basis consists of two
or more nuclei though the situation is less simple. In this case, if one nucleus
is again located on the lattice point, then the other is at some distance from it
given by its coordinates (x, y, z). Supposing now a situation where the Bragg
condition is satisfied for the (hkl) plane in this crystal, the nuclei located at
the lattice points scatter in phase with each other, and the nuclei at (x, y, z)
likewise scatter in phase with each other. However, there is a phase difference φ
between scattering from the nuclei at lattice points and those at (x, y, z), which
is proportional to the perpendicular displacement of the nuclei at (x, y, z) from
the scattering plane (hkl). This displacement is hx+ ky + lz, making the phase
difference

φ = 2π(hx+ ky + lz) . (4.13)

The effect of this phase difference is interference between scattering from the two
nuclei in the unit cell, and so a change in the intensity of the reflection from the
(hkl) plane results. Usefully this expression is general, and so can be applied to
a collection of atoms in a unit cell, with no necessity for an atom to be located
on the lattice points.

Considering now the general form of a neutron plane-wave diffracted from
the (hkl) plane, its wavefunction is described by ψsc = Aeiφ, where A is its
amplitude and φ its phase. Taking note of (4.13) and making a summation of the
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contribution from all n nuclei in the unit cell to the diffracted beam, this becomes

ψhkl =
∑
n

bnei2π(hxn+kyn+lzn) (= Fhkl) , (4.14)

which is equal to
Fhkl =

∑
n

bneiQhkl·rn (4.15)

where bn and rn are the scattering cross-section and position of the nth nuclei
respectively (given by the basis), and Qhkl is the scattering vector, as defined
earlier. Fhkl is known in crystallography as a structure factor, and it is the
Fourier transform of the crystal structure sampled at the reciprocal lattice point
(hkl). When a reflection is observed in a diffraction experiment its intensity I is
proportional to this, where

I(Fhkl) ∝ |Fhkl|2 . (4.16)

There are several additional factors that must be included in this to accurately
model the observed intensity, accounting for the incident neutron flux and sample
size, as well as the effects of atomic displacement (thermal motion), beam
attenuation, instrument correction factors, and others. Where important these
are discussed further in the later chapters, but a concise treatment of them for
neutron diffraction is given in Kisi & Howard [110].

Given a complete set of structure factors from a crystal, a precise map of the
scattering density ρ(x, y, z) in its unit cell (where x, y, z are fractional coordinates
within it) could be synthesised by a Fourier series over all reciprocal lattice points,
where the Fourier coefficients are the Fhkl. Defining the unit cell volume as V ,
this series takes the form

ρ(x, y, z) = 1
V

∞∑
h=−∞

∞∑
k=−∞

∞∑
l=−∞

Fhkle−i2π(hx+ky+lz) . (4.17)

Such a map would show clear regions of scattering density where nuclei are located
in the unit cell, and hence allow determination of the crystal structure. However,
there are two distinct problems with applying this to real world diffraction data.
First, the expression above is an infinite series, while clearly any real measured
set of structure factors cannot be. Fortunately this is not a problem, as a Fourier
map of high enough ‘resolution’ (sharpness) to identify the positions of nuclei and
determine the crystal structure can be still be synthesised from a series truncated
at medium to high Q (low d-spacing). Typically the collection of a set of structure
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factors down to 1 Å is sufficient to produce a clear map, though this is dependent
on a number of factors. The second problem is discussed in the next section, and
is unfortunately more critical.

The Phase Problem

Figure 4.5 An illustration of the ‘phase problem’ by Sivia [115]. Images a) and b)
have been decomposed into a Fourier series and resynthesised to form c)
and d) respectively, but with the amplitudes of their Fourier components
swapped. Despite the swapped amplitudes both images are still clearly
made out, and furthermore neither c) or d) show any sign of the other
image (that contributing the amplitudes). It is apparent then that
the phases contain most of the information needed to resynthesise the
original image, and hence that the loss of the structure factor phases
in diffraction is a significant problem.

The Fourier series shown above requires the structures factors, but measured in a
diffraction experiment are not the Fhkl but the intensities, related by 4.16. While
in the limited scenario where the Fhkl are all real and positive this is not an issue,
but this is not the case in the majority of situations, and information is lost. In
a situation where the structure factors are real but not all positive the signs are
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lost, and when the structure factors are complex (which is the general case) the
imaginary component (or phase) is lost. It might be surmised that this means
‘half’ of the structural information is still acquired in a diffraction experiment,
but the case is unfortunately much worse than this (as illustrated in Figure 4.5),
and it transpires that the majority of the structural information is in the phases,
which are always lost in a real diffraction experiment. In crystallography this is
known as the ‘phase problem’, and it is the central challenge in determining (or
‘solving’) a crystal structure. This is discussed later, in Section 4.1.5.

4.1.4 Powder Diffraction

Single Crystals to Powders

In the case of diffraction from a single crystal (as above) each set of lattice
planes diffract the neutrons in a unique direction, such that if a two-dimensional
image plate were positioned along the axis of the incident beam (downstream
of the crystal), an arrangement of spots would be observed, corresponding to
where each diffracted beam intersects the surface. It is the intensity of each of
these reflections (called Bragg spots) that is measured, and is proportional to
the amplitude of the corresponding structure factor. If we consider a situation
where the beam is incident on a small number of identical crystals, each with a
unique orientation, then while diffraction from the same (hkl) in all the crystals
will result in reflection at the same 2θ angle (as shown in Figure 4.4), they will
occur with different trajectories about the beam axis. In this scenario the ability
to analyse the structure is immediately complicated from the case of a single
crystal, as the observed intensities corresponding to each crystallite are mixed
together, with no way of separating them (except for the simplest cases). If
the above is extended to a very large number of identical crystals, all uniquely
orientated, then when the neutron beam diffracts off the collection of crystallites
(a ‘powder’ sample), cones of diffracted neutrons are generated (known as Debye-
Scherrer cones, as shown in Figure 4.6). They are observed as rings on the image
plate, with each corresponding to a unique dhkl. This is the character of diffraction
from a powdered sample (powder diffraction), and is met in crystallography when
a single crystal sample is not possible. In high-pressure research this type of
diffraction is sometimes the only option, as the phase may only exist at elevated
pressures, making single crystal synthesis difficult (if not impossible).
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Figure 4.6 A simple method of collecting a powder diffraction pattern using a
two-dimensional image plate, also illustrating the Debye-Scherrer cones
(discussed in the text).

The key difference between single crystal and powder diffraction is that the
observed intensities are no longer separately measurable, and only the intensity
of the rings can now be measured. This causes two significant problems; first,
the unique intensities of those (hkl) with identical dhkl are lost; second, rings
corresponding to different (hkl) but which have similar dhkl may overlap each
other. Hence, the situation of a set of individually measured intensities for single
crystal diffraction is reduced to one where only the integrated intensity at each
dhkl can be measured. As such, the ability to solve a crystal structure with powder
diffraction data is more difficult.

The greatest potential pitfall in powder diffraction is the use of a non-ideal
powder, which may suffer from one or both of two issues. If the sample contains
insufficient crystallites then the observed powder rings will be incomplete and
appear ‘spotty’, and so only a poor averaging of the crystal structure is achieved,
resulting in increased uncertainty on the measured intensities. The second
potential issue is the occurrence of preferred orientation of the crystallites in
the sample (also known as texturing), such that the crystallites are not randomly
orientated as desired, usually due to the particular synthesis conditions. The
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effect here is more serious, and causes a systematic error in the measured
intensities across the pattern, adding a complication in the use of the diffraction
intensities in structural analysis. In cases of heavy texturing the effect is easily
identified by inspection of the powder rings, but in cases where there is light or
medium texturing it may go unnoticed and so hinder data analysis. It is therefore
considerably important to take care in the preparation of samples to avoid these
potential issues.

Figure 4.7 An XRD powder pattern integrated using Fit2D [116, 117], shown
plotted against the scattering angle 2θ. Inset: The observed powder
pattern, collected on a two-dimensional image plate.

A powder diffraction pattern collected on an image plate as described above
is reduced for analysis by integrating the observed intensity as a function of
scattering angle, giving a plot of intensity vs. scattering angle, as shown in
Figure 4.7. Where the powder diffraction pattern is collected by some other
method (such as by neutron time-of-flight, see Section 6.1.1) the measured
observable may vary, and so patterns are often converted to Q or d-spacing to
aid the comparison of different data sets. After the pattern has been integrated
it can be appropriately analysed, and in cases where the structure is already
known, a refinement of the model against the observed data may be performed.
This may be done using one of a number of available software packages, such
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as GSAS+EXPGUI (GSAS) [118, 119] or Topas-Academic (TA) [120] as in this
work, where the refinement technique of Rietveld [121] is implemented.

Rietveld Refinement

A Rietveld refinement [121] of a structural model begins by calculating the
expected diffraction pattern from the structure, which is possible by using the unit
cell to determine peak positions and applying (4.17) (together with relevant scale
and correction factors) to calculate their expected intensities, which are modelled
with an appropriate peak shape. Once the expected pattern is calculated the
model parameters xj are refined against the data in a least squares calculation
where the difference S̄ between the calculated and observed intensity is minimised.
More formally,

∂S̄

∂xj
= 0 (4.18)

S̄ =
∑
i

wi(yi(obs)− yi(calc))2 (4.19)

where yi(calc) and yi(obs) are the calculated and observed intensities respectively,
the sum is over all elements i that make up the powder pattern, and wi is
a weighting factor for each element indicating its statistical certainty. Due to
the non-linear dependence of the yi(calc) on the parameters of the structural
model, an exact solution to (4.18) isn’t possible, and instead an iterative method
must be taken with the output of one ‘refinement cycle’ serving as the input
parameters of the next. A solution is therefore only found after a number of
cycles are performed and are judged to have converged, i.e. when the parameters
no longer vary significantly after each cycle. A consequence of this is that the
initial structural model must be sufficiently close to the solution for the refinement
to succeed. Performing a refinement on a ‘poor’ (or entirely wrong) starting model
usually results in instability, where the model parameters fluctuate significantly,
preventing convergence (typically causing divergence), or in some cases resulting
in convergence to a false minimum. In the latter case it is only on consideration
of the reasonableness of the (mistakenly) ‘refined’ structure that the error may
be noticed.

In practice, even when a ‘good’ starting model is used, caution must be taken
when performing a refinement in order to achieve a stable convergence onto the
the true solution. This is principally done by building the complexity of the
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refinement in stages, allowing the most dominant parameters to refine first (such
as the lattice parameters and scale factor), followed by small groups of others
in order of their judged significance. Additional tools may be implemented to
aid this process further, such as limiting the amount of change in a parameter
during each cycle (damping), or including hard constraints in the least squares
calculations based on chemical knowledge.

The key advantage of the Rietveld technique over earlier methods [110] is its
ability to handle overlapping Bragg peaks, by the implementation of accurate
peak shapes. It is the standard method for powder diffraction data analysis
and permits easy identification of known sample phases and accurate structural
analysis, thus permitting measurement of various physical properties. The
method also readily handles multiphase samples, making it suitable (for example)
in composition analysis or in diffraction from impure samples.

Powder Indexing & Extracting Intensities

When the crystal structure is unknown the first challenge is in determining its
unit cell, a process called indexing. The term ‘indexing’ here refers to finding
a unit cell whose lattice planes are able to account for the positions of all
observed reflections. In the case of single crystal data, the unit cell can readily be
determined by direct reconstruction of the reciprocal lattice from the separately
observed reflections, and so through the relations (4.7) and (4.8) the real space
lattice can be subsequently found. When only a powder pattern is available the
problem is far more difficult, as the reciprocal lattice is collapsed onto just one-
dimension (the d-spacing of lattice planes). By considering the scalar product of
the reciprocal lattice vector (4.11) with itself, as shown in [122], the d-spacing of
the (hkl) plane is given by

1
d2
hkl

= h2a11 + k2a22 + l2a33 + hk2a12 + kl2a23 + hl2a13 , (4.20)

where the aij are defined by the lattice parameters of the unit cell, of which there
are up to six, dependent on the lattice system. In the case of a unknown unit cell,
all components are unknown, and so the problem cannot be analytically solved.

A solution to (4.20) can generally5 only be found by iterative trial-and-error
5In some cases, for instance when the crystal is cubic or perhaps the crystal habit has been

observed, an educated guess at the unit cell may be successful or at least simplify the problem.
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methods, for which computational methods are a necessity. Taking a list of
measured d-spacings (or 2θ angles) from a diffraction pattern, auto-indexing
software is able to calculate possible unit cells and judge their quality of fit.
The rate of success varies across different programs, as they employ a range of
algorithms, but some are more effective than others, for instance the DICVOL
program [123] which performs an exhaustive search [122]. It is generally the
case though that use of more than one auto-indexing program gives the highest
likelihood of success, for which the software package CRYSFIRE [124] is extremely
useful. This overcomes the varying input file requirements of individual packages
and provides a unified interface for them all, allowing a list of d-spacing to be
indexed in all (freely) available programs with ease.

To find the correct unit cell the accuracy of the measured d-spacing is paramount,
as any systematic error will result in either the wrong unit cell or a failure to index
the data altogether, so care must therefore be taken to minimise errors during
data collection (for instance by ensuring good calibration of the instrument).
The precision to which d-spacings are measured is also important, as if they are
only poorly determined the indexing process will be insufficiently constrained and
may not find lower symmetry solutions. Preferably, the Bragg peaks should be
measured by individually fitting an appropriate peak shape to each reflection,
with particular care taken when there is some peak overlap by introducing
constrained peak widths where necessary. Where the peak shape is more complex,
such as in neutron time-of-flight data, it should ideally be determined from a
calibrant beforehand. Use of too few observed d-spacings or the omission of a
number of significant (high d-spacing) peaks may cause the auto-indexing process
to give erroneous results, while the inclusion of too many (particularly lower d-
spacings) may cause the process to fail. The optimal number of observations for
a successful indexing is typically 15-20 [122], but is dependent on the unit cell
and the particular auto-indexing program.

Once the unit cell has been identified, and the reflections in the diffraction pattern
successfully indexed, it is possible to reduce the number of possible space groups
in which the structure is described. This can be done because the presence
of particular symmetry elements in a crystal structure are found to cause the
systematic absence of reflections [108]. In particular, the symmetry elements
that cause such absences are translation operations6, and an example of this is
the case of a body centred unit cell (which is equivalent to a primitive cell, with

6The reasons for this are well described in texts such as Giacovazzo [108].
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a second lattice point at a translation of (1⁄2,1⁄2,1⁄2) from the first), which causes
the absence of all reflections whose hkl sum to an odd number. This means,
for instance, that if a reflection is observed from a cubic unit cell with a hkl
whose sum is odd, then the structure does not have body centring, and hence
all possible space groups with body centring may be ruled out. By iteratively
working through the reflection conditions of all the symmetry elements that may
be relevant to a given unit cell, the number of possible space groups that the
structure may be describable in can be reduced. This can be aided by use of the
International Tables for Crystallography [125], which include separate tables for
each of the seven crystal systems that allows determination of the possible space
groups of a structure by use of the indexed reflections that are observed. This is
immensely useful as the highest symmetry space group that the structure may be
describable in is often the most sensible starting point when attempting to solve
the crystal structure.

Following this, the next task is to measure the structure factor intensities, a
process known as extracting intensities. This can be done using a method similar
to a Rietveld refinement, but where the peak intensities are fitted freely (in
absence of the atom positions) by using the methods of either Pawley [126] or Le
Bail [127]. A Pawley refinement introduces a free parameter into the least squares
calculation for each reflection in the pattern, treating overlapping peaks with
equal weighting, while the method of Le Bail omits the calculation of intensity
from the least squares calculation. A Le Bail refinement instead calculates the
intensity in a second process, performed after each least squares cycle, and evenly
distributes the intensity at each point in the observed pattern among all the
reflections that are present at that position. The primary benefits of this are the
large reduction in parameters undergoing least squares refinement, which makes
it less computationally demanding (although this benefit is less significant than at
the time when the method was conceived), and its greater similarity to the process
of a Rietveld refinement, which makes it more easily programmed into Rietveld
software [110]. It should be noted that these whole-pattern fitting methods also
have two other important uses; they allow refinement of the unit cell obtained
from auto-indexing against the entire pattern, rendering more accurate lattice
parameters and allowing the quality of fit of different unit cells to be compared,
and; when the structure is already known they can be useful for refinement of
lattice and profile parameters prior to a Rietveld refinement, and also offer a
convenient way of fitting a pattern where there is an unsatisfactory fit of the
model to the data.
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The next stage in finding the crystal structure is to determine the atom positions
(a process known as solving the structure), before a final refinement of the model
against the diffraction pattern is made. However, due to the magnitude of the
phase problem discussed earlier, solving the structure is a non-trivial pursuit.
Methods of solving the problem are discussed next.

4.1.5 ‘Solving’ a Structure

A number of different approaches to solving crystal structures exist, each with
usefulness dependent on the type and quality of data, as well as the characteristics
of the particular structure. These range from simple methods where chemical
knowledge may be used to solve the structure with trial-and-error, to analysis
of the Fourier map taken with zero-phases [128], direct calculation of phases
using assumptions about the structure and its scattering density [129], and other
methods based on ‘brute force’ calculations [130]. The different techniques fall
into three distinct classes; real-space methods, where the crystal structure is
solved in real space; reciprocal-space methods, where a solution is found in
reciprocal space (i.e. by directly calculating the phases of the structure factors),
and; dual-space methods, where a combination of real- and reciprocal-space
methods are applied.

The minimum aim of all methods is to find an approximate structural model
that accounts for most of the scattering power of the unit cell, which can then
either be used to calculate a Fourier difference-map, that can guide completion
of the model, or taken to the stage of Rietveld refinement. A Fourier difference-
map is a plot showing the deviation of a model from the observed data, and
is constructed by calculating the structure factors using a Fourier transform of
the model, subtracting the observed amplitudes from those calculated (whilst
retaining the calculated phases), and performing an inverse Fourier transform to
return to a real-space map. In cases where the model is significantly incomplete,
the map displays nonsense, but when the model is nearly complete (at least
in accounting for the majority of scattering power) it can indicate meaningful
discrepancies in the model and indicate the positions of missing atoms. When
the crystal structure is known to contain one or two atoms which account for the
majority of the scattering, the structure may be solved by finding the location
of just these and using a difference map to locate the remaining atoms [108]. To
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find the positions of these heavy7 atoms, a Patterson map [128] can be used.

A Patterson map [128] is a Fourier transform of just the observed intensities,
and so is equivalent to a transform of the structure factors convoluted with
their complex conjugates. The resulting map shows all scattering correlations
in the structure, and so exhibits a large origin peak corresponding to the self-
correlation of every atom, and other smaller peaks corresponding to every atom-
atom correlation, whose vectors from the origin correspond to bonds in the
structure. The intensity of these peaks is proportional to the scattering power of
the pair of atoms it corresponds to, and so peaks corresponding to correlations
with a particularly heavy atom can be readily identified. By finding such peaks
and making considerations of the unit cell symmetry (if it is known), it is possible
in some cases to construct a partial model from this information. However,
unfortunately in materials where there is no heavy atom this approach has only
limited application, and other approaches must be adopted.

Where single crystal data is available the reciprocal-space technique of directly
calculating the structure factor phases [129] has become the standard, and is now
a routine process in many cases [110]. This extremely powerful technique exploits
that there is an inherent relationship between the structure factor amplitudes
and phases, as they are related by the scattering density of the crystal structure.
While the arrangement of atoms in the unit cell is unknown, a significant amount
is already known about the scattering density. The simple argument of this fact
is that if nothing was known about the structure there could be no expectations
about its appearance, and thus no way to identify the correct solution when it
was found. For instance, knowing that the structure is composed of discrete
atoms means that the map of scattering density will exhibit sharp peaks [131],
and in the case of x-ray scattering it is known that the scattering density must
be non-negative [132]. These assumptions and others can be formalised into
mathematical constraints on the structure factors, allowing a direct calculation
of the phases, and leading to an approximate structure solution. However, while
this method is generally prevalent in crystallography it is unfortunately not
often successful with powder diffraction data [133]. This is primarily because
the method requires a large sample of well determined reflections, which can
be impossible to obtain from powder data due to significant peak overlap,
particularly at lower d-spacing where many reflections become heavily convoluted

7The term ‘heavy’ here refers generally to strong scatterers, but is literal in the case of x-ray
scattering as the atomic mass is correlated with proton number and hence scattering power.
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with one another.

Given the limitation of powder diffraction data, where the phase problem is
essentially compounded by a reduced set of structure factor intensities (as
mentioned), the task of finding a structural solution is more challenging. There
are certain techniques though which are often still successful in this situation, and
they are the primary methods used in this work. These are the global optimisation
technique of ‘simulated annealing’, and the dual-space method called ‘charge
flipping’, both discussed below.

Simulated Annealing

Simulated annealing [130] is a computational approach to solving the structure in
real-space, where the goal is to explore the configuration space of the problem, and
locate the global minimum given a suitable cost function. The global minimum
is in distinction to a local minimum in configuration space, which may satisfy
a cost function, but is in fact not the overall best (or correct) solution. The
defining feature of any global optimisation algorithm is its ability to escape these
local minima, and hence vastly improve the prospect of finding the best solution,
which in this case is the real crystal structure.

Where a powder diffraction pattern is available the cost function is typically
linked to the quality of fit of the model to the data. Conventionally a quantity
called the weighted profile R-factor (Rwp) is used as the cost function, defined as

Rwp =

 S̄∑
i
wi(yi(obs))2


1/2

, (4.21)

which is the cost function of a Rietveld refinement (4.19) normalised against the
total observed intensity.

The simulated annealing method operates as follows:

• The unit cell with its symmetry (if known) and the expected cell contents
are defined, either as separate atoms or constrained into molecules if
appropriate, and the powder diffraction pattern provided.

• Position parameters of the atoms/molecules are randomised to generate a
starting configuration, and the cost function (Rwp) is calculated by a Le
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Bail extraction.

• The ‘cost’ (∆Rwp) of a random displacement to each of the position
parameters is calculated for the two configurations, where the displacements
may lead to either an improved or worse fit to the data.

• There is a probability P of the new (displaced) candidate structure replacing
the original structure, where

P = e−∆Rwp/T , (4.22)

and T can be thought of as the temperature in a thermodynamic system,
which here allows the structure search to move away from local minima in
the cost function.

• A configuration is chosen (based on P), and the process of accepting or
rejecting displacements to the structure in this manner is repeated over
many iterations, sampling large areas of the configuration space, and the
temperature T is slowly reduced in a cooling regime, giving the chance of
convergence on the global minimum.

The entire simulated annealing process is repeated many times, and so the
global minimum should be identifiable as a recurrent solution. The algorithm
is implemented in some general crystallographic packages such as TA [134] but is
also available in dedicated programs such as FOX [135], which gives the option
to use an adapted version of the method called ‘parallel tempering’. This method
is similar to simulated annealing but overcomes the problem of selecting the T
and cooling regime by performing a number of annealing processes in parallel,
covering a range of temperatures, and randomly swapping structural models
between the processes. In this way it samples a larger volume of configuration
space, and reduces the likelihood of trapping in local minima. It is the FOX
package with parallel tempering that was employed in early attempts to find
a structure solution in the work of Chapter 6 (although it was unfortunately
unsuccessful in this case).

Charge Flipping

The technique of charge flipping [136] is a dual-space method that was originally
developed for XRD data, but which can be applied to other diffraction data of
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sufficiently high (low d-spacing) resolution as well. It operates on the simple
expectation that (in the case of XRD) the scattering density should be non-
negative, and so in a process of ‘Fourier recycling’ it performs the real-space
modification of flipping the calculated charge density everywhere it is found to
be negative. This is applied in the following way:

• The unit cell is defined, excluding any derived symmetry, and the list of
extracted structure factor intensities provided.

• Random phases are assigned to the structure factors to initialise the process,
and a Fourier transform is performed to generate the scattering density map
of the structure.

• Everywhere that the scattering density is found to be negative, below a
defined threshold, its sign is flipped.

• An inverse Fourier transform is performed on the modified scattering density
map, generating a new list of structure factor amplitudes and phases.

• The calculated amplitudes are discarded and replaced with the observed
amplitudes, whilst retaining the calculated phases.

• A Fourier transform is performed on the new structure factors, composed
of the observed amplitudes and calculated phases from the previous cycle,
to generate a new scattering density map.

• The charge flipping process is performed again and the process iterates until
the calculated and observed amplitudes become equal, and convergence is
achieved.

The method performs charge flipping in the space group P1 and so does
not require or make use of any symmetry, and additionally uses no chemical
knowledge, making it excellent for cases where the stoichiometry or density are
unknown. The main requirements for the method to succeed are inclusion of
the strongest reflections, sufficient resolution (ideally with d-spacings to ∼ 1 Å
when trying to resolve more weakly scattering atoms), and a reasonably complete
set of intensities. While the method was developed with single crystal data it
works readily with powder data and is often successful. In cases where there
is severe peak overlap in the powder pattern a process of repartitioning the
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extracted intensities may be employed after each charge-flipping cycle [137], but
this extension was not employed in this work.

When applying the technique to neutron diffraction data the sign of the isotope
scattering cross-sections must be considered, as isotopes with a negative cross-
section are effectively points of negative scattering density, which would be
incompatible with the basic charge flipping method. While a method described
as ‘band flipping’ has been proposed as a way of allowing the charge flipping
algorithm to deal with this problem [138], it has as yet no reported success.
Fortunately this problem is not common as the majority of isotopes are positively
scattering, allowing direct application of the charge-flipping algorithm to neutron
data. The method is available in the program Superflip [139], and is also included
in TA [140], both of which are used in the work of Chapter 6.

Alternative Methods

Beyond the techniques already discussed are methods focused on the ab
initio prediction of new structures. In general these do not operate on a
collected diffraction pattern but instead search for stable structures based on
energetics, calculated from the inter-atomic forces of a given arrangement of
atoms by employing density functional theory (DFT) to find the electron density
[141]. Thermodynamically stable phases are identified as those that are most
energetically favourable, judged by comparing the relative enthalpy of formation
against competing phases. The theory of DFT and its use for achieving accurate
results is not covered here, but texts such Sholl & Steckel [141] provide a good
introduction to this complex subject.

The calculations operate by taking a trial structural arrangement and (after
calculation of the electron density) allowing the atomic positions to ‘relax’ based
on the calculated forces that they experience, progressing the structure to a more
energetically favourable arrangement. This process is repeated and performed
iteratively until the relaxation process is judged to have converged (when the
calculated enthalpy has become stable), or until it is diverges, usually because of
an unrealistic starting structure. Techniques such as ‘ab initio random structure
searching’ (AIRSS) [142, 143] apply this to a large numbers of pseudo-randomly
generated structures, which typically sample a spectrum of compositions over a
broad range of pressures. This approach allows the behaviour of matter to be
explored at immense, experimentally inaccessible pressures, and is at the forefront
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of theoretical high-pressure science [144].

More relevant to the problem of structure solution however is application of
this technique at accessible pressures, guided by experimental observations. For
instance, if an experiment shows the existence of a new phase in a particular
pressure regime, and powder diffraction data indicates its unit cell, then
searching can be focused within these constraints. Furthermore, if the density or
stoichiometry have been determined then the search can be further reduced, and
if an approximate model is known then the method of relaxation can be applied
to improve or vindicate the model (as done in this work). This is particularly
useful in cases where the quality of data is poor, or when the structure is too
complicated for solution from powder diffraction data alone.

4.1.6 Considerations at High-Pressure

When performing diffraction on a sample held at high-pressure in a DAC or
P-E press, it is necessary to consider what effect there is on the incident and
diffracted beams by their paths through the pressure cell. In some cases (such
as neutron time-of-flight experiments) the effect is a change in the character of
the incident beam on the sample, or an attenuation of the diffracted beams, such
that a correction to the observed intensities must be calculated and applied to the
diffraction pattern [145]. The need for such corrections is dependent on the type
of experiment and specific to the particular pressure cell, and so are discussed
in later chapters as part of the description of the specific experimental methods
used in this work.

A potential pitfall when performing diffraction at high-pressure is the effect of
non-hydrostatic stress on the sample [110]. In absence of a pressure transmitting
medium, and especially at higher pressures, considerable strain can occur in the
sample. This causes broadening of the observed powder diffraction peaks, as the
lattice parameter of the crystallites becomes distributed over a range dependent
on the level of strain. The effects of this are detrimental to structure solution,
making identification of its presence important in order to avoid failure, but the
effect can be accounted for in a Rietveld refinement when the structure is already
known [110].
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4.2 Raman Spectroscopy

In the study of samples in a DAC the method of Raman spectroscopy [146] is
an immensely useful tool. In the simplest case it can be used for identifying the
presence of different molecular species in a sample, and so gives a method of
confirming the successful loading of the material of interest into a DAC (which in
the case of difficult to load samples, such as gases, is essential). Furthermore,
as the Raman spectrum of any given molecular species is dependent on its
environment, the behaviour of the Raman spectrum can be tracked as a function
of pressure and can indicate phase changes in a sample by discontinuities in the
observed behaviour. This includes discontinuous peak shifts, peak splitting, or
the appearance of entirely new features in the spectrum. These characteristics,
together with the ease with which high-pressure Raman spectroscopy may
be performed in-house relative to diffraction methods (which must often be
performed at central facilities), make it is an excellent tool for preliminary DAC
studies8.

As Raman spectroscopy was used in this work principally as a secondary technique
to the diffraction methods already discussed, only a basic introduction to its
theory and scope is provided here, with focus mostly on the fundamental
scattering process and how it is used. A more thorough treatment of the subject
and its practical uses can be found in texts such as Smith & Dent [148].

4.2.1 Theory of Raman Scattering

When visible light is scattered by a molecule it may do so in one of two
distinct ways; it can scatter elastically, where a photon of light is absorbed and
subsequently re-emitted very shortly afterwards with the same energy, in a process
known as Rayleigh scattering, or; it can scatter inelastically, where a photon of
light is absorbed but then re-emitted with a shifted energy. This second process
is far weaker, occurring approximately once in every ten million [148] Rayleigh
scattering events, and is known as Raman scattering [146]. In both cases the
process occurs by the excitation (and subsequent relaxation) of the molecule into

8It should be noted that in the study of some systems under high-pressure, such as
H2, diffraction methods are often not possible. In these cases, techniques such as Raman
spectroscopy can be the only way of experimental probing the systems, and in these cases it
can be used to great effect [147].
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a short lived ‘virtual’ state (as shown in Figure 4.8) where its electron cloud is
distorted and its polarisation changed [148]. In the case of Raman scattering this
distortion couples to the molecule’s nuclei and induces a change in their motion,
which results in a change in the vibrational or librational state of the molecule
and an associated shift in its energy, which is reflected in the altered energy of
the re-emitted photon [148].

Figure 4.8 Showing the energy state transitions involved in the Rayleigh and
Raman scattering processes. The colouring shown for Stokes and anti-
Stokes scattering types indicates the shift in the re-emitted photon
towards the higher (blue) or lower (red) end of the electromagnetic
spectrum (no shift occurs in the case of Rayleigh scattering).

In cases where the Raman scattering process causes a transition in the vibrational
or librational mode of the molecule from a lower to a higher energy level, the
emitted photon carries a lower energy than that absorbed, and the process is
referred to as Stokes scattering. In the opposite case, where the transition is from
a higher energy vibrational or librational mode to a lower energy level, the photon
is emitted with more energy than that of the absorbed photon, and is referred to
as anti-Stokes scattering [148]. The likelihood that either Stokes or anti-Stokes
type Raman scattering will occur is dependent on the number of molecules in a
sample that are already in the respective lower or higher energy states, otherwise
known as the ‘population’ of these states, which in turn is dependent on the
temperature of the sample and is governed by a Boltzmann distribution [148]. As
a result of this Stokes scattering is always stronger, although at high-temperature
the anti-Stokes scattering can reach a similar intensity.
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Figure 4.9 Illustrating the three possible modes of vibration of a CO2 (triatomic)
molecule.

The type of vibrational or librational modes that can be excited in Raman
scattering depends on the type of molecule, and the intensity of the excitation is
dependent on how greatly it changes the polarisability of the molecule. In the case
of a simple diatomic type molecule, such as H2, there is only one possible mode
of vibration (although an infinite number of possible energy states within that
mode, as is always the case). In the case of a triatomic molecule, such as CO2,
there are three distinct modes of vibration. These are referred to as symmetric
stretching, asymmetric stretching, and bending modes, as shown in Figure 4.9.
Of these three different modes the strongest will be that which causes the greatest
change in the molecule’s polarisability. Modes which cause little or no change in
the molecule’s polarisability are called Raman in-active. It should be noted that
in the case of CO2 the observed Raman spectrum is slightly more complicated due
to the resonance of a vibrational and librational mode, causing the appearance
of two strong bands close together. This is known as Fermi resonance, and the
bands are referred to as the CO2 Fermi diad [149].

4.2.2 ‘Fingerprinting’ Molecules

By collecting the light emitted in the Raman scattering process, and passing it
through a spectrometer, the energies of the vibrational or librational modes that
have been excited in the particular sample can be measured. The energies of the
various excited modes are dependent on the frequency of the motion, which is
dependent on the mass of the atomic species involved and the strength of the
bonds between them, as well as the environment that the molecule is in and the
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pressure it is under (the application of pressure typically pushes the atoms closer
together, shortening their bonds, which causes an increase or ‘hardening’ of the
frequency of motion [109]). As a result, different molecules each have their own
unique Raman spectra, and so the Raman spectrum of a sample can be used
to identify the presence of a particular molecular species. This can be done by
comparing the spectrum to an appropriate reference when the sample is known,
or through deduction, by employing any available information of the sample and
identifying the presence of particular band types using chemical knowledge. For
instance, the presence of a band at ∼3000 cm−1 (an energy shift of ∼0.4 eV)
is likely to arise from a C-H band [148]. An example Raman spectrum from a
sample containing different molecular species which have been identified is shown
in Figure 4.10.

Figure 4.10 Two Raman spectra collected from different regions of a single sample
in a DAC, containing different molecular species. Solid-line shows the
gaseous region of the sample, which contains strong Raman scattering
from its H2 and CO2 components. Dashed-line shows the aqueous
region of the sample, which is dominated by scattering from the water
but clearly also contains a small fraction of H2 and CO2. Fluorescence
arising from the diamond anvils is also visible, as indicated.
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4.2.3 Raman Microscopy

In order to collect high quality Raman spectra from the small sample volume
of a DAC a typical Raman spectrometer is inappropriate. At minimum, the
spectrometer must be coupled to a sufficiently powerful microscope in order
to allow a focused collection of the light scattered from the DAC sample
chamber. However, for the highest quality Raman spectra or for DACs with
a particularly small sample chamber, a purpose built Raman spectrometer is
required. The particular features of such a system are principally; a high-
intensity monochromatic light source, such as a high-power laser, necessary due
to the weak nature of Raman scattering and the small DAC sample size; a high-
quality magnifying objective lens, for maximal collection of light scattered by the
sample; a high-precision sample stage, to allow optimal sample alignment with the
spectrometer, and; a spatial filter, or ‘pinhole’, to provide spatial resolution and
improve rejection of scattering from the diamond anvils (although this can never
be entirely eradicated). An example of such a system is shown in Figure 4.11,
which is the Raman spectrometer used in the work of Chapter 7.

The performance of this system is demonstrated in its ability to perform Raman
microscopy on a DAC sample, where spectra can be collected from different
regions of the sample, as shown in Figure 4.10. This functionality is helpful
in the investigation of multi-component systems, as in this work, as it allows
for identification of different phases occurring in different regions of the sample,
which is invaluable for developing a good understanding of the system’s behaviour.
This powerful spatial resolution also allows the collection of spectra from different
depths into the sample, but this can also cause issues when attempting to compare
the intensities of bands in different spectra.
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Figure 4.11 A Raman spectrometer designed for data collection from very small
samples in the DAC. The green lines illustrate the path of light
from a 514 nm argon-ion laser to a beam-splitter, from which 50%
of the beam travels towards the spectrometer (off image to left)
and is unused, while the rest is directed through an objective lens
and is incident on the DAC sample (which it passes through, if the
sample is transparent). The red-dashed line indicates the path of light
scattered by the sample, which passes back through the objective lens
and beam-splitter before travelling through the spatial filter towards
the spectrometer. The spectrometer on this instrument features two
grades of diffraction grating, allowing for the collection of both ‘broad’
and ‘narrow’ band Raman spectra.
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Chapter 5

High P-T Behaviour of the
CO2-H2O System

In this chapter a study of the CO2-H2O system at high- pressure and temperature
is presented. The first section presents a search for new hydrate phases forming
from the melt in this system at pressures above 10 kbar, where the HP hydrate
phase [45] is observed to dissociate on compression. This includes a description
of how these samples were loaded, before the presentation of a preliminary study
performed in-house and a subsequent XRD study performed at Diamond Light
Source (DLS). The second section presents a study on the solubility of CO2 in
water at high-pressure by visual observation of samples in the DAC, extending
previous such experimental measurements by an order of magnitude [68]. This
includes the description of a method for loading CO2-H2O samples in a DAC that
is more accurate than the method used in the first section, and a presentation of
how solubility measurements on this system can be made in the DAC.

5.1 Search for New High-Pressure Hydrates

5.1.1 Elimination of Kinetic Barrier

In order to investigate if high-pressure phases of CO2 hydrate are kinetically
hindered, samples of CO2-H2O were heated until molten in a DAC using the
apparatus described in Section 3.2.4 (except that temperature measurements were
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made by a more basic method here, using a TC pushed against the back of
one anvil rather than by affixing the TC with glue or thermal cement), and
then allowed to slowly cool and re-freeze. By doing this in the pressure regime
above and around 10 kbar, where the HP hydrate phase is reported to dissociate
under compression, any kinetic barrier which may be inhibiting the formation
of a new hydrate phase will be eliminated. This search was carried out in two
stages; a preliminary study in-house where evidence of new hydrate formation was
sought through visual observations and Raman spectroscopy (using a LabRAM
spectrometer), and; an XRD study performed at DLS.

5.1.2 Sample Loading

Loadings of CO2-H2O were made into an M-B cell with B-A style anvils/seats and
diamond culets of 300-600 µm diameter. Initially steel gaskets were used but a
switch to rhenium gaskets was later made for reasons that will become apparent,
and the typical gasket pre-indentation was 60-100 µm. Briefly, the process of
preparing an M-B cell for loading is as follows:

• After glueing the anvils into their seats they are positioned in the two
cell halves, and secured into place by the three grub screws that surround
each seat. The cell is assembled so that the anvils are opposed but not in
contact, and the process of culet alignment then follows. The culets are
first translated into coarse alignment by visual inspection and using the
grub screws to move one of the seats/anvils. A more precise assessment of
the alignment is then made by bringing the culets close together and using
a parallax free microscope to look through the back of one anvil. By moving
the focus between each of the culets any misalignment can be seen, and by
fine adjustment of the grub screws they may be moved into alignment.

• A small piece of thin gasket material (∼250 µm thick) is positioned centrally
over one anvil, held loosely in place by putty, with a mark to identify its
orientation with respect to the cell. The cell is assembled and the anvils
gently squeezed together against the gasket by evenly tightening the three
cell bolts. The cell is then dissembled and the indentation of the gasket
measured with a micrometer. The gasket is repositioned and the process
repeated until the required indentation is achieved.
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• The gasket is then ‘drilled’ by electric-discharge machining using a spark-
eroder. In this process a voltage is applied between the gasket and a
thin wire (the electrode), which is held in close proximity to the surface
of the indent. Both are submerged in a dielectric fluid (paraffin) and as
the electrode is moved towards the gasket the electric field between them
increases, until breakdown of the dielectric occurs and a current flows. This
causes the gasket material beneath the electrode to erode, until the circuit
is broken when a complete hole is formed through the gasket. The chamber
diameter is hence primarily controlled by the width of the electrode, and
was made to be 100-200 µm in diameter here, centred on the indentation.

• After clearing debris from inside the finished gasket using an ultrasonic bath
and cleaning the diamond culets, the gasket is repositioned over the anvil,
and a small ruby sphere (∼10 µm) loaded into the sample chamber. This
is done under a microscope using a fine pointed needle, where the small
electrostatic force between it and the ruby is sufficient to lift the ruby from
the stock, while readily letting the ruby drop into the chamber.

The first step in loading the prepared cell was to place a small drop of distilled
water over the sample chamber and close the cell, tightening the cell bolts just
sufficiently to seal the water in. In the case of smaller sample chambers a needle
was needed to break the surface tension of the water before it would enter the
sample chamber. Using compressed air the excess water surrounding the anvil
and gasket was then blown out and the area dried off. In order to make space in
the chamber for CO2 to be added the cell was then leaked by partially releasing
the cell bolts, while observing the sample under a microscope. In this way an
air bubble of controlled volume was grown in the chamber (shown in Figure 5.1),
which could be identified as spherical (instead of hemispherical or cylindrical) by
checking for consistency in its appearance through both sides of the DAC with
the microscope, and by careful adjustment of the microscope’s focus.

At atmospheric pressure the only way to load a high-density of CO2 into a
DAC is under cryogenic conditions where, at temperatures below 195 K, CO2

gas desublimates into a solid. The CO2 content was therefore loaded with the
cell held at LN2 temperature, achieved by placing it on a metal plate positioned
in a bath of LN2. Once the cell had cooled it was partially opened to reveal the
sample chamber, and chemically pure compressed CO2 gas from a cylinder was
sprayed into the chamber and over the gasket (visible by the formation of a fine
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Figure 5.1 The sample chamber of an M-B cell shown between the diamond anvil
culets, loaded with water and a ruby sphere, and with a small air bubble
present for loading CO2. Loaded sample shown in Figure 5.3 (left).

white powder over the gasket surface). The cell was then closed, resealed, and
allowed to warm to room temperature before confirming the loading by Raman
spectroscopy (by comparison of the spectra to a reference [150]). Typically the
sample pressure was higher after the loading such that the sample would remain
solid after warming (composed of ice VI and CO2 crystalline phases). This is seen
in Figure 5.3 (left), where the previous bubble region is visibly filled with solid
CO2. Considering the sample chamber and bubble volumes with the densities
of water at RT, and ice and CO2 at 77K, an estimate of the loaded CO2:H2O
ratio of the sample can be made. To avoid sample contamination the entire CO2

loading process was performed in a purged glove bag with an N2 atmosphere.

The bubble volume was controlled to obtain a target molar CO2 content of 20-
30%, guided by the expectation of an increased guest concentration from the
s-I clathrate (15% CO2) at higher pressure, as observed to occur in similar
systems. However, accurately achieving this was difficult as the cryogenic
technique described was generally found to overfill with CO2 due to the deposition
of CO2 over the surface of the sample (as well as in the bubble space), which was
compacted into the sample chamber on closing the cell. This was indicated by
Raman microscopy performed across the sample area. While this was judged to
be a small effect, the amount of overfill could not be accurately estimated and so
(on the assumption of ideal CO2 filling) the bubble volume served primarily as a
control of the minimum CO2 loading.
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5.1.3 Preliminary Study

Figure 5.2 Melt curves of H2O [48] and CO2 [49], with arrows indicating the
pressure regime studied during in-house studies and the melting/cool
down process each sample was subject to. Phase boundaries of the
relevant ice phases are shown for reference [151].

The loaded samples were heated while observing the sample on a simple optical
system with an objective lens and video monitoring (sample illumination was
provided by a light shone through the back of the transparent sample). The
focus in this preliminary study was on the pressure regime where the HP hydrate
is reported to dissociate (∼10 kbar) and within the stability region of ice VI,
shown in Figure 5.2. Pressure measurements were made by Ruby florescence
before and after the heating process, and each sample was taken through two or
three melting/cool down cycles. Typically there was a pressure loss after the first
melt as the sample relaxed, and so the cell bolts were tightened after this initial
effect to restore the sample pressure. A number of samples were studied, with a
CO2 content of at least 20-30% (although likely not exceeding this by much).

On heating the CO2-H2O mixtures melting was seen to occur in stages, and
the event was clearly identifiable by; the rapid reduction of visible crystallite
boundaries; movement of crystallites and the ruby, and; the appearance of bubbles
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Figure 5.3 A sample of CO2-H2O during a heating cycle. From left to right; the
loaded sample at RT and 16 kbar; the onset of melting of ice VI in the
sample at ∼350 K, with crystallite boundaries visible; fully liquefied at
over 380 K, showing bubbles of CO2 rich fluid.

(see Figure 5.3). Typically after the ice VI content had melted, a mixture of
large CO2 crystals and small bubbles remained (the melted content at this stage
was assumed as water from the respective melt curves of it and CO2, and the
assumption that the small bubbles were CO2 based on the water constituting the
bulk of the sample volume). On heating the samples further the CO2 crystals
were seen to slowly reduce in size (presumed to be dissolving into the surrounding
liquid) up to a point where they suddenly melted. After this, large bubbles
quickly formed across the sample, which still remained after the sample had
equilibrated (assumed as CO2 rich fluid). On occasions when the samples were
heated further than this point the bubbles were seen to reduce in size, until at
some temperature (typically 420-470 K) the liquid sample became homogeneous.
The heating equipment was then switched off, and the sample allowed to slowly
cool. On cooling the fluid was observed to re-separate, with small bubbles
initially nucleating at the gasket edge, and growing as the sample cooled further.
Crystallisation was then observed to occur in stages, with the first freezing event
(presumed to be of CO2) occurring suddenly, with the formation of crystallites
that would subsequently drop to the bottom of the sample chamber (indicating
that the sample was still partially liquid). In most cases there was no clear
visual indication of further freezing events, although texturing was typically seen
to develop across the sample in the hours after complete cool down. Whether
this was because crystallisation of the water content was sluggish (and hence not
visually obvious) or because it had remained liquid down to RT (as it appeared
to have) could not be confirmed by visual observation.
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Once cooled to RT the samples were inspected with Raman microscopy to identify
the different regions of the sample and look for signs of hydrate growth, evidenced
by changes to (or new features in) the Raman spectrum, particularly movement or
splitting of the CO2 vibrons [58]. The samples were also closely inspected under a
microscope over the hours to days afterwards to monitor for evidence of nucleation
at the phase boundaries, which would be indicative of hydrate formation.

5.1.4 Anomalous Phase at 16 kbar

While the experiment as described above was carried out a number of times,
largely with no indication of hydrate formation, an anomalous observation was
made of possible hydrate growth in one sample at 16 kbar.

Figure 5.4 A new phase forming in the CO2-H2O system at 16 kbar. From left
to right; immediately after cool down to RT, appears to be liquid (at
9 kbar); the same sample forty-eight hours after a pressure increase to
16 kbar, showing the formation of a large ‘clouded’ region; focused on a
CO2-H2O interface, highlighting the dense growth of the phase in this
particular region (arrow).

Shown in Figure 5.4 are images of a sample where, after a heating cycle, evidence
of hydrate nucleation was visible at the CO2-H2O interfaces. The sample was
heated (up to 440 K, not to the point of homogeneity) at an initial pressure of
16 kbar, but after the heating/cool down process the sample pressure had dropped
to 9 kbar, and appeared to be a separated liquid at RT. The pressure was restored
to 16 kbar and the sample left over forty-eight hours, after which time small
dark patches (not previously observed) were seen to have formed in parts of the
sample, and over the following week these regions continued to grow across most
of the visible sample area. Under inspection by microscope it became apparent
that this growth was densest at the phase boundaries, with distinct growth sites
visible. The sample was investigated with Raman spectroscopy but no indication
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of sample change was seen in the spectrum. A large concentration of pure CO2

was seen to remain in the sample, which may have been masking features from
the the new phase.

In order to confirm the suspected new phase XRD was required, and so the cell
was taken to the I15 Extreme Conditions x-ray beamline at DLS. The beamline
employs a transmission geometry (as in Figure 4.6), where the incident beam
enters the sample chamber through the back of one anvil, and the scattered beams
pass through the second anvil, with the diffraction pattern collected on an image
plate positioned downstream (in this case, a Mar345 detector with a diameter of
345 mm, and 0.1 mm square pixels). The beam wavelength was determined to
be 0.3728 Å (33 keV) from a silicon standard (calibration performed using Fit2D
[116, 117]), and a 30 µm pin hole was used to allow clearance of the gasket and
probing of different regions of the sample. A total of five patterns were collected,
one through the sample center and the others at the points on a cross centred on
the sample. The sample was rocked through ±5° during each exposure to improve
powder averaging, and care was taken to avoid overexposing the detector.

Figure 5.5 The two-dimensional diffraction pattern of the sample, averaged over
the five shots taken at 16 kbar (pressure measured in-situ). Left: The
full image plate, where large reflections from the diamond anvils are
visible. Right: The central section of the image plate, showing the poor
powder quality (there are no complete powder rings). The horizontal
line on the left of both images is a shadow cast by the beam-stop.

An average of the patterns collected is shown in Figure 5.5, and the integrated
pattern is given in Figure 5.6, where peaks corresponding to ice VI and CO2

have been indexed and fitted by a Le Bail refinement (a Rietveld refinement was
not attempted due to the very poor powder quality). The presence of these two
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known phases in the pattern allowed refinement of the zero-error, and a check
of the calibration was made by comparing the observed ice lattice parameters
against those expected at this pressure given the equation of state of ice VI [152].
A large number of unindexed peaks are visible in the plot, particularly at higher
d-spacing, which are attributed to the new phase in the sample. The patterns
collected from different regions of the sample all contained only a small relative
quantity of the new phase, and unfortunately rendered no additional information,
hence analysis was performed on the averaged pattern.

Figure 5.6 Integrated diffraction pattern of the sample at 16 kbar (with diamond
reflections masked). Inset: High d-spacing region, showing a number
of reflection that are unindexed to both ice VI and CO2.

A total of nineteen clear peaks were measured for indexing, from which
CRYSFIRE/DICVOL [123, 124] was able to find two monoclinic unit cells (both
∼700 Å3) and a large orthorhombic cell (∼1600 Å3) in a search across all systems
excluding triclinic (due to an insufficient number of observations). While able
to index all reflections, all three cells had a low figure of merit (FoM), and
on performing whole pattern fitting (Le Bail refinement) with each cell it was
found that none gave a satisfactory fit. Comparison of the d-spacings with those
observed by Hirai et al. [45] for the HP hydrate phase gave no indication of
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similarity, and nor could the peaks be indexed to the unit cell of any known gas
hydrate or ice phase.

A number of reasons for this indexing failure are suggested; the indexing process
may have been hindered by poorly determined peak positions, caused by weak
and sometimes asymmetrically broadened Bragg peaks; a large region of the
pattern was obscured by the strong peaks of ice and CO2, likely masking a number
of reflections from the new phase and so reducing the likelihood of successful
indexing; the phase is triclinic, or; there may be more than one new phase in the
sample.

While still on the beamline the sample pressure was increased to 28 kbar and
a second series of diffraction patterns were taken. The new phase was observed
to persist to this pressure and survive the ice VI to VII transition, visible in the
integrated pattern shown in Figure 5.7. This was beneficial as the structure of ice
VII is higher symmetry than that of ice VI, and so exhibits fewer diffraction peaks,
resulting in a reduced overlap with the new phase. As such, a greater number
of reflections from the new phase were observed and twenty-six peaks could be
measured (no significant broadening was seen), from which an indexing search
could be performed across all crystal systems. However, despite this improvement
an adequate unit cell was not found, with all candidate unit cells (including
triclinc) able to fit the data only poorly. There was also unfortunately no obvious
cross-over in the candidate unit cells from this and the earlier indexing attempt.

The sample was then heated in order to melt it at 28 kbar (while on the beamline)
and observe its behaviour on refreezing, with the expectation that the new phase
would recrystallise upon cooling down. Upon heating the sample its pressure was
seen to increase, resulting in tracking of the melt curve up to 35 kbar, where
the ice VII content was finally observed to melt (at a temperature of 520 K).
Crystalline CO2 was identified by diffraction as remaining in the sample, but at
this stage a chemical reaction at the gasket edge appeared to be occurring between
the high temperature water and steel (a dark/clouded region was forming), and
so the experiment was abandoned. After cooling to RT the reaction at the gasket
edge was still present, and a final diffraction pattern through the center of the
remaining unreacted sample was taken, which showed only crystalline CO2 as
present (additional small/broad peaks were observed but these did not correspond
to the earlier phase, and no attempt was made to index them given the suspected
chemical reaction). A final pressure measurement using the ruby was not possible
as it was obscured by the gasket reaction, but by the lattice parameter of CO2
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Figure 5.7 Integrated diffraction pattern of the sample after compression to
28 kbar, where a transition has occurred from ice VI to VII. Inset:
High d-spacing region, showing the persistence of the (unindexed) new
phase at this higher pressure.

the sample pressure was significantly less than 16 kbar.

To avoid any further issues of gasket-sample reactions, rhenium gaskets were used
in all subsequent experiments (those described hence forth).

5.1.5 X-ray Diffraction Study

In a second XRD experiment performed on the I15 beamline at DLS another
CO2-H2O sample was heated to the melt and observed during its cool down
and refreeze, and the process also repeated at a second pressure. The sample
was loaded as earlier into a rhenium gasket, and set up with the heater apparatus
together with the gas membrane (for pressure changes at high temperature). The
beamline was configured as previously, but with an x-ray wavelength of 0.3108 Å
(40 keV).

Shown in Figure 5.8 is the P-T path that this sample was taken through over
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Figure 5.8 The P-T path of the sample studied, shown against the melt curves of
H2O [48] and CO2 [49]. Filled- and open- star indicate first and last data
points respectively. Red and blue arrows indicate heating and cooling
respectively, with dashed lines showing where the membrane pressure
was adjusted during this process. Black arrow indicates isothermal
compression. Diffraction patterns were collected at the points where
diamonds are shown. Phase boundaries of the relevant ice phases are
shown for reference [151].

the course of the experiment. Starting at an initial pressure of 34 kbar (where
diffraction gave no indication of hydrate formation) the sample was heated until
completely liquid (observed at 430 K), during which the sample relaxed to a
pressure of 19 kbar. The sample was then allowed to cool, with the CO2 content
seen to recrystallise at a temperature of 320 K, while the water content was
observed to remain liquid down to RT at 15 kbar (at this P-T water is over
30 K below its freezing point). In an attempt to induce crystallisation of the
sample a small load was applied with the gas membrane, increasing the sample
pressure to 16 kbar. Initially no freezing in the sample was observed (no new
peaks were observed in the diffraction pattern, and liquid scattering was still
visible), but after several minutes the sample became visibly textured, and a
subsequent diffraction pattern showed crystallisation. In this pressure regime
the sample was expected to form either a new CO2 hydrate phase or ice VI,
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however the crystallisation was deduced to be of ice VII (the three observed
Bragg peaks were found to index to the {110}, {211} and {220} planes of its
unit cell), approximately 6 kbar below its established field of stability. This was
confirmed by a repeated ruby fluorescence pressure measurement, and a number
of diffraction patterns were collected across the sample area. The pattern is shown
in Figure 5.9.

Figure 5.9 Diffraction pattern of the sample at 16 kbar after compression from the
liquid state at 15 kbar (following a heating cycle).

By inspection of the image plate the ice VII was identified to have formed
into only a small number of crystallites (possibly a single crystal), resulting
in saturation of the detector, which was unnoticed at the time. This caused
difficulties when performing an accurate Le Bail fit of the ice VII to the pattern,
essentially reducing the accuracy of lattice parameter determination. In order to
mitigate this problem the most heavily saturated peak in the ice VII pattern (the
{110} peak) was masked in the refinement (although shown fitted in Figure 5.9),
resulting in a measured unit cell volume of 38.8(1) Å3. Comparison of this against
the EoS of ice VII by Fortes et al. [152] (extrapolated to low pressure), shown
in Figure 5.10, reveals it to be consistent with the model, and so is a credible
observation. The is discussed in the conclusions later.
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Figure 5.10 The observed volume of ice VII at 16 and 18 kbar (formed from liquid)
shown against the established equation of state of Fortes et al. [152].

The sample was then compressed at RT to 32 kbar by use of the gas membrane,
with no unexpected behaviour observed (the ice VII volume remained consistent
with the EoS), before being heated to the melt again. Prior to the ice VII
content melting the pressure increased considerably, up to 45 kbar, where it was
seen to melt at 430 K. On Figure 5.8 it is clearly seen that this is significantly
below the expected melt point at this pressure, suggesting a poor temperature
measurement was made (as all earlier measurements on the figure appear more
reasonable). This will also have affected the correction to the ruby pressure
measurement, such that the true observation was at a higher temperature and
lower pressure than that recorded (and shown on the figure). Heating continued
until the sample was completely liquid (at 500 K and 38 kbar, subject to the
same error), but only after the gas membrane pressure was reduced to prevent
tracking to higher pressure. The sample was then allowed to cool, during which
time some gas pressure was restored to the membrane to prevent returning to the
same RT pressure point as earlier. Crystallisation of CO2 was observed at 372 K
and 27 kbar (again, subject to the same error), and the water content was seen
to cool below its freezing point by 20 K at 27 kbar (although the reliability of
this is uncertain given the inaccuracy of high temperature measurements) before
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being left to finish cooling unattended. The sample pressure was found to have
dropped (further than intended) to 18 kbar once cooling to RT had completed,
and a final diffraction pattern was collected which revealed the water content
to have recrystallised into ice VII, again below its field of stability (by 4 kbar).
This pattern suffered the same issue of detector saturation as that earlier, but
unfortunately to an even greater extent. A reliable lattice parameter for the phase
could only be found by careful examination of the image plate for unsaturated
Laue spots. Measurement of an unsaturated {110} reflection gave a unit cell
volume of 38.4(2) Å3, which was also found to be reasonable against the EoS of
ice VII, shown in Figure 5.10.

Figure 5.11 Diffraction pattern of a CO2-H2O sample compressed at RT to
52 kbar. Indicated by a red arrow is an unexplained reflection from the
sample, corresponding to three clear Laue spots on the image (shown
inset).

During this XRD study patterns at RT were taken of two other CO2-H2O samples,
at pressures of 16 and 52 kbar (the highest pressure point in this study). These
had been loaded a week prior, and while they showed no clear signs of hydrate
formation, the pattern from the sample at 52 kbar did exhibit a single unexplained
reflection at 1.78 Å. This is shown in Figure 5.11 with the image plate inset,
where the peak can be seen to originate from three Laue spots, two of which

90



have saturated the detector. The d-spacing is inconsistent with the structures
of rhenium (from the gasket), ruby, and diamond, so is likely attributed to the
sample. Of the known ice and gas hydrate phases, only the orthorhombic FIS
structure exhibits a reflection at approximately this d-spacing (the {411} plane),
however, the data is clearly insufficient to claim this phase may have formed in
the system. Unfortunately this observation was only identified sometime after
this XRD study, and no further investigation of it has been made.

5.2 Properties of the Liquid State

5.2.1 Miscibility at High P-T

In the search for new CO2 hydrates just described, it was observed that at high-
pressure the liquid water and CO2 became a homogeneous solution (or miscible)
at increased temperature. In order to investigate the effect of pressure on the
miscibility a number of samples were carefully studied, using the same apparatus
as earlier and making visual observations of the liquid state. As this study
required a more accurate measurement of the loaded CO2 content though, a
new loading technique was employed, described below.

5.2.2 Improved Loading Method

While the cryogenic method of loading CO2 (used in the work described in
Section 5.1) was sufficiently effective to search for new hydrate phases, its
poor precision prevents it from being suitable for a study where an accurately
loaded sample composition is important. Its central issues are the uncontrolled
overloading of CO2 due to deposition on top of the sample chamber, and the
unknown packing/filling of CO2 powder into the bubble volume (perfect packing
was assumed)1, which arise primarily as a result of loading the CO2 as a solid.
These problems can be overcome by using liquid CO2 instead, which is possible
by loading CO2 above 60 bar at RT (its condensation pressure), achieved here
using a DAC gas loader [153].

1As well as overcoming these issues, to achieve accurate loadings by cryo-loading the effects
of thermal contraction of the cell on the sample chamber and bubble volume (during cool down
under LN2) would also need to be considered.
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The gas loader is composed of a large steel pressure vessel with an internal
volume sufficient to hold a DAC, which is pressurised up to 2 kbar by a series
of compressors that are fed by a standard cylinder (typically at 50-200 bar) of
the gas of interest. Once the vessel is pressurised with the cell inside, the cell is
opened/closed as necessary to enclose the gas in the sample chamber, by using
a gear system which is operated by a drive shaft that passes through one end of
the pressure vessel.

In order to obtain the desired sample stoichiometry the method of growing an
air bubble in a sample of water was used (as earlier), but for improved accuracy
images were taken of the sample chamber/bubble so that their relative dimensions
could be measured digitally. The CO2 content loaded into the sample could then
be calculated, taking account of the density of CO2 at the loading pressure, and
also the change in density/volume of the water under pressure. No correction
was made for the solubility of CO2 in water and its associated expansion as, from
the literature [154], it appears that the effect is negligible (i.e. the density of the
solution is approximately the density of the sum of the separate components). The
incompressibility of the cell and gasket materials at 2 kbar means no correction
to the sample chamber volume was necessary, and the minor reduction in sample
volume due to the ruby sphere was easily accounted for.

5.2.3 Observing Miscibility

To increase the accuracy of sample loadings and maximise visual access to the
sample, DACs with larger culet sizes were used (600-800 µm), with rhenium
gaskets as earlier. The DAC with heater and membrane assembly was mounted
on the sample stage of the Raman spectrometer described in Section 4.2.3, which
allowed clear visual observation of the sample while collecting Raman spectra, and
also the measurement of pressure by ruby fluorescence while at high temperature
(essential for this work). Temperature measurements were made by a TC glued to
the back of one anvil. Initially Stycast was used, but at temperatures above 500 K
this was found to fail, and so the more specialised thermal cement OmegaBond
was used in later experiments. An attempt to locate a second (fine wire) TC inside
the cell closer to the sample chamber was made, however this was unsuccessful as
the TC had to be attached in place prior to loading, and its delicate leads were
frequently damaged during gas loading.

The sample miscibility was measured by first heating samples until melted
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Figure 5.12 Images of a liquid CO2-H2O sample in a DAC over a range of
temperatures near the miscibility point. Upper left to lower right; the
sample is homogeneous (small features are debris from the gasket) at
577 K, and as it cools CO2 bubbles emerge from the fluid, growing in
volume and coalescing as cooling continues.

(where they formed a separated fluid, as earlier), and then slowly heating
further, until the sample was observed to become homogeneous. This point
could be positively identified by tracking the CO2 bubble size, which consistently
diminished in volume with increasing temperature (the sample was monitored at
each temperature point until it had sufficiently equilibrated, typically taking 10-
20 minutes). Once identified as miscible, a small reduction in sample temperature
caused the rapid reappearance of small bubbles, confirming the existence of
the transition. In this way, potentially erroneous observations of miscibility
due to unfortunate coincidence of the refractive indexes of the fluids (which
would render their phase boundaries optically invisible and so make the sample
appear homogeneous) were avoided. Measurements of the sample pressure and
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temperature were made on both sides of the transition. A load was then applied
to the gas membrane to increase the pressure, allowing the ‘miscibility point’ to
be tracked with pressure.

Figure 5.13 Raman spectra of a 27% CO2 sample, showing the dominance of the
O-H stretch mode of water over all features of the CO2 spectrum
at high temperature. Spectra from water- and CO2-rich regions
are indicated by solid- and dashed-lines respectively. At 550 K the
sample was homogeneous. Spectra have been smoothed by adjacent-
averaging.

While Raman spectra were collected from samples as they were heated in early
experiments, with the intention of tracking their evolution with increasing CO2-
H2O mixing, this was found to be limited by an unforeseen effect. At temperatures
of over 450 K the O-H stretch band of water substantially broadens and increases
in intensity (shown in Figure 5.13), such that features in the spectrum originating
from CO2 become completely unobservable at over 500 K (as observed in a sample
with a molar CO2 fraction of 20%). As such, this effort was abandoned for later
samples.
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5.2.4 Results

A total of six samples were studied across a range of five compositions (10%, 12%,
19%, 27% and 31% molar CO2 content), from which four miscibility curves were
measured over a combined pressure range of 5-36 kbar. Shown in Figure 5.14 is
the miscibility curve of the most thoroughly studied sample, with a molar CO2

content of 19%. In the pressure regime explored the miscibility of the sample
was observed to decrease with the application of pressure, but to increase under
heating. This is in agreement with the turning point which is apparent in the
low-pressure data of Takenouchi & Kennedy [66] at ∼2 kbar, shown in Figure 2.9.

Figure 5.14 The P-T dependence of the miscibility transition in a 19% CO2
sample. Shown are measurements made on both sides of the full
miscibility transition (open-triangles), and their midpoints (filled-
diamonds), indicating the transition point. A linear fit is shown as
a guide to the eye.

Shown in Figure 5.15 is a summary of all miscibility point measurements made
across the full range of samples, which are all seen to exhibit the same P-T
behaviour. A change in the type of TC used for measurements (see figure caption)
is believed to account for the inconsistency of the 27% CO2 sample in the apparent
trend exhibited by the other samples that a higher temperature is necessary to
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mix samples with a greater CO2 content (at a given pressure). Such a trend is
consistent with the reported low-pressure behaviour of the system [66, 68]. The
discrepancy between the two 19% CO2 samples is suspected to originate from the
different methods in which the TC was attached. While the larger data set (shown
in black) was collected from a sample with the TC attached using OmegaBond, a
thermal cement which is superior in its resilience to higher temperatures (which
allowed the collection of a larger data set), it is suspected that in this case a
poor thermal contact was achieved, and hence lower temperatures were measured
than from the second sample, where the TC was attached with Stycast (an epoxy
glue).

Figure 5.15 Summary of the P-T dependence of the miscibility transitions across
all compositions studied. Solid diamonds indicate measurements made
with a standard TC (0.3 mm diameter, K-type, welded junction), while
open diamonds indicate those made with a fine-gauge TC (0.125 mm,
K-type, welded junction). Blue line indicates the CO2 liquid-solid
transition. Linear fits are shown as a guide to the eye.

The behaviour of the 10% CO2 sample could not be mapped beyond the P-T
point shown on Figure 5.15, as in the pressure range investigated the miscibility
curve crossed the CO2 liquid-solid transition line. On compressing the sample
from 20 kbar (where miscible) to 26 kbar it was observed to depart from typical
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behaviour, remaining homogeneous. On cooling no separation occurred down
to 347 K, at which point sudden crystallisation of the CO2 was observed2 (at
23 kbar). Consistent with earlier observations, the water appeared to remain
liquid down to RT at 17 kbar. An attempt was made to extend the collected
data to lower pressure, but these later measurements exhibited erratic behaviour,
and the sample was abandoned.

A 12% CO2 loading was also made but no reliable miscibility measurements were
obtained from it. It was suspected that a partial sample loss may have occurred
in this sample shortly after loading, possibly causing a reduced CO2 content, and
resulting in the observation of miscibility at much lower temperature (∼370 K)
than expected. This sample showed evidence of high-pressure supersaturation
though, as it was observed to remain in its homogeneous liquid state down to RT,
and on a small disturbance of the system (a reduction in pressure) it instantly
separated by crystallisation. Supersaturation is well known to occur in this system
(even in nature, for instance in Lake Nyos [155]), but does not appear to have
been previously reported at high-pressure, where conditions are such that the
solid-state is formed on disturbance of the system.

Figure 5.16 shows how the solubility of CO2 in water varies with temperature
at ∼20 kbar, extracted from the data in Figure 5.15. A linear fit is shown and
gives an increase in miscibility with temperature at this pressure of approximately
0.15% (molar) per K. It was noted during the course of the experiments that the
transition from miscible to separated fluid changed in behaviour at higher CO2

concentrations. While samples with a content of up to 19% displayed a well
defined but slow appearance of bubbles, the 31% sample exhibited a more violent
transition, with CO2 rapidly emerging from the fluid in a ‘fizzing’ action until a
steady state was reached after a short time.

5.3 Summary

It has been shown in the work of this chapter that the previously reported absence
of hydrate phases in the CO2-H2O system above 10 kbar [45, 46] is not the
result of kinetically hindered growth. While an early experiment indicated that
a hydrate phase above 10 kbar may exist in the system, attempts to repeat the

2Assumed, based upon the behaviour of CO2-H2O mixtures observed during the earlier XRD
study.
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Figure 5.16 The temperature dependence of CO2 solubility in water at ∼ 20 kbar.
The open diamond indicates a temperature measurement made with
a fine gauge TC.

observation in samples loaded into a different type of gasket failed, and so it was
concluded that this initial observation was the results of a reaction of the sample
and steel gasket. All other high-temperature experiments on the system indicated
no hydrate phases above 10 kbar. It is noteworthy though that a small number of
unexplained reflections were observed in the XRD pattern of a sample at 52 kbar.
Further discussion of this, and a small number of other notable observations, is
provided in the thesis conclusions later.

Through the use of visual observations of this system in the DAC, previously
published data [68] on the solubility of CO2 in H2O has been extended
to considerably higher pressure. The measurements presented show good
consistency with previous data [66, 68] and, although only a limited range
of compositions were studied, the work has significance in its demonstration
of a simple new method for measuring miscibility data to far higher pressure
than has previously been achieved. As mentioned earlier (Section 2.2.5), this
has importance for testing theory based models of the liquid system which are
currently used to predict the behaviour of the system under interesting geological
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conditions, such as those relevant to the lower crust [67].
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Chapter 6

Study of ‘High-Pressure’ CO2
Hydrate

In this chapter a study of the CO2 HP hydrate phase discovered by Hirai et al.
[45] is presented, with central focus on the determination of its structural solution
by a combination of neutron and x-ray diffraction techniques. An overview of
the Pearl instrument on which neutron diffraction experiments were performed is
presented first, followed by a description the experiments and the initial difficulty
experienced in determining the hydrate’s unit cell. The results of an XRD study
which alleviated this unit cell problem are then given, before a presentation of
the phase’s structural solution found by use of the charge flipping algorithm.
Details of DFT calculations performed on the phase and of the final Rietveld
refinements of the structure are then presented, and in the final pages of the
chapter a structural analysis together with a number of properties of the new
phase are given.

6.1 Neutron Diffraction Study

Given the reported formation of the HP hydrate phase by compression of CO2

s-I hydrate, the same method was followed in the first instance here, but with
the use of deuterated samples in order to avoid the large incoherent neutron
scattering of hydrogen (see Table 4.2). As such, when discussing the structure of
this hydrate later, reference is made to its deuterium atoms rather than hydrogen.
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It was observed by Hirai et al. [45] that the new hydrate phase is richer in
CO2 than the clathrate phase, and so the quantity of HP hydrate formed on
compression of clathrate is inherently limited by the low CO2 content. In light of
this, the use of carefully formed and well equilibrated clathrate (giving minimal
excess ice content) as starting material was considered crucial to obtaining high
quality data. High-purity deuterated CO2 clathrate samples were sourced for
the experiment from collaborators Kuhs & Falenty1, which were synthesised by
the gas interface method with an ice powder, and had been well characterised
through a number of earlier neutron diffraction and gas consumption experiments
(summarised by Falenty et al. [62]). Importantly, these samples were a near ideal
powder and exhibited only a very small ice impurity, with just 2% (by weight) of
the sample remaining as ice Ih [156].

In later work powdered CO2-D2O mixtures were used, from which the new hydrate
phase was found to readily form on compression at a temperature of 250 K.
These mixtures were made cryogenically, and their composition was controlled
by measuring the weight fractions of solid CO2 and D2O ice. Further details of
the preparation of these samples is given later.

6.1.1 Pearl Instrument

The experiments were performed on the Pearl instrument at ISIS, a powder
diffractometer which has been optimised for use with the P-E press. The ISIS
facility produces neutrons for a range of instruments by the spallation process,
where protons are accelerated to high-energy and strike a heavy metal ‘target’,
exciting its atomic nuclei into a highly energetic state from which they decay
and emit a number of subatomic particles, including thermal and epithermal
neutrons. In the study of condensed matter the wavelength of neutrons required
is typically of the order 1 Å, but the majority of those produced in the spallation
process are far higher energy than this, and so must be slowed down before they
can be used. At ISIS a range of moderators are in use to cool the neutrons to
the requirements of different experiments, and the Pearl instrument receives a
neutron beam moderated by passing it though a vessel of liquid methane held at
100 K, which gives the spectrum of neutrons shown in Figure 6.1 (data courtesy
of Bull2 [157]).

1GZG Abteilung Kristallographie, Universität Göttingen, Germany.
2ISIS Facility, STFC Rutherford Appleton Laboratory, UK.
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While experiments at reactor sources (which utilise nuclear fission for neutron
production) typically make use of a single neutron wavelength (separated from
the white beam by a monochromator) and collect scattered neutrons in an angle
dispersive geometry, at a spallation source a large spectrum of wavelengths can be
used at once and collected at a fixed angle. This is possible because of the way the
neutrons are produced (in sharp, periodic pulses), allowing the time it takes for
each neutron to travel from the start point (the moderator) to the detector to be
measured, known as the neutron’s time-of-flight (ToF). As a result, the neutron
velocities (and hence energies/wavelengths) can be determined and discriminated
when the length of the flight path L is known. Taking the de Broglie relation,
the neutron’s wavelength as a function of its ToF t is

λ = h

p
= h

mv
= ht

mL
(6.1)

where h is Planck’s constant and p is the neutron’s classical momentum3 (m and
v are hence its mass and velocity respectively). Applying this to Bragg’s law (4.3)
and rearranging for d (dhkl) gives

d = h

2mL sin θ t . (6.2)

Given the above there are three sources of experimental uncertainty in the
calculation of d; the measurements of t, L and θ. Applying general error
propagation to this gives the resolution of a ToF diffractometer as

∆d
d

=

√√√√(∆θ cot θ)2 +
(

∆t
t

)2

+
(

∆L
L

)2

. (6.3)

The first term on the RHS of the above has an important implication; the
resolution of the diffractometer is dependent on the angle at which scattered
neutrons are collected (the detector angle). When neutrons are collected at
low-angle relative to the incident beam cot θ is large and the resolution is
lowest/poorest (high ∆d

d
), but when neutrons are collected at high-angle (known

as back-scattering, i.e. 2θ > 90°) then cot θ is small and the resolution is
improved. The main consequence of this is that the achievable resolution will
ultimately be limited by the detector angle. A further result of (6.3) is, due to
the relatively small contribution of the second term and the reasonably constant

3In the case of wavelength of ∼1 Å (as here) the speed of the neutrons is of the order 104

ms−1, and hence non-relativistic, i.e. v << c.
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Figure 6.1 Methane moderated neutron spectrum at ISIS, as received by the Pearl
instrument. Data provided by Bull [157].

third term, that the resolution of a ToF diffractometer is approximately constant
across d at a given detector angle.

Although (6.2) is correct, in a real experiment the ToF is subject to additional
factors and the measured time is [118]

tmeasured = DIFC d+ DIFA d2 + ZERO . (6.4)

Here DIFC is the diffractometer constant (given by the coefficient of t in (6.2)),
and ZERO and DIFA are correction factors, corresponding respectively to the
finite response time of the detection electronics, and the wavelength dependent
neutron absorption of the sample. While the parameters DIFC and ZERO
are instrument parameters, usually determined by a calibrant, DIFA is sample
dependent. The absorption of neutrons by the sample essentially shifts the
average scattering center of the sample off its geometric center, as slightly fewer
neutrons reach (and hence scatter from) the sample volume downstream. The
result is effectively that the flight path is reduced, and due to the wavelength
dependence of the absorption the precise flight path is wavelength dependent
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(with greatest effect on the longest wavelengths) [158].

Figure 6.2 Graphic of the Pearl instrument at ISIS. The cryostat tank/P-E press
is located at the center with the incident neutron beam-guide shown
in the foreground (neutrons travel from right to left). The transverse
and backscattering banks are shown, while the longitudinal bank is not
visible (located in the background). Image source: [159].

The Pearl instrument has been designed to exploit ToF neutron collection by
employing a transverse scattering geometry for experiments with the P-E press,
which allows greater detector coverage than is possible when using the through-
gasket scattering geometry. The instrument (shown in Figure 6.2) has a primary
flight path from the moderator to the sample of just 12.8 m, providing a high
neutron flux, and features an arrangement of nine detector modules positioned at
a 2θ angle of 90° to the beam, which form the transverse scattering bank. Each
of these modules is composed of a linear array of scintillator elements that are
optically coupled to photo-multiplier tubes, and together they cover ∼ 270° of the
radial scattering (their width provides additional detector coverage of ±8.8° in
2θ, equal to the aperture of the standard WC anvils of the P-E press). The ToF
spectra collected in each of the scintillator elements of the bank are combined
into a single spectrum by a focusing routine, which is executed in the MantidPlot
program [160, 161], and renders the diffraction pattern in d-spacing (by conversion
of the spectrum using (6.4)).

As the proton accelerator at ISIS operates at 50 Hz there is a 20 ms time frame
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between each neutron burst that the instrument receives, which places a limit on
the longest ToF that can be measured (at any fixed detector angle), and hence
a maximum on the longest d-spacings accessible (given by (6.2)). The limit of
the transverse bank is ∼4.1 Å (with ∆d

d
∼ 0.7%), but access to longer d-spacings

is available by using the low-angle bank. This is accessed with the P-E press by
rotating the cell into the through-gasket scattering geometry (longitudinal mode),
and tilting it to move its tie-rods clear of the scattered-beam flight-path. The
instrument also features a backscattering bank, which while offering no benefit
over the transverse bank in d-spacing range does provide higher resolution, but
this is unfortunately not accessible with the P-E press.

6.1.2 Sample Loading

Loadings of the clathrate sample into the P-E press were made cryogenically,
using an anvil-clamp system (shown in Figure 6.3). This aids the loading process
by allowing the anvils to be securely clamped together (with a loaded sample and
gasket inside) ex-situ of the press, by the use of a set of guide pins which align
the opposed anvils, and a series of four small bolts which hold them together. For
many types of sample loading, including those which must be done cryogenically
and/or loaded into a cold P-E cell (as here), use of the anvil-clamp system is
essential.

In order to prevent dissociation of the clathrate sample during loading it was
necessary to perform the procedure with the components of the anvil-assembly
submerged in LN2, and for the P-E press to be moderately cooled (∼ 250 K).
Additionally, in order to minimise isotopic exchange of deuterium in the samples
with hydrogen from the atmosphere, the samples were maintained under LN2
for as long as possible. As a result of the way in which the clathrate sample
was grown it was a highly porous material, and so it was important to grind the
sample into a fine, dense powder, so that as much sample material as possible
could be loaded into the gasket. This was necessary as an underfilled gasket would
lead to weak scattering and poor pressure performance on compression. While in
earlier loadings this was done with a custom made cryo-grinder available at ISIS,
in later loadings a standard borosilicate glass pestle and mortar submerged in a
shallow pool of LN2 was used.

The loading procedure was as follows. The SD anvils with attached clamp system
(with the TiZr capsule gasket in place over the anvil cups) were placed in a pool
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Figure 6.3 Anvil-clamp assembly used for cryogenic P-E press loadings, shown with
SD anvils covered in cadmium shielding. TiZr capsule gasket also shown
in position on anvils. A two pence coin is shown for scale.

of LN2 filled to a level just below the toroid ring of the gasket. The pestle and
mortar was also cooled in a pool of LN2 and allowed to reach base temperature,
before filling the mortar with LN2 and transferring the clathrate sample into it
from storage. Using the pestle the clathrate sample was manually ground in the
mortar until a fine homogeneous powder was formed, which was then carefully
filled into the gasket hemisphere of the lower anvil using a small (pre-cooled)
stainless steel spatula4 (once the anvils had also cooled to base temperature). In
order to further maximise the weight of material loaded the sample was compacted
into the gasket with a cold steel rod before heaping further material on top. Once
a sufficient filling had been achieved, the empty gasket hemisphere on the upper
anvil was carefully moved into position over the sample. The upper anvil was
then removed from the LN2 and aligned with the guide pins of the clamp system,
before gently lowering it onto the gasket and lower anvil. The four bolts of the
clamp system were then inserted and evenly tightened to securely clamp the
sample/gasket and anvils together. The entire assembly was then lifted (allowing
the guide pins to drop out) and submerged in a container of LN2.

The final stage in loading was to transfer the loaded anvil assembly into the P-E
cell which had been pre-cooled inside the cryostat tank and prepared in advance

4This stage of the procedure was performed quickly in order to minimise isotopic exchange
and the formation of ice in the gasket, although this issue was partially mitigated by the dry
atmosphere formed above the anvils by the surrounding pool of LN2
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to receive the anvil assembly (i.e. breach in place but slightly retracted to give
clearance for insertion of the anvil assembly, and helium gas cylinder/pentane
pump connected ready to apply a sealing a load on the gasket). Accessing the cell
from above by the cryostat window, the anvil assembly was removed from the LN2
container with pincers and lowered into position in the cell, between the breach
and piston. While held in this position, the breach was advanced against the
anvil assembly and tightened into position, before replacing the cryostat window
and applying a sealing load of 6 tonnes (60 bar).

6.1.3 Compression of s-I Hydrate

Figure 6.4 Diffraction pattern and Rietveld refinement of loaded s-I CO2 clathrate
sample. Inset: Clathrate sample on application of load to P-E press,
showing phase change into HP hydrate at 18 tonnes.

Once on the instrument the temperature was stabilised at 240 K and a diffraction
pattern to characterise the loaded sample was collected, shown in Figure 6.4. A
Rietveld refinement of deuterated CO2 s-I hydrate (structural model provided
by Falenty [162]) and ice Ih [163] was made against the pattern, confirming a
successful loading and verifying the sample purity suggested by Kuhs & Falenty
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(only the phase fraction and lattice parameters could be refined for the ice
Ih content). The powder quality was checked (and confirmed to be good) by
inspecting the diffraction pattern consistency across the nine separate detector
modules that make up the transverse bank.

A positive pressure response was observed (by reduction in unit cell volumes)
on a small increase in load and the Bragg peaks remained sharp under further
compression, indicating that a good filling of the capsule gasket was achieved. At
a load of 13 tonnes the phase fraction of clathrate in the sample was observed to
reduce, together with the appearance of new Bragg peaks, indicating the onset
of a phase change (shown inset, Figure 6.4). Further load was applied until at 20
tonnes the clathrate sample appeared to have fully transformed.

Figure 6.5 Diffraction pattern of HP CO2 hydrate phase formed from compression
of s-I hydrate. Partial Rietveld refinement shows ice VI content formed
alongside new phase.

A long exposure of the transformed sample was made overnight (a 9 hour
collection) in order to obtain an adequate signal-to-noise ratio (SNR) for
observation of weaker reflections in the pattern. A large fraction of ice VI [164]
was identified in the pattern (presumably expelled in the phase transition, as
observed by Hirai et al. [45]), which is shown fitted against the pattern in
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Figure 6.5 (scale factor and lattice parameters refined only). A comparison of our
patten against the XRD data presented by Hirai et al. was made by converting
the neutron data to an equivalent 2θ pattern (at the same wavelength reported,
0.6198 Å), shown in Figure 6.6. While the relative intensities in the two patterns
differ (expected due to the different x-ray/neutron scattering factors), by the peak
positions it is clear that they are the same phase (and both contain ice VI). It is
noted that at high d-spacing (low angle) there are reflections beyond the range of
Pearl’s transverse bank, but unfortunately at the time this pattern was collected
the low-angle bank of Pearl was unavailable.

Figure 6.6 Comparison of the diffraction pattern of HP CO2 hydrate (bottom)
shown in Figure 6.5 to the XRD pattern published by Hirai et al. [45]
(inset, top). The neutron d-spacing data has been converted to an
equivalent 2θ range.

Inspection of the hydrate pattern shown in Figure 6.5 reveals not only a significant
proportion of ice VI, but an unfortunately substantial overlap in d-spacings
between the phases. This hindered the ability to obtain an accurate indexing of
the new hydrate phase as only 15 reflections from it could be positively identified,
with one additional observation at ∼2.5 Å almost entirely overlapped by an ice
VI reflection, and the majority of reflections below 2 Å convoluted with each
other. While effort was made to overcome this by use of an accurate peak shape
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function (discussed later), an attempt was made to obtain a sample with no excess
ice content by growing the phase from a mixture rich in CO2.

6.1.4 Formation from Mixture

Given that similar hydrate systems form structures with a composition no richer
in gas component than di-hydrate (and in fact below 10 kbar no richer than
tri-hydrate), it is a reasonable assumption that the CO2 hydrate here would not
have a CO2 content exceeding this. As such, a CO2-D2O sample with a di-hydrate
target stoichiometry was used in the first attempt to grow the new phase from a
mixture.

The sample was made as follows. First, finely powdered CO2 (dry ice) was formed
by rapid expansion of chemically pure (pressurised) liquid CO2 in an insulated
box, where the adiabatic process causes the liquid to quickly cool and crystallise.
A quantity of this dry ice was then transferred into a cold glass beaker (held in
LN2) and weighed by briefly removing the beaker from the LN2 to place it on
a scale, before returning it back to the LN2 (in order to prevent significant loss
of CO2 by warming above its sublimation temperature). The weight of liquid
D2O required to achieve the desired molar ratio was then calculated, separately
measured out, and formed into a finely ground powder by freezing it in LN2 and
grinding with with a cold pestle and mortar (as used in the clathrate loadings,
described earlier). The quantity of dry ice weighed earlier was then added to the
powdered D2O in the pestle and mortar and ground together to form a finely
powdered, homogenised powder. This was then immediately transferred to a
container for storage (a screw-lid glass pot, held in LN2) and then filled with
LN2 in order to submerge the sample and avoid isotopic exchange with the air.

The mixture could then be cryogenically loaded into the anvil-clamp assembly
in the same manner described for clathrate loadings earlier, except the sample
material could be transferred directly from the container into the gasket. The
sample was well stirred first to counter any separation that might have occurred
in storage and to help ensure a homogeneous mixture was loaded. The loaded
anvil assembly was then inserted into the P-E press (as before) at 240 K and a
sealing load of 7 tonnes applied.

A pattern of the loaded sample was collected while the cell temperature was
stabilised at 250 K, which showed the new hydrate phase to be immediately
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Figure 6.7 Diffraction patterns showing the in-situ synthesis of HP CO2 hydrate
over a 10 hour period from a compressed powder mixture (held at
250 K).

growing into the mixture, with excess ice VI and CO2 [165] still present. This
was unexpected given that transformation of the clathrate sample did not occur
until a load of 13 tonnes was applied, indicating that a greater quantity of the
mixture was loaded into the gasket here. The sample was maintained at this
temperature overnight for 10 hours in which time the sample reacted further,
shown by the reducing relative intensities of ice VI and CO2 to the reflections
from the hydrate (shown in Figure 6.7). Comparison of the sample after 1 hour
and 10 hours at 250 K reveal that the majority of the hydrate phase grew into
the sample very quickly, with only a relatively small increase over the 10 hour
period.

Unfortunately, after 10 hours the sample had failed to fully react, with a
significant quantity of both ice VI and CO2 still present alongside the hydrate
phase. In order to try and eliminate the ice VI content the cell was heated in
attempt to melt it (although from the phase diagram of Hirai et al. [45] it was
unclear if the hydrate phase would survive) and at 280 K melting was observed.
The hydrate phase and solid CO2 were seen to remain stable at this temperature,
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Figure 6.8 Neutron diffraction pattern of the HP CO2 hydrate phase formed from
a powder mixture. Partial Rietveld refinement shows CO2 alongside
the HP phase. Inset: Low-angle bank pattern showing high d-spacing
reflections.

and a long exposure neutron collection was made (shown in Figure 6.8). The
recent installation of a new low-angle bank on the instrument allowed access
to high d-spacings on this occasion, and so a long exposure was also made of
the sample with the cell in longitudinal scattering geometry (shown inset in
Figure 6.8).

The smaller unit cell and increased symmetry of CO2 over ice VI resulted in
a pattern with significantly reduced overlap of Bragg peaks here, particularly
at d-spacings below 2 Å, rendering this a vastly improved pattern over that
earlier. However, despite this a severe overlap with the hydrate peak at ∼2.5 Å
was unfortunately observed again, and while reflections at 4.1 and 5.4 Å were
measured here for the first time, their positions could only be poorly determined
due to the low resolution of the bank they were observed on. As such, indexing
the phase remained difficult, requiring careful instrument calibration and peak
shape fitting, discussed next. It is noteworthy here that, inspecting the XRD
pattern collected of this phase by Hirai at al. [45] (Figure 6.6), a total of four
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additional reflections were expected in the low-angle bank, yet only two were
observed; this is examined later.

6.1.5 Indexing

The ToF Peak Shape

As a result of the nature in which neutrons are produced and moderated at a
spallation source the peak shape of reflections observed in a diffraction experiment
is inherently complex. The peak is essentially a convolution of the usual peak
shape (with contributions from the instrument and sample, well modelled by a
Voigt or Pseudo-Voigt function) with the time structure of the neutron pulse.
While the neutron pulse is sharp when it emerges from the target (approximately
100 ns long), as it passes through the moderator this well defined time structure
is partially lost as the neutrons take paths of varying length. The result is a
neutron pulse with a time structure that sharply rises and then slowly decays
(and over a time period much greater than 100 ns), which is well fitted by
back-to-back exponential functions. This pulse shape directly maps onto the
appearance of the Bragg peaks, with a sharp rise at the left (plotted in ToF or d-
spacing) and a tail to the right, as visible in Figure 6.9. As such, ToF diffraction
pattens must be modelled by a more complicated peak shape function in order
to obtain an accurate fit. In this work, extended ‘Jorgensen’ functions are used
(as implemented in GSAS, ‘ToF function 3’ [118]), which are a convolution of a
Pseudo-Voigt function with back-to-back exponentials to model the pulse shape.
This provides a good fit to the observed peak shape as shown in Figure 6.9, where
a comparison to the fit of a Voigt function is given.

With regard to measurement of peak position (relevant to indexing a pattern) the
use of an accurate ToF peak shape is crucial. While a good fit to the peak shape
is needed to obtain a precise measurement of the peak position (particularly in
the case of poor data), with ToF data it is often the case that the true reflection
position is not the observed peak position. The ToF measured at a spallation
source is the time it takes for the pulse to travel from the moderator to the
detector which, given the pulse has a finite width, must be measured at the peak of
the neutron pulse. Due to the considerable asymmetry of the neutron pulse once
it has passed through the moderator though, there are significantly more neutrons
behind the peak of the pulse than ahead of it. This results in significantly more
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Figure 6.9 An example reflection observed in a neutron time-of-flight diffraction
pattern, fitted to a Voigt function (left) and an extended Jorgensen
function (right). Dashed lines indicate the reflection position
determined by the respective fitted peak functions.

diffraction occurring after the peak of the neutron pulse, and hence the observed
Bragg peak occurs at slightly longer ToF (higher d-spacing) than the position
of the neutron pulse peak and the true reflection position (shown in Figure 6.9).
This effectively causes a constant offset in the positions of reflections across a ToF
pattern, which would result in a systematic error on d-spacing measurements if
the effect was not accounted for by use of an accurate peak shape function. It is
quite likely that such a systematic error would cause erroneous results (or possibly
failure) in auto-indexing methods.

Measuring Reflections

In order to accurately measure the reflection positions of the hydrate phase
observed in Figures 6.5 and 6.8, a method suggested by Tucker5 [166] was
followed. While a number of standard software packages (for instance OriginLab)
are able to individually fit common peak shape functions such as Gaussian and

5ISIS Facility, STFC Rutherford Appleton Laboratory, UK.
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Voigt, to my knowledge there are none6 that implement a function suitable for
separately fitting and measuring the reflection positions of ToF data. Given this
issue a method using GSAS was performed, where individual reflections were
measured by first excluding all data points in the pattern on either side of the
peak of interest, and then fitting a simple cubic phase (with lattice parameter
approximately that of the peak position, and a single atom at the origin) against
the isolated peak. By then refining the lattice parameter and scale factor (with
the pre-determined peak shape parameters from the calibrant7 fixed) an excellent
fit to the peak was obtained, and the refined lattice parameter gave the reflection
position. By performing this process for each hydrate reflection in the pattern, an
accurate list of reflection positions could be obtained for indexing. This method
could also be readily extended to handle overlapping reflections by introducing
additional cubic phases, each corresponding to an observed peak, and refining
their separate lattice and phase fractions. In cases where this failed due to severe
convolution or the presence of weak peaks in a group of reflections, constraints
could be introduced by fixing the phase fractions and/or manually varying the
lattice parameters where necessary.

Unit Cell Problem

The reflection measurements were indexed (with calculated errors) using DICVOL,
with searches made across a large volume range, and down to monoclinic
symmetry. The reflections measured from the sample formed from a mixture
(where both transverse and longitudinal banks were available) were combined into
a single set of observations in order to better constrain the indexing. By refining
the lattice parameter of the CO2 content against both patterns simultaneously,
the DIFC parameter of the low angle bank could be refined by holding DIFC of
the transverse bank fixed. This was essential to ensure consistency (within σ) of
reflections measured across both banks, so that they could be reliably combined.
The method of refining the instrument parameters of low-resolution banks against
the patterns of higher-resolution banks is standard practice in ToF diffraction.

Shown in Table 6.18 are the lattice parameters of three unit cells which were
6The MantidPlot package does (in principle) offer this facility, but its current implementation

makes its use limited and difficult.
7The peak shape parameters were determined from the pattern of a CeO2 standard, collected

on the instrument at the start of the beamtime cycle.
8Reflections were measured from diffraction patterns of two HP hydrate samples formed

from compression of the s-I phase, referred to as the Pearl Dec-11a and Dec-11b data sets (the
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Parameter Pearl Dec-11a Pearl May-12 Pearl Dec-11b

Tetragonal (V ∼212 Å3)
a (Å) 6.2540(24) 6.2783(53) 6.2357(27)
c (Å) 5.4189(50) 5.4186(95) 5.4024(71)
FoM 14.5 13.1 16.2

Hexagonal (V ∼212 Å3)
a (Å) 6.2496(37) 6.2727(77) 6.2251(29)
c (Å) 6.2725(59) 6.287(16) 6.2637(48)
FoM 27.4 30.4 25.0

Orthorhombic (V ∼106 Å3)
a (Å) 6.270(10) 6.275(13) 6.2577(84)
b (Å) 5.4094(69) 5.413(18) 5.3897(58)
c (Å) 3.1259(28) 3.1484(56) 3.1145(23)
FoM 21.2 11.9 25.2

Table 6.1 Possible unit cells of the HP phase from indexing of observed reflections,
given with the associated FoM of each.

recurrent in the auto-indexing output across all sets of reflections. It is noteworthy
that the tetragonal unit cell has some similarity to the lattice parameters of
tetragonal clathrate [25], with an a-axis 1% larger and a c-axis that is nearly half
(within 2%). The hexagonal unit cell also has lattice parameters similar to those
of a preliminary new H2 hydrate structure [41], with an a-axis 1% smaller and c-
axis 2% larger. The orthorhombic cell may initially be ruled out as a candidate as
it is too small to accommodate a sensible intermolecular separation of CO2, but on
doubling the c-axis it becomes a reasonable candidate that is pseudo-tetragonal,
and similar to the tetragonal cell indexing. Continuing this, on doubling both
the a- and b-axis the cell becomes similar to the known tetragonal clathrate cell,
but orthorhombically distorted.

While the FoM calculated by DICVOL for each unit cell indicates that the
hexagonal cell provides the best fit, on performing a whole pattern fit of each
cell (via Le Bail in GSAS, with refinement of lattice parameters) and on the
‘double’ unit cells mentioned, there is little to distinguish most of them. This is
shown in Table 6.2 where the Rwp of each cell against the two diffraction patterns

latter of which has not been described above but is discussed later), and the sample grown
in-situ, referred to as the Pearl May-12 data set.
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Unit Cell Rwp

Pearl Dec-11a Pearl May-12
Tetragonal 5.11 4.12

Double Tetragonal∗ 4.16 3.83
Hexagonal 5.09 4.03

Double Orthorhombic∗ 4.48 3.83

Table 6.2 Quality of fit of the different unit cells to diffraction patterns of the HP
phase. Le Bail refinements on tetragonal, hexagonal, and orthorhombic
unit cells were performed in the P4, P3, and P222 SGs respectively. ∗See
text for details.

are listed. There was a visible misfit of the tetragonal unit cell which was reflected
in it achieving the poorest Rwp, but all other unit cells listed gave excellent and
almost indistinguishable fits to both patterns.

Reflection Pair Resolution (∆d/d %)

hkl d-spacing (Å) Pearl Required
002/011 5.436/5.421 2.0 0.1
012/111 4.103/4.096 0.7 0.1
013/020 3.136/3.127 0.7 0.1
113/120 2.803/2.797 0.7 0.1
004/121 2.719/2.709 0.7 0.2
014/212 2.493/2.487 0.7 0.1

Table 6.3 List of main reflection pairs in the tetragonal unit cell that are beyond
resolution achievable from the transverse bank of the Pearl instrument.

An example of the quality of fit achieved by the candidate unit cells is shown
in Figure 6.10 (top), where a Le Bail refinement of the double tetragonal cell
against the sample grown from a mixture has been made. Given the Rwp values
in Table 6.2 there is little support for a crystal system with symmetry lower
than tetragonal or hexagonal, and so at this stage the orthorhombic unit cell
is excluded from consideration. A comparison of the reflections produced by
the two remaining candidate cells (hexagonal and double tetragonal) is shown in
Figure 6.10 (bottom).

Inspection of Figure 6.10 (bottom) reveals the minor difference in expected d-
spacings between the unit cells (for the reflections observed), and shows that
for the majority of observations a splitting may exist if the cell is tetragonal.
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Figure 6.10 Top: Le Bail refinement of the ‘double tetragonal’ unit cell to the
diffraction pattern of the HP phase grown from a mixture. Bottom:
Comparison of the indexing of the ‘double tetragonal’ and hexagonal
unit cells. Black lines indicate d-spacings where reflections are
observed, and grey lines indicate predicted reflections which are not
observed.
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However, observing this splitting (or differentiating the cells directly) requires a
resolution beyond that available from the transverse bank of the Pearl instrument,
an issue which is summarised in Table 6.3 where the resolution required to observe
potential splittings of the highest d-spacing is given. It is clear from this that,
in order to positively determine the unit cell, higher resolution diffraction data is
required, for which purpose an XRD experiment was performed, discussed next.

6.2 X-ray Diffraction Study

In order to solve the unit cell issue raised above higher resolution diffraction data
was sought. In the first case, a high-pressure XRD experiment was performed
where, by use of a cryostat, it was attempted to grow the new hydrate phase in-
situ from a CO2-H2O mixture loaded into a DAC. This was performed on the I15
beamline at DLS, but was unsuccessful due to malfunction of the gas membrane at
low temperature. Following this failure a new approach was taken, where instead
of performing a high-pressure XRD experiment an attempt was made to recover
the new hydrate phase from the P-E press by quenching the sample to 77 K, before
releasing it to ambient pressure. In this way the hydrate sample could then be
removed and either used in a further neutron diffraction experiment, but with
access to back-scattering banks (providing increased resolution over transverse
scattering), or loaded into a capillary for XRD.

Following recovery of the hydrate (discussed next) both routes above were
eventually pursued, as a neutron experiment on the recovered sample using the
HRPD instrument at ISIS proved unsuccessful. Unfortunately the weak scattering
power of the sample (due to its small size), coupled with the low neutron flux of
the instrument, rendered a diffraction pattern with inadequate statistics at high
d-spacing, and a large number of contaminant peaks at d-spacings below 2.5 Å
(originating from materials in the cryostat). As such, no clarification of the unit
cell was obtained and a subsequent XRD experiment was necessary, presented
here.

6.2.1 Recovery from the P-E Press

It is frequently the case that moderately high-pressure phases of ice can be
recovered to ambient pressure by quenching them under LN2 (as an example,
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Figure 6.11 Diffraction patterns of a HP hydrate sample formed by compression
of the s-I phase, and recovered to ambient pressure after cooling to
77 K in the P-E press

ice VI [167]), and this was attempted here. A loading of CO2 clathrate was made
into a P-E press at 250 K (by the same procedure detailed earlier) and compressed
to form the high-pressure hydrate. Once transformed (see Figure 6.11), the P-E
press was cooled to base temperature by filling the cryostat tank with LN2 up to
a level just below the sample position, and allowing it to equilibrate (a 1-2 hour
process). Once at base temperature a diffraction pattern was collected to ensure
no significant change had occurred in the sample, and the load was then slowly
released to reduce the sample pressure to near ambient (it is likely a very small
level of residual pressure remained in the capsule gasket, even after all load was
removed). To ensure all load was removed the breech was also released, leaving
the sample/gasket held loosely between the anvils. A final diffraction pattern of
the sample was collected to confirm its successful recovery, before removing the
sample/gasket from the press (while still in the cryostat) and quickly transferring
it into LN2 for storage.

Following the successful recovery detailed above a second hydrate sample was
formed and recovered, in order to provide a spare for the experiment. However,
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this sample was formed from a CO2-D2O mixture and so included both excess ice
and CO2 with the hydrate phase, due to an incomplete reaction (expected given
the earlier observations). The first of the samples recovered was used in the HRPD
experiment, previously mentioned, during which the dissociation temperature of
the phase at ambient pressure was also established (found to be 160-170 K)
although at the expense of sample loss. As a result of this the second recovered
sample (that formed from a mixture) was used in the XRD experiment described
here.

6.2.2 ID15-B Beamline

XRD patterns of the recovered hydrate sample were collected on the ID15-B
high-energy diffraction beamline, at the ESRF. With the sample held in a kapton
capillary (3 mm diameter) and placed in the monochromatic x-ray beam, the
diffraction pattern was collected on a Pixium 4700 area detector [168] down steam
(a transmission geometry, as on I15 at DLS), composed of 0.154 mm diameter
square pixels with a total effective area of 294 x 379 mm. Good powder averaging
was achieved by use of a fast-spinner motor which rotated the capillary in the
beam during exposures. The x-ray wavelength was determined to be 0.14231 Å
(87 keV) from a calibration performed in Fit2D [116, 117] using a CeO2 standard,
and the beam collimated to a 200 µm profile. The Fit2D program was also used
for the integration of all diffraction patterns, as earlier.

In order to transfer the hydrate sample into a capillary it was first necessary
to open the TiZr gasket encapsulating it. Given the hardness of this alloy, the
possible residual pressure in the capsule, and the need to maintain it at LN2
temperature, this was a non-trivial task. By trial-and-error on dummy samples
the following method was developed. While under LN2 a small (custom-made)
steel clamp was assembled around the gasket and tightened to grip the hemisphere
gasket sections together. The clamp (shown inset in Figure 6.12) features a pair of
circular windows cut to fit around the two gasket hemispheres so that they are not
crushed/deformed on tightening (contact between the clamp and gasket is made
on the flat surfaces of the hemisphere sections), and so that the gasket locates into
a fixed position. Crucially, it is designed so that part of the toroid ring protrudes
and is accessible. Once the clamp was attached the assembly was held in position
under LN2 (with pliers) before using chrome vanadium steel piano-wire cutters
to cut through the accessible section of the gasket’s toroid ring. Once cut, the
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Figure 6.12 Photo of the HP hydrate sample during recovery from a TiZr capsule
gasket, held over a pool of LN2. Inset: Purpose-made clamp used to
secure the capsule gasket while cutting its toroid ring.

assembly was transferred into a small glass beaker (containing LN2), and the
clamp loosened and removed. With tweezers the toroid ring could be detached
and the gasket hemispheres parted to reveal the hydrate sample9. The sample
was then carefully transferred and packed into a pre-cooled capillary (on a brass
pin) by Falenty, using purpose-made tools (visible in Figure 6.12), and a loose
plug inserted to block the capillary and prevent loss of the sample while stored
in LN2.

The capillary was positioned on the diffractometer’s goniometer head, opposite
which a cryo-jet was set up to maintain the sample at low temperature while on
the instrument. This is a system which expels a jet of cryogenic N2 gas from
a small nozzle, and so by positioning the jet over one end of the capillary such
that the gas can flow down its length, the sample can be maintained at cryogenic
temperatures. While the N2 temperature may be controlled on such systems, in
this case the cryo-jet was set at its lowest stable operating temperature. Testing
with a TC located at the beam position determined a working temperature of
∼100 K; well within the established stability field of the recovered hydrate (from

9While the removed sample was plain in appearance (simply a solid white pellet), it
unexpectedly appeared to carry a reasonable static charge, noticeable by its ‘stickiness’ when
manipulating the material with hand tools.
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HRPD experiment).

6.2.3 Diffraction of Recovered Sample

Figure 6.13 XRD pattern of the recovered HP hydrate sample at 97 K. Partial
Rietveld refinement shows CO2 alongside the HP phase. Inset:
Showing detail of diffraction pattern at low d-spacing.

A series of diffraction patterns were collected along the length of the capillary
which revealed the sample to be reasonably homogeneous across its length, with
only minor variation in relative intensities. While the patterns contained a
significant amount of CO2 with the hydrate phase they contained only a very
small quantity of ice VI, with some sections of the capillary entirely free of
ice. Shown in Figure 6.13 is the pattern observed with least CO2, and which
was also free of ice. Using the EoS of CO2 [169] it was determined that the
sample temperature in this pattern was 97(1) K. It is noteworthy that there are
a number of new reflections at high d-spacing in this pattern, which on first
inspection appear at similar positions to those which were absent in the neutron
patterns but observed by Hirai et al. [45] (Figure 6.6). This is an unanticipated
observation, and possibly suggestive of an ordering (reduction in symmetry) of
the hydrate phase at low temperature.
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Figure 6.14 Top: The XRD image plate of the recovered HP hydrate sample at
97(1) K (left) and 118(1) K (right). Bottom: Diffraction patterns
of the recovered HP hydrate sample during a temperature scan up
to 126(1) K. Inset: Showing behaviour of high d-spacing reflections
during scan.
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Diffraction patterns of the sample were also collected across a range of temper-
atures, shown in Figure 6.14. This was achieved by exploiting the steady-state
thermal gradient present along the length of the capillary (due to the cryo-jet)
which, by quickly stepping the region of capillary furthest from the cryo-jet nozzle
into the beam (and collecting diffraction shots), allowed a positive temperature
scan to be made. A scan over a 30 K range was made in this way, possible as a
result of the rapid step motors of the sample stage and the high-speed (shutterless)
readout of the Pixium detector.

The temperature scan (Figure 6.14) reveals a transition in the sample across
the temperature range 97-118 K, where the additional reflections noted earlier
diminish in intensity on warming. At 118 K the phase appears entirely free of
these extra reflections, and resembles the patterns collected by neutron diffraction
at high-pressure (Figure 6.8). Inspection of the 4.1 and 5.5 Å reflections shows a
further (possibly associated) transition in the sample, with an apparent covariance
in these peak intensities which is correlated with temperature; from 97-126 K the
4.1 Å reflection significantly grows in intensity, yet the 5.5 Å reflection almost
vanishes.

Comparing the hydrate pattern collected here at 118 K (shown in Figure 6.15)
to those taken at high-pressure on the Pearl instrument, there are a number of
advantages beyond the improved ∆d

d
resolution. Foremost, the pattern is more

complete with high d-spacing reflections captured on the same detector as low
d-spacings, and reflections previously obscured by those from the SD anvils are
now revealed. In particular a doublet at ∼2.1 Å is now observed. Additionally,
reflections are observed to lower d-spacing here (1.1 vs. 1.3 Å), primarily due
to the significantly reduced background (present in the high-pressure patterns
because of scattering from the P-E cell); this superior Q range equates to higher
resolution in the Fourier transform (4.17), which may later prove important in
revealing structural subtleties of the phase.

6.2.4 Hexagonal Indexing

Given the complication posed by the presence of new reflections in the lowest
temperature patterns collected, the higher temperature (118 K) pattern was
indexed first. A good fit to the reflection peak shape was obtained from a simple
Gaussian function, which was used to measure reflection positions, and heavily
convoluted peaks were fitted by tying peaks widths where necessary (and/or
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Figure 6.15 XRD pattern of the recovered HP hydrate sample at 118 K. Partial
Rietveld refinement shows CO2 alongside the HP phase. Inset:
Showing detail of diffraction pattern at low d-spacing.

fixing known CO2 peak positions). A total of twenty-one hydrate reflections
were measured from this pattern over a range of 1.1-5.5 Å, from which auto-
indexing with DICVOL generated the same three unit cells as from the neutron
data earlier (Table 6.1). While this was encouraging, and the FoMs of the three
unit cells indicated the hexagonal cell to be superior (with an FoM twice that
of the other cells), it was still not immediately clear that the unit cell problem
had been overcome. However, on performing a whole pattern fit of the hexagonal
and double tetragonal unit cells to this pattern the hexagonal unit cell achieves
a noticeably superior fit, shown in Figure 6.16.

While both unit cells provide a good fit to the pattern, on careful inspection there
is a misfit of the double tetragonal unit cell to the 5.5 Å reflections and a number of
low d-spacing reflections. In light of this the unit cell is determined as hexagonal.
By the observed reflections of the phase it has a hexagonal symmetry no higher
than P6122/P6522 (obeying reflection condition l = 6n) or trigonal symmetry
no higher than P3121/P3221 (obeying reflection condition l = 3n) [125]. This
eliminates 19 of the 52 possible space groups for the unit cell (assuming it to be
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Figure 6.16 Comparing the quality of fit of the hexagonal and tetragonal unit cells
by Le Bail refinement against the XRD pattern collected at 118 K.
Arrows indicate the most significant reflections where the hexagonal
cell provides a superior fit.

neither mono- or tri- clinic).

The reflections of the 97 K diffraction pattern were measured in the same way
described above, but in this case a total of forty reflections were measured over
the range 1.4-5.5 Å. Attempts to index all reflections in this pattern using the
CRYSFIRE package (in which DICVOL was one of a number of auto-indexing
programs executed) were unsuccessful, with the generation of only poorly fitting
unit cells, with no obvious relation to the unit cell at 118 K. However, excluding
observations that could be indexed to ice VI produced a (slightly) improved
indexing (from thirty-three reflections), and encouragingly produced a hexagonal
unit cell with dimensions similar to that at 118 K, with a fivefold increase in the
c-axis. Performing a whole pattern fit of this unit cell produces an acceptable
fit on first assessment, however on closer examination a number of very weak
reflections at high d-spacing in the pattern are unfitted, and at low d-spacing
there is a clear misfit to some reflections.

Scrutiny of the reflections included in auto-indexing (and subsequent removal
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Figure 6.17 Le Bail refinement of a fivefold extension (along c) of the hexagonal
unit cell against the XRD pattern collected at 97 K.

of the most poorly measured observations) unfortunately failed to alleviate this
problem. While the possible relation of this phase to the higher temperature
hydrate phase (indicated by the ability of a fivefold hexagonal unit cell to index
the majority of new reflections) is encouraging, and may indicate a modulated low
temperature structure (perhaps by CO2 ordering), the failure to fully index it here
suggests the phase may possess a large supercell or possibly an incommensurate
modulation. As such, at this stage attempts to index the low temperature phase
were abandoned.

6.3 Structural Solution

Having confidently determined the unit cell (and deduced its maximum symme-
try), work now moves onto determining the structure’s atomic arrangement using
the structure factor intensities extracted from the neutron and XRD patterns.
Given that the neutron diffraction pattern will feature a significant contribution
from the deuterium atoms (see earlier section), while the XRD pattern will feature
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very little scattering from these atoms, finding a structural solution that models
the XRD data is a simpler problem to address. Work on a structural solution
therefore initially concentrates on this data, where the deuterium atoms need not
be considered, before moving onto find a full structural solution with deuterium
atom positions, using the neutron diffraction data. The successful use of CF
on intensities from the XRD pattern to obtain a partial structural solution is
presented first.

6.3.1 Charge Flipping

X-ray Diffraction Pattern

Using TA a Pawley refinement of the hexagonal unit cell against the XRD pattern
collected at 118 K (Figure 6.15) was made, in order to extract the reflection
intensities10. Making no assumption of the phase’s symmetry the refinement was
performed in P1, although the lattice parameters were constrained to maintain
their hexagonal symmetry. A pseudo-Voigt peak shape function was employed,
which refined to achieve an excellent fit to all reflections. A Rietveld refinement of
the CO2 in the pattern was also performed, which produced a sensible C=O bond
length (1.152(2) Å measured here vs. 1.155(1) Å from published single crystal
data collected at 150 K [165]) and a realistic atomic displacement parameter
(ADP) (a single ADP was used for the phase). A six term Chebyshev polynomial
was found to model the background well across the full 2θ range (1.0-7.4°, 1.1-
8.1 Å). Finally, a small zero error was included. Pre-refinement, a Lorentz-
polarisation correction was applied in TA, but no correction was deemed necessary
for beam absorption by the thin kapton wall of the capillary (insignificant at this
beam energy). A good fit to the pattern was obtained, shown in Figure 6.18,
with an Rwp of 2.632.

The CF algorithm was then invoked in TA with parameters prescribed by [170]
for CF on powder diffraction data. Initially no structure was found and only a
noisy, unviable, map of scattering density was produced. However, on excluding
the observed reflections below a d-spacing of 1.15 Å and repeating (a standard
approach as, given the drop-off in intensity of XRD at high-angle and the

10The reason for using TA over GSAS here is twofold; TA allows a Pawley extraction, which
is preferable to Le Bail when calculation time is not an issue, and; it was convenient at this
stage to perform both the intensity extraction and subsequent charge flipping in TA.
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Figure 6.18 Pawley refinement of the hexagonal unit cell against the XRD pattern
collected at 118 K.

increased convolution of reflections at low d-spacing, these intensities are generally
the least poorly determined) a map with six sharp spheres of scattering density
was resolved within five-hundred iterations (t∼ seconds). Locating the scattering
centres and importing the unit cell and prospective atom positions into VESTA
[171] for closer inspection allowed determination that each of the six positions
had four nearest neighbours at distances of 2.64-2.92 Å (next-nearest neighbour
distances were over 4.3 Å). This is consistent with a deuterium-bonded water
network, with the lengths corresponding to typical O· · ·O separations.

Following this initial success, a switch to CF in the Superflip program was made
for the following reasons; it features an algorithm for derivation of the symmetry
exhibited by the scattering density; its output file format was found to be more
convenient, and is supported by VESTA; it allows multiple ‘best’ densities to be
saved (useful for reviewing the consistency of CF results). As such all CF results
presented hence forth were obtained using Superflip.

Shown in Figure 6.19 is the result of CF in Superflip on the same data as above,
again with a truncation of observations at 1.15 Å. The same oxygen network as
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Figure 6.19 Scattering density map resulting from CF on reflection intensities
extracted in P1. Identified water network is shown in red.

obtained in TA was generated here (with a symmetry identified by Superflip of
P6122/P6522), forming an open cavity along the c-axis of the structure. However,
in this case additional features were present in the map; three oval-shaped regions
of scattering density, evenly spaced from each other and spiralling about the
center of the cavity (along the c-axis). While there is no molecular structure
visible in these new features it is quite possible that they indicate the centres of
CO2 molecules which may not be properly resolved due to large thermal motion.

Given the tentative space group derived for the structure by Superflip (which
encouragingly is also the highest symmetry deduced earlier, by consideration of
the observed reflections), a Pawley extraction of the same XRD pattern was
made in P6122. This was done in an identical manner as for P1 (described
earlier), and rendered a marginal improvement in Rwp. On performing CF on
this extraction the generated density (shown in Figure 6.20) was largely the same,
but included some new features at the center of the cavity. Where earlier there
was a spiral of three oval-shaped regions of scattering density, here there are six,
evenly spaced out along the c-axis. Returning to the best densities generated from
CF in P1 earlier and overlaying each of them (aligning their respective oxygen
networks) renders the same result, with six oval-shaped features spiralling through
the cavity. It transpires from this that earlier there were in fact two densities
with identical oxygen networks, but differing features in the cavity, related to

131



each other (approximately) by a 31 screw axis. The discovery of this agreement
between intensities extracted in P1 and P6122 lends support to the new map.

Figure 6.20 Scattering density map resulting from CF on reflection intensities
extracted in P6122. The oxygen-atom positions of the water network
are shown in red, and potential carbon-atom positions of CO2
molecules in brown.

Use of the SG symmetry in CF for averaging purposes did not achieve a significant
improvement, but was used in order to appropriately shift the origin of the unit
cell for this SG (this is the density shown in Figure 6.20). Using VESTA,
an approximate structural model (in P6122) was constructed to describe the
scattering centres of the density map. The identified oxygen network was found
to sit on the 6b special position (x,−x,11/12), with x=0.76, and the features in
the open cavity (prospective CO2 positions) were found to be well described by
a second 6b site, with x=0.10.

Performing a Rietveld refinement of this preliminary model in TA (allowing
refinement of atom positions and an ADP) resulted in a reasonable fit to the
pattern at d-spacings below 3 Å, but with a significant misfit to the {011} and
{010} reflections at 4.1 and 5.5 Å respectively (in fact the {011} reflection was
entirely unfitted). To improve the model and make it more realistic, full CO2

molecules were introduced, centred on the present carbon atoms, by introducing
two new oxygen atoms on general positions (1⁄2 occupied twelvefold sites). These
were constrained to a rigid body with C=O bond distances of 1.15 Å, and initially
orientated to point along the cavity length (the c-axis). While modelling the CO2

at these positions appears unphysical, with a carbon separation of neighbouring
molecules of just 1.3 Å (the separation in pure CO2 at the same conditions is
∼4.0 Å), it is proposed that the site is partially occupied and that a disordered
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arrangement of CO2 may exist. For instance, there may only be a single CO2

molecule per unit cell but with freedom to occupy any of the six carbon sites in the
model, dependent on the configuration of neighbouring cells. This is considered
in more detail later, but is assumed at this stage to be reasonable, requiring only
that the CO2 occupancy be in the range 1/6 − 3/6 (i.e. from a single CO2 per
unit cell up to the maximum likely composition, di-hydrate). The initial CO2

occupancy was set to 1⁄3 here, the midpoint of this range.

Figure 6.21 Rietveld refinement against the XRD pattern collected at 118 K of a
partial structural solution.

Following this a far superior fit to the pattern than that earlier was achieved,
with an Rwp of 3.783 after refinement of all atom positions, a global ADP, and
the CO2 occupancy (the occupancy of the CO2 molecule was decorrelated from
its ADP here by constraining it to the ADPs of all other atoms - a ‘global’ ADP).
The CO2 occupancy was refined to a reduced (but still reasonable) value of 0.18,
and the refined ADP was also realistic at 0.045 Å2. While refinement of the
atom positions had no visible effect on the water network, the CO2 molecules
tilted from their initial position, roughly aligning onto the helix traced by the
carbon atoms. Interestingly, the oxygen atoms of the CO2 (constrained by the
rigid body) moved onto equivalent positions of each other, suggesting the CO2
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molecule has a single orientation. The results of this refinement are shown in
Figures 6.21 and 6.22.

Figure 6.22 Perspective view along the hexagonal axis of the partial structure
solution to the HP hydrate phase. The CO2 sites are partially
occupied, and alternate CO2 molecules are shown greyed for clarity.

Neutron Diffraction Pattern

In order to determine the deuterium positions of the structure, the neutron
diffraction data was now employed. Two approaches were available here; using
the partial structural solution already achieved, the deuterium atoms can be
introduced based on chemical knowledge and a number of trial structures may
be constructed and refined until the best fit is found, or; CF may be able to
directly solve the full structure as the neutron scattering factors of all elements
in the phase are positive (and hence the neutron scattering density is expected
to be positive everywhere, just as for x-ray scattering). The option of finding the
solution by using CF (while perhaps unnecessary) is preferred, as a second ab-
initio determination of the hydrate structure above would lend further support
to the solution. Additionally, while CF on neutron diffraction data has been
demonstrated with simulated diffraction data [138], there are apparently11 no
published cases of structure solution from CF on real world experimental neutron

11Searching for articles tagged with the terms ‘charge flipping’ and ‘neutron diffraction’ on
Web of Science renders no examples.
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data (and certainly not high-pressure data). As such, it is of general interest to
test the effectiveness of CF on the neutron diffraction data collected here.

Figure 6.23 Pawley refinement of neutron pattern collected from the sample
formed in-situ.

As mentioned earlier (Section 4.1.5) the success of CF is dependent on a
reasonably complete set of reflections, and certainly on inclusion of the strongest
reflections. Given this, of the two neutron diffraction patterns presented earlier,
that collected from the sample grown in-situ is the most suitable for CF as it
includes important reflections observed at high d-spacing (on the low angle bank).
Using TA, a simultaneous Pawley refinement of the transverse and longitudinal
diffraction patterns was made over the d-spacing range 1.3-3.5 Å (diamond {111}
reflection masked from 2.0-2.2 Å) and 2.2-7.0 Å respectively12. The instrument
parameters for both detector banks (transverse and longitudinal) were determined
for TA from a CeO2 calibrant pattern, where the parameters of a peak shape
function qualitatively similar to an Extended Jorgensen [172] were also refined.
The Pawley refinement was performed in P1 but with constraints to preserve the

12The transverse pattern was truncated at 1.3 Å due to the rising background and dominance
of reflections from the anvils below this point, and the longitudinal bank pattern at 2.2 Å due
to scattering from the P-E cell at lower d-spacing. The upper limit of the ranges arise from an
absence of scattering in each pattern above these points.
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hexagonal symmetry of the unit cell, and a simultaneous full Rietveld refinement
of the CO2 model used earlier was made. The patterns were pre-corrected for
attenuation due to the SD anvils [145] (applied during the data focusing), and
were Lorentz corrected in TA. No correction for linear absorption by the TiZr
gasket was considered necessary, as this is a minor effect. The backgrounds of
the transverse and longitudinal patterns were then fitted with a pair of eight
term Chebyshev polynomials, before refining the lattice parameters and sample
dependent peak shape parameters, the DIFA of each pattern, and DIFC of the
longitudinal bank.

A good fit to the patterns was achieved in both cases (shown in Figure 6.23),
with an overall Rwp of 4.320. Some misfit to the structured background of the
transverse bank pattern was observed, but this is somewhat unavoidable, ideally
requiring subtraction of a background pattern (a non-trivial exercise due to the
sensitivity of the background to the sample-anvil geometry, which changes with
load/sample pressure [173]). There was also a small misfit of the {002} reflection
of CO2, but the refined C=O bond length (1.142(6) Å here vs. 1.149(1) Å from
published single crystal data collected at 10 kbar and RT [174]) and ADP were
reasonable for the pressure. It is likely the misfit arises from an imperfect CO2

powder.

The intensities observed in the diffraction patterns from the two banks naturally
differ due to instrumental effects (and to a lesser extent, the different linear
absorptions of the gasket in the two scattering geometries), and so in order to
merge the intensities of the 4.1 and 5.5 Å reflections observed in the longitudinal
pattern with those of the transverse pattern, it was necessary to scale them. This
was done by using the most dominant hydrate reflection (at 2.8 Å) in each pattern
to calculate a simple scaling factor. This was preferred over use of the refined
CO2 content in each pattern due to the indication (noted above) that the CO2

may be an imperfect powder.

Using Superflip, CF was performed on the extracted intensities (reflections
obscured by diamond from 2.0-2.2 Å were assigned zero intensity) but, in contrast
to earlier, no reasonable scattering density was found. In attempt to overcome
this failure CF was then iteratively applied on intensities extracted in each of the
space groups in the trigonal l = 3n family and hexagonal l = 6n. Inspecting
the densities generated from each of the trigonal SGs revealed them all to
be unphysical, and so they were discounted. On reviewing the best densities
generated from P61 and P6122 though, a number were found to be reasonable
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Figure 6.24 Scattering density map resulting from CF on reflection intensities
extracted in P61. Identified water network is shown in red.

(despite no detection of convergence by Superflip), with clear resemblance to the
structure determined from CF on the XRD pattern earlier. The best of these is
shown in Figure 6.24.

Inspecting this best density (from P61) there are two main features that
differentiate it from the density obtained from the XRD data earlier. Firstly,
there is a significantly larger helix of scattering density running through the
center of the open cavity. This is somewhat expected (assuming it is CO2) given
the increased scattering of carbon here (relative to x-ray scattering), but the
increased area of scattering is not accounted for by this. More likely is that
the CO2 has greater thermal/kinetic energy here, and hence a larger atomic
displacement. It is also speculated that there could be a (slightly) increased
CO2 content in this sample as it is under pressure. The second new feature here
is the asymmetry exhibited by scattering from the D2O, which is anticipated
given the significant scattering expected from the deuterium atoms in this case.
The shape of scattering from the D2O molecules is not as might be expected
though, appearing as elongated (slightly pointed) regions of scattering rather
than exhibiting the usual D-O-D bend. Encouragingly though, the density is
stretched in the direction of a neighbouring oxygen atom (along the O· · ·O bond),
and in no place do these shapes oppose (point towards) each other. A possible
interpretation of this is that the structure has partial deuterium ordering, where
ordered O-D· · ·O bonds are indicated by the elongated scattering seen, and
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disordered O-D· · ·O bonds exist elsewhere. That disordered bonds may exist
where no scattering density is observed here is sensible as the effect of the disorder
would essentially be to ‘smear’ the scattering density, making it a weaker element
in the Fourier map, which hence is not resolved here here due to truncation of
the diffraction pattern at 1.3 Å.

The scattering density generated by CF in P6122 (not shown) rendered a similar
picture of the structure, but in this case with no elongation visible in scattering
from the D2O molecules. This suggests full disorder of the deuterium atoms,
which is sensible for the space group as it is unable to describe an ordered
structure, but is obviously in contrast to the above. It is possible that the effect
seen in P61 is just the artefact of an imperfect solution, possibly arising due to
missing reflections (for instance those obscured by the diamond reflection) or the
limited resolution, but this will require careful comparison of the two possibilities
in Rietveld refinements of each to clarify. Given the increased simplicity of a
model constructed in P6122, an approximate disordered structure was formed
(using VESTA) for Rietveld refinement at this stage, but is compared later to a
partially ordered model.

In P6122 the oxygen atom of the water molecules are (as earlier) located on the 6b
special position, with x = 0.76. The disordered-deuterium network is described
by a pair of (twelvefold) 1/2 occupied general positions, located a distance of 1 Å
away from the oxygen atom, along the O· · ·O bond vector (based on chemical
knowledge). The precise location of the CO2 molecules in the structure is not
entirely clear from the map, but they are speculated to be centred on the lobes
of the central helix, placing the carbon atoms on the 6b special position, with
x = 0.10. The two associated oxygen atoms are described by a pair of (twelvefold)
1/2 occupied general positions, located 1.15 Å from the carbon atom, in opposite
directions along the c-axis. This is an identical structure to that derived from
the density produced from CF on the XRD pattern.

To perform a Rietveld refinement of this model in TA a rigid body was
implemented to constrain the CO2 molecule, and soft constraints were imposed
on the O-D bond lengths to retain their initial values. The CO2 occupancy was
set to an initial value of 1/3 based on the same argument as earlier. The d-
spacing range of the transverse pattern was extended down to 0.65 Å, and the
number of background terms for this pattern increased to fourteen to adequately
fit the more complicated background. After refining the atom positions, rigid
body position and orientation, a global ADP, and finally the CO2 occupancy, a
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Figure 6.25 Rietveld refinement against the neutron pattern collected from the
sample formed in-situ of a preliminary structural solution.

reasonable fit with an Rwp of 4.210 was achieved. The results of this are shown
in Figures 6.25 and 6.26. There is a minor misfit to some reflections, particularly
the {010} reflection at 5.4 Å in the longitudinal pattern, but it is clear though
that the disordered structure fits the data well. The refined model also exhibits
a reasonable global ADP of 0.035 Å2, and likewise a sensible CO2 occupancy of
0.29.

While the use of CF on the neutron data here has not definitively clarified the
location of deuterium atoms in the structure, it has provided some vindication
of the structure determined from the XRD data. Perhaps more usefully though
it has demonstrated the ability of CF to successfully work with real neutron
diffraction data (where all scattering lengths are positive), which in this case has
been collected at high pressure and is of fairly limited resolution (only 1.3 Å).
It is noteworthy that (with the neutron data) the Superflip program did not on
any occasion detect convergence of the correct scattering density, while it did for
a number of false densities. This issue was not experienced with the XRD data,
and so in light of this it may be advisable to be cautious of convergence detection
in Superflip when using neutron data, and manually inspect the best densities
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Figure 6.26 Perspective view along the hexagonal axis of the preliminary structure
solution to the HP hydrate phase. The CO2 sites are partially
occupied, and alternate CO2 molecules are shown greyed for clarity.
Deuterium sites (shown in pink) are all half occupied.

generated (as done here).

Given this successful structure determination there now remains to; extract an
independent estimation of the CO2 content of the phase; vindicate the stability of
the phase against competing phases (by DFT calculation), and; clarify the CO2

position and deuterium-order/disorder by significance testing the Rwp of similar
models.

6.3.2 CO2 Occupancy

Using the diffraction data of the hydrate sample grown in-situ (Figure 6.7) it is
possible to make an estimation of the CO2 content of the phase. The growth
of the hydrate was recorded over the course of 10 hours, with diffraction shots
collected in 1 hour blocks, over which time the fraction of the pattern attributable
to CO2 and ice VI clearly reduce as the hydrate grows in. By considering the
relative rates at which the quantity of ice and CO2 in the sample reduce (to form
hydrate), an estimate of the hydrate composition can be made (assuming the
reaction rate is approximately unchanging over the time period considered).

To extract the fractions of ice and CO2 in each pattern a series of partial Rietveld
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refinements were made in GSAS, using the models of ice VI and CO2 used earlier.
The atom positions and ADP parameters of both models were refined against the
first pattern (that with the least hydrate in), using a 1 Å restraint on the O-D
bond distances and grouped ADPs for the oxygen and deuterium atoms of ice VI.
It was necessary to perform this alongside a Le Bail refinement of the hydrate
phase (the model determined above was not used in order to avoid any bias),
which allowed a stable refinement of all structural parameters, a constrained peak
shape function (parameters tied across all phases), the DIFA parameter, and an
eight term background function (d-spacing range 1.3-4.1 Å). This rendered a
good fit, with reasonable bond distances and ADPs for both models. The refined
models, peak shape function, DIFA parameters, and background function were
then held constant across refinements to all the other diffraction patterns.

Figure 6.27 Left axis: Phase fractions of Ice VI and CO2 over a 10 hour period of
in-situ HP hydrate synthesis (points excluded from linear fit indicated
in red). Right axis (blue line): Behaviour of CO2 lattice parameter
(see text).

Refinement of each of the subsequent patterns was then made with only the
lattice parameters of all phases and the phase fractions of the ice and CO2 as
free variables (with a Le Bail refinement of the hydrate). The extracted phase
fractions are shown in Figure 6.27, where a linear fit modelling the reduction
over time in each phase fraction has been made. The first two data points
were excluded from the fit, as they are inconsistent with the bulk of the data.
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Inspection of the lattice parameter of CO2 over the data range (also shown) reveals
a reduction of the lattice parameter over these first two patterns which, in light
that there was no change in applied load over this period, must correspond to
thermal contraction. This is reasonable as it would have taken some time for the
cell to reach a steady thermal state, and somewhat explains the inconsistency of
the first two data points as the sample reaction rate is likely to be temperature
dependent (actually, only the first data point is clearly inconsistent, but the
second was excluded out of diligence in light of the lattice parameter data).
The subsequent steady increase in the lattice parameter of CO2 is explained
by conversion of the sample into the (denser) hydrate phase, causing a minor
reduction in pressure, as under these conditions (constant load on the P-E press
and a slow sample phase change) the sample chamber is approximately constant
in volume.

The ratio of the reduction in CO2 fraction to ice VI fraction was calculated from
the linear fits to be 0.84(9) unit cells of CO2 per unit cell of ice VI. Given that
each unit cell of CO2 contains four molecules and each of ice VI contains ten
D2O molecules, this gives the CO2:D2O ratio of the hydrate phase to be 1.0(2):3,
corresponding to two CO2 molecules per unit cell of hydrate (an occupancy of
1⁄3). The uncertainty here gives a 1σ occupancy range of 0.27-0.40, placing the
refined occupancy from the neutron pattern earlier (0.29) in good agreement, but
highlighting an inconsistency with the occupancy refined from the XRD pattern
(0.18). This disagreement is investigated in the final refinements of the phase
later.

6.3.3 Phase Stability from DFT

In order to further vindicate the hydrate structure, DFT calculations were
performed on the phase to confirm its thermodynamic stability relative to the
competing phases of pure ice and CO2. These were done using the Vienna Ab-
initio Simulation Package 5.3 (VASP), employing the standard supplied PAW
potentials [175, 176], with inclusion of the van der Waals interaction by use of
the optB88-vdW functional [177]. While the input structures were constructed by
myself (based on the disordered hydrate structure and chemical knowledge of the
system) and I performed a number of initial calculations on the phase, this was
under the guidance of collaborator Hermann13, and the DFT results presented

13School of Physics & Astronomy, The University of Edinburgh, UK.
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here in Figure 6.29 and 6.30 arise from final calculations performed by Hermann
[178, 179].

Where a DFT calculation operates to determine the interactions of a defined
ensemble of discreet atoms, it is not possible to calculate the energy of a unit cell
which describes a disordered crystal structure (as here). All atoms must have a
single position, and the molecular arrangement must be physical (i.e. molecules
cannot overlap, or be unrealistically close together). In the case of the hydrate
structure this demands that an ordered deuterium network is defined, and that
specific (realistic) CO2 positions are given. This means that different unit cells
must be constructed to perform calculations on different stoichiometries, which
in some cases must therefore be extended (by some integer multiple) along c. For
instance, a realistic structure with a CO2:D2O composition of 1:4 can only be
described with a unit cell of length 2c (containing three full CO2 molecules).

In light of this, an ordered deuterium network was determined for the phase by
Hermann [180], which was then used as the basis for models in all stoichiometries
considered. This was constructed in P31, the lowest SG in the trigonal/hexagonal
crystal family able to describe the oxygen network, following the ‘ice rules’ [181]
and with O-D bond lengths of ∼0.9 Å. It was proposed earlier that the CO2

occupancy should exist in the range 1⁄6 to 3⁄6, rendering CO2:D2O stoichiometries
of 1:6, 1:3 and 1:2 (for rational fractions), of which 1:3 is the composition
expected from the sample growth data. Structures were therefore constructed
for calculations on these, but additionally also for the composition 1:4.

While the disordered structure refined earlier indicates the positions of CO2 in
the structure, it must be considered that the diffraction pattern represents only
an average structure, and that there may be significant thermal motion affecting
this. This may be particularly so in a structure such as this, with a large open-
ended cavity, and where the data has been collected at near RT. As such, some
thought is required when positioning and orientating the CO2 molecules for the
DFT calculations here, which are performed with no modelling of thermal motion.
In the s-I hydrate the CO2 molecules are located inside small and large cages with
widths (at their largest points) of ∼7.7 and 9.0 Å respectively, which provides
an indication of the space required by a CO2 molecule in this kind of system.
Careful inspection of the new hydrate finds there are two types of ‘partial’ cavity,
illustrated in Figure 6.28, with lengths of 6.1 and 8.6 Å14. Using our knowledge

14In fact there is a second (slightly distorted) variant of the larger cavity type, but this is
omitted to avoid complication.
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of the s-I hydrate it is fair to reason that only the larger of these partial cavities
is able to host a CO2 molecule, and so it is likely that (at 0 K) the CO2 would
align in this cavity. As such, the input structures for calculation were constructed
in accordance with this reasoning wherever possible (not always the case when
trying to space the molecules evenly), although a small number of trial structures
with alternative CO2 orientations were also considered.

Figure 6.28 Illustration of the small (top) and large (bottom) partial cavities
identified in the HP hydrate water network.

The results of these calculations are shown in Figure 6.29, where the enthalpy
of formation relative to competing phases of ice and CO2 is given as a function
of pressure15, for all stoichiometries investigated. It can be seen from the figure
that the 1:4 composition is predicted to be stable (relative enthalpy of formation
of less than zero), lending support that the hydrate structure is correct. The
calculations also indicate that, of those trialled, only this composition is stable.
It should be noted though that, while all stoichiometries successfully converged,
all structures other than the 1:4 composition suffered significant distortion to

15It should be noted that calculations on the s-I CO2 hydrate phase, which is known to be
stable at low pressure, were not performed, and so this phase wasp not considered in the relative
enthalpy of formation of the HP hydrate phase.
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the trigonal symmetry of the water network. The 1:2 composition remained
trigonal overall but did not retain a reasonable water network, while the 1:3 and
1:6 compositions broke down to monoclinic and triclinic symmetries respectively,
but did however retain reasonable water networks. In the case of these two
compositions it is likely that they distorted because of the way in which it was
necessary to define their starting structures. Specifically, it is not possible to
construct these compositions of the hydrate and preserve the trigonal symmetry
of the structure, and so in these cases the input structures were unavoidably
reduced to P1.

Figure 6.29 Calculated enthalpy of formation for various stoichiometries of HP
hydrate up to 20 kbar. Final calculations were performed with a ‘best’
deuterium network determined from separate DFT optimisations.
Data provided by Hermann [179].

Given that the experimental determination of the composition is in disagreement
with these calculations, it is proposed that thermal motion (inherently unde-
scribed in static DFT calculations) of the CO2 may play an important role in
the structure, and account for this discrepancy. This is a theory supported by
the observation of the phase’s transition to a lower symmetry and/or larger unit
cell on cool down (based on the difficulty in indexing the low temperature phase
earlier), where the CO2 molecules may be freezing into position and breaking the
trigonal symmetry of the structure exhibited at higher temperature. As such,
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while these calculations were successful in demonstrating that the phase can be
energetically favourable relative to the competing pure phases, they are not taken
as a definite determination of its composition.

Figure 6.30 Top: Structure of the most stable HP hydrate phase composition
(1:4). Bottom: Structure of the second lowest enthalpy (unstable)
HP hydrate phase composition (1:3). Data provided by Hermann
[178].

The relaxed structure of the 1:4 composition is shown in Figure 6.30 (top) and
that of the 1:3 composition (which shows the second lowest relative enthalpy in
the observed pressure regime of the phase) is shown in Figure 6.30 (bottom). In
the relaxed 1:4 structure the three CO2 molecules (twelve H2O) occupy the large
partial cavities, and can be described by a 31 screw axis (along c) at the center of
the cavity. This is likely the stable arrangement of this composition as a range of
initial CO2 orientations were trialled and, of those which converged, all relaxed
into this configuration. The relaxed structure of the 1:3 composition is clearly
similar, but the pair of CO2 molecules in the unit cell have distorted the water
network to monoclinic symmetry (P21) with a β angle of 117.6° (determined using
FINDSYM [182]). As mentioned, that this composition distorts to a symmetry
lower than trigonal is somewhat expected due to the way that it was necessary
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to describe the structure. That it only distorts down to P21 and not P1 though
possibly indicates the durability of the water network.

6.3.4 Final Structure Refinement

In light of the above, all that now remains is to find whether the structure is
deuterium-ordered, and to determine the best description of the CO2 molecules.
This is done by making a series of Rietveld refinements of prospective structural
models against the diffraction data, and conducting significance tests on the
different Rwp they achieve [183]. As the simplest model (that with the fewest
parameters) is the disordered hydrate described in the P6122 space group (the
model determined earlier), this is taken as the benchmark against which other
structures will initially be compared.

CO2 Position

Positioning the CO2 molecules on the large helix of scattering indicated by CF,
there are two possible variants of the P6122 model; a) that where the CO2 are
centred on the 6a special site, and; b) that where they are centred on the 6b
special site. These are best compared by employing the XRD pattern, as this
data is essentially independent of the deuterium atoms. A Rietveld refinement of
each model was performed in TA, with the same basic configuration (background
function, peak shape, data range, etc.) as earlier. The initial oxygen network
was identical in each case, and the CO2 molecules were initially orientated along
the c-axis for both models, with a C=O bond length (constrained by a rigid
body) of 1.15 Å. All position parameters, a global ADP, and the CO2 occupancy
were refined, resulting in Rwp values of 4.128 and 3.823 for the models a) and
b) respectively. No significance test was necessary here as the models have
an equal number of structure parameters, plainly rendering the latter superior.
Refining the C=O bond length of model a) resulted in an unphysical separation
of 0.99 Å, while for model b) resulted in a reasonable bond length of 1.16 Å (and a
minor improvement in Rwp to 3.820) further indicating this model to be correct.
Refinement of separate ADPs was attempted, but for both models resulted in
unphysical values (very large and/or negative), which is likely a data limitation
issue.

In order to investigate if the structure is better described in a lower space group,
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each of the above models was reduced to P61 and subsequently refined. In doing
this each of the oxygen atoms of the CO2 become defined by sixfold general
sites, a reduction from the twelvefold general sites of P6122, immediately causing
a minor change to the model (the atom occupancies were changed accordingly).
Refinement of model a) in P61 resulted in an improvement in Rwp to 3.821, arising
from a migration of the CO2 molecule to a position very close to the 6b site of the
P6122 SG. Refinement of the C=O bond length was also possible here, increasing
marginally to 1.16 Å. Refinement of model b) in P61 resulted in no change in the
model, and no improvement in fit. Given this, there is clearly no improvement
gained at lower hexagonal symmetry.

To confirm that the hydrate is better described by hexagonal symmetry over
trigonal (an assumption up to this point), model b) in P61 was further reduced
in symmetry to P31. Description of the structure in this SG splits the six CO2

molecules onto two sites (each composed of three threefold general positions),
which are a pair of 31 screw axes separated by a single 61 screw operation. As
such, there are three variants of the model in this SG; c1) that with the CO2 on
the first screw axis; c2) with the CO2 on the second screw axes, and; c3) that
with the CO2 on both screw axis. Refinements were performed on each of these
models, and in all cases a small improvement in fit was observed. There was no
appreciable difference in fit between models c1) and c2), achieving an Rwp of 3.707
and 3.706 (and with near identical occupancies, which were in good agreement
with refinements of the earlier models), while model c3) gave the best fit with an
Rwp of 3.624 (the CO2 occupancy of the two sites were tied in this case; removing
this constraint gave a negligible improvement, with only a minor divergence in
their occupancies). Given that no more than forty-four independent observations
of the structure were made in the diffraction pattern, and that models c1) and c2)
have six additional parameters over model b) in P6122, and model c3) has eleven
additional parameters, the significance of the improvement in fit in all cases here
is at a level less than 50%. As such, the improvement gained by description of
the structure in P31 is insignificant, and the simpler model (P6122) is preferred.

It is noteworthy that the structure can also be described in the trigonal SGs
P3112 and P3121, but these are not considered to be viable candidates as, while
they can describe full deuterium-disordered (but not ordered) structures, their
descriptions of deuterium-disorder are unusual (specifically, the pairs of deuterium
atom positions between half of the water molecules are described by the same
atomic site, giving an unrealistic correlation between these positions).
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Deuterium-Order/Disorder

Taking the CO2 position determined above, it is now necessary to determine
whether the water network of the hydrate phase is ordered or disordered. While
there is just a single description of the structure possible in the P6122 SG
(disordered), there are nine different descriptions of the structure in the P61 SG to
consider; one disordered, four semi-ordered, and four ordered. Given the success
of CF with the neutron data in only these SGs it is unlikely the structure is better
described in P31, however the optimal structure in this SG determined from DFT
earlier was also considered. To compare these different models the transverse and
longitudinal neutron diffraction patterns (used in CF earlier) were employed in
simultaneous Rietveld refinements, with the same basic configuration as earlier,
but with an extension of the d-spacing range of the transverse pattern down to
0.65 Å (and an increase in the background Chebyshev polynomial for this pattern
to fourteen terms). While there is no significant intensity in this low end of the
pattern (making it unhelpful in Fourier methods such as CF), this information is
useful in Rietveld refinement of a structural model.

SG Model DoF Rwp Significance
P61 Disordered 9 4.080 50%
P61 Semi-Ordered (a) 6 4.133 <50%
P61 Semi-Ordered (b) 6 4.327 -
P61 Semi-Ordered (c) 6 4.110 <50%
P61 Semi-Ordered (d) 6 4.329 -
P61 Ordered (a) 3 4.353 -
P61 Ordered (b) 3 4.358 -
P61 Ordered (c) 3 4.350 -
P61 Ordered (d) 3 4.501 -
P31 Ordered-DFT 12 4.109 <50%

Table 6.4 Results of significance testing on candidate deuterium-
ordered/disordered structure variants. Significance of improvements
tested on the basis of sixty-four ‘independent’ observations.

Performing a full refinement of the P6122 (disordered) model with a global ADP
(and allowing refinement of the CO2 occupancy) rendered a good fit, with an
overall Rwp of 4.244. A heavy restraint on the O-D bond lengths to 1.00 Å was
included here, and the C=O bond length was held fixed at 1.15 Å (attempt to
refine this resulted in an unphysically large separation). Shown in Table 6.4 are
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the Rwp of the competing disordered, semi-ordered, and ordered structures, with
the number of additional degrees of freedom (DoF) that these models use over
the P6122 model. These refinements were performed in an identical manner to
make comparison of them fair, and it is shown in the table that none provide a
significant improvement in quality of fit. On this basis, it is proposed that the
phase is deuterium-disordered.

Refined Structure

Given the determination above that the hydrate structure is disordered, and best
described in the P6122 space group, results of the final Rietveld refinements of
this structural model are now presented.

The final refinements have been made against the; May-12 neutron diffraction pat-
tern of the hydrate (at high-pressure) grown in-situ; May-13 neutron diffraction
pattern of the hydrate (at high pressure) formed from s-I hydrate, and; Dec-13
XRD pattern of the recovered hydrate. These were performed in GSAS, and while
they were largely the same as the refinements performed earlier, some specific
details of importance are as follows; in all refinements, soft restraints of 1.00(2) Å
and 1.15(2) Å were placed on the O-D and C=O bond distances respectively; a
single ADP was used in each phase refined; a twelve term background function
was employed for both neutron diffraction patterns (transverse bank, d-spacing
range 0.64-3.40 Å), but it was necessary to manually fit this due to a poor SNR
at low d-spacing; all parameter damping was removed in the final refinement
cycle, except for that of the RB parameters, and; Marquardt damping [184] was
required for final refinement of the XRD pattern, which exhibited slight instability
in its absence (this is likely because of the precise overlap of atoms O2 and O3,
discussed later). Given in Table 6.5 are details of the refined structural model, and
in Figures 6.31 and 6.32 the observed and calculated patterns of these refinements
are shown.

The model is consistent across the different refinements, as is the quality of fit
with an Rwp of ∼3.6 in all three cases. The only notable misfit is of the May-12
neutron pattern, where the difference plot indicates some under/over fitting of
reflections. While this is mostly attributed to the CO2 content of the pattern
(which is not of concern), there is a small misfit of the hydrate as well. As the
other refinements do not exhibit this problem, it is proposed that this is a data
issue, and not a flaw in the model. Given that this sample was held at 280 K (in
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Atom Site x y z F Uiso

(10−2Å2)

ID15 Dec-13 (118 K, Pambient); a= 6.31494(15) Å, c= 6.26285(26) Å
O1 6b 0.76266(15) 0.52532(15) 0.25 1.0 4.77(6)
C1 6b 0.07257 0.14514 0.25 0.1808(4) 4.77(6)
O2 12c 0.202(4) 0.0565(31) 0.0462(16) 0.0904(4) 4.77(6)
O3 12c 0.202(4) 0.0565(31) 0.0462(16) 0.0904(4) 4.77(6)

Pearl May-12 (280 K, Punmeasured); a= 6.2753(5) Å, c= 6.2988(6) Å
O1 6b 0.7623(5) 0.5246(5) 0.25 1.0 2.63(9)
D1 12c 0.3741(10) 0.0726(9) 0.5208(13) 0.5 2.63(9)
D2 12c 0.5782(8) 0.3309(15) 0.4605(14) 0.5 2.63(9)
C1 6b 0.08618 0.17236 0.25 0.2820(19) 2.63(9)
O2 12c 0.1891(26) 0.061(4) 0.0441(26) 0.1410(19) 2.63(9)
O3 12c 0.2335(31) 0.0167(28) 0.0441(26) 0.1410(19) 2.63(9)

Pearl May-13 (250 K, Punmeasured); a= 6.2506(8) Å, c= 6.2787(9) Å
O1 6b 0.7650(7) 0.5300(7) 0.25 1.0 3.85(17)
D1 12c 0.3715(14) 0.0658(14) 0.5220(21) 0.5 3.85(17)
D2 12c 0.5869(12) 0.3504(17) 0.4747(18) 0.5 3.85(17)
C1 6b 0.08032 0.16064 0.25 0.276(7) 3.85(17)
O2 12c 0.238(5) 0.043(5) 0.031(4) 0.138(7) 3.85(17)
O3 12c 0.203(5) 0.077(5) 0.031(4) 0.138(7) 3.85(17)

Table 6.5 Structure parameters of HP hydrate phase (in P6122) from final
refinements performed against x-ray (of recovered sample) and neutron
diffraction patterns (of sample grown in-situ and from compression of s-I
phase respectively).
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Figure 6.31 Rietveld refinement of full-model against neutron diffraction pattern
of HP sample grown in-situ with low angle bank inset (top, overall
Rwp= 3.63) and formed from s-I phase (bottom, Rwp = 3.52)

.
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liquid water) the sample may have partially annealed during neutron collection,
leading to a poorer powder quality than in the other cases, and hence a poor fit
upon refinement.

Figure 6.32 Rietveld refinement of partial-model against XRD pattern of recovered
sample at 118 K. Rwp= 3.59

It is also noteworthy that there is a small unfitted ‘shoulder’ to the right of the
3.1 Å hydrate reflection in the May-13 neutron pattern (Figure 6.31, bottom).
This is not present in the other diffraction patterns, and is not attributable
to CO2 (the d-spacing is too short given the pressure). The cause of this is
not immediately clear, but it could indicate the onset of the low temperature
transition observed in XRD data, albeit at far higher temperature. Considering
this possibility and inspecting the pattern collected by Hirai et al. [45] at 9 kbar
and 230 K (shown top in Figure 6.6), it is seen that there is a reflection in
the pattern at 2θ of ∼7.5° which is also not accounted for by the HP hydrate
phase, but is in a similar position to a reflection observed to originate from the
low temperature phase (from Figure 6.13). As such, this suggestion that the
small ‘shoulder’ observed in the pattern could arise from the presence of the
low temperature phase has some support, with the evidence indicating that the
transition initially thought to occur at ∼118 K (from the ambient pressure XRD
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data) may occur at an elevated temperature when at high-pressure.

6.4 Observations & Properties

Following the structural determination of the high-pressure CO2 hydrate above,
a structural analysis of the phase is now presented, together with the measured
compressibility of the phase and a number of other observations and properties.

6.4.1 Structural Analysis

The refined structure of CO2 hydrate is shown in Figure 6.33, where it is seen to
differ little from the initial refinements of the preliminary structural model found
from CF earlier. Given in Table 6.6 are details of the bond lengths and angles of
the structural model refined against the respective diffraction patterns.

The refined water network varies little across the different diffraction conditions,
constructed of distorted pentagonal faces with sides of length 2.75-2.80 Å (O· · ·O
separation) with O· · ·O· · ·O angles consistently ranging from 104° to 125°, which
assemble to form the large (helical) open guest cavity. As a disordered structure,
there are two D-O-D bond angles determined from each of the two neutron
patterns. In the case of the May-12 data the bond angles differ significantly and
are both far from ideal tetrahedral geometry (109.5°), although they do average
to 108.5°. In the May-13 data though the D-O-D bond angles are consistent
(within σ of each other), and are within error of ideal tetrahedral geometry.
The refined O-D bond lengths are given, but these were subject to restraint in
the refinements; typically when the restraint was removed the O-D bond length
shortened on refinement to ∼0.95 Å.

The position/orientation of the guest CO2 molecule is apparently more sensitive
to the P-T conditions than the host-network. Across the three refinements
performed the C· · ·C distance of neighbouring sites is seen to reduce by 0.1 Å,
alongside an increased localisation of the molecule’s oxygen atoms, and an
associated increase in host-guest separation (C· · ·O distance). The limited data
suggest a correlation of this behaviour with temperature, which is illustrated
more clearly in Figure 6.34, where on cooling the hydrate the CO2 molecules
shift towards a single orientation, allowing them to drawer closer together, and
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Figure 6.33 Structure of HP CO2 hydrate from Rietveld refinement.
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Bond Pearl May-12 Pearl May-13 ID15 Dec-13

D2O and Host Framework
Length (Å)
O1-D1

∗ 0.9873(30) 0.9973(19) -
O1-D2

∗ 0.9895(31) 0.9964(19) -
O1 · · ·O1 2.77-2.79 2.75-2.79 2.77-2.80
Angle (degrees)
D1-O1-D2 101.3(8) 110.1(12) -
D1-O1-D2 115.7(5) 109.6(9) -
O1 · · ·O1 · · ·O1 104-125 104-125 104-125
CO2 and Host-Guest
Length (Å)
C1=O2/O3

∗ 1.1485(32) 1.1501(19) 1.1500(5)
C1 · · ·C1 1.40695(9) 1.36060(13) 1.31132(4)
O1 · · ·C1 3.05 3.07 3.11
O1 · · ·O2/O2 2.85-3.09 2.75-2.79 3.05
Angle (degrees)
O2 · · ·C1 · · ·O3 24.2(22) 19(4) 0.00000(10)

Table 6.6 Bond lengths and angles from refinement of the HP hydrate phase.
∗Indicates bonds subject to restraint during Rietveld refinement, see text
for details.

increasing their separation from the water network. Given that the refinement at
118 K (under ambient pressure) indicates this transition to have reached its limit
(the CO2 have a single orientation), the phase change observed at temperature
below this (associated with the appearance of new reflections, Figure 6.14) may
be driven by a second thermal contraction mechanism of the guest, which breaks
the hexagonal symmetry.

The C-O bond distances are also shown in Table 6.6 but, as earlier for the O-
D bond lengths, this was subject to a restraint in the refinement to 1.15 Å.
Removing this restraint generally resulted in a change of bond length to 1.13-
1.17 Å. As the CO2 was defined as a rigid body the O-C-O bond angle was fixed
at 180°.
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Figure 6.34 Illustration of the refined CO2 molecule position/orientation in HP
hydrate at different temperatures, showing an apparent decrease in
CO2 separation and a simultaneous freezing of its orientation on
cooling.

6.4.2 A Zintl Phase

While this structure is new to the field of gas hydrate research, it is in fact not a
new structure to chemistry, and by searching the Inorganic Chemical Structure
Database [185] it was found to be a known Zintl phase. This was discovered
by performing a lattice parameter search of the database, where a small number
of structures with parameters within 2% were identified, one of which possessed
a SG compatible with the hydrate structure. This was the crystal structure of
NaGaSn5 [186], described in the P3112 SG, which on inspection clearly possesses
an equivalent structural arrangement. This is shown in Figure 6.35 (top) where
it can be seen that the gallium/tin atoms form the host network, equivalent to
the water molecules in the hydrate phase, and the sodium atoms occupy the open
cavity.

Zintl phases are a class of intermetallic compound, some of which form clathrate
structures, including the s-I and s-II phases formed by gas hydrate systems [187].
That the new hydrate has this in common with the oldest clathrate structures
somewhat distinguishes it from the other gas hydrates, such as the FIS and those
specific the H2-H2O system (among others). Given this, and in keeping with the
current nomenclature of this related family of structures, a suggested label for the
new hydrate phase is s-Sp (structure-Spiral) given its characteristic helix/spiral
of guest species, and it is referred to as such henceforth in this thesis.

Following this initial discovery, a (non-exhaustive) search was made for literature
containing the keywords ‘Zintl’ and ‘helix’ (and variants of), from which two
further relevant publications were found. The first of these [188] is a recent piece
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Figure 6.35 Structures of the three Zintl phases found to possess an atomic
arrangement similar to the HP hydrate phase. From top to bottom
are the structures of NaGaSn5 (in P3112), Na2ZnSn5 (in P6122), and
NaGaSn2 (in C2221). Tin, zinc, gallium, and sodium atoms are shown
in purple, grey, green, and yellow respectively. Partially occupied and
shared atomic sites are indicated by their shading.
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which describes a similar compound (Na2ZnSn5) with the same structure, but this
time in the same SG as the hydrate (P6122), as shown in Figure 6.35 (middle).
The second [189] reports the structure of a related compound (NaGaSn2), which
exhibits essentially the same water-network as s-Sp hydrate, but is described in
an orthorhombic unit cell with the C2221 space group, shown in Figure 6.35
(bottom). That the water-network may be constructed in this way is useful, and
later serves as the basis for a preliminary solution to the low temperature variant
of the hydrate.

Out of diligence this orthorhombic description of the s-Sp hydrate was investi-
gated as a structural candidate16, but after some effort this was found to give an
inferior fit to the XRD pattern, and where a minor improvement was observed
against the neutron diffraction data it was determined to be insignificant due to
the large number of additional structure parameters.

6.4.3 Compressibility

Using a second sample from the stock of CO2 clathrate provided by Kuhs &
Falenty, a second neutron diffraction experiment was performed in the P-E press
to measure the compressibility of equilibrated CO2 clathrate and of the new
hydrate phase. To do this, powdered bismuth (pre-cooled under LN2) was
mixed into the cryo-ground clathrate sample when loading the anvil assembly, in
order to provide a pressure calibrant for the experiment. A reference diffraction
pattern of bismuth at ambient pressure was collected on the instrument prior, in
order to eliminate inaccuracy in pressure determination arising from any minor
inaccuracies in instrument calibration. The EoS of bismuth used here is that
determined empirically from XRD data collected up 26 kbar by Degtyareva et al.
[107].

The mixed bismuth/clathrate sample was compressed in steps at 250 K in order
to measure its isothermal compressibility, and to observe the transition pressure
of the new hydrate phase. After this initial compression (first up-stroke) up
to 11 kbar the sample was slowly decompressed (down-stroke) at 225 K to
observe reversal of the transition, allowing collection of further compressibility
data for both phases. A final stepped compression (second up-stroke) was then
made at the same temperature, where good data on the new hydrate phase

16Constructed by guidance from a Fourier difference map generated from the XRD pattern,
starting from an empty host lattice.
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Figure 6.36 Compressibility of s-I hydrate (circles) and s-Sp hydrate (diamonds)
from neutron diffraction up to 30 kbar, shown fitted to a second-order
B-M EoS. Open symbols indicate points not included in calculation of
the fitted EoS, and the black dashed line illustrates the approximate
s-I/s-Sp transition.

was collected up to 21 kbar (well beyond the dissociation pressure of the phase
reported elsewhere). Given the superior pressure range of this P-V series over
the previous compression/decompression, this data was used for calculation of
the EoS of the s-Sp phase. All P-V data (shown in Figure 6.36) were extracted
by multiphase Rietveld refinements, employing the hydrate structure determined
in this work and models of s-I hydrate, CO2 I, bismuth, and relevant ice phases
[107, 164, 190, 191].

The calculated EoS of each phase is shown in Figure 6.36, details of which are
given in Table 6.7. Presented are the parameters of fits to both second- and third-
order Birch-Murnaghan [192] (B-M) EoS, which were calculated in a weighted
least-squares fit using the EosFit [193] program. In both cases the data are found
to be well modelled by a second-order B-M (plotted in Figure 6.36).

Under isothermal compression the unit cell of the new hydrate phase is found to
be slightly less compressible along the c-axis, as shown in Figure 6.37. This shows
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B-M EoS V0 (Å3) K0 (GPa) K’ (Å3 GPa−1) χ2

s-I Hydrate
2nd-order 1720.6(8) 9.6(2) 4.0 0.7421
3rd-order 1719.4(9) 10.7(6) 1.2(15) 0.5085
s-Sp Hydrate
2nd-order 223.0(3) 15.2(4) 4.0 0.9823
3rd-order 223.6(15) 13.8(32) 5.3(32) 1.0230

Table 6.7 Calculated isothermal equation of state parameters for s-I and s-Sp
hydrate.

that the water network is more easily compressed radially around the helix of the
CO2 than the water network and CO2 helix is compressed along its axis. At low
pressure there is considerable fluctuation in the c/a ratio. Whether this is a real
effect, possibly related to varying CO2 occupancy, or due to inaccuracy in the
refinements resulting from significant reflection overlap in some patterns with ice
is unclear. At higher pressure the cell becomes increasingly elongated, and from
15-20 kbar the c/a ratio briefly becomes constant as dissociation of the hydrate
starts to occur (after this point the phase dissociates more rapidly, as indicated
by the hydrate phase fraction, also shown in Figure 6.37). This may indicate that
the water network is at a proximity limit to the guest CO2 molecules at the point
where it dissociates, which may constitute the driving force of the high pressure
dissociation.

6.4.4 Field of Stability

Shown in Figure 6.38 is the P-T phase diagram of the CO2 hydrate system
including data points from this work (the sample discussed above). The phase
boundary of the s-I hydrate with the new hydrate phase established in this work
is in agreement with that observed elsewhere, but it appears there is less clarity
on the high pressure boundary of the phase. While Bollengier et al. [47] propose
a phase boundary at ∼10 kbar (in agreement with Hirai et al. [45]), we observe
the phase to exist beyond this pressure at 250 K, and at 225 K clear dissociation
of the phase only began at pressure above 15 kbar (indicated on the diagram).
Our own attempt to investigate this by neutron diffraction with compression of
a pure clathrate sample at 250 K observed a clean and rapid dissociation of the
new phase at ∼10 kbar (derived from the EoS determined above), contrary to the
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Figure 6.37 Left axis: Showing the c/a ratio of s-Sp hydrate up to 30 kbar. Black
curve is a guide the eye, open symbols indicate significant dissociation
of the hydrate phase (and correspond to those points omitted from the
EoS fit shown in Figure 6.36). Right axis (blue line): Phase fraction
of s-Sp hydrate in the sample, showing its stability over the pressure
range 9-14 kbar.

observation presented here. This discrepancy could be a temperature effect, and
may relate to the phase change of the hydrate on cooling, but this seems unlikely
given the relatively small temperature difference in question. That this stability
to higher pressure is not observed by Hirai et al. either, who accessed similar
temperatures, also suggests that this is not a temperature effect. A remaining
possibility is that this observed increase in pressure stability is related to the
powdered bismuth mixed with the sample. In absence of data demonstrating
that this observation is repeatable though I do not venture a basis for such an
effect here.

6.4.5 Low Temperature Behaviour

It was shown earlier that at low temperature there is a transition in the hydrate
phase (see Figure 6.14), which likely involves some form of structural ordering
given the significant number of additional reflections that are observed (indicating
a shift to lower symmetry/higher order). Given that the unit cell of this low
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Figure 6.38 An updated P-T phase diagram of CO2 hydrate system. Data points
from previous studies shown as open-squares [45] and open-diamonds
[47]. Filled-symbols show new data points from this study (see text).
Thick-black lines are a guide to the eye showing the melt curves of
the s-I phase and ice VI in the CO2 saturated system [47]. Thick-
red long-dashed lines show the upper and lower pressure boundaries
of the s-Sp phase proposed by a previous study [47], and thick-
red short-dashed lines show the pressures at which the sample was
observed to form and dissociate in this study. Black arrows indicate
the P-T path taken and the association of adjacent points to an
up/down-stroke of the P-E press, and grey arrows indicate where
phase boundaries were established/traversed during other experiments
in this work (not detailed). Thick- purple and grey dashed lines show
the established melt curves of ice and CO2 respectively [48, 49] (solid
phase boundaries of ice not shown).

temperature structure is expected to be quite large (indicated earlier by attempts
to index the phase), it is not attempted here to definitively solve the phase as the
powder diffraction data available is likely to be insufficient. Some preliminary
effort towards the structural solution of this phase is presented though.

It was discussed earlier that while the majority of reflections are encouragingly
well indexed by a fivefold c-axis extension of the s-Sp unit cell, there are a number
of minor reflections which do not index to this. More critically though, the
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extinctions generated by the 61 screw axis required to describe the water-network
also leave a number of major reflections unaccounted for with this unit cell. As
such, the hexagonal description of the structure is apparently inadequate for this
low temperature phase. It is here that the orthorhombic description of the water-
network introduced earlier, exhibited by a known Zintl phase [189], becomes
useful. While the published orthorhombic unit cell is unable to index the low
temperature pattern, a fivefold c-axis extension of the cell (analogous to the
extension of the hexagonal cell considered) does index the pattern and, crucially,
does so in the C2221 SG required for description of the water-network (it may
also be described in P2221). Performing a Le Bail refinement with this unit cell in
C2221 achieves an Rwp of 3.12, with all significant reflections accounted for. It is
noted though that while the quality of fit is encouraging, some weak observations
remain unindexed (also true in P2221). On the basis that these observations are
very low intensity, and an alternative unit cell that is able to account for them
could not be found here, this shortcoming of the orthorhombic cell is presently
overlooked.

Figure 6.39 Left: Fourier difference-map resulting from refinement of an oxygen-
network based on the Zintl phase (see text) against the XRD
pattern collected at 97 K. Right: Partial-structural model of low
temperature CO2 hydrate phase based on Fourier map and refined
(with constraints) against the XRD pattern.
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Given this progress, a trial structure for the low temperature phase was
constructed in the extended orthorhombic unit cell (in the C2221 SG). This
consisted of the water-network, with no guest molecules included, and by using
this a basic refinement was performed (allowing only refinement of the scale factor,
having refined the unit cell and profile parameters in the Le Bail refinement
earlier) and a Fourier difference-map generated. This map is shown against the
partial structure in Figure 6.39 (left), and shows a number of well defined regions
in the cavity where there is missing scattering density. Notably, a number of these
features are the approximate shape and size of a CO2 molecule and so, guided by
this, CO2 molecules were added to the structure at these positions.

Figure 6.40 Constrained Rietveld refinement of partial-model against the XRD
pattern collected at 97 K.

Upon refinement of this full structural model against the XRD pattern (modelling
the CO2 molecules with an RB, employing a global ADP, and refining the CO2

occupancy) an excellent fit to the data is achieved. However, on inspection of
the refined model the CO2 molecules were found to have drifted into an uneven
distribution along c, which is unphysical. Given the size of this structure (over
2000 Å3) and the associated large number of parameters (thirty-five position
parameters, describing sixty water molecules (excluding deuterium) and twenty
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CO2 molecules), it is possible that this failure of the refinement arises only from
data limitation. In order to alleviate this problem a partial structural refinement
was performed where the CO2 molecule positions were held fixed at the positions
obtained from the Fourier difference-map (although still allowed to rotate). The
result of this partial refinement is shown in Figure 6.40, where the majority
of the intensity is well accounted for (Rwp of 7.23), and the refined structure
(shown in Figure 6.39, right) is reasonable. The ability of this structural model
to achieve such a reasonable fit upon only a partial refinement is an indication
that, at minimum, it is a close approximation to the true solution. To reflect
the connection between this structure and that of s-Sp hydrate, the phase is
tentatively labelled as s-Sp’.

Atom Site x y z F Uiso

(10−2Å2)

ID15 Dec-13 (97 K, ambient);
a= 6.31070(33) Å, b= 10.9429(7) Å, c= 31.4199(17) Å

O1 8c 0.1663(31) 0.3909(17) 0.0101(8) 1.0 3.32(6)
O2 8c 0.364(4) 0.1244(21) 0.1091(8) 1.0 3.32(6)
O3 8c 0.1247(32) 0.3773(19) 0.4216(8) 1.0 3.32(6)
O4 8c 0.3622(33) 0.1340(19) 0.3162(8) 1.0 3.32(6)
O5 8c 0.503(6) 0.2781(15) 0.0520(8) 1.0 3.32(6)
O6 8c 0.017(4) 0.2386(17) 0.1579(5) 1.0 3.32(6)
O7 8c 0.1092(30) 0.3709(18) 0.2179(9) 1.0 3.32(6)
O8 4b 0.0 0.7727(28) 0.0 1.0 3.32(6)
C1 4a 0.1526(34) 0.0 0.0 0.694(3) 3.32(6)
O11 8c 0.16(6) 0.0829(20) 0.0226(8) 0.347(3) 3.32(6)
O12 8c 0.15(6) 0.0829(20) 0.0226(8) 0.347(3) 3.32(6)
C2 8c 0.3547(25) 0.4881(17) 0.1 0.694(3) 3.32(6)
O21 8c 0.199(4) 0.0612(23) 0.4241(5) 0.694(3) 3.32(6)
O22 8c 0.408(4) 0.4150(23) 0.1241(5) 0.694(3) 3.32(6)
C3 8c 0.1553(20) 0.0108(21) 0.2 0.694(3) 3.32(6)
O31 8c 0.309(4) 0.4440(24) 0.3274(4) 0.694(3) 3.32(6)
O32 8c 0.119(4) 0.0776(24) 0.2274(4) 0.694(3) 3.32(6)

Table 6.8 Partial-model structure parameters (in C2221) of low temperature CO2
hydrate phase from constrained refinement performed against the XRD
pattern of recovered sample at 97 K.

Given the small number of weak peaks (previously mentioned) that are unfitted
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by the structure it is likely that there is either a weak distortion in the structure
which is unaccounted for by an orthorhombic cell, or that there is (perhaps) a
supercell arising from long range interactions of the CO2 (for instance differing
orientations across a series of parallel cavities). To investigate this possibility
it would be necessary to collect powder diffraction data at lower temperature,
where long range interactions (if present) would become more prominent, and
definitively solving the structure will also demand the collection of diffraction
data to higher Q. In light of the progress made here though it is hopeful that a
definite structural solution could be found with reasonably little further work.

In light of the above a structural analysis of the low temperature phase can only be
limited, but a small number of key characteristics are commented upon here. The
most obvious change in the structure from the s-Sp phase is the loss of a helical
arrangement of CO2 in the open cavity, and the transition from a disordered
guest system to an ordered array. This ‘freezing’ of the CO2 molecules into fixed
positions is consistent with the trend at higher temperature observed in the s-Sp
phase (presented earlier, Figure 6.34), and is likely the driving force of the phase
transition. It is noteworthy that the CO2:D2O ratio of this structure (for fully
occupied CO2 positions) is 1:3 (25% CO2), which is equal to the composition
indicated earlier by the synthesis data (Figure 6.27). The C-C separation of
neighbouring CO2 (with full cavity filling) is found to be ∼3.65 Å from this
refinement, which is approximately 7% shorter than in pure CO2 at the synthesis
conditions. This is given with caution though as this distance was essentially
measured directly from the Fourier difference-map, as the CO2 positions were
not refined. While it seems likely from the structure that the CO2 positions may
be fully occupied, refinement of the occupancy here gave a reduced value of 0.69
(CO2 content of 17%). It is suggested though that this may be due to some
CO2 loss caused by recovery of the sample to ambient pressure, as a significantly
reduced CO2 content was also observed in refinement of the XRD pattern of the
recovered s-Sp hydrate phase (where the CO2 content was determined to be 18%,
which is consistent with that here).

6.5 Summary

A full solution to the crystal structure of the HP CO2 hydrate phase has been
determined in the work of this chapter. The phase, first observed by Hirai et al.
[45], has been found to possess a hexagonal structure with a disordered water
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network that forms a large open cavity which is occupied by a characteristic helix
(or spiral) of disordered CO2 sites. As such, the label s-Sp (structure-Spiral)
has been suggested. The structure represents a new gas hydrate phase, but is a
previously known Zintl structure that forms in a limited number of compounds
[186, 188, 189]. Its composition from Rietveld refinement is 21.8(6)% CO2, but
this is determined alongside only a global ADP for the phase and so is likely an
underestimate. Synthesis data of the phase indicates it to be a tri-hydrate (a
CO2 content of 25(4)%), rendering a density for (H2O) s-Sp hydrate at 250 K
and 8 kbar of 1.6 g cm−3. This is significantly denser (by ∼25%) than (H2O) s-I
CO2 hydrate at the same conditions, even with full cage occupancy.

Through the range of data collected during this work a number of additional ob-
servations were also made, including measurement of the phase’s compressibility
and the observation of a low-temperature transition, which are discussed later
in the thesis conclusions. One observation that is noted here though, due to its
relevance to the remaining experimental chapter of this thesis, is the similarity
of this structure to that suggested by Efimchenko et al. [41] as a preliminary
model for the new H2 hydrate phase (referred to as C0). The specific details of
this similarity are discussed later, but it is mentioned in brief here as, under the
assumption that the H2-H2O system does form the s-Sp phase, it is quite likely
a binary H2-CO2 s-Sp hydrate phase could be formed. If this were the case, it
is reasonable to surmise that the H2:CO2 ratio of such a phase might be freely
tunable, which would be an interesting material property.

6.5.1 ‘Spiral-Structure’ vs FIS Hydrate

The structure of the HP hydrate phase determined in this chapter is in
disagreement with the work of Tulk et al. [63] (published while writing), who
report it to be the FIS by analysis of neutron diffraction data collected from a
sample formed by compression of the s-I phase. The lack of detail provided by the
authors makes replication of their structure difficult (only the SG and carbon-
atom position are explicitly given), and so comparison of this model against
the fit provided by s-Sp to our own data is difficult. The work cites that their
model is based on the FIS of argon hydrate [194] and so, following the narrative
provided, an attempt was made to solve the structure ourselves from this start
point. Taking the lattice parameters and water oxygen-atom positions provided
in [194], the CO2 molecules were then added to the structure and orientated
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parallel to the b-axis, as described. The initial fit of this structure to our XRD
data was extremely poor, with very little of the intensity fitted and a number of
strong hydrate reflections unindexed. Attempting to improve this by refinement
of the unit cell (in both Rietveld and Le Bail refinements) failed to significantly
improve the fit, and the best Rwp obtained from a Le Bail refinement was 15.13
(following a large expansion of all lattice parameters from their initial values).
This is shown in Figure 6.41.

Figure 6.41 Refinements (Rietveld and Le Bail) of the FIS CO2 hydrate structure
proposed by Tulk et al. [63] against the XRD pattern collected at
118 K.

It is apparent that the structure proposed by Tulk et al. is greatly inconsistent
with the data of this work. Careful inspection of their published diffraction
patterns indicate that they have indeed synthesised the s-Sp hydrate phase, and
so it is concerning that their structural refinement cannot be replicated here.
While the authors claim the phase to be the FIS, it is quite apparent that the
lattice parameters (and SG) of this structure are in fact unable to index the phase.
In light of this and given that the structure of CO2 s-Sp hydrate was determined
in this thesis by ab-initio methods, and has been vindicated against both x-ray
and neutron diffraction patterns (which are of arguably superior quality to those
of [63]), it is doubtful that the structural solution is instead the FIS.
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Chapter 7

Exploration of the H2-CO2 Hydrate
System

In this chapter a pilot study of the H2-CO2 hydrate system at high-pressure
is presented, where evidence of the formation of a mixed hydrate phase was
primarily sought using spectroscopic methods. Given the work presented in the
previous two chapters the foundations for the study of this potentially rich hydrate
system are complete, as a good understanding of both the unary hydrate systems
at high-pressure now exists. The method of loading this system into a DAC
is presented first which, given the apparent absence of previous studies on this
system in a DAC, may be a technical first. The results of experiments on the
system are then presented, including the observation of a RT chemical reaction
between H2 and CO2 in a rhenium gasket under moderate pressures.

7.1 Search for a Mixed H2-CO2 Hydrate at
High-Pressure

7.1.1 Approach

In light of the apparent similarity of s-Sp CO2 hydrate to the C0 H2 hydrate
phase discovered by Efimchenko et al. [41], mentioned briefly in the previous
chapter (Section 6.5), it is possible that a mixed s-Sp hydrate phase exists in
this system. In search of this, the work here primarily focuses on the pressure
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range of 5-10 kbar at temperatures of 270-290 K, where synthesis of the s-Sp
CO2 hydrate phase from a mixture was previously observed. As this preliminary
study was performed in-house, the primary method of investigation was by visual
observation and Raman spectroscopy.

The Raman spectra of H2 [195], CO2 [150], and H2O [196] are individually well
characterised across the P-T conditions of interest here, as are those of the unary
hydrate systems H2-H2O [40] and CO2-H2O [58]. This enables the Raman spectra
of binary hydrate samples here to be reliably interpreted and, as in the search for
high-pressure CO2 hydrates earlier (Section 5.1), allows the recognition of novel
phases by identifying new features in the spectra.

While the Raman spectra collected in this work are generally of good quality, the
spectrometer used (Section 4.2.3) unfortunately suffered an unreliable calibration
due to a fault. As such, while the spectra are functional for the purpose set out
above, the precise position of observed bands are not considered to be reliable,
and so measured positions are not given. Additionally, in some figures there are
minor shifts in the band positions between different spectra, but in most cases
this is an artefact of the calibration fault, and not a real effect. However, where
attention is drawn in the text to a band shift it is known to be real. All spectra
shown in this chapter have been smoothed by an adjacent-averaging function,
and baseline subtracted for presentation purposes. A number of the spectra have
been normalised to allow easier comparison, and in some cases have also been
background subtracted with a simple polynomial function, indicated in the figure
captions where relevant.

7.1.2 Loading the Binary Hydrate System

The first challenge in investigating this system was making a successful sample
loading in a DAC, for which there are no reported methods. While initially
this appeared to be potentially difficult, principally due to the assumption that
gaseous (supercritical) H2 and liquid CO2 are immiscible and cannot simply be
gas loaded, it transpired that this is not the case. In order to first overcome the
concern that a pressurised cylinder of H2 and CO2 (to supply the gas loader)
would be unmixed, with separated gas and liquid components respectively, a
low-pressure cylinder (40 bar) of the mixture was ordered. In this way it could
be ensured that both components would be in their gas states and therefore
homogeneously mixed, before compression in the gas loader. Having established
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a reliably mixed feedstock of H2 and CO2 it was surmised that, under rapid
compression, this gas mixture was not likely to separate on the time scale required
to perform a gas loading (∼ minutes). As such, a pressurised mixture would be
loadable into a DAC, albeit of an uncertain stoichiometry. This method was
found to be very successful, and observations made across a number of samples
indicated that H2 and CO2 are in fact miscible up to ∼7 kbar at RT (at which
point the CO2 slowly crystallises out of the mixed fluid).

The full binary hydrate samples were loaded using the same procedure as for the
CO2-H2O samples studied earlier (Section 5.2.2), where water was loaded into
the DAC and a bubble then grown to the required size to provide space for the
gas mixture. The H2-CO2 gas mixture used was of a 1:1 molar ratio (certified to
±5% accuracy), and samples were loaded to target a ∼25% (molar) gas-to-water
content. Samples were studied in one of two DACs (a B-A style cell with 600 µm
culet anvils and a standard style cell with 800 µm culet anvils), and were prepared
in the same way as described earlier (Section 5.1.2). Initially samples were loaded
into rhenium gaskets, but steel gaskets were used for a number of later samples
after identifying a significant effect of the gasket material on sample behaviour,
which is discussed next.

7.1.3 Reaction in a Rhenium Gasket

First Sample

The first successful loading of the binary hydrate system (rhenium gasket) was
performed at 2 kbar and confirmed by Raman spectroscopy, shown in Figure 7.1.
The sample was slowly compressed at RT towards 10 kbar while making careful
visual observations for evidence of hydrate formation in this pre- ice VI pressure
regime. No significant change was noted until a pressure of 9 kbar was reached,
and a minor change in the appearance of the gas-rich bubble was observed,
describable only as a small distortion in its shape. Raman spectroscopy performed
on the different regions of the sample at this stage revealed no obvious change
in the sample, and so it was given time to re-equilibrate (on the assumption
that a crystallite may be forming). After 72 hours the sample had significantly
changed in appearance, with the previous gas-rich bubble now absent, leaving it
homogeneous in appearance. Raman performed on the sample revealed a large
reduction in its H2 content and an absence of CO2, alongside the appearance
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Figure 7.1 Raman spectra of the sample at 5 kbar, and after 72 hours at
9 kbar (after reaction). Showing the spectral range for CO2 vibrons
(left) and H2 vibrons (right). Inset: Associated visual change in the
sample. Diamonds indicate the regions of the sample probed by Raman
spectroscopy, and correspond (by colour/style) to the spectra shown.

of several new (although weak) spectral lines. This is strongly indicative of a
chemical reaction in the sample.

In order to determine the state of the sample an XRD pattern of it was collected on
the I15 beamline at DLS by Husband1 [197], which found that it remained entirely
liquid (at a pressure of 12 kbar). The sample was therefore compressed further,
again under careful visual observation, where a sudden crystallisation event was
observed at between 18 and 19 kbar. On close inspection of the sample a small
region which appeared to remain liquid was identified (clear with no crystalline
boundaries), and when Raman spectroscopy was performed on the two apparent
regions of the sample a distinct difference in spectrum was observed, shown in
Figure 7.2. The crystalline region is identified as H2 hydrate (C1 phase) from
the position and peak shape of the O-H stretch band, although very little H2

was observed. The second region (presumed to be fluid) appears to be a new
chemical substance with clear spectral lines in the C-H band region, mixed with

1School of Physics & Astronomy, The University of Edinburgh, UK.
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Figure 7.2 Broad band Raman spectra of different regions of the reacted sample
after compression to 19 kbar. Inset: Appearance of the (suspected)
semi-crystallised sample. Diamonds indicate the regions of the sample
probed by Raman spectroscopy, and correspond to the spectra shown.
Spectra have been normalised relative to the diamond band.

what appears to be high-pressure aqueous water [196].

Reaction of Gas Mixture

In order to confirm the behaviour described above an experiment aiming to
reproduce the chemical reaction was performed. A pure loading of the gas mixture
was made for this (no water), with a rhenium gasket, and in the same DAC
as earlier. The sample was loaded and sealed at 2 kbar, confirmed by Raman
spectroscopy, and left for 24 hours before proceeding. The sample was slowly
compressed and remained homogeneous in appearance up to 8 kbar where, after
a short interval (∼4 hours), a crystallite was observed to form. Raman performed
on the crystallite identified it to be a crystal of CO2, which is expected at this
pressure, while the bulk of the sample remained unchanged2. At this stage the

2An important (although secondary) observation made here is the persistent homogeneous
state of the sample, with separation only at a pressure when crystalline CO2 forms, which
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sample was left for a further 24 hours, after which time the CO2 crystal was
observed to have grown further and a number of bubbles had formed at the edge
of the sample. This sample change appeared to have caused a small pressure
reduction (∼2 kbar) and so the pressure was restored, and the sample left for a
further 24 hours. After this time the the bubbles of fluid had grown further, the
CO2 crystal had increased in size to fill most of the sample volume, and a small
region of gas mixture remained. Raman spectra collected from different regions
of the sample revealed the bubble regions to be of the same unidentified chemical
substance as that observed earlier, while the remaining region of gas mixture was
identified to be almost pure H2 (unsurprising given the large crystal of CO2 that
had formed in the sample).

This confirms that a chemical reaction does indeed occur between CO2 and H2 at
RT and high-pressure, and a further investigation performed into this is presented
later. On the premise that the rhenium gasket may be catalysing this reaction
a switch was made to the use of steel gaskets for further study of the system,
presented next.

Absence in Steel Gasket

In order to first confirm the role of rhenium in the observed reaction, a pure
loading of the gas mixture in a steel gasket was studied before proceeding
with experiments on the binary hydrate system. This loading was performed
and confirmed in the same manner as earlier. After 24 hours at 5 kbar no
obvious change in the sample was observed and so the sample was compressed
to 10 kbar. No immediate change was seen, and after 72 hours there was no
evidence of reaction or separation of the gas mixture. In order to find if the
reaction would occur at higher pressure the sample was compressed to 14 kbar,
where crystallisation of the CO2 was observed, and the sample left for a further
24 hours. After this period no evidence of reaction was present, and so the sample
was further compressed to 30 kbar before being left for 7 days (to allow ample
time for any reaction to occur). No reaction was observed after this time (nor
on subsequently heating the sample to 375 K at 10 kbar) and so, given this
difference in behaviour, it was concluded that the reaction earlier was catalysed
by the rhenium gasket (and is not catalysed by steel).

indicates that gaseous H2 and liquid CO2 are fully miscible.
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7.1.4 Mixed Hydrate in a Steel Gasket

Compression to 30 kbar

Figure 7.3 Broad band Raman spectra of a binary hydrate sample compressed to
30 kbar. Dashed line (black) corresponds to the bubble region of the
sample (at 5 kbar). Spectra have been background subtracted and
normalised relative to the diamond band.

In light of the above the search for a mixed hydrate phase was resumed and a
loading of the full binary hydrate system was made in a steel gasket. The loading
was performed at 2 kbar (as before), was confirmed by Raman spectroscopy,
and left for 24 hours to equilibrate. After observing no change in the sample
(it remained liquid and separated, with a clear bubble of the gas mixture) the
pressure was slowly increased, initially looking for crystallisation in the pre- ice VI
pressure regime (which would indicate hydrate formation). The gas bubble was
observed to reduce in volume under pressure increase, but no crystallisation was
observed up to a pressure of 17 kbar. This is significantly beyond the established
pressure at which ice VI and C1 H2 hydrate forms, suggesting either an inhibitive
effect of the CO2 on freezing, or that the mixture is easily superpressed. On
increasing the pressure further to 22 kbar sudden crystallisation was observed
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Figure 7.4 Broad band Raman spectra of different regions of an equilibrated binary
hydrate sample at 30 kbar. Inset: Appearance of the sample. Diamonds
indicate the regions of the sample probed by Raman spectroscopy, and
correspond to the spectra shown. Spectra have been normalised relative
to the diamond band.

across the entire sample. Raman spectra collected at this stage were difficult
to interpret, principally because of the overlap of the broad O-H stretch band
of competing phases, but appeared to indicate the formation of C1 H2 hydrate
alongside an ice phase and crystalline CO2 (see Figure 7.3). Further compression
of the sample to 30 kbar caused a more subtle change in the sample appearance,
and inspection of the Raman spectrum of the sample suggested formation of the
C2 H2 hydrate phase, alongside a small amount of the C1 H2 hydrate phase. There
was no indication from the Raman spectra collected of an interaction between
the CO2 and H2 at these conditions as no significant change was observed in the
spectrum of crystalline CO2 across the identified phase changes. The sample was
given 24 hours to equilibrate before further investigation was made, after which
further spectra were collected. This showed distinct regions of the C1 and C2

phases in equilibrium, shown in Figure 7.4, and additional features convoluted
with the O-H stretch band of each of these regions which could not be positively
identified [40]. It is most probable that these features arise from ice VII coexisting
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in both regions of the sample, although this only seems likely if the sample is not
in equilibrium (the existence of the H2 dense C2 hydrate phase alongside the
C1 phase indicates there is sufficient H2 for full conversion of the sample to a
hydrate phase), which is a little surprising given the sample was given 24 hours
to equilibrate. Alternatively a third hydrate phase may exist, but XRD would be
necessary to clarify this.

Following the exploration into the higher pressure regime the sample was reduced
in pressure to 20 kbar and, after allowing significant time for the sample to
equilibrate (∼ days), the sample was investigated from this pressure down to
4 kbar at reduced temperature. In order to access the temperature conditions
where the s-Sp hydrate phase had previously been observed a simple cooling
system for the DAC was made. This was constructed from copper and operated by
passing cooled water though a coil of pipe wound around the circumference of the
cell. The water was pumped through the cooler at the desired temperature using
a laboratory recirculation chiller, which allowed effective and stable temperature
control of the DAC down to ∼273 K.

Decompression Under Low-Temperature

Raman spectra were collected of the sample at 20 kbar, before cool down (shown
in Figure 7.5), where the C1 H2 hydrate phase was clearly observed alongside
crystalline CO2 and a second hydrate or ice phase in some regions of the sample
chamber (similar to earlier this could not be positively identified, but was likely
ice VI given the pressure). The sample was then cooled to 279 K and its pressure
carefully reduced in stages, with spectra collected at every pressure point. In the
range from 20-15 kbar very little effect on the sample was observed, however on
reduction of the pressure from this point to 5 kbar a significant phase change
was seen to occur. Inspection of the CO2 vibrons at this pressure revealed the
existence of crystalline CO2 alongside a CO2 hydrate phase, characterised by
shifted and heavily broadened vibrons, and compression of the sample to 8 kbar
resulted in an increase in the intensity of the CO2 vibrons associated with the
new hydrate phase (relative to the pure CO2 content) and a notable shift in
position. The sample was further compressed to 11 kbar, which resulted in a
further increase in the hydrate phase fraction, with no detectable quantity of
pure CO2 remaining (shown in Figure 7.6). At this pressure the sample was
allowed to ambiently warm to RT and given time to equilibrate (∼ hours).
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Figure 7.5 Broad band Raman spectra of different regions of an equilibrated binary
hydrate sample at 20 kbar. Inset: Appearance of the sample. Diamonds
indicate the regions of the sample probed by Raman spectroscopy, and
correspond to the spectra shown. Spectra have been normalised relative
to the diamond band.

Hydrate at 14 kbar and RT

The pressure was checked after warming to RT which showed an increase to
14 kbar and, surprisingly, Raman spectra of the sample revealed that the hydrate
remained at these conditions. Further Raman spectra collected from different
regions of the sample showed it to be almost purely hydrate, apart from a
small region between three large crystallites which was identified as liquid water,
shown in Figure 7.7 (top). Significantly, this small region of water contained no
detectable quantity of CO2 or H2, while a consistent ratio of CO2 to H2 had been
observed everywhere else. This is interpreted as strong evidence that a mixed
hydrate phase was observed.

In light of the above, the sample was heated in an attempt to isolate and grow a
single crystal of the suspected mixed hydrate phase. The DAC heater described
earlier (Section 3.2.4) was employed and the sample slowly heated in 10 K
increments up to 320 K. At this temperature regions of the sample were observed

179



Figure 7.6 Raman spectra collected during synthesis of a mixed H2-CO2 hydrate
over the pressure range 4-11 kbar. Showing the spectral range for CO2
vibrons (left) and H2 vibrons (right). Dashed lines correspond to spectra
collected from a region of the sample where both crystalline CO2 and
hydrate were present.

to begin melting but, from Raman spectra, the hydrate phase was clearly observed
to persist (although a number of small crystals of pure CO2 were also identified).
To control the melting the temperature was reduced slightly and then cycled back
up causing a number of hydrate crystals to grow in size and become distinctly
hexagonal in shape as they did so, shown in Figure 7.7 (bottom) with Raman
spectra. In an attempt to reduce the number of crystallites and synthesise a single
crystal of the hydrate the temperature was increased a further 5 K, however this
resulted in a sudden dissociation of the phase with the release of a notable volume
of gas from the hydrate crystals (large bubbles), which then slowly dissipated into
the surrounding liquid water.

A summary of the full P-T path that the sample was subject to over the course of
the experiment is shown in Figure 7.8. Following this successful study the sample
was downloaded and the DAC used in experiments presented next, which aimed
at identifying the reaction observed earlier.
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Figure 7.7 Raman spectra of different regions of the sample at RT (top, broad
band) and 320 K (bottom, spectral range of CO2 vibrons). Inset (top
and bottom): Appearance of the sample. Diamonds indicate the regions
of the sample probed by Raman spectroscopy, and correspond to the
(respective) spectra shown. Spectra (top) have been normalised relative
to the diamond band.
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Figure 7.8 The P-T path of the sample studied, shown against the melt curve
of H2O (thick-red line) [48] for reference. Filled- and open- star
indicate first and last data points respectively. Red and blue arrows
indicate heating and cooling respectively, and black arrows indicates
isothermal compression/decompression. Raman spectra were collected
where diamonds are shown, and hydrate was observed where red-
diamonds are shown.

7.2 Suspected Methanol Synthesis

7.2.1 Possible Reaction Products

The catalysed reaction of H2 and CO2 identified earlier is likely to have formed
one of the following reaction products [198]:

Formic acid
H2 + CO2 = HCO2H , (7.1)

Formaldehyde
2(H2) + CO2 = H2CO + H2O , (7.2)

Methanol
3(H2) + CO2 = CH3OH + H2O , (7.3)
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Methane
4(H2) + CO2 = CH4 + 2(H2O) . (7.4)

Given the indication from Raman spectra that liquid water is also produced in
the reaction it is unlikely that formic acid is the reaction product. It is also
doubtful that the reaction product is methane which readily forms a hydrate
phase at low-pressure [199], while a liquid mixture was observed here up to
18 kbar. While no work appears to have been done on the Raman spectra of
aqueous formaldehyde at high-pressure there are published spectra of the solution
at ambient conditions available [200], as well as spectra of aqueous methanol up
to 7 kbar [201], allowing some attempt at identification of the chemical substance
here from these remaining candidates using Raman spectroscopy. The C-H/O-H
band region of these spectra are shown in Figure 7.9, where it is seen that the
substances can be readily distinguished. Inspecting the Raman spectra of the
reaction product presented earlier (Figure 7.2) it is clear that, while not precisely
alike, the spectrum is very similar to that of aqueous methanol.

Figure 7.9 Raman spectra of aqueous-formaldehyde (ambient pressure) and
aqueous-methanol (7 kbar) [200, 201].

In order to investigate this suspected methanol reaction a 3:1 (H2:CO2) gas
mixture was used for a number of further experiments. These were aimed at
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establishing the minimum pressure at which the catalysed reaction occurs, and
at crystallising a fully reacted sample at high pressure for the collection of XRD
data to verify the formation of methanol.

7.2.2 Reaction Pressure

Figure 7.10 Photos showing the progression of a chemical reaction occurring in a
H2-CO2 sample (in a rhenium gasket) over 16 days.

A loading of the 3:1 gas mixture (certified to ±5%) was made in a rhenium
gasket in the same manner as earlier and compressed to 13 kbar. Small bubbles
were immediately observed to form on the gasket surface indicating an onset
of the reaction, and the sample was then monitored for 48 hours before being
left for an extended time (∼14 days). After this time the sample had mostly
(but not entirely) reacted and the pressure was found to have reduced to 5 kbar.
This decrease in pressure is explained by the (approximately) constant sample
chamber volume of the DAC while the sample it contains is increasing in density
as a result of the chemical reaction. That the sample pressure was found to be
5 kbar after such a significant amount of time suggests that the propensity of the
chemical reaction reduces substantially at this pressure. On restoring pressure
the sample was observed to become homogeneous within 24 hours, suggesting
completion of the reaction (shown in Figure 7.10). Raman spectra taken of the
sample (shown in Figure 7.11) were, thanks to the increased purity resulting
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from the 3:1 gas mixture, of superior quality to those collected earlier and clearly
showed the sample to be alike to aqueous-methanol. The spectra also showed
some remaining H2 and CO2 content in the fluid, revealing that the sample had
not completed reacting at the time they were collected.

Figure 7.11 Broad Raman spectrum of the fully reacted (3:1 mixture) H2-CO2
sample at 13 kbar.

In order to verify the minimum pressure needed for the reaction a further two
samples were studied. The first of these was compressed to 7 kbar and also
observed to react, again reducing in pressure as far as 5 kbar over the course of
several days. This sample was also moderately heated to investigate the speed of
the reaction at elevated temperature, but heating the sample as high as 375 K
was found to have only a negligible effect. The second sample was loaded at
1 kbar and compressed to 2 kbar where it was held for an extended length of
time (∼ weeks) to determine if the reaction would occur at this lower pressure.
While some (very) minor bubble features were visible in the sample after this
time period, these were too small to collect Raman spectra from, and constituted
an insignificant fraction of the sample. As such there was no confirmed reaction
of the sample at this pressure and the propensity of the reaction (if present) at
these conditions is extremely low. On time-scales accessible in the laboratory
the reaction can be considered as absent at 2 kbar. Given these observations it
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seems that the minimum pressure required for the reaction of H2 and CO2 with
a rhenium catalyst at RT is ∼5 kbar.

During the experiments above it was noted that the reaction appeared to
‘accelerate’ over time, occurring at a greater rate as it neared completion. It was
also observed that the reaction of the first binary hydrate sample (loaded into a
rhenium gasket) seemed to occur rapidly, relative to the pure gas mixture samples
that followed. Although these observations are only anecdotal it is possible that
water in the sample aids the kinetics of the reaction, or possibly acts a promoter
with the rhenium catalyst.

It is noteworthy that a series of other samples in rhenium gaskets (not detailed
here) were studied. These were quickly compressed to higher pressure (20-
30 kbar), where the CO2 content crystallised before any significant quantity of
the sample had reacted. In these cases the sample was only observed to react
when heated sufficiently to melt the sample. This may be useful for any future
high-pressure investigations of the binary hydrate system, where rhenium gaskets
may be preferred to steel.

7.2.3 High-Pressure Behaviour

An attempt was made to crystallise a fully reacted sample by compressing it to
high-pressure, with the aim that XRD data could then be obtained to verify the
synthesis of methanol. On compression to 30 kbar crystallisation across the entire
sample area was observed which, from Raman spectroscopy, was identified to be
water content solidifying out of the mixture as ice. The expected crystallisation
pressure of methanol is ∼35 kbar [202], although the liquid is documented to
to exhibit a sluggish transition (and it is easily superpressed) [203] such that
compression above 50 kbar is typically required, and so the sample was therefore
compressed to 60 kbar and allowed time to solidify. While initially the Raman
spectrum continued to indicate the presence of liquid methanol it was observed
to evolve over the course of several days, with the eventual splitting of the C-H
band of methanol indicating its crystallisation [203], shown in Figure 7.12. It is
noteworthy here that, at all times, the observed pressure response of the Raman
spectrum was in good agreement with that expected for methanol (both as a
superpressed liquid and in the liquid-solid transition) [203].

A diffraction pattern of the solidified sample was collected on the I15 beamline at
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Figure 7.12 Broad band Raman spectra of the fully reacted (3:1 mixture) H2-CO2
sample at 60 kbar after 3 days, and after 11 days where crystallisation
is apparent. Spectra have been normalised relative to the C-H band
peak.

DLS by Wilson3 [204], which is shown in Figure 7.13. While it was presumed that
the pattern would index to a combination of ice VII and high-pressure crystalline
methanol [205], this was not the case. A large number of reflections were observed
and, excluding a small quantity of ice VII that was identified, these could not
be indexed to any phase that may be reasonably expected; those tested (as well
as high-pressure methanol) include methanol mono-hydrate (an ambient pressure
phase) [206], C2 H2 hydrate (it was noted that some H2 content remained after
the reaction), high-pressure methane (phase ‘A’) [207], and methane FIS hydrate.
Given the remaining H2 in the sample it is notable that ice VII formed but not
C2 hydrate, and is suggestive that H2 may have been incorporated into a phase
elsewhere. In light of this, the absence of crystalline methanol in the pattern
(despite indication from spectra of its solidification) could indicate the formation
of a mixed methanol-hydrogen phase. Unfortunately this cannot be expanded
upon as the system does not appear to have been studied, although the hypothesis
is somewhat corroborated by the Raman spectra, which show an unexplained

3Diamond Light Source Ltd., Harwell, UK
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splitting of the H2 vibron at 60 kbar (see Figure 7.14).

Figure 7.13 XRD pattern of the fully reacted (3:1 mixture) H2-CO2 sample at
60 kbar, collected after suspected crystallisation. Observed data
shown in black and partial Rietveld refinement showing ice vii content
in red.

7.2.4 Comparison to a Reference

Given the failed attempt to demonstrate the presence of methanol in the sample
by diffraction (possibly because of the remaining H2 content), a reference sample
of aqueous-methanol was studied for comparison with the reacted sample. A
1:1 molar ratio mixture of methanol and distilled water was made and loaded
into the same DAC, and Raman spectra collected at the same pressure points as
the reacted sample. The sample exhibited almost identical behaviour at lower
pressure, with separation of water from the fluid as ice VII at ∼30 kbar and
compression of the methanol into a superpressed fluid up to 60 kbar. The sample
was left at this pressure for several days to allow crystallisation, but after this
period the Raman spectra indicated the persistence of liquid methanol, and so the
pressure was reduced by 10 kbar in an attempt to induce crystallisation. This was
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Figure 7.14 Broad band Raman spectra of a reference aqueous-methanol sample
up to 60 kbar. Dashed lines show the corresponding spectra collected
from the reacted sample. Arrows indicate features referred to in
the text. Spectra have been background subtracted and normalised
relative to the C-H band peak.

successful and the pressure was increased back to 60 kbar, to allow the collection
of a Raman spectrum for comparison with the reacted sample.

While the Raman spectra collected, shown in Figure 7.14, illustrate good
agreement between the reacted and reference samples while in the liquid state,
there is some divergence in behaviour on crystallisation. Most noticeably there
is a significant sharpening of the ∼1000 cm−1 band of the reference sample in
comparison to the reacted sample, and there is a clear splitting of the band at
∼1500 cm−1 not seen in the reacted sample. Both these features (of the reference
sample) are attributable to the crystallisation of methanol [203] and so, given
their absence in the spectra of the reacted sample, this is consistent with the
absence of crystalline methanol observed in the XRD data. It is also notable that
the split C-H band slightly differs in intensity across the two samples, further
suggesting that on crystallisation the reacted sample behaved differently to the
pure methanol-water system (possibly due to the presence of H2 in the reacted
sample, as mentioned).
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7.3 Summary

In the work of this chapter the existence of a mixed H2-CO2 hydrate has been
found. The phase was synthesised at ∼280 K at a pressure of 5-10 kbar, which is
the pressure regime of the s-Sp CO2 and C0 H2 hydrate phases, and was observed
to remain stable on warming to RT. All CO2 and H2 content loaded into the
DAC appeared to be consumed in its formation. This may suggest that the new
phase has a 1:1 molar ratio of gas components, as a 1:1 composition gas mixture
was loaded. Alternatively, if the mixed hydrate phase observed possesses the s-
Sp structure, which is suspected to be common to both the CO2 and H2 unary
hydrate systems, then this may instead be evidence that the composition of the
phase is simply dependent on the gas mixture available. This is considered further
in the thesis conclusions.

Through the course of experiments on this binary hydrate system an unexpected
chemical reaction was also observed at RT and ∼5 kbar. By use of Raman
spectroscopy it has been identified that this is likely to be the reaction of H2 and
CO2 into methanol and water, which is catalysed by a rhenium gasket. Discussion
of the possible significance of this is left until later, in the thesis conclusions.
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Chapter 8

Conclusions

The work presented in this thesis was performed with the specific, key aims,
of establishing if high-pressure phases of CO2 hydrate are kinetically hindered,
determining the crystal structure of the previously unsolved HP CO2 hydrate
phase, and of determining if mixed hydrate phases of H2 and CO2 form at high-
pressure. These aims have, for the most part, been successfully achieved, and
in performing the necessary work to achieve them a number of other discoveries
have also been made. The most important of these are the demonstration of
a new method for measuring the solubility of CO2 and H2O at high-pressure,
identification that the s-Sp (HP) CO2 hydrate structure is likely shared by
the C0 H2 hydrate phase, observation of CO2 ordering in s-Sp hydrate at low-
temperature, and the discovery that H2 and CO2 react to form methanol at RT
when compressed to 5 kbar in a rhenium gasket. This final chapter concludes
this thesis with some discussion of its most notable results, and throughout also
outlines the key areas in which the results of this thesis could be built upon in
further work.

8.1 Absence of CO2 Hydrates up to 40 kbar

In Chapter 5 the study performed in search for new high-pressure CO2 hydrates
found no firm evidence of hydrate formation from the melt at pressures between
10 and 40 kbar, nor from RT compression up to 35 kbar. Melted samples were
seen to homogenise at elevated temperature and separate on cool down before

191



solidifying into their separate components at different points during cooling. This
indicates that hydrate phases in the system are not simply kinetically hindered in
this pressure regime, but that there is a fundamental incompatibility preventing
these molecular species from mixing in the solid-state above 10 kbar. A suspected
hydrate phase was observed during the study at 16 kbar, but this was found to
be an anomalous observation. It is suspected that this may have been the result
of sample contamination from reaction with the steel gasket. The reaction of
CO2-H2O with steel at the P-T conditions studied is possibly noteworthy, with
relevance to synthesis of minerals such as siderite (iron carbonate), but this is
beyond the scope of this work.

It was noted that a diffraction pattern collected from a sample compressed at RT
to 52 kbar (the highest-pressure reached in the work) featured three unexplained
Bragg spots. The origin of these reflections is unclear. It seems unlikely that a
hydrate phase would have formed at these conditions given the certain absence of
hydrates in the system in the pressure interval 10-40 kbar, as such behaviour has
never been reported. However, as noted in the chapter, the observed reflections
almost certainly originate from the sample and, furthermore, the reflections occur
at a d-spacing which is exhibited by the FIS. The observation of just three Bragg
spots at a single d-spacing is insufficient evidence to claim the existence of the FIS
(or indeed of a new hydrate phase) in the system at this pressure, but, the prospect
that the system may ‘re-form’ into a hydrate state after a pressure interval of
hydrate absence is intriguing. It is suggested that this possibility should be
investigated in the future, and this could be done with relative ease by observing
the behaviour of the Raman spectra of the system under RT compression up
to pressures over 50 kbar (using a DAC). Any unexpected discontinuities in the
spectra, particularly at pressures above 40 kbar, would be advisable to investigate
further by XRD methods.

8.2 Behaviour of CO2 Saturated Water

During the XRD study performed in Chapter 5 a considerable depression of
the freezing point of water was observed on a number of occasions, and CO2

saturated water was observed at RT and 15 kbar. Interestingly, as a result of
this it was possible to compress a saturated liquid water sample from 15-16 kbar,
whereupon ice VII was observed to form. At 6 kbar below its established field of
stability, the formation of this phase at such low pressure is unusual (there are no
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previously reported instances of it), and given its growth on compression of a fluid
this is not simply an observation of metastability. The preference of the system
to form this polymorph of ice over the thermodynamically stable phase in this
pressure regime (ice VI) is quite unexpected, and possibly suggests an important
interaction between the different molecular species. Alternatively, it may be that
a significant level of carbonic acid persisted in the sample after cool down from
the previously high temperature conditions, which is a possibility that could be
investigated by spectroscopic methods. It may also be of interest to observe if
the ice VII is able to persist at this reduced pressure over long time periods, or
if it instead converts to ice VI after a length of time.

8.3 Solubility of CO2 in Water at High-Pressure

While studying the CO2-H2O system at high P-T condition, in search of new
hydrate phases, miscibility was observed in the samples on a number of occasions.
It was identified that measurements of the solubility of CO2 in water at high-
pressure could readily be made by loading samples of a known composition and
visually observing their behaviour as they are heated at different pressures. This
technique was demonstrated in the latter part of Chapter 5. The solubility
measurements made in the work were found to be consistent with the apparent
turning point in the system at ∼2 kbar (Figure 2.9), with the isothermal
application of pressure causing a decrease in solubility. More importantly though,
they show the relative ease with which the available solubility data for this system
can be extended by (at least) an order of magnitude. This method may well be
helpful to those interested in the behaviour of fluids at geothermal conditions, of
which CO2-H2O mixtures are particularly important [66].

8.4 Structure & Properties of s-Sp CO2 Hydrate

In Chapter 6 the crystal structure of the HP CO2 hydrate phase [45] was
determined, and was confirmed to be a new gas hydrate structure. Furthermore,
it appears that the structure may be common to both this and the H2 hydrate
system, specifically, the recently discovered C0 phase [41, 42]. The preliminary
model of the C0 phase suggested by Efimchenko et al. [41] is very close to that
of s-Sp hydrate, except for assignation of a different SG and a water network
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which is only partially occupied (1⁄2 of the water molecules are disordered between
positions in the true water network and a site in the open cavity). In the work of
Smirnov et al. [43] a variant of the s-Sp hydrate phase (defined in the P3112 SG)
was constructed by idealising the structure of Efimchenko et al., calculations on
which predicted the phase to be stable, albeit in competition with an alternative
structure to the phase proposed by Strobel et al. [42]. In light of this, and the
similar conditions at which both phases are formed, it is proposed that the C0

phase shares the s-Sp structure of the CO2 hydrate system. If this is indeed the
case it is of note that molecular species of such considerably differing size form the
same hydrate structure. To date, the high-pressure behaviour of hydrate systems
with very small gas species, such as H2 and He, has been found to be very different
to that of other gases [11]. It is also noteworthy that, if these systems do share
the s-Sp structure, then a mixed s-Sp phase may exist in the binary H2-CO2

hydrate system. A preliminary investigation of this possibility was presented in
Chapter 7, which found tentative evidence of such a phase (discussed shortly).

The bulk moduli of both s-I and s-Sp CO2 hydrates have been measured, using
compression data collected (at 250 and 225 K respectively) across the full range
of pressure stability for both phases. The bulk modulus of s-I CO2 hydrate was
determined from a second-order Birch-Murnaghan fit to be 9.6(2) GPa, rendering
it harder than s-I methane hydrate at similar conditions (7.4 GPa [36]), and
comparable to that of s-I Xe hydrate (9.3(4) GPa [208]). The bulk modulus of
s-Sp CO2 hydrate is significantly harder at 15.2(4) GPa, making it comparable to
that of FIS methane hydrate (15.2(5) GPa [12]). This is unsurprising given that
s-Sp hydrate is not a cage-type structure and has more similarity in form to the
FIS. The bulk modulus of the s-I CO2 phase established here is, potentially, of
particular importance as it would be needed for interpretation of seismic sounding
measurements of the phase if CO2 is sequestered into natural hydrate formations
in the future [71, 72]. Additionally, the accurate measurement of mechanical
properties such as this are important for improving the accuracy of clathrate
prediction programs [32].

The first synthesis of the s-Sp hydrate from a powdered CO2-D2O mixture has
also been demonstrated in this work, which negates any necessity to synthesise
the s-I phase first, and raises the possibility of forming a phase pure sample. At
250 K the rate of hydrate formation in the mixture is reasonable, with the reaction
of a significant fraction of a sample loaded into the P-E press observed over the
course of ∼10 hours, making the growth of a sample in-situ practical. In a second
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synthesis experiment (not discussed in the chapter) the sample reaction was
performed at 265 K, where the majority of the mixture was seen to react rapidly
(∼1 hour), and very little further growth occurred thereafter. This suggests that
not only is the reaction rate highly temperature sensitive, but that the formation
mechanism is rapid, and limited by some factor. Given what is known of the
phase, that the reaction is rapid may be expected given that the open cavity of
the structure likely serves as an ideal pathway for short range transport of the
CO2 molecules (through a given ice crystal). Assuming this to be the case, the
size of the ice crystallites is likely not the main cause of the incomplete reaction
observed (as is usually the case in synthesis of the s-I phase [209]). More likely
is that the reaction is limited by a lack of perfect homogeneity in the mixture,
such that separate pockets of unreacted ice and CO2 crystallites surrounded by
the s-Sp hydrate exist. It is likely that the diffusion of CO2 between crystallites
of s-Sp is a far slower process, and hence the separated pockets of ice and CO2

only react on a much longer timescale. Such a reaction mechanism as this may
facilitate the synthesis of a single crystal of the phase, which given the established
border of this phase with that of liquid water, may be possible from the liquid
state. It is possible that if a single crystal of ice VI were grown at RT from CO2-
saturated water, and then slowly cooled into the temperature regime of s-Sp, a
reaction of the crystal would be observed. A potential caveat of this method is
slow reaction due to the poor CO2 content of the fluid at these conditions, but this
could potentially be overcome by exploiting the ease with which a supersaturated
fluid is formed in this system (see earlier, Section 5.2.1) by heating it first.

8.5 Low-Temperature s-Sp CO2 Hydrate

It was observed during the work of Chapter 6 that, on cooling the s-Sp hydrate,
a transition occurs to a third CO2 hydrate phase (referred to as s-Sp’) which
appears to exhibit CO2-ordering. The temperature of this transition has not
been established in this work, but the phase has been observed to form at high-
pressure on cooling the s-Sp phase to 77 K. Inspection of a diffraction pattern
collected at 9 kbar by Hirai et al. [45] suggests the s-Sp’ phase was observed at
a temperature as high as 230 K, but the transition of this phase to s-Sp in other
data collected by the authors at higher temperature was apparently unrecognised.
At ambient pressure the phase transition from s-Sp’ back to the disordered s-Sp
phase was observed at ∼120 K.
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While the structure of this phase has not been definitively solved it has been
found to be well described by a large orthorhombic cell in the C2221 SG. This
structure is over 2000 Å3, contains sixty water molecules and has a CO2:H2O
ratio of 1:3 (assuming full site occupancy). Most notably the phase no longer
posses the disordered helical arrangement of CO2 molecules, which is replaced by
a pair of chains which run along the open cavity. While attempts were made to
fully refine this structure these failed, but a partial refinement of the structure
successfully gave a reasonable fit to the data. It is proposed that better diffraction
data is required to fully refine the model.

There are a number of weak reflections observed alongside this phase which
are also likely attributable to it, but are unindexed by the preliminary solution
proposed. Due to a failure to adequately index these reflections it is suspected
that they may indicate ordering occurring on a larger scale in the structure,
possibly by weak interactions between CO2 molecules in neighbouring cavities.
An experimental study of this would require the collection of diffraction data
to temperature lower than that accessed here, where weak reflections arising
from such ordering (if present) would become more prominent. Alternatively
an investigation of this problem may be attempted with DFT calculations,
which could provide valuable information on the thermodynamic stability of
this structure. Such calculations may also be able to indicate if the interactions
between CO2 in adjacent cavities are significant, although the computational cost
of performing calculations on such a large unit cell may make this unfeasible.

8.6 High-Pressure H2-CO2 Hydrate

In Chapter 7 the first evidence of a high-pressure mixed H2-CO2 hydrate phase
was presented. While it was not observed to form on compression at RT, the phase
quickly formed when at slightly lower temperature, and once synthesised remained
stable above RT at 14 kbar. The phase was observed to co-exist with saturated
liquid water which may allow for synthesis of a single crystal of the phase in a
future structural study, and a preliminary attempt at this was encouraging. It is
noteworthy that the synthesis conditions of this phase overlap with those of s-Sp
and C0 hydrate in the unary hydrate systems, making s-Sp a structural candidate
for the phase (see earlier comments). It is also notable that no H2 or CO2 fluid
from the 1:1 molar ratio mixture loaded was observed to remain in the sample
after the hydrate had formed. While this may be coincidental, implying that the
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H2:CO2 ratio of the new phase is also 1:1, it is also possible that the H2:CO2

ratio of the hydrate which formed was influenced by the molar ratio of the gas
mixture available to it. On the assumption that the C0 phase of H2 hydrate shares
the s-Sp structure of the CO2 hydrate system, this could be taken as tentative
evidence that the mixed hydrate observed also possesses the s-Sp structure. This
is reasonable as such a phase could sensibly be expected to have a freely tunable
H2:CO2 composition, as the hydrate framework is already common to both unary
systems, and so its formation is not dominated by the presence of one guest
specie over another. If this mixed hydrate phase can be confirmed to possess the
s-Sp structure then it would certainly be interesting to investigate this suggested
ability to freely tune its composition, as well as to study the effect of different
compositions on its material properties and field of thermodynamic stability.

In studying this phase further it would be useful to first confirm the repeatability
of the observations here. Following this, it is suggested that a single crystal of
the phase could likely be grown by building upon the attempt made here which
is described in Section 7.1.4, that could then be used for collection of XRD data
and determination of the phase’s structure. Such a sample could subsequently be
used to determine the dissociation curve of the phase. If it is confirmed that the
structure of the phase is indeed s-Sp, it would then be of value to ascertain if the
phase’s composition can be tuned, which could readily be achieved by studying
samples loaded with gas mixtures of differing compositions. Investigating the gas
compositions 1:2 and 2:1 would likely serve a good starting point in this, and
these samples could also be used to determine if there is considerable variation
in the dissociation curve of the phase at differing compositions.

It should be noted that, on compression of this mixed hydrate phase to higher
pressure, it is possible that the behaviour of the system will diverge from that
observed in this work, and that additional mixed hydrate phases may form.
This is suggested as it is known that some high-pressure gas hydrate phases
(such as methane FIS hydrate) are only formed on laboratory time scales from
compression of the low-pressure phase. If this were the case it would be interesting
to learn whether the system forms structures similar to other gas hydrates at
high-pressure, such as the FIS, or if it forms more new structures.
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8.7 Methanol Synthesis at Room Temperature

During the work of Chapter 7 it was unexpectedly discovered that H2 and CO2

react at RT when compressed to ∼5 kbar in a rhenium gasket. It was determined
that the rhenium gasket is a catalyst in the reaction, and that it does not occur
in a steel gasket. The spectroscopic evidence suggests that aqueous-methanol is
formed in this reaction, and its behaviour on compression is consistent with this
identification. An attempt was made to further verify the presence of methanol
by XRD at high pressure (where crystalline methanol was expected), but an
unidentified phase was instead observed. It is suspected that the excess H2 content
in the sample may have formed a new crystalline phase with the methanol, as ice
content but no H2 hydrate was observed in the diffraction pattern, despite the
known presence of H2 from the Raman spectra. However, where the H2-methanol
system does not appear to have been previously studied, this possibility could
not be confirmed.

The reaction was observed to be slow, occurring on the time scale of days,
but given the role of the rhenium catalyst, the observed reaction rate will have
been limited by the low surface-area-to-volume ratio present in the DAC sample
chamber. The reasonably low pressure of the reaction makes its investigation
with large volume apparatus possible, where a greater quantity of the gas mixture
could be reacted in order to form a macroscopic amount of the reaction product,
which could then be tested with ex-situ methods. Such a study could also involve
the use of rhenium powder to increase the surface area available for the reaction,
and so obtain a better sense of the true reaction rate.

The formation of methanol as a potential biofuel by reaction of CO2 with H2 (and
other hydrogen rich materials) is a significant and active area of research [210],
because methanol could play an important role as a hydrogen storage material
in a zero-carbon energy economy [211]. Methanol is already synthesised on an
industrial scale and current catalyst technology (copper/zinc-oxide based [212])
allows its formation at temperature of ∼500 K under a pressure of ∼75 bar.
The general direction of research in this field is naturally towards milder reaction
conditions, through the use of new catalysts [213, 214], but the effort seems to be
primarily aimed at reduction of the reaction pressure due to the cost associated
with high-pressure techniques. The pressure required for the reaction observed
here hence potentially limits its usefulness, but that this reaction occurs not
only at 200 K less than current technology allows, but at RT, perhaps justifies
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further investigation before it is dismissed. This is especially so considering
that no attempt to optimise this high-pressure synthesis has been made here,
particularly with regard to the type of catalyst employed. It would certainly
be of interest to determine the mechanism by which the rhenium is catalysing
the reaction (for instance, whether by hydride formation as a precursor), and
such information could then guide an investigation into the performance of other
simple metals gaskets that may act as catalysts to this reaction. With regard
to this, given the apparently high selectivity of the reaction observed here (the
Raman spectra indicates the product to be pure aqueous-methanol) it may be
notable that rhenium catalysts do not appear to be an active area of research in
methanol synthesis [210, 213, 214].
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Appendix A

Experiments at Central Facilities

The majority of the experimental work presented in this thesis was performed
at sites such as Diamond Light Source (DLS), ISIS, and the ESRF, which are
generally known as ‘central research facilities’. These facilities are physically very
large and financially expensive to run, making them a limited a resource for
which access is, as a result, highly competitive. The use of central facilities in
work such as that in this thesis though is crucial. For instance, to be able to
perform a neutron diffraction experiment, which is essential for determining the
full structural arrangement of atoms in materials such as s-Sp hydrate, an intense
source of neutrons is the first requirement. Producing neutrons on this scale (as
explained in Section 6.1.1) can only be achieved by use of the spallation process
(such as at ISIS) or with a nuclear reactor, both of which require funding to build
and maintain that can only be achieved on national- or international- scale.

In the case of x-ray diffraction, laboratory x-ray diffractometers exist for the
routine collection of data from single crystal samples, and use of these is the
standard for much of crystallography. However, while the intensity and quality
of the x-ray source on such machines is adequate for many cases, it is simply
insufficient in situations where the structure is very complex, composed of light
(low Z) elements, can only be studied as a powder, or must be contained in an
enclosing sample environment (such as a DAC). In these cases a more intense
beam is needed, and the crystallographic problem may also benefit from an x-
ray beam of more precise and/or shorter wavelength, a narrower beam profile,
and lower divergence. To produce an x-ray beam with such properties requires
a synchrotron (or a large-scale free-electron laser, a new development that is
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Figure A.1 Aerial photographs of Diamond Light Source (top) and ISIS (bottom),
synchrotron and spallation facilities respectively, both in Oxfordshire
(UK). Images sources: [215, 216].

not discussed here), a device that accelerates a charged particle (in this case,
an electron) around a ring, from which light of a range of wavelengths can
be produced by manipulating the path of the particle with an arrangement of
magnets. A synchrotron of sufficient power to produce an intense x-ray beam
(such as DLS or the ESRF) is inherently very large, technologically complex, and
expensive to build and maintain. As such, as with neutron sources, they must be
funded on a national- or international- scale. While a simple necessity for some
experiments, the benefits of synchrotron radiation can be considerable in many
other cases as well, as the facility is able to produce light that is immensely bright
(for x-rays the intensity is ∼ 106 brighter than a laboratory source) over a broad
range of wavelengths.
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[187] T. F. Fässler. Zintl Phases: Principles and Recent Developments. Springer,
2011. ISBN 9783642211492.

[188] S. Stegmaier, S. J. Kim, A. Henze, and T. F. Fässler. Tetrahedral framework
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