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Abstract

In this work, a detailed study of the mechanical properties of the single crystal and
polycrystalline aggregate of high-pressure polymorphs of H.O and CO> will be carried out,
paying particular attention to Poisson’s ratio of these systems. Using first principles density
functional theory (DFT) calculations, this work will show for the first time that the high-
pressure polymorphs ice VIII, ice X, CO2-V and COz-11 have the potential to exhibit a
negative Poisson’s ratio with the auxetic behaviour of these systems increasing with
increasing hydrostatic pressure. To adequately study these systems using DFT simulations,
detailed convergence and benchmarking studies will be carried out. It will be shown that
contrary to the single crystal, the Poisson’s ratio of the polycrystalline aggregate of these
systems exhibits a positive Poisson’s ratio which increases with increasing hydrostatic
pressure. The deformation mechanism for ice X, ice VIII and CO2-V will be studied through
the application of stress, with the proposed mechanism being consolidated through the use of
spectroscopy. In the case of ice X and ice VIII, the auxetic behaviour will be rationalised by
studying the deformation of two orthogonally interpenetrating rhombi on application of a
stress. In the case of CO»-V, the auxeticity will be explained from a 2D perspective by the
relative rotation of semi-rigid projected squares which both rotate and deform on application
of a stress. It will also be shown that these 2D squares are projections of 3D CO4 tetrahedra
which rotate relative to each other whilst stretching and deforming. In the case of CO»-Il, it
will be shown that the application of a stress results in a non-continuous change in the structural
parameters studied. Thus, a novel approach will be developed in this thesis, where the auxetic
behaviour of the system will be rationalised by studying the variation of the Raman active and
infrared active modes with varying hydrostatic pressure and comparing any shifts observed in

these modes with shifts in the Poisson’s ratio.
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axis give the percentage deviation for the O-H:O length when compared to the O-H:O length
obtained when the simulation is carried out using a cut-off energy of 1200 eV and a spacing of
0.02 A1 for the Monkhorst-Pack grid, whilst the legend indicates the spacing used (in A™) for
the Monkhorst-Pack grid. The scale of the graph is truncated to 1.4 and -0.2. ...........cc.ce..e. 97

Figure 4.11: The convergence test carried out on ice VI1II for the O-H:O length, using
(a) GGA-PBE (b) GGA-PBE-Grimme (c) GGA-PBE-TS (d) GGA-PBESOL () GGA-PW91
and (f) GGA-PW91-0OBS when subjected to a hydrostatic pressure of 40 GPa. Note that the Y
axis give the percentage deviation for the O-H:O length when compared to the O-H:O length
obtained when the simulation is carried out using a cut-off energy of 1200 eV and a spacing of
0.02 A1 for the Monkhorst-Pack grid, whilst the legend indicates the spacing used (in A™) for
the Monkhorst-Pack grid. The scale of the graph is truncated to 1.4 and -0.2. ..........c............ 98

Figure 4.12: The convergence test carried out on ice VIII for the O-H:O:H-O angle,
using (2) GGA-PBE (b) GGA-PBE-Grimme (c) GGA-PBE-TS (d) GGA-PBESOL (e) GGA-
PW91 and (f) GGA-PW91-OBS when subjected to a hydrostatic pressure of 2.4 GPa. Note that

the Y axis give the change in angle (°) for the O-H:0:H-O angle when compared to the O-
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H:O:H-O angle obtained when the simulation is carried out using a cut-off energy of 1200 eV
and a spacing of 0.02 A for the Monkhorst-Pack grid, whilst the legend indicates the spacing

used (in A1) for the Monkhorst-Pack grid. The scale of the graph is truncated to 0.6 and -0.6.

Figure 4.13: The convergence test carried out on ice VIII for the O-H:O:H-O angle,
using (a) GGA-PBE (b) GGA-PBE-Grimme (c) GGA-PBE-TS (d) GGA-PBESOL (e) GGA-
PWO91 and (f) GGA-PW91-0OBS when subjected to a hydrostatic pressure of 40 GPa. Note that
the Y axis give the change in angle (°) for the O-H:O:H-O angle when compared to the O-
H:0:H-O angle obtained when the simulation is carried out using a cut-off energy of 1200 eV
and a spacing of 0.02 A for the Monkhorst-Pack grid, whilst the legend indicates the spacing

used (in A1) for the Monkhorst-Pack grid. The scale of the graph is truncated to 0.6 and -0.6.

Figure 4.14: (a) The experimental structure of ice VIII including a depiction of the
hydrogen bonding illustrated with dashed blue lines. (b) The difference between the fractional
coordinates of each atom present in the experimental lattice of ice V11 ¢ and those predicted
in this work. The axes of the graph represent the fractional coordinates in the a, b, ¢ directions.
Note that in the case of the main graph the scale of these axes is set to illustrate £50% of the

respective lattice length whilst the scale of the inset is set to show +1% of the respective lattice

Figure 4.15: (a) Ilustration of the two interpenetrating hydrogen bonded systems, one
depicted in blue and one depicted in green superimposed on the ice VIII system. (b) Two unit
cells of ice VIII in the (001) plane highlighting the body centered arrangement of oxygen atoms
the outline of which is shown using dotted black line. (¢) An illustration of the two orthogonally
interconnected rhombi between two adjacent oxygen body centered sublattices. (d) The two

interconnected rhombi responsible for the auxetic potential of ice VIII. ..........ccooeviviieinn 107

XViil



Figure 4.16: The phonon dispersion curves calculated for ice VIl at (a) 20 GPaand (b)
40 GPa utilising an energy cut-off of 800 eV and a Monkhorst-Pack k-point grid spacing of
0.04 A (black solid line) and an energy cut-off of 1000 eV and a Monkhorst-Pack k-point grid
spacing of 0.03 A2 (red dashed 1IN.). .........ccevviiieieeeieees e 110
Figure 4.17: Comparison of the calculated elastic constants of ice VIII at various

pressures obtained in this work (shown in red) with that present in the literature®*° (shown in

Figure 4.18: The structure of ice VIII together with off-axis plots illustrating the
mechanical properties of this system in the (010) and (001) plane at different hydrostatic
pressures ranging from 20 GPa to 40 GPa. Shown here are the variation of the (a) shear modulus
(in GPa), (b) Young’s modulus (in GPa) and (c) Poisson’s ratio with angle of rotation,C (in °),
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Figure 4.19: The effect of refining simulation parameters on the shear modulus (in GPa)
(a), Young’s modulus (in GPa) (b) and Poisson’s ratio (¢) calculated at 20 GPa in the (010)
plane and the (001) PIANE. .......c.i i 115

Figure 4.20: The effect of refining simulation parameters on the shear modulus (in GPa)
(a), Young’s modulus (in GPa) (b) and Poisson’s ratio (c¢) simulated at 40 GPa in the (010)
plane and the (001) PIANE. .......ciiiiii e 116

Figure 4.21: The variation of the shear modulus (in GPa) (a), Young’s modulus (in
GPa) (b) and Poisson’s ratio (c) with angle of rotation,C (in °) in the (010) plane and the (001)
plane at 20 GPa utilising PBE, PBE-TS and PW91. It can be seen that there is good agreement
between the mechanical properties calculated with all three functionals. This confirms that
mechanical properties predicted are not an artefact of the functional used but an innate property
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Figure 4.22: The variation of the shear modulus (in GPa) (a), Young’s modulus (in
GPa) (b) and Poisson’s ratio (c¢) with angle of rotation,C (in °) in the (010) plane and the (001)
plane at 40 GPa utilising PBE, PBE-TS and PW9L1. It can be seen that there is good agreement
between the mechanical properties calculated with all three functionals. This confirms that
mechanical properties predicted are not an artefact of the functional used but an innate property
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Figure 4.23: The variation of c13-Ca4 and C12-Ces With increasing hydrostatic pressure in
the pressure range Of thiS STUAY. ........cciiiiiiiiiii e 121

Figure 4.24: The percentage change in distances recorded for various points on the
rhombi shown in Figure 3, when stress is applied, namely BD, FE and AC. On application of
a negative on-axis stress in the [010] direction distance BD increases while FE decreases. This
is then accompanied with an increase in distance AC, giving rise to the negative Poisson’s ratio
in the (001) plane. It should be noted that a negative stress indicates a pulling force while a
positive stress indicates a COMPIreSSIVE TOICE. .......ocviiiiiiiirieierie e 123

Figure 4.25: (a) Results for hinging mechanism for ice VIII at 20 GPa. Considering
rhombus BEDF, application of a negative on-axis stress in the [010] direction results in a
decrease in angle FBE and an increase in angle BED. This is accompanied by a decrease in
angles EAF and an increase in angle AEC in rhombus AFCE. (b) Results for stretching of the
rhombi in ice VIII at 20 GPa. Considering rhombus BEDF, application of a negative on-axis
stress in the [010] direction results in an increase in length for sides FD and ED, as expected
since these are on the line of stress. Sides FA and EC in rhombus AFCE show a decrease in
length. In both rhombi the side made up of the O-H:O interaction (ED and FA) shows a change

in length which is smaller than the side made up of the O:0 non-bond interaction (FD and EC).
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Figure 4.26: Results for stretching of sides ED which is made up of O-H:O interaction
and FD which is made up O:0 non-bond interaction in ice VIl at 20 GPa and 40 GPa. .....126

Figure 4.27: Results for the change in angles BED and FBE at 20 GPa and 40 GPa.

Figure 4.28: The calculated infrared spectrum of ice VIII at 20 GPa, 30 GPa and 40
GPa. Inset: the peaks at lower wavenumbers zoomed 10 times with respect to intensity.....129
Figure 4.29: The calculated Raman spectrum of ice VI at 20 GPa, 30 GPa and 40 GPa.
Inset: the peaks at lower wavenumbers zoomed 250 times with respect to intensity............ 130
Figure 4.30: Comparison of the infrared spectrum obtained when employing a cut-off
energy of 800 eV and a Monkhorst-Pack grid spacing of 0.04 A with the spectrum obtained
utilising a cut-off energy of 1000 eV and a spacing of 0.03 A at 20 GPa and at 40 GPa. Inset:
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Figure 4.31: Comparison of the Raman spectrum obtained when employing a cut-off
energy of 800 eV and a Monkhorst-Pack grid spacing of 0.04 A with the spectrum obtained
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Figure 5.1: The convergence test carried out on CO,-V for the ratio of a/b lattice
parameters, using (a) GGA-PBE, (b) GGA-PBE-TS, (c) GGA-PBE-Grimme when subjected

to a hydrostatic pressure of 43 GPa and using (d) GGA-PBE, (¢) GGA-PBE-TS and (f) GGA-
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PBE-Grimme when subjected to a hydrostatic pressure of 60 GPa. Since CO»-V is a tetragonal
system, a=b and hence the a/b ratio should be equal to 1. The legend indicates the spacing used
(in A1) for the MONKNOISt-PaCK Qrid. .........cocvuivieeiiieciieeeeieeces st 141

Figure 5.2: The convergence test carried out on CO2-V for the a-lattice parameter, using
(a) GGA-PBE, (b) GGA-PBE-TS, (c) GGA-PBE-Grimme when subjected to a hydrostatic
pressure of 43 GPa and using (d) GGA-PBE, (e) GGA-PBE-TS and (f) GGA-PBE-Grimme
when subjected to a hydrostatic pressure of 60 GPa. Note that the Y axis give the percentage
deviation for the a-lattice parameter when compared to the a-parameter obtained when the
simulation is carried out using a cut-off energy of 1200 eV and a spacing of 0.02 A-1 for the
Monkhorst-Pack grid, whilst the legend indicates the spacing used (in A-1) for the Monkhorst-
Pack grid. The scale of the graph is truncated to 1.4 and -0.2. ........cccccceevveiieveiieceece e 142

Figure 5.3: The convergence test carried out on CO»-V for the c-lattice parameter, using
() GGA-PBE, (b) GGA-PBE-TS, (c) GGA-PBE-Grimme when subjected to a hydrostatic
pressure of 43 GPa and using (d) GGA-PBE, (e) GGA-PBE-TS and (f) GGA-PBE-Grimme
when subjected to a hydrostatic pressure of 60 GPa. Note that the Y axis give the percentage
deviation for the a-lattice parameter when compared to the a-parameter obtained when the
simulation is carried out using a cut-off energy of 1200 eV and a spacing of 0.02 A for the
Monkhorst-Pack grid, whilst the legend indicates the spacing used (in A™) for the Monkhorst-
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Figure 5.4: The convergence test carried out on CO»-V for the C-O bond length, using
(a) GGA-PBE, (b) GGA-PBE-TS, (c) GGA-PBE-Grimme when subjected to a hydrostatic
pressure of 43 GPa and using (d) GGA-PBE, (e) GGA-PBE-TS and (f) GGA-PBE-Grimme
when subjected to a hydrostatic pressure of 60 GPa. Note that the Y axis give the percentage
deviation for the C-O bond length when compared to the C-O bond length obtained when the

simulation is carried out using a cut-off energy of 1200 eV and a spacing of 0.02 A for the
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Monkhorst-Pack grid, whilst the legend indicates the spacing used (in A™) for the Monkhorst-
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Figure 5.5: The convergence test carried out on CO2-V for the C-O-C angle, using (a)
GGA-PBE, (b) GGA-PBE-TS, (c) GGA-PBE-Grimme when subjected to a hydrostatic
pressure of 43 GPa and using (d) GGA-PBE, (e) GGA-PBE-TS and (f) GGA-PBE-Grimme
when subjected to a hydrostatic pressure of 60 GPa. Note that the Y axis give the change in
angle (°) for the C-O-C angle when compared to the C-O-C angle obtained when the simulation
is carried out using a cut-off energy of 1200 eV and a spacing of 0.02 A for the Monkhorst-
Pack grid, whilst the legend indicates the spacing used (in A™) for the Monkhorst-Pack grid.
The scale of the graph is truncated t0 1.4 and -0.2. ........ccccceivieiieie i 145

Figure 5.6: The convergence test carried out on CO»-V for the O-C-O angle, using (a)
GGA-PBE, (b) GGA-PBE-TS, (c) GGA-PBE-Grimme when subjected to a hydrostatic
pressure of 43 GPa and using (d) GGA-PBE, (e) GGA-PBE-TS and (f) GGA-PBE-Grimme
when subjected to a hydrostatic pressure of 60 GPa. Note that the Y axis give the change in
angle (°) for the O-C-0O angle when compared to the O-C-O angle obtained when the simulation
is carried out using a cut-off energy of 1200 eV and a spacing of 0.02 A for the Monkhorst-
Pack grid, whilst the legend indicates the spacing used (in A™) for the Monkhorst-Pack grid.
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Figure 5.7: (a) The experimental structure of CO2-V where grey spheres represent
carbon atoms while red spheres represent oxygen atoms. (b) The difference between fractional
coordinates of each atom present in the experimental lattice of CO2-V 2 and those predicted
in this work. The axes of the graph represent the fractional coordinates in the a, b, ¢ directions.
Note that in the case of the main graph the scale of these axes is set to illustrate £50% of the

respective lattice length whilst the scale of the inset is set to show +1% of the respective lattice
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Figure 5.8: (a) The structure of CO,-V with the CO4 tetrahedra highlighted. (b) The
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simulation is carried out using a cut-off energy of 1200 eV and a spacing of 0.02 A for the
Monkhorst-Pack grid, whilst the legend indicates the spacing used (in A™) for the Monkhorst-
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0.02 A* for the Monkhorst-Pack grid, whilst the legend indicates the spacing used (in A™) for
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Figure 6.7: The convergence test carried out on CO2-11 for the O=C=0 angle, using (a)
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Chapter 1: Introduction

Simple molecular compounds composed of light elements such as H2O and COg, in
their various forms have enthralled scientists with their anomalous and intriguing properties,
particularly, when subjected to high pressures. CO2 and H20 are not only found on Earth, but
also in our galaxy~°. Their study has been described as challenging since both have a complex
phase diagram®°, In the case of solid water, at least nineteen different stable and metastable
forms have been identified through experimental and theoretical works'1216-20, Similarly, in

the case of solid CO at least seven phases have been characterized?:25,

The study of these molecular crystals is of great importance to a number of disciplines
including planetary and geo-sciences?’~%. For instance, Neptune and Uranus are thought to
possibly contain internal layers composed of molecular ices which form due to the pressures
found within these planets®34-2¢. However, the occurrence of these ices is not only limited to
such planets and in fact, they are also found on Earth. For example, the presence of a high
pressure phase of H2O ice (ice VII) has been reported in portions of the coldest slabs in the
oceanic lithosphere, which might eventually lead to the dwindling or termination of the tectonic
activity*. Another example is the possible presence of a high-pressure phase of carbon dioxide,

COz phase V (CO2-V) in the deep lower mantle of Earth®’.

In addition to being of interest to planetary sciences, the study of substances at high
pressure is also of interest to researchers in other fields such as physics and chemistry!1:38-44,

In particular, high pressures could lead to the formation of atypical compounds*. For example,



at high pressures substances typically composed of discrete molecules can form

macromolecular compounds such as ice X*4" and CO,-V*84°,

Even though high pressure polymorphs of ice have been studied for over a hundred
years, with the first experiments on H,O ice being conducted in the 1900s°°°!, our
understanding of the phase diagrams of CO and H2O ice and all their polymorphs is still
incomplete, particularly at low temperatures and high pressures. In particular, studies which
have focused on the elastic properties of high-pressure phases of CO> and H2O ices are
relatively few. For example, some of the investigations which have been published have
generally focused on the bulk elastic properties (such as Young’s modulus, the average acoustic
velocity, and bulk modulus) of polycrystalline specimens, with some studies employing
Brillouin spectroscopic techniques #°2 and ultrasonic techniques 3. Recently, some theoretical

studies have determined the elastic constants of H.O and CO; phases at higher pressures> ",

One fundamental material property is the Poisson’s ratio which describes the change in
size of a system in a direction perpendicular to an applied stress. The Poisson’s ratio vj; may
be defined mathematically as the negative ratio of the transverse and lateral strains in the

Oxi —Ox; plane for loading in the Ox; direction:

Y — | 1.1

where & and g are the strains in the Ox; and Ox; directions respectively.

Most materials get thinner when uniaxially stretched, and hence have a Poisson’s ratio
which is positive. Though not common in nature, materials with a negative Poisson’s ratio®®°°
have been reported and are collectively termed auxetic materials®. Contrary to intuition, these

materials get fatter, rather than thinner when stretched, see Figure 1.1.
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Figure 1.1: An illustration of the behaviour observed when (a) auxetic materials and
(b) non-auxetic materials are stretched, with the former getting fatter while the latter getting
thinner when subjected to a uniaxial tensile load.

Auxetic behaviour has been reported in myriad of materials, such as naturally occurring
silicates, e.g. a—cristobalite®®-63, B—cristobalite®*% and zeolites e.g. THO, NAT and EDI%¢-%,
The auxetic behaviour has been attributed to the way the framework deforms when subjected
to a stress. Studies on naturally occurring systems made it possible for scientists to design man-
made molecular-level auxetics, i.e. the molecular structure mimics the framework of naturally
occurring systems or an auxetic macrostructure which exhibit a negative Poisson’s ratio.
Having a system tailor-made to exhibit pre-defined mechanical properties would then make it
better suited for a particular application. For auxetic behaviour to take place there is no size
requirement on the structural motifs, i.e. auxetic behaviour is a scale independent property
since the Poisson’s ratio is normally unaffected by the scale at which a particular ‘deformation

mechanism’ takes place.

Even though a few studies have focused on the mechanical properties of high-pressure
H20 and CO> polymorphs, detailed studies on the Poisson’s ratio and auxetic potential of these

systems is lacking. In fact, the Poisson’s ratio of single crystal, high-pressure phases of both



H>O and CO2 polymorphs have not been described in the literature. Literature on the
deformation mechanisms of high-pressure crystals is also lacking. Furthermore, numerous
debates are present in literature pertaining to the stability of a number of high-pressure H.O

and CO. polymorphs at certain pressures.

This thesis aims to address these lacunae by studying the mechanical properties of
various solid phases of CO. and H2O ices. The pressure dependence of the mechanical
properties of several polymorphs of CO2 and H20 ices namely, ice X, ice VIII, CO2-V and
CO2-11 will be investigated. The phonon stability for each of these polymorphs will also be
investigated in order to assess their stability in the pressure ranges used in this study. For each
polymorph and pressure range studied, the Poisson’s ratio will be determined. Furthermore,
deformation mechanisms that leads to the measured Poisson’s ratio will also be investigated
through direct microstructural measurements (where possible) as the systems deforms under a
uniaxial stress. The deformation mechanism will also be studied through the use of vibrational
spectra taken at different hydrostatic pressures. To achieve all this, the thesis will be subdivided
as into seven chapters. Following the introduction (Chapter 1), a literature review addressing
the studies relevant to this thesis will be presented in Chapter 2. The aim of the first part of this
chapter is to introduce the reader to the polymorphism of H.O and CO> and discuss the studies
carried out on the polymorphs which are the main focus of this thesis namely ice X, ice VIII,
CO2-V and CO2-1l. Following this, a discussion on auxetic materials is given. The main
deformation mechanisms leading to a negative Poisson’s ratio and systems exhibiting auxetic
behaviour will be discussed. This will then be followed by a detailed explanation of the scope

of this work where the main aim and objectives of this work will be presented.

The first high-pressure polymorph to be studied in this thesis is the macromolecular ice
X, which study is carried out in the pressure range of 150 GPa to 300 GPa. The work on this

polymorph is presented in Chapter 3. In particular, the mechanical properties of both the single



crystal and the polycrystalline aggregate in the pressure range of the study will be determined.
The deformation of the system on the application of stress will be then studied in detail in order
to propose a deformation mechanism rationalizing the predicted Poisson’s ratio and the
pressure dependence of this property. The proposed deformation mechanism will be

consolidated through the use of Raman spectroscopy.

Another high-pressure polymorph of H2O ice which is also known to be stable at low
temperatures is ice VIII. In fact, the ice X polymorph can be formed from ice VIII through the
application of pressure. Thus, following the work on ice X, Chapter 4 will delve into the
mechanical properties of ice VIII. Employing the methodology developed in the previous
chapter, detailed convergence testing and benchmarking of the methodology will be carried
out. After validating the methodology, the structural, mechanical and vibrational properties of
this system will be determined. In particular, the Poisson’s ratio together with the effect of
pressure on the Poisson’s ratio will be studied. The Poisson’s ratio of this system will be
rationalised by studying the deformation of the system under the application of stress and

through the use of Raman and IR spectroscopy.

Following the study of two high-pressure polymorphs of H.O ice, the focus of this
thesis will shift on the high-pressure polymorphs of CO>. Similar to ice X, the high-pressure
polymorph CO2-V is also a macromolecular phase. Thus, in Chapter 5 the structure and
mechanical properties of CO2-V are studied in the pressure range of 40 GPa to 60 GPa,
following detailed convergence and benchmarking studies. A two-dimensional and a three-
dimensional approach will be taken in order to rationalize the measured Poisson’s ratio. The
proposed three-dimensional deformation mechanism will then be ascertained through the use

of Raman and IR spectroscopy.



CO»-V can be formed from CO2-1l through the application of pressure. Thus, as was
the case with ice VIII and ice X, it would be interesting to investigate the mechanical properties
of CO2-1l, which system is found at relatively lower pressures than CO2-V. In view of this, in
Chapter 6 the CO2-11 polymorph will be studied. In particular, this chapter will investigate the
mechanical properties of the polycrystalline aggregate and the single crystal. Based on the
methodology developed in the previous chapters, the Poisson’s ratio of the CO2-11 system will
be rationalised by carefully studying the variation of the Raman and IR active modes with

pressure.

Finally, Chapter 7 presents a general discussion on the work carried out in this thesis.
The main findings will be summarized and further studies which can build on the work carried

out in this thesis will be suggested.



Chapter 2: Literature Review

This chapter aims to introduce the reader to the subject matter of this thesis, and thus it
will be divided into two main parts, the first part discussing the literature on H>0 and CO: ice,

while the second part will present an introduction on negative Poisson’s ratios.

2.1 H20 Ice

H>0 is one of the most abundant substances found on Earth making up about 70% of
the Earth’s surface’® and one of the most common molecular species present in the universe™.
It is an essential chemical without which life on Earth could not be possible’?. Water has a
myriad of indispensable functions such as providing a home for aquatic organisms and making
up a large proportion of living cells, thus providing a medium in which biological reactions
may take place. Its excellent solvent properties make it ideal as a transport medium in both
plants and animals™. It also takes part in a number of biologically important reactions such as
acting as the source of hydrogen in photosynthesis. Being such an essential substance for our
existence it comes as no surprise that behaviour of water is widely studied in a number of
different fields such as chemistry, astrophysics and geoscience” 8. In particular the behaviour
of water on changing conditions of temperature and pressure has attracted the attention of

scientists for over a hundred years>°>?,

On cooling at ambient pressures water crystallises to a polymorph of ice known as
hexagonal ice commonly referred to as ice Ih, a substance which though very common in

everyday life, has a number of unusual properties’®®°. An example of this includes the fact that



ice Ih is less dense than liquid water, a property which allows ice to float on water. This
property is anomalous since the density of almost all solids is greater than the liquid (other
exceptions include arsenic, bismuth, gallium and germanium). Another interesting property is
the fact that ice 1h exhibits negative thermal expansion at temperatures below circa 70 K88,
In addition to this, ice Ih was one of the first materials reported to undergo pressure-induced
amorphisation with ice Ih transforming into high-density amorphous ice when compressed

above 1 GPa at 77 K808L,

The existence of numerous crystalline phases of ice, a phenomenon known as
polymorphism, is also considered an anomaly®*, with around nineteen crystalline® phases being
reported in the literature!!12198490-92 regylting in water having an extremely rich phase
diagram. At this stage it should also be mentioned that ice is also known to have three

amorphous forms, a phenomenon known as ‘polyamorphism’84,

In view of the above, the aim of this section is to give a brief review of the crystalline
phases of ice. This will be followed by a more detailed review of the studies conducted on the
low temperature polymorphs of ice, which polymorphs are the most relevant to this

dissertation.

2.1.1 Nomenclature of ice phases

Some of the first studies conducted on the phases of ice date back to the early 20™
century®®. At this stage, it was already apparent that numerous phases of ice could be
discovered, thus a convention was established to name the crystalline phases of ice which
convention specifies that newly discovered ice phases are labelled with Roman numerals

according to the chronological order of their discovery®®S, It was later argued that this

! ¢it is not clear how many condensed phases of water can be distinguished’ 8



convention may only be utilised for crystalline phases that are fully characterised through

experimental studies, for example by using crystallographic techniques®.

2.1.2 Crystal structure of ices

In crystalline ice structures, each water molecule is hydrogen bonded to four different
water molecules with the crystalline structure being dictated by the Bernal-Fowler rules®.
These rules state that two hydrogen atoms must be covalently bonded to each oxygen atom,
thus maintaining the stoichiometry of the H.O molecule, and that only one proton must be
involved in each hydrogen bond. Despite these rules, the water molecule can be found in six

different molecular orientations as shown in Figure 2.1.

®
A

Figure 2.1: Illustration of the six possible configurations of a central water molecule in ice
where the oxygen atoms are shown in red and the hydrogen atoms are shown in white. Diagram
taken from8*

The structural configuration of the ice phases may be divided into two main groups, the
proton ordered structures and the proton disordered structures. In the latter case, each water

molecule may assume any of the orientations shown in Figure 2.1 at any given time with equal



probability. Thus, in such a structure only long-range order of the oxygen atoms is observed
while in a proton-ordered ice phase, long-range order of both the oxygen and hydrogen atoms
are observed. A number of the ice phases can be grouped into a proton ordered-disordered pair
where in each pair, the polymorphs possess the same lattice of oxygen atoms but however differ

in the orientational order of the water molecules®.

To date six pairs of proton disordered-ordered ice phases have been identified namely
ice Ih-X19-% ‘ice HI-1X%192 jce V-XIN11103195 jce V]-X V20104106 “jce \/[]-\/[1]9697.107.108 jce
X1I-XI1V 19111 where the phase mentioned first is the proton-disordered form. In addition to
this, it has also been shown that ice 111, V and XIX*'2 display partial hydrogen order. It possible
to convert a proton disordered phase to an ordered one by lowering the temperature, as
hydrogen disordered phases are usually associated with higher temperatures, since the water
molecules have sufficient thermal energy to assume any of the six possible molecular
configurations. Moreover, this exothermic phase transition is usually associated with a change

in the symmetry group®; an illustration of this being the conversion of ice VII with symmetry

group Pn3mto ice VIII with symmetry group 141/amd 1699.107.108113 ' A notable exception is
the pair of ice 111 and 1X%9100.102.114.115 \whjch phases belong to the same symmetry group namely

P41212;.

2.1.3 Phase diagram of water

The relatively complex water phase diagram (see Figure 2.2) consists of a number of
interesting features such as the numerous crystalline phases present and the number of triple
points including solid-solid-solid triple points where three solid polymorphs may be found and
solid-solid-liquid triple points. Another interesting feature of the phase diagram is the course
taken by the melting line, a spectacle rarely seen in other one-component systems®. As can be

seen from the phase diagram, the melting line is initially negatively sloped and then at around

10



210 MPa and 251 K suddenly becomes positively sloped. In the negatively sloped region the
pressure induced melting may be observed while in the positively sloped region pressure-
induced crystallisation may take place®. A number of studies have focused on understanding
this melting line of ice where it was shown that there are five solid-solid-liquid triple points

along this line®.
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Figure 2.2: Water phase diagram taken from?®®,

2.1.4 Low temperature and high-pressure phases of ice

The most important phases of ice above 2 GPa are ice VII, ice VIII, and ice X*7117-120

with ice X being found in the higher pressure range. At even higher pressures, ice X is thought

11



to undergo a further phase change. In the following sections, namely 2.1.5to 2.1.7, a review of
the H20 ice polymorphs discussed in this thesis, namely ice VIII and ice X, will be given. This

will be followed by a brief overview of the possible post ice X phases.

2.1.5 Ice VIII

A number of theoretical 6121132 and experimental studies 16-18108.113.117.118, 133-137 y5y/g
been conducted on ice VIII, see Figure 2.3, from which it has been described as a proton
ordered high pressure polymorph of ice %2 having a molecular crystal containing 8 water
molecules per unit cell, where all the H.0O molecules obey the ice rules®. It has also been shown
through neutron diffraction studies that ice V111 is composed of two interpenetrating hydrogen-
bond networks with a body centred tetragonal unit cell, belonging to the 14:/amd space group
18, The dipole moments of the water molecules in one network are equal and opposite to the
dipole moment of the water molecules in the second network resulting in an overall
antiferroelectric structure. A ferroelectric variant to the ice VIII structure has been proposed
with this structure being slightly less stable than the antiferroelectric ice V11 12°, However, a
recent neutron diffraction study under high pressure and high electric field could not yet find

sufficient evidence for this ferroelectric variant of ice V111 13,

Ice VIII can be obtained from its proton disordered counterpart, ice VI, by lowering
the temperature of ice V11 below approximately 270 K without utilising any dopant %', X-ray
diffraction™®® and infrared absorption!!® studies have shown that the ice VII-VIII phase
boundary is at 273 K up to 12 GPa and then exhibits a rapid decreases to 0 K at approximately
60 GPa. This phase transition has also been subjected to a number of theoretical studies where
Monte Carlo simulations®®® predict a phase transition taking place at 228 K and ab initio

simulations'*® were able to qualitatively reproduce the trends observed experimentally. On

12



increasing the hydrostatic pressure ice VIII may undergo a phase transition from a molecular

crystal into the macromolecular ice X.
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Figure 2.3: The unit cell projections of ice VIII in the (a) (001), (b) (010) and (c) (100) planes.

2.1.6 lce X

Ice X belongs to the cubic space group Pn3m. Its structure is composed of a BCC
packing of oxygen atoms, each of which is connected to four hydrogen atoms which are located
midway between two neighbouring oxygen atoms, see Figure 2.4. Each hydrogen atom in the
structure therefore has two symmetric O-H bonds to two different oxygen atoms. This leads to
the molecular character seen in previous phases of ice disappearing in ice-X?#6:47:120.141-149 Thjg
phase of ice is unique in that it is the only experimentally determined crystalline phase of ice
which is not composed of well-defined water molecules which are bonded together by
hydrogen bonds. In ice X the H atoms are found exactly halfway between the two O-atoms,
commonly referred to as the ‘halfway position’. Thus, this polymorph may be considered as an
atomic crystal composed of one-third oxygen atoms and two-thirds H-atoms*>°, hence it also

known as ‘symmetric ice’ 143,151,152

The symmetric structure of ice X was initially predicted by Holzapfel'*’ and later
inferred through experimental studies. Hirsch and Holzapfel*414° construed that the changes

in the Raman spectrum of ice VII in the pressure range of approximately 35-50 GPa were
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consistent with hydrogen-bond symmetrisation and hence ice X formation. Brillouin scattering
studies of ice VII*" in the 35-50 GPa pressure range also gave results which suggest a phase
transition, possibly to ice X. In addition to these, infrared absorption studies have also given

results which are consistent with the notion of hydrogen-bond symmetrisation*-142:153,

Two ‘forms’ for the structure of ice X have been proposed namely the ‘disordered
ice X’ and the ‘ordered ice X’. In disordered ice X the hydrogen atoms can be found in
a double-well potential where the hydrogen atoms can tunnel back and forth between
the two minima. Thus, the hydrogen atoms can be found in two energetically equivalent
sites. In this case the ‘halfway position’ is a result of statistically averaging hydrogen
atoms which are delocalized in a shallow double-well potential. As the pressure is
increased the O-O distance decreases and the double-well potential transforms into a
single well potential, giving rise to the ordered ice X where the hydrogen atoms can be
found in one position, with the hydrogen atom being localized in a single-well
potentialt?®143, The BCC oxygen lattice is maintained in both structures. The phase
transition sequence at low temperatures is thought to follow the route ice VIII—
disordered ice X—ordered ice X*?°,

The pressure at which ordered ice X is formed is under debate. Caracas'?® had shown
that the ordered structure for ice X is obtained at pressures higher than 120 GPa. This
was consistent with a Raman spectroscopic study which also suggested that the
symmetric hydrogen bonded ice X does not exist below 120 GPa#® and a first principles
DFT study which has shown that ice X is formed at 120 GPa'®*. Nevertheless, a
subsequent NMR study has shown that proton ordered ice X should be present at 90
GPal®. In addition to this, a theoretical study had suggested that ice X is stable from

110 GPal*,
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2.1.7 Post ice X phases

Our understanding of the region above ice X in the phase diagram is still incomplete
with a number of post-ice X phases being predicted (see Figure 2.4) in the literature though no
experimental evidence is available for any of these phases. Work conducted by Demontis et al.
suggests that ice X undergoes a phase transformation to an antiflouorite structure with Pm-3m
symmetry with this transition being initially predicted using constant pressure molecular-
dynamics calculations to occur at approximately 100 GPa®. The calculation was based on a
primitive ionic model consisting of O% ions and H* ions. However, diamond anvil studies did
not give any indication of a phase transition occurring at this pressure'®, which lead Demontis
et al. to refine their calculations to include short-range repulsions between the O% ions with
this work suggesting that the phase transition occurs at a pressure of approximately 330 GPa*®’.
However, using DFT simulations Benoit et al. suggest that at ice X undergoes a phase transition
at a pressure greater than 300 GPa to form an orthorhombic structure belonging to the Pbcm
space group with 12 atoms per unit cell*®. DFT studies suggest that the phase transition is due

to dynamic instabilities in ice X*2%1%,

More recently molecular dynamic simulations using the VASP density functional
theory code predicts that ice X may form a crystal structure with Pbca symmetry at 760 GPa
and a crystal structure with Cmcm symmetry at 1550 GPa **°. Moreover, similar to ice VII,
VI, X and Pbcm, the predicted Pbca phase consists of two interpenetrating hydrogen bonded
networks while on the other hand the Cmcm phase is composed of corrugated sheets of oxygen
and hydrogen atoms. In addition to this, it should be noted that band structure calculations

suggest that the Cmcm phase is metallic while the Pbca phase is an insulator.
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Figure 2.4: Diagrams illustrating the structures of ice X (a), predicted Pbcm phase (b),
predicted Pbca phase (c) and the predicted Cmcm phase. Oxygen atoms are represented by
large spheres while the hydrogen atoms are shown as small spheres. The thin blue line
represents the unit cell. Diagram adapted from®,

2.2 Carbon dioxide

2.2.1 Introduction

Carbon dioxide, a simple covalent molecule at ambient conditions, has an extremely
rich phase diagram. In fact, CO2 has a number of high-pressure solid polymorphs including
both molecular and macromolecular phases®310.242637.56.160-173 = This polymorphism has
attracted the attention of several scientists due to its importance in the fields of geophysics and
planetary science 121%*, Indeed, the high pressure polymorphs of CO> ice can be found in the
interior of a number of planets’22"28174 gych as Earth, Venus and Mars making the study of
such high pressure polymorphs essential to understand the dynamics of planet interiors 3. In
addition to this, the field of high-pressure polymorphism of CO; ice has also intrigued scientist
due to the transition of simple molecular CO2, which is present under ambient conditions, to

non-molecular CO, at high pressure. This has led to a number of
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experimental24'26'37'160'162'163*165*166'172*175 and theoretical StUdi8310’28’56’167’168'174’176'177 being
conducted on the high-pressure polymorphs of CO: ice. The study of the phase diagram of
carbon dioxide is relatively complex with a number of controversies surrounding the stability
window of the various CO- solid polymorphs. A recent phase diagram for carbon dioxide is
shown in Figure 2.5. The polymorphs which will be the focus of this thesis are CO2 phase 1l
and CO- phase V. These polymorphs are found at relatively high pressures as discussed in the

following sections.
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Figure 2.5: Recent phase diagram for carbon dioxide. Taken from*7®.
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2.2.2 COx-Il

CO2-I1, shown in Figure 2.6, was formed by heating CO,-111 above ~500 K at 19 GPa'’
with the P4,/mnm symmetry of this system being determined in ensuing studies®”"%17°, The
transition of CO2-111 to CO2-1l was not reversible on lowering the temperature with CO2-11
being recovered at ambient temperature above 10 GPa which suggested that CO2-11l is a
metastable phase 1’8 with CO,-11 being more stable than CO2-I11 at ambient temperatures and
below. This view has recently been challenged by a recent theoretical study which showed that
CO2-11 is more stable than phase 1l at lower temperature and high pressure®®. However, this
claim has been disputed by an ensuing study’® which has showed that CO,-11 is the more stable

phase at lower temperatures while CO2-111 is more stable than CO2-I1 at higher temperatures.

Initial work on the structure of CO»-1l at high pressures and high temperatures
employing angle-resolved X-ray diffraction suggested that the carbon atoms in this polymorph
are pseudo-six-fold coordinated by oxygens with two oxygen atoms at an elongated
intramolecular C=0 distance and four non-bonding oxygen atoms of the nearest CO, molecules
at a collapsed intermolecular distance 1°. On the basis of the aforementioned distances the
CO2-1l system was described as an intermediate state between molecular and nonmolecular
solids!’®. This intermediate state was however disputed by subsequent theoretical®>!™ and
experimental®” work which did not find evidence for this intermediate state and instead
suggested a molecular structure for this system. The pressure at which CO2-11 transforms into
CO2-V is a also source of debate!>171176.178.180 \ith 3 recent theoretical study suggesting that

CO2-l1 should undergo a phase transition to the macromolecular CO2-V at 21.5 GPa at 0 K*7°.

Work involving the mechanical properties of CO»-11 is mostly limited to experimental
57179 or theoretical %8671 determination of the bulk modulus, with some theoretical studies

also determining the elastic constants **°' of this system.
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Figure 2.6: An illustration of the structure of CO2-11. Carbon atoms are shown as grey spheres
while oxygen atoms are shown as red spheres.

2.2.3 CO,-V

A macromolecular phase of CO> that has attracted particular attention is phase V,
shown in Figure 2.7. CO2-V has been synthesised from CO»-I11 through laser heating above 40
GPa and 1800 K in a diamond anvil cell (DAC)*®1%, The structure of CO,-V has been shown
to be that of partially collapsed tetragonal B-cristobalite with 142d space group composed of
corner sharing CO4 tetrahedra with the carbon atoms forming a diamond network 26162, It has
been suggested that at high pressures and temperatures CO,-V dissociates into elemental
carbon (diamond) and oxygen (s-02)>'8L. This has been disputed in recent work®"176:182 o the
phase stability of CO2-V which has shown that CO2-V does not undergo such
disproportionation and is stable at pressures as high as above 100 GPa. It was demonstrated
that CO2-V is stable in the thermodynamic conditions of the deep lower mantle and thus,
studies on this system could be beneficial in understanding carbon distribution in the layers of

Earth®’. The elastic constants of CO»-V have also been calculated from 0 GPa to circa 40 GPa®®.
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Further work on the higher pressure polymorphs of CO. suggested the presence of
macromolecular phases with six-fold coordianated carbon atoms (CO2-VI1)® and an ionic
crystal form (i-CO;) &, This work was then disputed by other research groups who argued that
these are kinetically trapped metastable phases that convert to CO2-V on annealing'8*. CO2-V
has been the subject of a number of theoretical studies involving DFT>6:162168.174.176.185 \yhere
the structure!®®, stability!’®, vibrational properties'®? and mechanical properties®® have been

studied.

Figure 2.7: An illustration of the structure of CO»-V. Carbon atoms are shown as grey
spheres while oxygen atoms are shown as red spheres.
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2.3 Negative Poisson’s ratios: Mechanisms and nano-structured systems

In this section, an overview of the geometries / deformation mechanisms which give
rise to a negative Poisson’s ratio will be discussed. A vast number of such models are present
in the literature, and thus, the most fundamental geometries / deformation mechanisms or those
which are the most relevant to this work will be described. This will be followed by a brief
review on molecular level auxetics, which were proposed, or found to exhibit auxetic

behaviour. Finally, some uses of auxetic materials will also be described.

2.3.1 Auxetic Mechanisms

2.3.1.1 Re-Entrant Honeycombs

The re-entrant honeycomb was the first structure that was shown, through analytical
modelling, to exhibit a negative Poisson’s ratio when deforming via flexure of ribs'®18’,
Following these initial studies, the honeycomb structure attracted the attention of a number of
scientists, with research being conducted on 2-D and 3-D systems utilising both analytical

models and finite element analysis!®-1%1, The re-entrant systems have also been investigated

for acoustic'®?, thermal®® properties together with potential applications in composites'®**%.

The work conducted by Masters and Evans 818 and subsequently by Gibson and
Ashby 1% on the mechanical properties of both re-entrant and non-re-entrant honeycombs is a
good illustration of how the Poisson’s ratio of a system is dependent on both the geometry and
the deformation mechanism of the system. It was shown that re-entrant honeycombs which
deform via stretching (or dilation) exhibits a positive Poisson’s ratio, while non re-entrant
honeycombs (commonly referred to as conventional honeycombs) deforming via stretching
would exhibit a negative Poisson’s ratio. On the other hand, it was also shown that conventional
honeycombs deforming via hinging or flexing would exhibit a positive Poisson’s ratio while

re-entrant honeycombs would exhibit a negative Poisson’s ratio (see Figure 2.8).
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A number of studies have focused on the superior properties of re-entrant honeycombs
when compared to their non-re-entrant counterparts. Such studies examined the effect of
varying geometric parameters, such as aspect ratio and rib thickness of the honeycomb, on the
in-plane mechanical properties of these systems 190193198-201 These studies suggest that re-
entrant honeycombs usually exhibit superior properties when compared to their conventional
counterparts, including enhanced crushworthiness?%22%, improved density specific buckling
204

, improved bending stiffness due to a larger out-of-plane shear modulus®®, and superior

performance during thermal loading in a confined space?®,
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Figure 2.8:(a) Non-re-entrant honeycombs (b) re-entrant honeycombs. Taken from?%

Other work focusing on the mechanical properties of hexagonal honeycombs included
studies of the off-axis deformation®®2%” and response to large stresses?®®. Research has also
focused on the manufacture of re-entrant honeycomb systems, with one particular study
analysing the use of recycled rubber for their production. Apart from the enhanced properties

associated with re-entrant conformations this would also be beneficial from an environmental
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point of view due to problems related to the disposal of rubber waste?®®. Analytical and finite
element studies suggest that the introduction of edged corners in the honeycomb’s framework
could potentially provide an easier route for the manufacture of these structures. In addition,
this would enable the designer to adjust the Young’s modulus of the structure without altering
the Poisson’s ratio!®?%°, Furthermore such re-entrant systems have also been studied for their

210

utilisation in tubular structures®'® and in composites'®>?

It should be noted that even though auxetic re-entrant honeycomb systems are very
prominent in the literature, there are various other re-entrant systems with the potential to

exhibit a negative Poisson’s ratio. An example of this is the STAR-n systems??

, Which systems
are composed of re-entrant arrow-shaped units joined together through a rotational symmetry

of 3, 5 or 6 forming star shaped system.

2.3.1.2 Rotating Units

The first model which attempted to explain auxetic behaviour through the use of
rotating rigid units was that proposed by Sigmund?'®. However, this model proved to be too
complex to predict auxetic behaviour in natural or synthetic materials. Subsequently, a much
simpler 2D model (see Figure 2.9) which could be easily used to rationalise auxetic behaviour
in a number of molecular systems was developed by Grima et al.?'42%5, The rotating squares
model proposed by Grima consisted of rigid squares connected together from their vertices. On
application of a uniaxial stress the system deforms by the rotation of the squares relative to
each other. Analytical work on the rotating rigid squares system has shown that this system

exhibits a Poisson’s ratio of -1, and is also isotropic 2152,
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Figure 2.9: Representation of the rotating squares mechanism. Taken from 2%,

The notion of rotating squares was subsequently extended to other rotating polygons
such as rectangles?*”?'8 parallelograms®:%??, triangles®?2%* and rhombi?'°?% (see Figure
2.10). Studies on these systems have shown that the Poisson’s ratio varies according to the
shape of the polygon and the way that these polygons are connected. For example, for a system
of rotating rectangles there are two ways in which the rectangles can be connected. These are
referred to as the Type | and Type Il conformations, which conformations are shown in Figure
2.9. In the former case the rectangles are connected in such a way that the long side of one
rectangle is connected to the long side of another rectangle. This results in a system with
anisotropic properties, in which the Poisson’s ratio may be both positive or negative, depending

on both the angle between the rectangles and the size of the rectangles themselves??®.
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Figure 2.10: Illustration of some of the rotating rigid units (a) rotating squares (b) type I
rotating rectangles, (c) type Il rotating rectangles, (d) rotating triangles, (e) rotating
parallelograms and (f) rotating rhombi systems. Taken from 2%,

In the Type Il rotating rectangles the longer sides of one rectangle is connected to the
shorter side of the next rectangle, giving a system with an isotropic Poisson’s ratio of -1. In this
case the Poisson’s ratio is independent of the degree of openness of the system?!/2%°,
Subsequent studies on these systems focused on structures which are not fully rigid (see Figure

2.11) where the squares not only rotate but also deform through other mechanisms, such as

concurrent rotation and stretching®"228 and rotation together with square deformation?2°2%,
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Figure 2.11: The rigid-squares and semi-rigid rotating squares model.
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The rotating polygons mechanism has been used to rationalise the auxetic behaviour of

numerous species. Examples of this are the rotating triangles model, which has been used to

231

explain the negative Poisson’s ratio found in auxetic foams=>* and the rotating Type Il

rectangles model which rationalises the auxetic behaviour in silicates such as a-cristobalite??®.

It should be noted that in addition to these 2D models, 3D models have also been developed to

explain the auxetic behaviour in silicates®1:63232-234,

2.3.1.3 Dilating Systems

Another mechanism which could result in auxetic behaviour is the dilating mechanism.
The basis of this mechanism is that the ribs of the system are allowed to shorten or elongate
whilst it is not allowed to distort. This mechanism was first described by Rothenburg®?®, who
proposed a triangular system (see Figure 2.12) which exhibits a negative Poisson’s ratio when
subjected to a uniaxial load. Following this initial report, several other dilating systems have

been proposed such as sliding rigid rods?%®, sliding wedges*’ and stretching squares?2,

Load

Figure 2.12: An illustration of the dilating triangular system proposed by Rothenburg. Taken
from 208,
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2.3.1.4 Chirals
Chiral systems are another important class of structures which have the ability to exhibit

238

a negative Poisson’s ratio. These systems were first described by Wojciechowski=>° and later

implemented as a structure by Lakes?3®

where a hexagonal chiral system, also known as
hexachiral, was proposed. Chiral systems derive their name from the fact that such systems
may be constructed in a left handed or right handed manner, where the two systems are non-
superimposable. A hexachiral system is composed of a central cylinder (node) with six
tangentially attached ligaments (also referred to as ribs), see Figure 2.13. The deformation
mechanism of such a system involves the rotation of the central cylinder on the centre of its
own axis, whilst the ribs which join the cylinders are allowed to roll over the central cylinder.
Analytical and experimental studies of hexachiral systems have shown that such systems

possess an isotropic Poisson’s ratio of -124°. Chiral honeycombs have been proposed for a

number of potential applications?*! such as their use in stents?*,

In subsequent studies, Sigmund et al.?*32% developed a similar system composed of a
square node instead of a cylindrical one, with each square being connected to four ligaments.
In this system the adjacent chiral units are mirror images of each other rather than units with
the same chirality, which was consequently described as being an anti-tetrachiral

honeycomb?¥’, see Figure 2.13.
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Figure 2.13: (a) The hexachiral system studied by Lakes ?*° and (b) the anti-tetrachiral system.
Adapted from ¢,

2.3.2 Molecular level auxetics

Since the main focus of this dissertation is molecular level systems, particularly their
mechanical properties, a review of the advances in the field of molecular level auxetics will be
given. Before this however, it should be noted that auxetic behaviour is scale independent.
Thus, when one is studying molecular level auxetics one should keep in mind that the

mechanism utilised to explain the auxetic behaviour could be applied on the macroscale.

2.3.2.1 Auxetic Inorganic Molecular systems

A large number of studies have focussed on analysing the mechanical properties, in
particular the Poisson’s ratio, of inorganic molecular systems. In the work conducted by Grima
et al. %8 force-field based simulations were utilised to determine the Poisson’s ratio of the
idealised silicon equivalents frameworks of the zeolites THO, NAT and EDI (see Figure 2.14),
which simulations have shown that these systems are auxetic in the (001) plane, with the value

of the Poisson’s ratio depending on the force-field used and the zeolite under study.
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Figure 2.14: The SiO; equivalent frameworks of THO (a) NAT (b) and EDI (c), in the (001)
plane where such systems exhibit a negative Poisson’s ratio.

This behaviour was initially rationalised by utilising the rotating rigid squares
mechanism (see Figure 2.15). However analytical studies of the equivalent mechanical systems
predict a Poisson’s ratio of -1 which is more negative than the values obtained through force-
field simulations®®. This was later explained by utilising the ‘semi-rigid rotating squares’
deformation mechanism?°, Experimental studies?®® on the mechanical properties of NAT

confirmed that this system has the ability to exhibit auxetic behaviour.

(b)
Figure 2.15: (a) The connected squares in natrolite at zero stress. (b) The behaviour of the
connected squares upon stretching. Taken from 200

Further studies on the SiO2 equivalent frameworks of NAT, EDI and THO suggested
that the Poisson’s ratio of these species is affected by hydrostatic pressure, with maximum
auxeticity being reported at positive external hydrostatic pressure of around 2-8% of the bulk

modulus?6,
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Apart from zeolites, silicates have also been subjected to a number of studies in order
to determine if such molecular systems have the potential to exhibit a negative Poisson’s ratio.
In fact the silicate a-cristobalite was subjected to a number of experimental and modelling
studies 6062:64.233.247-250 T first reported case of a-cristobalite exhibiting a negative Poisson’s
ratio was through the Brillouin spectroscopy study conducted by Yeganeh-Haeri et al.®°, where
maximum auxetic behaviour was observed in the (010) and (100) planes with maximum
auxeticity, vo3 ~ —0.5, being reported at ¢. 42° to the z-axis. Yeganeh-Haeri et al. explained that
these observations could be due to the bending of the Si—O—Si angle, which results in the

inwards rotation of the SiO4 tetrahedra, see Figure 2.16.

Figure 2.16: The Yeganeh-Haeri deformation mechanism®,

Following this work, first principles calculations conducted by Keskar and
Chelikowsky 24" also suggested that this silicate has the ability to exhibit a negative Poisson’s
ratio with the auxetic behaviour being rationalised by to the rotation of rigid SiO4 tetrahedra, a

mechanism similar to that suggested by Yeganeh-Haeri.
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These initial reports led to a number of studies on the mechanical properties and
deformation mechanism of a-cristobalite® %3234, In their work Alderson and co-workers used
a 3D approach to rationalise this auxetic behaviour. Their approach involved the interplay of
rotation and dilation of the SiO4 tetrahedra, see Figure 2.17. Through their work these authors

have developed three main deformation mechanisms 61:63.232-234.251 namely:

> Rotating tetrahedral model (RTM): where the tetrahedra rotate relative to each other,
but remain rigid internally, and thus dilation or deformation of the tetrahedra does not
take place. The rotation of the tetrahedra can take place relative to the a-axis, which is
known as RTM1, or relative to the c-axis, which is known as RTM2.

> Dilation tetrahedral model (DTM): where the tetrahedra may not rotate relative to each
other but are allowed to dilate. It was shown that for such a system the Poisson’s ratio
in any plane was equal to -1%%,

» Concurrent tetrahedral model (CTM): where both dilation and rotation of the tetrahedra
take place. The value of the Poisson’s ratio in this model is dependent on the relative
extent of dilation and rotation as it has been shown that these mechanisms have the
potential to function against each other, to the extent that a positive Poisson’s ratio can

be obtained?%.
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Figure 2.17: Illustration of the (001) plane (a) and the Z-[110] in a-cristobalite (b) Depiction
of how the tetrahedra rotate in plane as suggested by Alderson. Taken from?%

Grima et al. ® proposed an alternative approach to explain the auxeticity in
a-cristobalite which behaviour was explained by using a rigid rotating 2D model, see Figure
2.18. It was postulated that the negative Poisson’s ratio in the (100) and (010) planes can be

explained in terms of the Type Il rotating rectangles mechanism.

: ; : : ?
L »Y 0-[4:.= -10GPa Gl45= 0GPa 0',4‘(= +10GPa

Figure 2.18: The ‘rotating rectangles’ in a-cristobalite. Adapted from 2,

It has been shown that o-—cristobalite can undergo a phase change to form
—cristobalite. Research has shown that p—cristobalite demonstrates maximum auxeticity in
the (001) plane when loaded on axis, and unlike a—cristobalite it does not exhibit auxetic

behaviour in the (001) and (100) planes?*. It has been suggested that this apparent loss in

32



auxeticity is due to the fact that the Type Il rectangles responsible for the auxetic behaviour in
o—cristobalite are in their fully open state in B—cristobalite. Moreover, it has also been
postulated that the auxeticity of the WL B—cristobalite in the (001) plane may be explained

through a rotating squares mechanism.

Gatt?® subsequently reported a positive Poisson’s ratio for p—cristobalite in the (100)
and (010) planes when loaded in the [001] direction, which results were obtained by using both
CVFF and Compass force-fields. It was suggested that in the (100) and (010) planes the
rectangles no longer rotate relative to each other, but rather the rectangles themselves deform
via a ‘defective wine-rack mechanism’. In this mechanism the diagonals of the rectangles (the
elements making up the wine-rack, see Figure 2.19) stretch and rotate with respect to each

other. Systems which deform through this mechanism exhibit a Poisson’s ratio of about 0.6.

Figure 2.19: Representation of the ‘defective wine rack’ mechanism, where the elements of
the ‘wine rack’ (black lines) hinge relative to each other as well as stretch. Taken from?®.

Auxetic behaviour was also reported in stishovite?®>?3, a rutile-type polymorph of
SiO». It was shown that this system exhibits a negative Poisson’s ratio was in the (100), (010)
and (001) planes. Through the use of first principles density functional theory (DFT)

calculations, it was shown that stishovite is auxetic in the (001) plane with an increase in
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hydrostatic pressure in the range of 0-30 GPa resulting in a decrease in auxetic potential, where
a nearly zero Poisson’s ratio is recorded at 30 GPa. The direction of maximum auxetic

behaviour is circa 45 ° to the [001] axis in the pressure range studied.

In the (100) plane stishovite exhibits an increase in auxetic behaviour with a positive
value being recorded at 0 GPa and a decrease in Poisson’s ratio being recorded on increasing
pressure from 0 GPa to 30 GPa. The auxetic behaviour exhibited in the (010) plane is identical
to the (100) plane with a minimum value of circa -0.2 being recorded at 30 GPa. The direction
of minimum Poisson’s ratio exhibits a shift with increasing hydrostatic pressure, with the
minimum Poisson’s ratio being recorded at circa 45 ° to the [010] axis at 0 GPa shifting to circa

49 ° at 30 GPa.

The auxetic behaviour of stishovite was explained through deformation mechanisms
involving rotations and distortions of the constituting octahedra. In particular, it was shown
that octahedral distortions play an important role on the observed Poisson’s ratio. In the (001)
plane scissoring distortions decrease with increasing pressure, when the system is loaded in
direction of maximum auxeticity, which is associated which was associated with the minimum
Poisson’s ratio becoming more positive. In addition to this, on increasing the hydrostatic
pressure, an increase in scissoring distortions was noted when the system is loaded at 45 ° to
the [010] axis in the (100) plane, which was associated with the Poisson’s ratio becoming more

negative.

Other molecular systems which have been studied for their auxetic behaviour include
black phosphorus?*2%, boron arsenate 26257 and 2D systems?*325° such as graphene?®-262 and
interconnected shurikens?®*. Other auxetic systems are inspired by various geometries?1:265-

267 Recently materials have been shown to exhibit ‘half-auxetic’ effect, where the material will
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expand on both compression and stretching. This effect has been reported in 2D monolayer 2D

boron sheets?%® and TiSe?%.

2.3.2.2 Auxetic Organic Molecular systems

One of the first organic molecular level systems was that proposed by Evans®®, which
consisted of a theoretical 2-D network based on re-entrant honeycomb systems, with the
deformation of re-entrant systems leading to auxetic behaviour. This framework is composed
of a network of benzene rings interconnected via acetylene chains®®. Networks based on re-
entrant systems are known as (n,m)-reflexynes (see Figure 2.20) where m is the number of
links on the vertical branches and n is the number of acetylene links on the diagonal branches.
Varying the values of m and n will alter the anisotropy and Poisson’s ratio of the system,
illustrating how the mechanical properties of a system can be tailor-made through careful
design of the molecular structure. It should be noted though that such systems are very difficult

to reproduce experimentally.

Figure 2.20: 1,4-reflexyne molecular systems.

Following Evans’ seminal work®®, a number of researchers studied the mechanical
properties of such systems through force-field based simulations, with the results obtained
suggesting that such frameworks have the potential to exhibit auxetic behaviour in the YZ and

ZY planest®270271 Nevertheless, this auxetic behaviour is limited for loading on-axis up to a
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maximum of around 10 ° off-axis. In fact, when studying the off-axis Poisson’s ratio of
reflexynes it was shown that such systems are characterised by non-auxetic behaviour,
exhibiting very high positive off-axis Poisson’s ratios, with the maximum value being reported
at circa 0.85 when loading at 45° to the Y- and Z- directions?’. This lack of off-axis auxeticity
in ‘flexing re-entrant’ honeycombs is in agreement with Gibson and Ashby’s model of idealised
honeycombs®”2’2 and is due to the fact that honeycombs are very weak in shear when
compared to the uniaxial on-axis stretching.

In addition to studying the mechanical properties of such systems, the mass transport
properties of such frameworks have also attracted the attention of several scientists for their
potential application in molecular sieves. In fact, research suggests that the (2,8)-reflexyne has
the potential for tunable size selectivity. Thus, it may act as a sieve for C60 and C70 molecules
which may be introduced into the sieve as the framework deforms, with the subsequent release
of the guest molecules being dependent on variations in the size and shape of the pores of the
sieve?’®. In addition to this, since auxetic sieves exhibit an almost linear correlation with the
applied strain, these sieves would exhibit higher tenability when compared to non-auxetic
sieves. Thus, a particular application of such molecular sieves would be their use in smart
bandages and filters, where for example biochemicals can be filtered whilst blocking nanoscale
impurities?’.

Apart from exhibiting a negative Poisson’s ratio, it was shown that polyphenylacetylene
networks designed to mimic the geometry of honeycombs which have both non-re-entrant and
re-entrant features, referred to as the ‘semi re-entrant honeycombs’, also have the potential to
exhibit the not so common property of a near-zero Poisson’s ratio?’>. This anomalous
mechanical property means that the material will not contract or expand laterally when it is
compressed or stretched. Such a characteristic is particularly desirable in applications where

changes in the lateral dimensions are detrimental to a system’s performance. Moreover
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materials which exhibit a zero Poisson’s ratio would be particularly useful in the manufacture
of cylindrical surfaces?”.

Another molecular 2-D framework which is predicted to exhibit auxetic behaviour is
that of a triangular network composed of polyphenylacetylene units®’® (see Figure 2.21a). Such
a system would be referred to as polytriangles-n-yne where n indicates the acetylene links
which are present. This system was made to mimic the auxetic behaviour exhibited by rotating
triangles model, which model predicts a constant isotropic Poisson’s ratio of -12?*. Molecular
modelling studies of the polytriangles-n-yne systems have shown that if more than two
acetylene links are present, the system will exhibit six mutually orthogonal negative Poisson’s
ratios??*. Force-field based simulations, utilising the PCFF?"* and DREIDING force-fields?®,
carried out on such systems predict that these are auxetic in the YZ and ZY-planes. In addition
to this it was also predicted that the auxeticity increases as the acetylene chains are made longer.
It was also shown through molecular modelling that such systems exhibit negative off-axis
Poisson’s ratios very similar to those observed on-axis, i.e. the networks are quasi isotropic, a
property which is typical for systems which exhibit hexagonal symmetry.

It should be noted that the Poisson’s ratio obtained for the polytriangles system through
molecular modelling was not identical to that of the idealised ‘rotating triangles’ model. This
phenomenon was rationalised?”* by the fact that the molecular level networks are more
complex, even in shape, than the idealised model. In addition to this, in the case of the idealised
‘flexing rotating triangles’ model the sides of the triangles are composed of simple beams,
whilst in the case of the molecular polytriangles they are two benzene rings linked together by
an acetylene chain. In such a network, it is primarily the acetylene chains, particularly the
longer ones, which mimic the behaviour of the beams. Thus, as the system gets smaller, the
deviation from the idealised Poisson’s ratio of -1 gets larger. Another notion which is important

to consider is that such molecular level systems are characterised by non-bond interactions
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which give rise to interactions between the different beams in the system, which non-bond
interactions increases as the separation between the atoms is reduced. Thus, less dense systems
will exhibit less of the non-bond interactions per unit volume when compared to an equivalent
denser system. This is another factor which contributes to the fact that smaller systems exhibit
a larger deviation from the idealised Poisson’s ratio when compared to a larger system?'%,
Another set of systems which have attracted the attention of researchers for their
potential to exhibit a negative Poisson’s ratio are the calixarenes?’%?’"2"8 which are systems
composed of aromatic compounds consisting of carbon, hydrogen and oxygen and assume a
nanoscopic conformation reminiscent to that of a cup (thus the term calix), see Figure 2.21b.
The nomenclature for such systems is calix[n]arene where n indicates the number of aromatic
rings between the cup-like structures. The molecular system proposed by Grima et al.?’’ is
composed of alternate facing ‘four-legged claws’, composed of benzene rings, arranged on a
square grid. This system is made to mimic the behaviour of an ‘egg rack’ macrostructure which
structure was shown to open up in all directions when loaded in tension, giving rise to auxetic
behaviour. Similarly, when subjecting calixarene systems to a load in tension, the connectivity
of the ‘claws’ forces the structure to open in all directions like an umbrella giving rise to a
negative Poisson’s ratio?’%?"’, Force-field based simulations predict that this system will
exhibit auxetic behaviour in the ZY and YZ planes?’*. In addition to exhibiting auxetic
behaviour, such a deformation mechanism will also lead to a large positive Poisson’s ratio in

the out-of-plane direction, which property could potentially be useful in a number of

applications.
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Figure 2.21: lllustration of polytriangles-3-yne (a) and calixarene (b) systems.

The idealised model for calixarene systems predicts an in-plane on-axis Poisson’s ratio
of -1, which value was not predicted by force-field simulations. The arguments utilised to
rationalise this phenomenon are very similar to those used to explain the deviation from ideality
of polytriangles i.e. that smaller networks deviate more from the ideal model the system is
meant to mimic when compared to an equivalent larger system. Moreover, it was also argued
that the egg-rack / umbrella model is not an adequate enough representation of the double calix
systems. In fact, it was speculated that these systems resemble structures whose joints are
replaced by rhombic units. In such an arrangement two deformation mechanisms take place
when the system is subjected to a stress, with the combined effect of these two mechanisms

giving rise to the actual value of the Poisson’s ratio®’.

One of the mechanisms taking place involves the deformation of the rhombi, which
deformation leads to a positive Poisson’s ratio. The second mechanism acts on the ‘arms’ of
the system by opening the structure in a manner which is reminiscent of opening an umbrella
and flattening out the whole structure, leading to a negative Poisson’s ratio. The two
aforementioned mechanisms act concurrently, resulting in the net Poisson’s ratio being less

negative than expected, with the actual value depending on the relative magnitude of the
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mechanisms which in turn is dependent on the relative size of the rhombi when compared to
the arms. In fact smaller systems, where the rhombi are more predominant, would exhibit a
more positive Poisson’s ratio than larger systems where the umbrella arms are more

predominant?’*,

() ®) (©)

Figure 2.22: An illustration of reflexynes (a), polytriangles (b) and calyxarines (c) Taken from
271.

In addition to 2-D networks, 3-D organic molecular systems which exhibit a negative
Poisson’s ratio have also been reported. In fact, in 1993, Baughman proposed a hypothetical
molecular level system with a (10,3)-b topology?’® known as ‘twisted-chain auxetics’ or (10,3)
— b networks, see Figure 2.23. The auxetic behaviour predicted for these systems would arise
due to shear deformation in the helical polyacetylene chains. Following this work, Gardner
proposed that systems similar to those described by Baughman could be synthesised from

existing starting materials®®,
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Figure 2.23: An illustration of the theoretical (10,3) — b networks proposed by Baughman.

Another field of study which is important to discuss when considering molecular level
auxetics is that of the design and synthesis of liquid crystalline polymers with a negative
Poisson’s ratio, which field of research is a still a relatively new niche of study. Work on these
systems was only initiated in the 1990s, and is presently still in its development stage. Much
of the strides made in this field can be attributed to the pioneering work conducted by A.C.

Griffin et al. at the Georgia Institute of Technology.
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Figure 2.24: (a) The auxetic behaviour in LCPs as proposed by Griffin and co-workers. (b)
The co-polymer with a pentaphenyl rod suggested by Griffin and co-workers. Adapted from?®L.
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In their work, Griffin and co-workers suggested a number of LCPs which were
specifically designed to exhibit negative Poisson’s ratios?®228. Griffin’s LCPs are composed
of long and thin rigid units, such as terphenyl?®® and pentaphenyl?34, which rigid units can be

connected together, either end-to-end or side-to-side, by flexible spacers, see Figure 2.24.

It was suggested that auxetic behaviour can be achieved in such species through a side-
connectivity driven rod reorientation mechanism in main-chain liquid crystalline polymers?®®
X-ray scattering experimental data revealed that the long axes of the rigid units tend to align
parallel to each other when present in the nematic phase. However, when stress is applied, the
rigid units will rotate, resulting in the parallel chains attempting to move into each other and
giving rise to transverse displacements?81:284285 |t was also shown that oligo-paraphenyls are
capable of exhibiting such behaviour?!. Nevertheless, despite the experimental evidence that
the aforementioned deformation mechanism is taking place, which mechanism would lead to
auxetic behaviour, the room temperature experimentally measured Poisson’s ratio of these
systems has been reported to be anisotropic and positive. These results were rationalised by
Griffin and co-workers by the fact that as the system is loaded, the chains slip past each other,
which leads to a reduction in the cross-sectional area of the sample, which phenomenon will
counteract the auxetic effect of the molecular expansion?®!. To date only positive values for

Poisson’s ratio have been recorded in such materials?®®.

Experimental work has shown auxetic behaviour in a synthetic non-porous liquid
crystal elastomer. For strains above circa 0.8 applied perpendicular to the liquid crystal director

(i.e. perpendicular to the alignment direction) a negative Poisson’s ratio is recorded 286287
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2.3.2.3 Auxetic Metallic Molecular and related systems

Auxetic behaviour has also been reported in a number of metallic molecular systems.
In fact one of the earliest reports of systems exhibiting a negative Poisson’s ratio were the
metallic species antimony, arsenic, cadmium and zinc single crystals?®2¢°, In addition to this,

a number of other studies have focused on the auxetic behaviour of cubic systems 290-3%,

Body centred cubic (BCC) and face centred cubic (FCC) phases are usually auxetic in
non-axial directions 29°2%23% Hexagonal close packed (HCP) metals zinc and beryllium have
also been shown to be auxetic®®. Analytic expressions of the extreme values of Poisson’s ratio
over all possible directions for cubic materials were derived®®. It has also been shown how
elastic constants can be utilised for the classification of any cubic materials as auxetic,

directional auxetics and non-auxetics®03395:307,

The list of systems which are complete auxetics is limited with Ba, Smo7Yo03S,
SMo.75Y0.25S, Smo.7s5Lag2sS, SmosslaossS, Smo.slag2sS being shown to have a negative
Passion’s ratio for all directions of applied strain. However, it should be noted that some results
show that Smo7Y0.3S, Smo.75Yo025S, Ba are complete auxetics while other show that they are
partial auxetics®®!. There are extensive tables of recorded Poisson’s ratios of different cubic

SyStemS 290—292,298.

In the work carried out by Baughman et al., it was shown that 69 % of the sample of
cubic elemental metals studied have a negative Poisson’s ratio when stretched along the [110]
direction®®. Referring to the two adjacent unit cells of a body centred cubic metal shown in
Figure 2.25, application of force in the [110] direction results in a decrease in the acute angles
in rhombus denoted by atoms 1-4. This results in a decrease in distance between atoms 1 and
3 in rhombus denoted by atoms 1, 3, 5, 6 which leads to an increase in distance between atoms

5 and 6 leading to a negative Poisson’s ratio.
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Figure 2.25: Illustration of the deformation mechanism leading to auxetic behaviour in body
centred cubic metals as proposed by Baughman %,

2.3.3 Properties and Applications of Auxetics

When “conventional materials” are subjected to an out-of-plane bending force they
attain a saddle-shaped conformation (anticlastic curvature). Auxetic materials on the other hand
adopt a dome-shaped form (synclastic curvature), see Figure 2.26. One of the first studies to
predict this interesting feature was conducted by O’Donnell®%, when his team were carrying
out studies on perforated steel plates. This property has subsequently attracted the attention of
a number of researchers®-3 and it was shown that due to this phenomenon auxetic materials
could potentially be better suited to adopt the curves of the human body than “conventional
materials”. This has led to a number of potential applications for soft auxetic materials in
mattresses and ergonomic cushions®!?, since cushions made of auxetic foams could potentially

enhance comfort and reduce the risk of bed-sores®13:314,
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Conventional Auxetic

(@) (b)
Figure 2.26: (a) saddle-shaped conformation adopted by “conventional materials” compared

to dome-shaped conformation adopted by auxetic materials when both materials are subjected
to an out-of-plane bending force. Taken from 2°°.

Another property which could potentially give auxetic materials an advantage over
conventional materials with respect to application in cushions is that of increased densification
of auxetic materials at a point of impact. This counterintuitive property, which has been
reported in materials such as foams®®3!°, ultra-high molecular weight polyethyleng32032!,
honeycomb structures®?232% and composites®2*32°, results in higher indentation resistance when
compared to “conventional materials”, see Figure 2.27. This property, combined with the
ability of auxetic material to adopt a dome-shaped conformation, makes auxetic materials ideal

for use in safety equipment such as crash helmets, knee and elbow-pads and bullet proof vests

326-330

Auxetic materials may also be utilised in biomedical applications such as smart
bandages, where scientists can take advantage of the fact that numerous auxetic systems have
increased porosity compared to “conventional materials”. Such bandages have an advantage
over “conventional bandages” in that they can release a dose of medicine which is directly
proportional to the swelling. Such bandages are composed of a textile having a porous auxetic
framework which is impregnated with medicine, whose pores open as the swelling increases,
resulting in the release of medicine. Conversely as the swelling decreases the pores close,

resulting in the administration of a controlled dose of medicine33Z.
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Figure 2.27: A comparison of the material response of (a) conventional material and (b)
auxetic material when subjected to a stress. Auxetic materials exhibits increased densification
at the point of impact. Adapted from33!,

Porous auxetic systems may also be applied in smart filters where the pore size of the
filter is strain dependent. Thus, a single filter may be used to separate differently sized particles
within the same mixture by adjusting the applied strain. It has also been shown that such filters
are easier to clean than “conventional filters”, since by the application of a known strain the

pores of the filter may be fully opened332-33,

Another useful property of auxetic systems is their ability to contract under
compression and expand under tension. This particular property has attracted the attention of
scientists for numerous potential applications, ranging from use in construction materials®*’ to

biomedical applications3®

. An ingenious application of this property is using auxetic systems
in rivets, press-fit fasteners and nails which are easier to insert but harder to remove than
“conventional” materials. For example, conventional nails tend to get fatter when being
hammered i.e. when they are under compression. This will reduce the pressure the nail exerts

on the wall, making it harder to hammer in. The opposite should take place with auxetic nails**’,

since these get thinner when under compression, resulting in an increase in the pressure exerted
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by the nail on the wall making it is easier to insert. In addition to this, auxetic nails would

339

expand under tension making such nails harder to remove®>*. The fact auxetic materials expand

under tension also makes them ideal candidates for seat belts, since this would reduce the stress

applied on the passenger upon impact since the surface area of the belt increases®4.

Potential biomedical applications®®341342 include the use of auxetic stents3#334
auxetic neck brace3#® and auxetic microporous polymers as artery dilators®*13*7, Since auxetic
materials tend to expand in all directions when under tension, it has been suggested that these
materials pose a smaller chance of causing failure of the blood vessel on insertion, thus making

them safer than ‘conventional materials’33L,
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2.4 Scope of thesis

As detailed in the literature review, CO2 and H20 in their various forms, have been the
subject of a myriad of theoretical and experimental studies®!8:26:5796.98,162348-351 ;e to their
importance!?1%* on Earth and in the universe. Both CO; and H,O have extremely rich phase
diagrams??1:127.129.352 hoasting numerous solid polymorphs, some of which, have been studied
for over a hundred years®>®*. In an attempt to fully characterise the high-pressure polymorphs
of H.O and CO», researchers have focused on several different aspects such as studying the
structural  properties!6:56:57:129.167.171.353354 *vjiprational ~ properties®’ 1201241277135 gng

mechanical properties® 657130 of these systems.

A number of studies have focused on the phase transitions which take place at extreme
conditions of pressure and temperature, where for example, it has been reported that the proton
order-disorder phase change in H>O ice may be brought about by lowering the temperature of
the disordered phase usually in the presence of a dopant?®1113% A number of studies have also
focused on the pressure induced phase transitions of CO, and H2O ice polymorphs!?6:354357
with examples including the pressure induced phase transition of ice VIII to ice X*#7117:3%8 and
the pressure-induced phase transitions of CO, phase 1l to the CO2-V*4917 " Pressure induced
phase transitions have intrigued a number of researchers by the novel phenomena observed.
For example, simple molecular species at ambient conditions can form non-molecular phases
by the application of high external hydrostatic pressures, such as in the case of symmetric ice

X*47 and the polymeric CO,-V*849,

A few studies have also investigated the mechanical properties of the high-pressure
polymorphs of H.O and CO: ices. These studies focused mainly on the bulk elastic properties
of the polymorphs found at relatively lower pressures 47523, For instance, the elastic constants

of single crystals of ice polymorphs such as ice-lll, ice-V and ice-VI 3°°-363 which are stable
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at a pressure of only around 1 GPa, have been investigated. Recently, some work has

determined the elastic constants of H,O and CO2 polymorphs at higher pressures®>’.

Despite all of this, there are a number of open questions, particularly with respect to the
study of the low temperature and high-pressure phases of these ices. For instance, the stability
windows of the high-pressure polymorphs of H,O and CO> are under debate. For example,
some studies suggest that CO»-V should break down at high pressures and temperatures into
carbon and oxygen (s-02)%!81 while other studies did not find evidence for this*175182 Another
example, is the debate on the pressure at which ice VIII should undergo a phase change to ice
X145.146.154 Moreover, no studies have focused primarily on examining the mechanical
properties of the high-pressure single crystal phases of H,O and CO; polymorphs. In order to
fully characterise the high-pressure polymorphs of H.O and CO: detailed understanding of

their mechanical properties is important.

Detailed studies on the Poisson’s ratio and auxetic potential of high-pressure
polymorphs are also lacking. It would thus, be interesting to investigate the auxetic potential
of these systems and study the effect of varying hydrostatic pressure on the auxetic behaviour
of these systems, something which to date has not been tackled. In relation to this, a detailed
study rationalising anomalous mechanical properties of these high-pressure polymorphs,

together with the pressure dependence of the auxetic behaviour, is also lacking in the literature.

Furthermore, in the case of molecular modelling studies, analysis of the Poisson’s ratio
of nanoscale auxetics is usually rationalised by investigating the changes in bond length, bond
angles and/or their projections in particular planes when a stress is applied in a particular
direction®”:68.256364 - Although this technique has been found to produce reliable results, there
may be circumstances where such method cannot be utilised, for example, when the application

of stress results in non-continuous change in the structural parameters studied. To date, no

49



attempts have been made to employ other techniques such as spectroscopy to study the
deformation mechanisms. The use of spectroscopy to investigate the deformation mechanisms
in crystals would also make it easier to study deformation mechanisms experimentally and

compare molecular modelling results with experimental results.

In view of the above, this thesis aims to study the mechanical properties, with
particular emphasis on the Poisson’s ratio, of high-pressure phases of H.O and CO: ice,
specifically, ice X, ice VIII, CO2-11 and CO2-V through first principles DFT calculations.

This aim will be achieved by fulfilling the following objectives.

e Use of first principles DFT calculations to study ice X, ice VIII, CO2-1l and CO2-V.

e Produce detailed convergence studies to ensure that the simulation parameters chosen
are adequate to optimally simulate the structures and properties of the aforementioned
ice polymorphs.

e Benchmark the properties obtained through DFT calculations with experimental and
other theoretical results present in the literature to validate the methodology employed.

e Use of phonon dispersion relations to study the stability of the high-pressure phases of
H20 and CO: ice polymorphs in the pressure range of the study.

e Investigate the mechanical properties of the single crystal and polycrystalline aggregate
of the high-pressure polymorphs in order to study the Young’s modulus, shear modulus,
bulk modulus, Pugh ratio and Poisson’s ratio.

e Rationalise the calculated Poisson’s ratios by investigating the deformation mechanism
through:

o the study of nanoscale changes in various bond lengths, angles and/or their

projections in particular planes when a stress is applied
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o the use of spectroscopic techniques to study the deformation mechanism of
auxetic nanoscale systems. The use of spectroscopic techniques such as infrared
and Raman spectroscopy conducted at different pressures will be used to give
an insight into changes in molecular vibrations which, when coupled with
changes in mechanical properties, are envisaged to give an indication of which

deformations are important to achieve a negative Poisson’s ratio.
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Chapter 3: "An investigation of the mechanical properties of ice X

3.1 Introduction

Water, a key component of life as we know it, has enthralled scientists with its
anomalous properties®1:3%5-3¢7_H,0 in its various forms is found abundantly on Earth
and throughout the cosmos3#. As detailed in Chapter 2, H2O ice has a complex phase
diagram, with numerous different stable and metastable solid phases which have been
identified through experimental and theoretical works!®:1820.159.368-378 = The most
important phases of ice above 2 GPa are ice VII, ice VIII, and ice X4"117120 with jce X
being found in the higher pressure range. Ice X is macromolecular phase of ice which
belongs to the cubic space group Pn3m. The ice X structure is composed of a BCC
packing of oxygen atoms, where each oxygen atom is covalently bonded to four
hydrogen atoms, with the hydrogen atom being located midway between two
neighbouring oxygen atoms. As a consequence, the molecular character seen in lower

pressure phases of ice is lost in ice X46:47:120,142-149

Despite numerous studies on ice X, studies on the mechanical properties of this
system are limited. Recently, simulations utilising first principle calculations have been
carried out to predict the elastic constants of ice X5*'30, Nevertheless, detailed studies
on the Poisson’s ratio are lacking. In view of this, the work presented here investigates

the mechanical properties of ice X and the variation of these properties with pressure in

*The contents of this chapter have been published in the peer-reviewed Journal of Physics and Chemistry
of Solids: Gambin, D., Dudek, K. K., Dudek, M. R., Grima, J. N. & Gatt, R. The mechanical properties of ice X
with particular emphasis on its auxetic potential. J. Phys. Chem. Solids 150, 109717 (2021).
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the range of 150 GPa to 300 GPa. The mechanical properties of the ice X single crystal
and of the polycrystalline aggregate will be investigated. The Poisson’s ratio will be studied in
detail and geometries/deformation mechanisms will be investigated in order to rationalise any

anomalous mechanical properties.

In order to achieve this, this chapter will be subdivided into two sections. In the
first part, the methodology employed will be validated through a detailed convergence
and benchmarking study. In the second part, the properties of ice X will be determined,

paying particular attention to the Poisson’s ratio of this system.

3.2 Convergence and benchmarking study for ice X

3.2.1 Introduction

The macromolecular ice X structure has been the subject of a number of DFT studies,
where for example, the structure®®®, stability'?®44 vibrational®® and mechanical
properties®® 30 have been investigated. The simulation parameters employed have varied in the
different studies and thus, in order to choose appropriate simulation parameters to study ice X,
a convergence and benchmarking study will be conducted. This will validate the methodology
utilised and ensure that the results obtained are not an artefact of calculation parameters

employed but an appropriate representation of the ice X system.

3.2.2 Methodology

The crystal structure of ice X as obtained from the literature!?>38! was
constructed within the CASTEP3® modelling platform as implemented in Materials
Studio. The Pn3m space group of ice X was set to P1 in order to eliminate symmetry

constraints, apart from those imposed by the unit cell itself, during the minimisation
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process. This increases the simulation time but allows all the elements within the cell to
act independently. The DFT simulations were carried out utilising GGA functionals on
a1l x 1 x 1 unit cell employing periodic boundary conditions throughout. GGA
functionals are widely used in the study of the polymorphs of ice, including ice
X54120130,144,154.381,383 * The performance of a number of GGA functionals namely
PBE®®, PBE-TS%*°, PBE-Grimme®®, PBESOL3®, PW91%%, PW910bs3°, was tested.
For each functional geometry optimisation was performed using a cut-off energy
ranging from 400 eV to 1200 eV in steps of 200 eV. For each cut-off energy used,
different refinements of the Brillouin zone sampling were tested by utilising a
Monkhorst-Pack grid 3°0%°! with varying mesh size, namely 3x3x3, 5x5x5, 7x7x7,
9x9x9, 11x11x11 which are equivalent to a separation of 0.12 A1, 0.07 A, 0.05 A,
0.04 At and 0.03 A respectively. These calculations were conducted at 128 GPa and
300 GPa. The DFT simulations were carried out utilising norm conserving
pseudopotentials. The geometry optimizations were carried out by employing the BFGS
algorithm as this allows for relaxation of both the internal degrees of freedom and the
cell parameters. Stringent convergence criteria were employed. These included an
energy cut-off of 5.0 x 10 eV//atom, a maximum force of 0.01 eV/A, a maximum stress

of 0.02 GPa and maximum displacement of 5.0 x 10 A.

Most experimental studies on ice X were carried out between 50 GPa and
120 GPa5,46,47,117,118,139,142,145,146,148,149,152,153,156,3927396. Wlthln thiS pressure range’
Caracas'®® described the structure of ice X as being ‘disordered’. Caracas'?® further
argued that the ordered structure for ice X is obtained at pressures higher than 120 GPa.
Raman spectroscopic measurements also suggest that the symmetric hydrogen bonded
ice X does not exist below 120 GPa'*®. However, a more recent NMR study has shown

that proton ordered ice X should be present at 90 GPa'*®. A phonon dispersion study has
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also shown that ice X is stable from 110 GPa (with imaginary phonon frequency being
calculated below this pressure) up to a pressure of 420 GPa, with a transition to
orthorhombic Pbcm phase being predicted above this pressure!** while a DFT-PBE

study has shown that ice X is formed at 120 GPa %4,

In this study, we are interested in elucidating the mechanical behaviour of
ordered ice X, thus, simulations for the mechanical properties were carried out using
pressures higher or equal to 150 GPa up to 300 GPa, in increments of 50 GPa using DFT
calculations, which pressure range is well within the stability field of ordered ice X (see
section 3.3). Having said this, due to the lack of experimental studies for ice X at
pressures higher or equal to 150 GPa, preliminary simulation within the pressure range

of 98 GPa and 128 GPa were carried out in order to benchmark the methodology used.

The molar cell volume computed in this work in the pressure range of 98 GPa to
128 GPa was compared to the data available in the literature. The molar cell volume, Vn,

was calculated by using the following relation:

V — NAVceII 31
" Z

where Na is the Avogadro constant and Z is the number of formula units per unit cell. Ice X

has two H20 molecules per unit cell.
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3.2.3 Results and discussion

All functional considered in this work correctly predicted the Pn3m cell symmetry of
ice X, which symmetry is reported in the literature!*®3! In order to determine suitable
simulation parameters for the ice X system, convergence tests at pressures of 128 GPa and
300 GPa have been carried out. The lattice parameters obtained from each combination of the
energy cut-off and the Monkhorst-Pack k-point grid®®%3! tested were compared to those
obtained using an energy cut-off of 1200 eV and a Monkhorst-Pack k-point grid with
11x11x11 mesh size. From the results obtained, see Figure 3.1 and Figure 3.2, it may be
inferred that the cut-off energy is sufficient at 800 eV, whilst the Brillouin zone sampling,
conducted by means of a Monkhorst-Pack grid is sufficient with a mesh size of 5 x 5 x 5 at
both 128 GPa and 300 GPa, as further refinements in simulation parameters did not
significantly change the lattice parameters obtained. From the results obtained for the lattice
parameters, O—H bond length and HOH bond angle, see Table 3.1 and Table 3.2, it can be
noted that the functionals assessed, namely PBE¢ PBE-TS%®° PBE-Grimme3,

PBESOL3%’ PW91388 PW910bs*°® mostly give equivalent results.

Table 3.1: A comparison of the lattice parameters as simulated by different GGA functionals,
with and without VDW corrections. Note that this data was obtained using a cut-off energy of
1200 eV, a Monkhorst-Pack grid of 11x11x11 and a pressure of 128 GPa.

GGA functional a b C
PBE 2.61 2.61 2.61
PBE GRIMME 2.61 2.61 2.61
PBE TS 2.60 2.60 2.60
PBESOL 2.60 2.60 2.60
PW91 2.61 2.61 2.61
PW91-OBS 2.57 2.57 2.57
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Table 3.2: A comparison of the different O—H bond lengths and HOH bond angles calculated
utilising different GGA functionals, with and without VDW corrections. Note that this data was
obtained using a cut-off energy of 1200 eV, a Monkhorst-Pack grid of 11x11x11 and a pressure

of 128 GPa. It can be seen that the different functionals give very similar results.

GGA functional O—H bond length

PBE 1.13

PBE GRIMME 1.13
PBE TS 1.126
PBESOL 1.127
PWO1 1.13
PW91-OBS 1.114

HOH bond angle

109.471
109.471
109.471
109.471
109.471
109.471
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Figure 3.1: The convergence test carried out on ice X, using (a) GGA-PBE (b) GGA-PBE-
Grimme (c) GGA-PBE-TS (d) GGA-PBESOL (e) GGA-PW91 and (f) GGA-PW91-OBS when
subjected to a hydrostatic pressure of 128 GPa. Note that the Y axis give the percentage
deviation from the simulation carried out using a cut-off energy of 1200eV and a Monkhorst-
Pack grid of 11x11x11, whilst the legend indicates the Monkhorst-Pack grid used. Percentage
change refers to the percentage change in lattice parameters.
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Figure 3.2: The convergence test carried out on ice X, using (a) GGA-PBE (b) GGA-PBE-
Grimme (c) GGA-PBE-TS (d) GGA-PBESOL (e) GGA-PW91 and (f) GGA-PW91-OBS when
subjected to a hydrostatic pressure of 300 GPa. Note that the Y axis give the percentage
deviation from the simulation carried out using a cut-off energy of 1200eV and a Monkhorst-
Pack grid of 11x11x11, whilst the legend indicates the Monkhorst-Pack grid used. Percentage
change refers to the percentage change in lattice parameters.
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In order to benchmark the methodology used, a number of parameters were determined
employing the PBE functional and compared to data available in the literature. The molar
volume calculated in this work is compared with those obtained in other studies in Table 3.3.
The molar volume of ice X obtained from the simulations carried out were 5.65 cm® mol* at
98 GPa, 5.43 cm® mol™ at 120 GPa and 5.36 cm® mol™? at 128 GPa. These values were

15 \who

comparable with the ones determined experimentally by Hemley and co-workers
determined the molar volume of ice X to be 5.57 + 0.01 cm® mol? at 98.0 + 0.7 GPa,
5.33 = 0.01 cm® mol™? at 120.0 + 1.0 GPa and 5.20 + 0.01 cm® mol* at 128.0 + 2.0 GPa. It
should be highlighted that the difference between the simulations in this work and the
experimentally derived data increased as the reported experimental error increased. Moreover,

the results obtained in this study also show very good agreement with other theoretical studies

with a deviation of less than 0.8%130:381,

Table 3.3: Calculated cell volumes at different pressures compared with data available in the
literature. It can be seen that the DFT simulations in this work can accurately reproduce
experimental **® and theoretical work 3038%:

Pressure (GPa) Molar cell volume = Molar cell volume Percentage
(cm3mol?) (this (cm3®mol?) difference (%0)
work) (Literature)
98 5.65 5.57 %6 1.43
100 5.63 5.66 130 -0.558
105 5.58 5.62 31 -0.773
120 5.43 5.33 1%6 1.85
128 5.35 5.52 1%6 -3.11
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To consolidate the work done, the refractive index determined in this work employing
the PBE functional was compared to experimentally determined values available in the

literature. The refractive index of the simulated structure at 110.5 GPa and 120.5 GPa were

found to be within a maximum deviation of 6x102 from the experimentally derived values®®?,

see Table 3.4.

Table 3.4: Comparison of the simulated refractive index and the experimentally determined
value at 110.5 GPa and 120.5 GPa %, It can be seen that the DFT simulations can accurately
reproduce the experimentally determined refractive index with a maximum deviation of
6x1073,

Pressure (GPa) Experimental work This work
(at 630 Nm)32
110.5 1.880 1.886
120.5 1.882 1.879

Taken together, the verifications of the simulated structure against experimentally
derived values suggest that the methodology employed in this study reliably determines the
structure and properties of ice X. All the above suggests that the structure and properties of the
ice X system can be adequately studied employing the PBE functional. This is in agreement

with other theoretical studies®*120:130.139.144 g jjce X,

3.2.4 Conclusion

From the work carried out in this section it was determined that the ice X system can
be adequately studied utilising the PBE functional with an energy cut-off of 800 eV and
a Monkhorst-Pack grid with a 5 x 5 x 5 mesh. These parameters will used throughout

the rest of the study unless otherwise stated.
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3.3 Studying the properties of ice X

3.3.1 Introduction

In this section the properties of ice X will be studied in the pressure range of 150 GPa
to 300 GPa employing the calculation parameters determined in the previous section. Firstly,
the stability of ice X in the pressure range of this study will be assessed through the use of
lattice dynamic calculations. This will be followed by determination of the elastic constants of
ice X. The mechanical properties of the polycrystalline aggregate and the single crystal will
then be studied. Any anomalous mechanical properties will be investigated through the direct
measurement of the nanoscale deformation of the ice X system. This work will be consolidated

through the use of spectroscopy.

3.3.2 Methodology

Unless specified otherwise, the DFT calculations were carried out employing the PBE
functional with an energy cut-off of 800 eV and a Monkhorst-Pack grid with a5 x5 x 5
mesh as determined from the work carried out in the previous section. The methodology

employed to study the properties of ice X is detailed below.

3.3.2.1 Phonon dispersion

Phonon dispersion curves were calculated at 150 GPa and 300 GPa using the
finite displacement method. For this method, a supercell was defined by a cut-off radius
of 6.5 A that is equivalent to a supercell volume of 128 times that of the original unit
cell. This represents a circa 4 x 4 x 4 supercell. Convergence for the phonon dispersion
curves was also achieved by systematically increasing the energy cut-off,

Monkhorst-Pack grid and radius cut-off.
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3.3.2.2 Mechanical properties

The elastic constants were determined by utilising the constant-strain method for
which a linear stress-strain relationship was achieved. Utilising the calculated stiffness
matrix [C], the auxetic potential of ice X together with the direction of maximum
auxeticity was determined by calculating and plotting the off-axis Poisson’s ratio. This
was carried out by employing standard axis transformation techniques?3’-3%’, This was
repeated for all the different hydrostatic pressures considered during this study. The
mechanical properties obtained were also verified by using the hybrid functional
HSE063% and through dispersion-corrected functionals GGA-PBE-TS, GGA-PBE-
Grimme. The computed elastic constants were also utilised to calculate the maximum and
minimum bounds of Poisson’s ratio, bulk and shear moduli for ice X polycrystalline aggregate.
The maximum and minimum values of the Poisson’s ratio for an isotropic polycrystalline
aggregate can be calculated utilising the equations below, which equations assume that the

crystal domains in the sample are arranged in such a way that the material is isotropic.

. 3KVoigt -2G Reuss 32
v = Voigt Reuss
6K™ +2G
- 3K Reuss ZGVoigt 33
v = Reuss Voigt
6K™™ +2G

where K19 js greatest possible bulk polycrystalline modulus and GV°'¢ is greatest possible
shear polycrystalline modulus, both moduli being determined utilising the Voigt method 399400

shown below:
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A+2B 3.4

KVoigt —
3
o _ A-B+3C 35
)

where:
1 3.6
A= 5(011 +Cpy + 033)
1 3.7
B= g(czs +Cy +Clz)
3.8

1
C= §(C44 + Css +C66)

whilst KReUs js [owest possible polycrystalline bulk modulus and GRe“ is the lowest possible

shear modulus, both moduli being determined employing the Reuss method 400401

KReuss — 1 39
3a+6b
GReuss — # 310
4a—4b+3c
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where:

1 3.11
a= 5 (511 +S, + 533)
1 3.12
b= 5(523 +55+ 512)
3.13

1
C= 5(544 + Sg5 + Sgs)

The bulk modulus for ice X polycrystalline aggregate can be calculated using Voigt-
Reuss-Hill approximation. For a cubic system the bulk modulus KV°'9 is equal to K¢S with
the value of the Voigt-Reuss-Hill average for the bulk modulus being calculated as shown
below:

1 3.14

K — E(KVoigt + KReUSS)

Similarly, the Voigt-Reuss-Hill average for the shear modulus is calculate as shown below:

1 3.15

G — E (GVoigt + GReuSS)

3.3.2.3 Deformation mechanism

To rationalise the calculated Poisson’s ratio, simulations were carried out to

deduce the deformation mechanism. The ice X system was subjected to a series of both
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positive and negative uniaxial stresses up to 0.5% of the Young’s modulus in the
direction of maximum auxeticity, i.e. applied at 45° to the z-axis in the (010) plane. The
stresses applied were in the form of:

cos(¢) 0 —sin(¢))(0 O 0\ cos(l) 0 —sin(<) !

0o 1 0 000 0o 1 0

sin(¢) 0 cos(d) A0 0O o)lsin({) 0 cos(S)
where , the in-plane rotation, was set to 45° in order to load the structure in the direction
of maximum auxetic potential. Bond lengths and bond angles were measured in order

to elucidate the deformation mechanism as shown in Figure 3.3.

Cmmmems g

v B

X/\k XX

@) (b)

Figure 3.3: (a) The unit cell of ice X illustrating the BCC arrangement of the oxygen atoms
(shown in red), where each oxygen atom is covalently bonded to four hydrogen atoms (shown
in grey). (b) The structure of ice X showing two adjacent ice X unit cells with two orthogonally
interconnected rhombi, BEDF (shown with a green line) and ECFA (shown with a blue line).
The applied stress on rhombus BEDF results in an increase in distance CA leading to a
negative Poisson’s ratio. The stress is being applied at 45° to the [001] direction in the (010)
plane.
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3.3.2.4 Spectroscopy

In order to consolidate the deformation mechanism, the Raman spectra of ice X
in the pressure range of 150-300 GPa at intervals of 50 GPa were calculated as
implemented in CASTEP which determines the Raman tensors by utilising a combined
DFPT and finite displacement approach. Convergence for the Raman spectra has been
also achieved by systematically increasing the energy cut-off and the Monkhorst-Pack

grid.

3.3.3 Results and discussion

This work has shown that ice X has the potential to exhibit auxetic behaviour for
loading at 45° off-axis in the (100), (010) and (001) planes. Studying the deformation of two
orthogonally interconnected rhombi has shown that this predicted negative Poisson’s ratio can
be attributed to the interplay between distortion and hinging of these rhombi. Moreover, it has
been shown that the auxetic potential of ice X increases with an increase in hydrostatic pressure,
which behaviour is explained by the rhombi approaching quasi-perfect behaviour resulting in
a decrease in the distortion of the rhombi and an increase in hinging mechanism. A detailed

discussion of the results obtained is given in the following sections.

3.3.3.1 Dynamic Lattice calculations

In order to further consolidate the simulated ice X structure obtained, lattice
dynamics calculations were performed at number of different pressures namely 150 GPa
and 300 GPa (see Figure 3.4). The phonons obtained at both pressures were all in the
positive region, which indicates that the structure of ice X simulated is stable or
metastable at these pressures in accordance with the work conducted by Caracas*?® where
static phonon dispersion studies have shown that ice X is stable in the 120-400 GPa pressure

range.
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To assess that the simulation parameters determined in section 3.2 are suitable to
calculate the phonon dispersion relations of ice X, the calculation was repeated by
systematically increasing the energy cut-off, Monkhorst-Pack grid and radius cut-off at
300 GPa. The phonon dispersion curves obtained, see Figure 3.5, show that increasing
the aforementioned simulation parameters has no effect on the results obtained. This
ensures that the phonon dispersion curves obtained are not an artefact of the simulation

parameters employed.
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Figure 3.4: Phonon dispersion spectra calculated utilising GGA-PBE functional at different
hydrostatic pressures namely (a) 150 GPa and (b) 300 GPa. The absence of imaginary modes
shows that the structure of ice X is stable or metastable at both pressures in accordance to
Caracas'?.
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Figure 3.5: Convergence of phonon dispersion curves of ice X at 300 GPa utilising the finite
displacement method. It can be seen that an increase in the energy cut-off, Monkhorst-Pack
grid and radius cut-off has no effect on the dispersion curve obtained.

3.3.3.2 Elastic constants

The elastics constants of ice X at 150 GPa were then calculated. First of all, it is
important to note that the elastic constants obtained from this study are in very good agreement
(with a maximum variation of 0.7%) with those derived by Tsuchiya and co-workers'®® who
also employed a theoretical approach (see Table 3.5). The stiffness and compliance matrices
obtained for ice X show the expected symmetry for a cubic system whereby c11 = €22 = Caz,

C44 = Cs5 = Cg and C12=C13=C>3.
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Table 3.5: A comparison of the elastic constants calculated at 150 GPa in this work with those
obtained in other theoretical studies'® at the same hydrostatic pressure where it can be seen
that the results obtained are very similar.

Reference c11 (GPa) c12 (GPa) c13 (GPa) ca4 (GPa)
10 751.2 636.3 636.3 441.5
This work 750.25 631.9 631.9 441.5

The mechanical properties obtained from the compliance matrices (see Figure 3.6)
show that ice X has the potential of exhibiting a negative Poisson’s ratio of around -0.4 at 45°
to [100] direction in the (001) plane, at 45° to [010] direction in the (100) plane and at 45° to
[001] direction in the (010) plane. An analysis of the shear and Young’s modulus also reveals
that loading in the direction of maximum auxeticity results in a minimum value for the shear
modulus and a maximum value for the Young’s modulus, see Figure 3.6. It is very interesting
to note that as the hydrostatic pressure is increased, the minimum Poisson’s ratio becomes more
negative i.e. the auxetic potential of ice X increases with an increase in hydrostatic pressure.
At the same time, the maximum positive Poisson’s ratio increases to a lesser degree. Similar to
the Poisson’s ratio, the on-axis shear modulus tends to increase with increasing hydrostatic
pressure, while the off-axis shear modulus decreases. On the other hand, as the hydrostatic

pressure is increased both the on-axis and off-axis Young’s modulus are observed to decreases.
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Figure 3.6 The variation of the shear modulus (a), Young’s modulus (b) and Poisson’s ratio
(c) with angle of rotation, ¢, in the (010) plane for ice X at different hydrostatic pressures when
simulated utilising GGA-PBE functional. Poisson’s ratio is pressure dependant with the
auxetic potential of ice X increasing with an increase in hydrostatic pressure.

In order to confirm the simulated mechanical properties of ice X, the elastic constants
of this system were simulated utilising the dispersion corrected functionals PBE-TS and
PBE-Grimme and the hybrid functional HSEQ6 at 300 GPa. The mechanical properties derived
from the elastic constants are plotted in Figure 3.7. The auxetic potential of ice X is confirmed
with all functionals used. In particular, it can be seen that there is very good agreement between
the PBE functional used in this study, dispersion corrected functional PBE-TS and the hybrid
functional. Therefore, one may infer that the results obtained are not an artefact of the
functional being used with the Poisson’s ratios obtained through the use of PBE functional, the
dispersion corrected functionals and the hybrid functional being very similar. This is further
confirmed by simulating mechanical properties of ice X at 150 GPa using the dispersion
corrected functionals which are shown in Figure 3.8. The trends in the mechanical properties

obtained are similar irrespective of the functional used.
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Figure 3.7: The variation of the shear modulus (a), Young’s modulus (b) and Poisson’s ratio
(c) with angle of rotation, ¢ in the (010) plane for ice X at 300 GPa utilising PBE, the
dispersion corrected functionals PBE-TS, PBE-Grimme and the hybrid functional HSEO6. It
can be seen that similar trends are obtained irrespective of the functional used.
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Figure 3.8: The variation of the shear modulus (a), Young’s modulus (b) and Poisson’s ratio
(c) with angle of rotation, ¢, in the (010) plane for ice X at 150 GPa utilising PBE and the
dispersion corrected functionals PBE-TS and PBE-Grimme. It can be seen that similar trends
are obtained irrespective of the functional used.
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3.3.3.3 Polycrystalline properties

The elastic constants of the ice X system may be employed to determine the mechanical
properties of the polycrystalline aggregate as detailed in the methodology section. Calculation
of the maximum and minimum values of the Poisson’s ratio show that the polycrystalline
aggregate is expected to exhibit a positive Poisson’s ratio in the pressure range of this study,
with the value of the Poisson’s ratio increasing with an increase in hydrostatic pressure as
shown in Table 3.6. This is in sharp contrast to the auxetic behaviour predicted for the ice X

single crystal.

Table 3.6: The maximum and minimum bounds of Poisson’s ratio for ice X polycrystalline
aggregate at various hydrostatic pressures.

Pressure (GPa) ymax ymin
150 0.414 0.312
200 0.436 0.324
250 0.453 0.334
300 0.468 0.339

As shown in Table 3.7, an increase in hydrostatic pressure also results in an increase in
the value of the bulk and shear modulus of polycrystalline ice X. The K/G ratio, known as the
Pugh ratio®®2, gives an indication of the ductility or brittleness of a material with a K/G value
exceeding 1.75 indicating that the material is ductile. The K/G ratio calculated at 150 GPa is
3.26 illustrating the ductile nature of ice X at this pressure. In addition to this, the DFT
simulations have predicted an increase in the K/G ratio with increasing pressure, showing that

the ductility of the material increases with pressure.
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Table 3.7: The pressure dependence of the maximum and minimum bounds for the bulk moduli
(KReuss = KVoigt denoted by K*) and shear moduli for ice X polycrystalline aggregate together
with the K/G ratio of the polycrystalline aggregate.

Pressure (GPa) K* (GPa) GVeoigt(GPa) GReuss(GPa) G (GPa) KIG
150 671 289 123 206 3.26
200 812 323 109 216 3.76
250 948 355 91 223 4.25
300 1080 388 71 230 4.70

3.3.3.4 Deformation mechanism

Having established the potential of ice X to exhibit auxetic behaviour, it is important to
determine the origins of this behaviour. Baughman et al.3%* showed that most cubic metals can
exhibit a negative Poisson’s ratio when stretched in the [110] lattice direction and explained
this behaviour using a simple geometrical model composed of two orthogonally interconnected
rhombi. In the case of ice X, referring to Figure 3.3, the oxygen atoms between two subsequent
unit cells may also be seen to form such orthogonally interconnected rhombi. In this case
however, the sides of the rhombi are not identical wherein for each rhombus, two sides are
composed of O-H-O interactions, whilst the other two sides are composed of O:O non-bond
interaction. Hence in the case of ice X a similar mechanism may be responsible for the
predicted negative Poisson’s ratio. Referring to Figure 3.3 and Figure 3.9, application of a
stress (o) along the direction of maximum auxeticity (at 45° to the [001] direction in the case
of Figure 3.3 and Figure 3.9) results in a decrease in the acute angle EBF in the rhombus BEDF.

Due to this, bond angle CEA in the rhombus ECFA is geometrically bound to increase,
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resulting in an increase in the distance between positions C and A. This increased distance
between positions C and A results in the simulated negative Poisson’s ratio in the (010) plane.
Furthermore, during this deformation, the distance between the oxygen atoms in both rhombi
only change to a small degree. Due to the cubic nature of the structure a similar deformation
mechanism can be used to explain the predicted negative Poisson’s ratios in the (100) and (001)
planes. It is important to note that the fact that ice X is achieving its auxeticity through a
Baughman-like deformation mechanism confirms the strength of this classical mechanism in

generating auxetic behaviour.
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Figure 3.9: (a) The percentage change in distance CA at 150 GPa and (b) the change in bond
angles EBF and CEA at 150 GPa.

The mechanical properties of ice X were then studied at higher pressures, up to 300 GPa
as detailed in the methodology section. An analysis of how the structure of ice X changes with
increasing pressure shows that an increase in pressure is accompanied with a decrease in the
O-H bond length and hence a decrease in the O-H-O distances. The O:0 distances also decrease
to the same extent when the pressure is increased. These are shown in Table 3.8. This can also
be shown when taking into consideration the Raman active O-O mode of the non-molecular
ice X system whereby the Tog interaction is observed to shift to higher wavenumbers as the
pressures is increased as shown in Figure 3.10, with this positive pressure shift is also reported

in the literature® albeit at lower pressures.
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Table 3.8: The variation of O-H bond length and O:O distance with an increase in pressure.

Pressure (GPa) O-H bond length (A) 0:0 distance (A)

150 1.118 2.235
200 1.093 2.185
250 1.072 2.144
300 1.055 2.109

300 GPa
k 250 GPa

A 200 GPa

150 GPa

950 1000 1050 1100 1150 1200 1250 1300
wave number (cm?)

Relative Intensity

Figure 3.10: The simulated Raman spectra for ice X at pressures ranging from 150 GPa to 300
GPa.

To confirm that the simulation parameters chosen in section 3.2 can adequately
determine the Raman spectrum of ice X, the calculation was repeated using more stringent
simulation criteria. Referring to Figure 3.11, it can be noted that an increase in cut-off energy
and an increase the in mesh of the Monkhorst-Pack grid had no significant effect on the

spectrum obtained.
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Figure 3.11: Convergence of Raman spectrum for ice X at 300 GPa. It can be seen that
convergence is achieved at 800 eV and a Monkhorst-Pack grid with a5 x 5 x 5 mesh.

The mechanical properties of ice X where then derived at pressures up to 300 GPa. The
symmetry of the compliance and stiffness matrices obtained were still representative of a cubic
system. In the case of the Poisson’s ratio, an increase in hydrostatic pressure produced similar
results to those obtained at 150 GPa (see Figure 3.6) in that, the maximum auxeticity is shown

at 45° to the [001] direction in the (010) plane.

At this point, it is interesting to re-analyse the deformation mechanism of ice X at
different hydrostatic pressures in order to determine what brings about the increase in auxeticity
when the hydrostatic pressure is increased. It is known that the auxetic potential of a system
may be explained in terms of an interplay between two or more different deformation
mechanisms where it is possible that one mechanism leads to a positive Poisson’s ratio while
another leads to a negative value with the overall value of the Poisson’s ratio being a result of
the interplay between these mechanisms. Thus, in order to fully rationalise the predicted auxetic

potential, the distortion and hinging of the rhombi was studied as a function of pressure.
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Taking into consideration the two orthogonally interconnected rhombi, which were
deemed to be responsible for the observed negative Poisson’s ratio (see Figure 3.3), one notes
that in the case of rhombus EDFB, sides EB and ED (O-H-O interactions) always change to a
higher degree when compared to a change in length of sides FB and DF (the O:0 non-bond
interaction), irrespective of the hydrostatic pressure, see Figure 3.12 and Figure 3.13. This
means that when a stress is applied, to ice X in the [101] direction, rhombus EDFB tends to
distort to form a parallelogram. However, it is important to note that the distortion of rhombus
EDFB (as a response to a stress in the [101] direction) becomes smaller as the hydrostatic
pressure increases. For example, referring to Figure 3.12, when ice X is loaded in the [101]
direction, the rate of change in length of side EB was measured to be 0.0361 %/GPa at a
hydrostatic pressure of 150 GPa which decreased to 0.0165 %/GPa when ice X was studied at

a hydrostatic pressure of 300 GPa.
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Figure 3.12: A comparison of the change in length of sides EB and FB at 150 GPa (a) and 300
GPa (b) for rhombus EDFB. It can be seen that side EB always changes to a larger extent than
side FB. At each pressure, side ED gives an identical plot to that of side EB while side DF
gives an identical plot to side FB. Thus, to ensure clarity, sides DF and ED are not shown,
these are shown in Figure 3.13.
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Figure 3.13: A comparison of the percentage change in length of sides ED and DF at 150 GPa
(a) and 300 GPa (b). It can be seen that side ED always changes to a larger extent than side
DF.

In the case of rhombus EAFC, sides EA and CE do not change appreciably when ice X
is loaded in the [101] direction (see Figure 3.14). On the other hand, the rate of change in length
of sides FA and FC was found to decrease with an increase in hydrostatic pressure. For instance,
the rate of change in side FA was measured to be 0.0203 %/GPa at a hydrostatic pressure of
150 GPa which decreased to 0.0105 %/GPa when ice X was studied at a hydrostatic pressure
of 300 GPa, see Figure 3.15. This shows that rhombus EAFC also tends to distort to a higher

degree at lower pressures when ice X is loaded in the [101] direction.
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Figure 3.14: A comparison of the percentage change in length of the sides of the rhombus
EAFC at 150 GPa (a) and 300 GPa (b). It can be seen that sides EA and CE do not change
appreciably when ice X is loaded in the [101] direction.
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Figure 3.15: (a) Comparison of the percentage change in length of sides FA and FC at 150
GPa and 300 GPa. It can be seen that the percentage change is greater at 150 GPa than at
300 GPa for both FA and FC. It can also be seen that FA and FC exhibit similar percentage
change in length. (b) Comparison of the change in bond angle ECF at 150 GPa and 300 GPa.
It can be seen that rate of change of angle ECF is greater at 300 GPa than at 150 GPa.

When a stress is applied to ice X, the identified rhombi (see Figure 3.16) undergo
distortion due to the fact that the change in length is different for different sides of the rhombi.
In rhombus BEDF sides BE and DE increase in length more than sides BF and DF. In the case
of rhombus EAFC sides FC and FA decrease in length while EC and EA do not undergo a
significant change in length. As the hydrostatic pressure is increased this distortion decreases
whilst the hinging of the rhombi increases (see Figure 3.12 and Figure 3.15). This coupled with
the observed increase in auxeticity with an increase in hydrostatic pressure indicates that the

distortion of the rhombi leads to a decrease in auxeticity.
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Figure 3.16: A diagrammatic representation of the distortion in the two orthogonally
interconnected rhombi, BEDF (shown with a green line) and EAFC (shown with a blue line)
when a stress is applied at 45° to the [001] direction in the (010) plane.

When considering the hinging of rhombi EAFC and EDFB one finds out that upon
loading uniaxially, the changes in angle increase with an increase in hydrostatic pressure. For
example, referring to Figure 3.15, it was found that angle ECF changes at a rate of 0.0933 YGPa
when ice X is loaded in the [101] direction at 150 GPa, whilst the same angle changes a rate of
0.1395 YGPa when ice X is uniaxially loaded at a hydrostatic pressure of 300 GPa. From the
above, it may be deduced that the increase in auxeticity of ice X upon an increase in hydrostatic
pressure is due to an increase in hinging of the rhombi and a decreased distortion of the rhombi.
Thus, the predicted auxetic behaviour may be attributed to interplay between hinging and
distortion of the rhombi with the prevalent mechanism being the hinging mechanism. It may

also be inferred that distortion of the rhombi leads to a positive Poisson’s ratio while hinging
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leads to a negative Poisson’s ratio. As pressure is increased the rhombi tend to approach
quasi-perfect behaviour with only slight distortion being predicted at higher pressures. The
increase in rigidity of the rhombi can also be inferred from Figure 3.10, where an increase in
strength of the O-O interaction with increasing pressure is shown by the shift to higher
wavenumbers of the Tog interaction. Thus, it may be inferred that the increased auxetic potential
on increasing hydrostatic pressure is due to the increased rigidity of the sides of the rhombus

while the bond angle becomes easier to change.

3.3.4 Conclusion

This work has shown that ice X has the potential of exhibiting auxetic behaviour at 45°
off-axis in all three principle crystallographic planes. Moreover, it has also been shown that
Poisson’s ratio is pressure dependent with an increase in hydrostatic pressure resulting in an
increase in auxetic potential. This behaviour has been rationalised by studying the deformation
of two orthogonally interconnected rhombi. It has been shown that these rhombi may undergo
hinging and distortion on application of a stress in the direction of maximum auxeticity, with
the prevalent mechanism being the hinging mechanism. As the pressure is increased, hinging
becomes more prevalent than distortion of the rhombus, with the rhombi approaching quasi-

perfect rhombi at higher hydrostatic pressures.
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Chapter 4: "An investigation of the mechanical properties of ice VIII

4.1 Introduction

The work carried out in the previous chapter has shown that ice X has the potential to
exhibit auxetic behaviour. Following this work, it would now be interesting to analyse the
properties of another high-pressure polymorph of ice. As discussed in Chapter 2, ice VIII is a
high-pressure proton ordered phase of ice which has been the focus of a number of
theoretical®®1?1-132 and experimental studies'®-18108.113.117.118.133-137 ‘Neytron diffraction studies
have shown that ice VIII is composed of two interpenetrating hydrogen-bond networks with a
body centred tetragonal unit cell, belonging to the 141/amd space group®®. This molecular
crystal contains 8 water molecules per unit cell, with all water molecules obeying the ice

rules®,

Ice VIII can be formed from its proton disorder counterpart, ice VII, by decreasing the
temperature of the ice VII system below approximately 270 K without employing any
dopant'®’. On increasing the hydrostatic pressure, the ice VIII system can undergo a pressure
induced phase transition to the macromolecular ice X. Studies on the mechanical properties of
this system are rather limited. Recently, theoretical studies employing first principle
calculations have been carried out to simulate the elastic constants of ice VI, In addition to

this, some theoretical studies have analysed the bulk modulus of ice VII112°13 Nevertheless,

* The contents of this chapter have been published in the peer-reviewed Journal of Physics and Chemistry
of Solids: Gambin, D., Vella Wood, M., Grima, J. N. & Gatt, R. Unusual mechanical properties of ice VIII:
Auxetic potential in a high pressure polymorph of ice. J. Phys. Chem. Solids 169, 110755 (2022).
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detailed studies which have focused on the Poisson’s ratio of ice VIII single crystals are

lacking.

In view of the above, this work aims to study the mechanical properties of ice V11l and
their variation with hydrostatic pressure utilising DFT simulations. In particular, this work will
involve a detailed study on the Poisson’s ratio of ice VIII single crystal and its pressure
dependence. In order to rationalise the Poisson’s ratio of ice VIII, its deformation will be
studied by utilising direct measurements of bond lengths and bond angles, as well as through
the use of spectroscopic techniques. To this end, this chapter will be divided into two sections
as carried out in Chapter 3. In the first section the methodology employed will be validated
through convergence and benchmarking studies. In the second section the properties of the

ice VIII system will be studied, paying particular attention to the Poisson’s ratio.

4.2 Convergence and benchmarking study for ice VIII

4.2.1 Introduction

Ice VIII has been the subject of a number of theoretical studies employing DFT
simulationg!24127:130.354.403404 = por - example, the structure®®4%*  stability'?’, mechanical
properties!®® and vibrational properties*?*3°* of the ice V111 system have been investigated. The
theoretical studies carried out on this system have utilised different simulation parameters.
Thus, in order to determine suitable simulation parameters for the ice V111 system, convergence
tests at pressures of 2.4 GPa and 40 GPa will be carried out. This will be followed by
benchmarking of the methodology by comparing the results obtained in this work with those

present in the literature.
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4.2.2 Methodology

The experimental crystal structures of ice VIII as obtained from the literature®® was
constructed within the CASTEP %2 modelling platform as implemented in Materials Studio.
The crystal lattice was aligned in such a way that the c crystal direction was parallel to the
global z-axis while the b crystal direction was aligned in the global yz-plane and no constraints
were imposed on the a crystal direction. All simulations were carried out employing density
functional theory (DFT) 4%54% ytilising full periodic boundary conditions ona 1 x 1 x 1 unit

cell.

Geometry optimisation of the ice V111 crystal structure was carried out by firstly setting
the 141/amd symmetry of ice V111 to P1 in order to remove symmetry constraints on the system,
apart from those imposed by the unit cell itself, during the minimisation process. This has the
benefit of allowing all the elements within the cell to act independently albeit resulting in an
increased simulation time. The performance of a number of GGA functionals namely
PBE®*4, PBE-TS®*°, PBE-Grimme3®, PBESOL®®’, PW91%%® and PW91lobs*°, was
tested in order to determine the appropriate cut-off energy and separation for the
Monkhorst-Pack grid.

This was achieved by carrying out geometry optimisation of the ice VIII system at
2.4 GPa and 40 GPa while systematically increasing the cut-off energy from 400 eV to 1200
eV and decreasing the spacing for the Monkhorst-Pack grid from 0.08 A to 0.02 A whilst
checking if these changes had a significant effect on the structural parameters obtained. This
was carried out at 2.4 GPa and 40 GPa. The structural parameters assessed were the lattice
parameters, the O-H bond length, the length of the O-H:O interaction (lengths O3-02 and O1-

02 in Figure 4.1) and the angle of the O-H:O:H-O interaction (angle O1-02-03 in Figure 4.1).
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Figure 4.1: An illustration of the ice VIII structure. The O-H:0:H-O angle is illustrated above
as 01-02-03 while the O-H:O length is shown as O1-02 (or O2-03). The hydrogen atoms
are shown in white while the oxygen atoms are shown in red. The oxygen atoms denoted as O1,
02 and O3 are shown in green in order to facilitate viewing.

The DFT calculations were carried out employing norm conserving pseudopotentials
and an SCF tolerance of 5 x1077 eV/atom. Geometry optimisation was carried out utilising the
Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm employing the line search method. This
algorithm allows for relaxation of both the cell parameters and the internal degrees of freedom.
Stringent convergence criteria were utilised including a maximum force of 0.01 eV/A, an
energy cut-off of 5.0 x10® eV/atom, a maximum stress of 0.02 GPa and maximum

displacement of 5.0 x104 A.

Following the determination of the appropriate simulation parameters, the methodology
employed was benchmarked by comparing the structural properties obtained with experimental
data available in the literature. The structural properties assessed were the lattice parameters,

cell volumes, and various lengths and angles as available in the literature.
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4.2.3 Results and discussion

Although GGA functionals have been used in a number of different studies involving
the properties of ice VI1]124127.130.354403404 "5 convergence study and benchmarking of the
methodology using different functionals has been conducted in order to ensure that the
simulation parameters employed in this work can adequately represent the ice VIII system.
Convergence testing was carried out at 2.4 GPa and 40 GPa utilising a number of different
GGA functionals namely PBE®4, PBE-TS*®°, PBE-Grimme?®¢, PBESOL ¥, PW91%8 and
PW910bs®*°. The cell symmetry obtained from all the simulations carried out, 14i/amd,

coincides with that present in the literature 6.

The results obtained for the convergence testing of the lattice parameters are
summarised in Figure 4.2 to Figure 4.7. In particular, Figure 4.3 and Figure 4.6 show the effect
of the cut-off energy and the spacing for the Monkhorst-Pack grid on the a/b ratio, which for
ice VIII (atetragonal system) is expected to be 1. It can be seen that an a/b value of 1 is obtained
for most simulations carried out for both hydrostatic pressures utilised expect for some

instances where a lower energy cut-off was been used (see Figure 4.3 and Figure 4.3b).

The a-lattice parameter and c-lattice parameter obtained from each combination of the
energy cut-off and the Monkhorst-Pack k-point grid tested were compared to those obtained
using an energy cut-off of 1200 eV and a Monkhorst-Pack k-point grid spacing of 0.02 A,
Referring to Figure 4.2, Figure 4.4, Figure 4.5 and Figure 4.7 it can be inferred that when
considering the lattice parameters, a cut-off energy of 1000 eV and a spacing for Monkhorst-
Pack grid 0.03 A can be used to adequately simulate the ice VIII structure at 2.4 GPa and
40 GPa as a further increase in the cut-off energy and decrease in the Monkhorst-Pack grid had

no significant effect on the results obtained and hence convergence has been achieved.
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Figure 4.2: The convergence test carried out on ice VIII for the a-lattice parameter, using (a)
GGA-PBE (b) GGA-PBE-Grimme (c) GGA-PBE-TS (d) GGA-PBESOL (e) GGA-PW91 and (f)
GGA-PW91-0OBS when subjected to a hydrostatic pressure of 2.4 GPa. Note that the Y axis
give the percentage deviation for the a-lattice parameter when compared to the a-parameter
obtained when the simulation is carried out using a cut-off energy of 1200 eV and a spacing of
0.02 A for the Monkhorst-Pack grid, whilst the legend indicates the spacing used (in A1) for
the Monkhorst-Pack grid. The scale of the graph is truncated to 1.4 and -0.2.
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Figure 4.3: The convergence test carried out on ice VIII for the ratio of a/b lattice parameters,
using (a) GGA-PBE (b) GGA-PBE-Grimme (c) GGA-PBE-TS (d) GGA-PBESOL (e) GGA-
PW91 and (f) GGA-PW91-OBS when subjected to a hydrostatic pressure of 2.4 GPa. Since ice
VIII is a tetragonal system, a=b and hence the a/b ratio should be equal to 1. The legend

indicates the spacing used (in A™%) for the Monkhorst-Pack grid.
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Figure 4.4: The convergence test carried out on ice VIII for the c-lattice parameter, using (a)
GGA-PBE (b) GGA-PBE-Grimme (c) GGA-PBE-TS (d) GGA-PBESOL (e) GGA-PW91 and
(f) GGA-PW91-0OBS when subjected to a hydrostatic pressure of 2.4 GPa. Note that the Y
axis give the percentage deviation for the c-lattice parameter when compared to the c-
parameter obtained when the simulation is carried out using a cut-off energy of 1200 eV and
a spacing of 0.02 A for the Monkhorst-Pack grid, whilst the legend indicates the spacing
used (in A™%) for the Monkhorst-Pack grid. The scale of the graph is truncated to 1.4.
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Figure 4.5: The convergence test carried out on ice VIII for the a-lattice parameter, using (a)
GGA-PBE (b) GGA-PBE-Grimme (c) GGA-PBE-TS (d) GGA-PBESOL (e) GGA-PW91 and (f)
GGA-PW91-0OBS when subjected to a hydrostatic pressure of 40 GPa. Note that the Y axis give
the percentage deviation for the a-lattice parameter when compared to the a-parameter
obtained when the simulation is carried out using a cut-off energy of 1200 eV and a spacing of
0.02 A for the Monkhorst-Pack grid, whilst the legend indicates the spacing used (in A1) for
the Monkhorst-Pack grid. The scale of the graph is truncated to 1.4.
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Figure 4.6: The convergence test carried out on ice VIII for the ratio of a/b lattice parameters,
using (a) GGA-PBE (b) GGA-PBE-Grimme (c) GGA-PBE-TS (d) GGA-PBESOL (e) GGA-
PW91 and (f) GGA-PW91-OBS when subjected to a hydrostatic pressure of 40 GPa. Since ice
VIII is a tetragonal system, a=b and hence the a/b ratio should be equal to 1. The legend
indicates the spacing used (in A™%) for the Monkhorst-Pack grid.
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Figure 4.7: The convergence test carried out on ice VIII for the c-lattice parameter, using (a)
GGA-PBE (b) GGA-PBE-Grimme (c) GGA-PBE-TS (d) GGA-PBESOL (e) GGA-PW91 and (f)
GGA-PW91-0OBS when subjected to a hydrostatic pressure of 40 GPa. Note that the Y axis give
the percentage deviation for the c-lattice parameter when compared to the c-parameter
obtained when the simulation is carried out using a cut-off energy of 1200 eV and a spacing of
0.02 A for the Monkhorst-Pack grid, whilst the legend indicates the spacing used (in A1) for
the Monkhorst-Pack grid. The scale of the graph is truncated to 1.4.
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In order to consolidate the fact that the simulation parameters chosen are enough to
correctly represent the structure of ice VIII, the effect of systematically increasing the energy
cut-off and decreasing the spacing of the Monkhorst-Pack grid, on various bonded and non-
bonded interactions as predicted for ice VIII at 2.4 GPa and 40 GPa was examined. The O-H
bond length, the length of the O-H:O interaction (lengths 03-02 and O1-02 in Figure 4.1) and
the angle of the O-H:0:H-0O interaction (angle O1-02-O3 in Figure 4.1) were investigated. The
results obtained for convergence testing of these parameters at 2.4 GPa and 40 GPa are shown
in Figure 4.8 to Figure 4.13. These results confirm that an energy cut-off of 1000 eV and a
Monkhorst-Pack grid with a 0.03 A spacing is enough to represent the structure of ice VIII
accurately as a further refinement in the simulation parameters had no significant effect on the

structural parameters obtained.
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Figure 4.8: The convergence test carried out on ice VIII for the O-H bond length, using (a)
GGA-PBE (b) GGA-PBE-Grimme (c) GGA-PBE-TS (d) GGA-PBESOL (e) GGA-PW91 and (f)
GGA-PW91-0OBS when subjected to a hydrostatic pressure of 2.4 GPa. Note that the Y axis
give the percentage deviation for the O-H bond length when compared to the O-H bond length
obtained when the simulation is carried out using a cut-off energy of 1200 eV and a spacing of
0.02 A for the Monkhorst-Pack grid, whilst the legend indicates the spacing used (in A1) for
the Monkhorst-Pack grid. The scale of the graph is truncated to 1.4.
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Figure 4.9: The convergence test carried out on ice VIII for the O-H bond length, using (a)
GGA-PBE (b) GGA-PBE-Grimme (c) GGA-PBE-TS (d) GGA-PBESOL (e) GGA-PW91 and (f)
GGA-PW91-0OBS when subjected to a hydrostatic pressure of 40 GPa. Note that the Y axis give
the percentage deviation for the O-H bond length when compared to the O-H bond length
obtained when the simulation is carried out using a cut-off energy of 1200 eV and a spacing of
0.02 A for the Monkhorst-Pack grid, whilst the legend indicates the spacing used (in A1) for
the Monkhorst-Pack grid. The scale of the graph is truncated to 1.4 and -0.2.
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Figure 4.10: The convergence test carried out on ice VIII for the O-H:O length, using (a) GGA-
PBE (b) GGA-PBE-Grimme (¢) GGA-PBE-TS (d) GGA-PBESOL (e) GGA-PW91 and (f) GGA-
PW91-OBS when subjected to a hydrostatic pressure of 2.4 GPa. Note that the Y axis give the
percentage deviation for the O-H:O length when compared to the O-H:O length obtained when
the simulation is carried out using a cut-off energy of 1200 eV and a spacing of 0.02 A™* for the
Monkhorst-Pack grid, whilst the legend indicates the spacing used (in A™) for the Monkhorst-
Pack grid. The scale of the graph is truncated to 1.4 and -0.2.
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Figure 4.11: The convergence test carried out on ice VIII for the O-H:O length, using (a) GGA-
PBE (b) GGA-PBE-Grimme (¢c) GGA-PBE-TS (d) GGA-PBESOL (e) GGA-PW91 and (f) GGA-
PW91-OBS when subjected to a hydrostatic pressure of 40 GPa. Note that the Y axis give the
percentage deviation for the O-H:O length when compared to the O-H:O length obtained when
the simulation is carried out using a cut-off energy of 1200 eV and a spacing of 0.02 A% for the
Monkhorst-Pack grid, whilst the legend indicates the spacing used (in A™) for the Monkhorst-
Pack grid. The scale of the graph is truncated to 1.4 and -0.2.
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Figure 4.12: The convergence test carried out on ice VIII for the O-H:O:H-O angle, using (a)
GGA-PBE (b) GGA-PBE-Grimme (c) GGA-PBE-TS (d) GGA-PBESOL (e) GGA-PW91 and (f)
GGA-PW91-0OBS when subjected to a hydrostatic pressure of 2.4 GPa. Note that the Y axis
give the change in angle (°) for the O-H:0:H-O angle when compared to the O-H:O:H-O angle
obtained when the simulation is carried out using a cut-off energy of 1200 eV and a spacing of
0.02 A for the Monkhorst-Pack grid, whilst the legend indicates the spacing used (in A1) for
the Monkhorst-Pack grid. The scale of the graph is truncated to 0.6 and -0.6.
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Figure 4.13: The convergence test carried out on ice VIII for the O-H:O:H-O angle, using (a)
GGA-PBE (b) GGA-PBE-Grimme (c) GGA-PBE-TS (d) GGA-PBESOL (e) GGA-PW91 and (f)
GGA-PW91-0OBS when subjected to a hydrostatic pressure of 40 GPa. Note that the Y axis give
the change in angle (°) for the O-H:O:H-O angle when compared to the O-H:0:H-O angle
obtained when the simulation is carried out using a cut-off energy of 1200 eV and a spacing of
0.02 A for the Monkhorst-Pack grid, whilst the legend indicates the spacing used (in A1) for
the Monkhorst-Pack grid. The scale of the graph is truncated to 0.6 and -0.6.
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In order to choose an appropriate functional, the lattice parameters as obtained from the
first principles DFT simulations were compared to experimental data conducted by
Kuhs et al.*®. The experimental data and simulations were conducted at a hydrostatic pressure
of 2.4 GPa. As indicated in Table 4.1, the lattice parameters obtained using the PBE functional
are in agreement with those obtained experimentally, with a maximum deviation of 0.65 %.
On the other hand, the PBE-TS, PBE-Grimme, PW91 and PBESOL were less accurate in
predicting the lattice parameters of ice VIII and underestimated the lattice parameters by a

maximum of 1.30 %, 4.18 %, 1.17 % and 4.62% respectively.

The worst result was obtained by the PW91-OBS functional which underestimated the
lattice parameters of ice VIII to a large degree, with a minimum difference of 7.96 % (for the
a and b lattice parameters) and a maximum difference of 11.95 % (for the c lattice parameter).
At this point, it must be highlighted that a slight difference between the results obtained in this
work and the experimental results found in the literature is expected due to the difference in

temperature, with the simulations carried out in this work taking a static approach.

Table 4.1: A comparison of the lattice parameters as simulated by different GGA functionals,
with and without VdW corrections and the experimental data obtained by Kuhn et al.'®. Note
that this data was obtained using a cut-off energy of 1200 eV and a spacing of 0.02 A for the
Monkhorst-Pack grid at a hydrostatic pressure of 2.4 GPa.

This work
Kuhs et al. 16 PBE PBE-TS PBE-Grimme PW91-OBS PW91 PBESOL
a(A) 4.656 4667 4.636 4513 4285 4647 4503
b (A) 4.656 4.667 4.636 4.513 4.285 4647  4.503
c(A) 6.775 6.731  6.687 6.492 5.966 6.696  6.462

101



The cell volumes of ice VIII as simulated by the PBE functional at 2.75 GPa and
11.48 GPa were then compared to the cell volume of ice V111 obtained experimentally by Klotz
and co-workers 16134 at the same pressure. Referring to Table 4.2, it may be observed that the
calculated cell volume utilising the PBE functional is also in agreement with the experimental

data with a maximum percentage difference of less than 0.7 % being recorded.

Table 4.2: Comparison of the calculated cell volume of ice VIII with the experimentally
determined cell volume by ***. The experimental study was conducted at a temperatures of

93 K.
Pressure  Cell Volume (A3)  Cell Volume (A3) 134 Percentage
(GPa) (this work) Difference (%)
2.75 144.94 143.97 0.67
11.48 120.86 121.42 -0.46

In order to further consolidate the benchmarking process, a number of experimental
determined structural parameters'® were compared to the DFT derived structural parameters
with the results obtained being shown in Table 4.3. It can be seen that although most functionals
gave good results, in most cases, the PBE functional had the best performance between the
experimentally derived lengths and angles and the ones obtained from our DFT simulations. In
fact, bond lengths and bond angles obtained when utilising the PBE functional compare well
with those derived experimentally with a maximum deviation of less than 2 % in the case of
the bond lengths and 0.5 ° in case of angles. This once more confirms that the PBE functional
can be used to simulate the properties of ice VI1I. In addition to this, as shown in Figure 4.14(b),
the fractional co-ordinates obtained in this work through the use of the PBE functional only

vary within + 6.71x10° of the experimentally derived fractional coordinates*®.
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Table 4.3: Comparison of the calculated lengths and angles utilising different functionals with the experimentally derived structural parameters®®.
Shown in brackets is the reported experimental uncertainty.

Atoms

O-H:O

0:0

O-H

H-O-H

O:H-O-H: O

O:H-0O:H-O

O-H:0O:H-O

O-H:0O

Distance (A)
or angle (°)
(literature)!®
2.879(1)
2.743(9)
0.9685(71)
105.61(1.06)
107.92(3)
110.25(1)

107.92(3)

178.25(70)

Distance (A)

or angle (°)

(PBE)

2.877

2.763

0.986

105.433

108.404

110.017

108.404

177.731

Distance (A)

or angle (°)

(PBE

Grimme)

2.780

2.695

0.991

105.806

108.554

109.931

108.554

177.861

Distance (A)
or angle (°)
(PBE-TS)

2.858

2.737

0.987

105.495

108.403

110.003

108.403

177.767

Distance (A)
or angle (°)
(PBESOL)

2.771

2.667

1.002

105.619

108.682

109.867

108.682

177.602

Distance (A)

or angle (°)

(PW91)

2.863

2.754

0.987

105.552

108.455

109.969

108.455

177.795

Distance (A)
or angle (°)
(PW91-OBS)

2.611

2.560

1.007

107.489

110.324

109.044

110.324

177.670
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Figure 4.14: (a) The experimental structure of ice VIII including a depiction of the hydrogen
bonding illustrated with dashed blue lines. (b) The difference between the fractional
coordinates of each atom present in the experimental lattice of ice VIII 1® and those predicted
in this work. The axes of the graph represent the fractional coordinates in the a, b, ¢ directions.
Note that in the case of the main graph the scale of these axes is set to illustrate £50% of the
respective lattice length whilst the scale of the inset is set to show £1% of the respective lattice
length.

In summary, benchmarking the methodology with experimental work has shown that
PBE can be used to adequately simulate the structural parameters of ice VIII. Moreover, the
results  obtained from the  benchmarking  study indicate that PBE,
PBE-TS and PW91 give comparable results. In view of this, and in view of the fact that PBE
have been widely used in the literature 127130354404 the rest of the study will mainly be
conducted using the PBE functional, with the PBE-TS and PW91 functionals being used in
order to confirm the results of the mechanical and vibrational properties obtained (see section

4.3).
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4.2.4 Conclusion

In this section a convergence study and benchmarking of the methodology was carried
out. It has been shown that an energy cut-off of 1000 eV is appropriate to study ice VIII while
the Brillouin zone sampling, carried out using a Monkhorst-Pack grid, was found to be
appropriate at a separation of 0.03 A™. From the benchmarking of the results obtained it was
shown that there is adequate agreement between the experimentally derived parameters and the
parameters derived through the use of the PBE functional, with the PBE-TS and PW91

functionals also giving comparable results.

4.3 Studying the properties of ice VIII

4.3.1 Introduction

In this section the properties of the ice VIII system in the pressure range of 20 GPa to
40 GPa will be investigated utilising the simulation parameters determined in the previous
section. The stability of the ice VIII system in the pressure range of this work will be assessed
through the use of lattice dynamics simulations. This will be followed by a study of the
mechanical properties of both the polycrystalline aggregate and the single crystal. In particular,
the Young’s modulus, shear modulus, bulk modulus, Pugh ratio and the Poisson’s ratio of the
system will be studied. Anomalous mechanical properties will be investigated through the
direct measurement of the nanoscale deformation of the ice VIII system. The work on the
deformation mechanism of ice VIII will then be consolidated through the use of Raman and

infrared spectroscopy.
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4.3.2 Methodology

The calculations carried out in this section were performed utilising the parameters
determined in the previous section, namely an energy cut-off of 1000 eV and a
Monkhorst-Pack k-point grid spacing of 0.03 A1, employing the PBE functional unless stated
otherwise. The methodology employed for studying the properties of ice VIII is described

below.

4.3.2.1 Phonon dispersion

The phonon dispersion relations for ice VIII were calculated at 20 GPa and 40 GPa
employing the linear response method utilising the interpolation scheme. The g-vector grid
spacing for interpolation was set to 0.05 A and the convergence tolerance was set to
1x10° eV/AZ, In order to assess the convergence for the phonon dispersion relations, the
calculations were repeated employing an energy cut-off of 800 eV and a Monkhorst-Pack

k-point grid spacing of 0.04 A,

4.3.2.2 Mechanical properties

Simulations of the geometry of ice VIII were carried out at different hydrostatic
pressures ranging from 20 GPa to 40 GPa in steps of 5 GPa. The elastic constants (cj;) of ice
V111 were then determined by employing the constant-strain method which method utilises a
series of normal strains and shear strains to determine the respective stress and apply standard
transformations to determine the stiffness matrix, [C]. It was made sure that a linear stress-
strain relationship was achieved in each case. The stiffness matrix was then utilised to
determine the off-axis mechanical properties of ice VIII single crystal, namely Young’s
modulus, shear modulus and the Poisson’s ratio. This was carried out by employing standard
transformation techniques?’3%. This was repeated for all the different hydrostatic pressures

considered in this study. The elastic constants obtained were also utilised to determine the
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mechanical properties for the polycrystalline aggregate in the pressure range utilised in this
study employing equations 3.2 to 3.15 as detailed in section 3.3.2.2. In order to consolidate the
work on the mechanical properties of ice VIII, the elastic constants of this system were
recalculated employing an energy cut-off of 1200 eV and Monkhorst-Pack k-point grid spacing

of 0.02 A and by utilising the functionals PBE-TS and PW91 at 40 GPa and 20 GPa.

4.3.2.3 Deformation mechanism

In order to rationalise the predicted auxetic behaviour of ice VIII single crystal, a
number of additional simulations were carried to elucidate the deformation mechanism. The
structure was subjected to a series of stresses in the range of £0.5 % of the Young’s modulus
in the direction of maximum auxeticity i.e. on-axis in the (001) plane. Bond lengths and bond
angles were measured at 20 GPa and 40 GPa in order to determine the deformation mechanism.
This was done to study the effect of increasing pressure on the auxetic potential of ice VIII.

The orthogonally interconnected rhombi studied in this work are shown in Figure 4.15.

(a) A

Figure 4.15: (a) lllustration of the two interpenetrating hydrogen bonded systems, one depicted
in blue and one depicted in green superimposed on the ice VIII system. (b) Two unit cells of ice
VIIIin the (001) plane highlighting the body centered arrangement of oxygen atoms the outline
of which is shown using dotted black line. (c) An illustration of the two orthogonally
interconnected rhombi between two adjacent oxygen body centered sublattices. (d) The two
interconnected rhombi responsible for the auxetic potential of ice VIII.
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4.3.2.4 Spectroscopy

In order to reinforce the analysis done through the above method (section 4.3.2.3),
Raman spectra of ice VIII were calculated at the different pressures namely 20 GPa, 30 GPa
and 40 GPa. These Raman spectra were done as implemented in CASTEP, which calculates
the Raman tensors by employing a combined DFPT and finite displacement approach. It was

also made sure that convergence for the Raman spectra has been achieved.

In order to confirm that the cut-off energy and the spacing for the Monkhorst-Pack grid
as selected in section 4.2 were sufficient to for the calculation of the Raman of ice VIII, two
simulations were carried out at a pressure of 20 GPa. The first simulation was used to determine
the Raman when the cut-off energy was set to 1000 eV and the spacing for the Monkhorst-
Pack grid was set at 0.03 A (as selected in section 4.2). In the second simulation, the Raman
spectra of ice VIII were determined when the cut-off energy was set to 800 eV and the spacing

for the Monkhorst-Pack grid was set at 0.04 A™L. This was then repeated at a pressure of 40 GPa.

The infrared spectra of ice V111l as implemented in CASTEP was also calculated in order
to confirm the deformation mechanism suggested. Convergence testing for the infrared spectra
was also carried out as described above. The Raman and infrared spectra were also calculated

employing the PBE-TS and PW91 functionals in order to confirm the trends obtained.
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4.3.3 Results and discussion

In this work it was shown that ice VIII has the potential of exhibiting a negative
Poisson’s ratio in the (001) plane on application of an on-axis stress. The auxetic behaviour of
ice VIII was found to increase with an increase in hydrostatic pressure. This auxetic potential
together with its pressure dependence was rationalised through the nanoscale deformation of
this system when subjected to a series of stresses as well as through spectroscopic techniques.
The simulations carried out suggest that the auxetic behaviour of ice V111 is due to the geometry
of the oxygen sublattice in conjunction with an interplay between two deformation mechanisms
namely stretching and hinging. As the hydrostatic pressure is increased the stretching
mechanism becomes less significant resulting in the hinging mechanism becoming the

predominate deformation mechanism. The following is an analysis of the results obtained.

4.3.3.1 Dynamic Lattice calculations

In this study, the structure and mechanical properties of ice VIII in the pressure range
of 20 GPa - 40 GPa were investigated, which pressure range is well within the stability field of
ice VIII in accordance to the recent phase diagram of dense water ice proposed by Hernandez
and Caracas “°’. In order to ensure that the ice VIII system is stable in the pressure range of this
study, phonon dispersion relations were calculated at 20 GPa and 40 GPa. Referring to
Figure 4.16, the phonon dispersion relations obtained are all positive indicating that the system
is stable or metastable at these pressures. To consolidate the results obtained, the phonon
dispersion relations were recalculated as described in 4.3.2.1, with the results obtained being
shown in Figure 4.16. Varying the simulation parameters had no effect on the dispersion curves
obtained suggesting that the results obtained are not an artefact of the simulation parameters

employed.
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Figure 4.16: The phonon dispersion curves calculated for ice VIII at (a) 20 GPa and
(b) 40 GPa utilising an energy cut-off of 800 eV and a Monkhorst-Pack k-point grid spacing
of 0.04 A (black solid line) and an energy cut-off of 1000 eV and a Monkhorst-Pack k-point
grid spacing of 0.03 A (red dashed line).

4.3.3.2 Elastic constants

The elastic constants (cij) obtained are of the expected symmetry with c11 = Coo,
C31 = C32, Ca4 = Cs5 While as expected Ces, C33 and co1 are non-zero components of matrix. In
order to further validate the methodology employed, and thus consolidate the work done in
section 4.2, the calculated elastic constants were compared to the elastic constants present in
the literature®*. Referring to Figure 4.17 it can be seen that the elastic constants calculated at
various pressures in this study utilising a first principles approach are in agreement with that

of previous work'®, which work also employed a theoretical approach.
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Figure 4.17: Comparison of the calculated elastic constants of ice VIII at various pressures
obtained in this work (shown in red) with that present in the literature!®® (shown in black).

Following the benchmarking of the methodology the off-axis mechanical properties of
ice VIII were determined from its elastic constants. The mechanical properties of ice VIII have
been studied at different hydrostatic pressures ranging from 20 GPa to 40 GPa in steps of 5
GPa. The Young’s modulus, shear modulus and Poisson’s ratio in the (001) and the (010)
planes and the variation of these properties with increasing hydrostatic pressure are shown in
Figure 4.18. Due to the tetragonal nature of this system, the mechanical properties in the (010)
plane are identical to the mechanical properties in the (100) plane and hence only the properties
in the (010) plane are shown. Referring to Figure 4.18, the anisotropy of these mechanical
properties in both planes is apparent. It can be seen that the mechanical properties obtained are
pressure dependent with an increase in hydrostatic pressure resulting in an increase in both the
on-axis and off-axis shear modulus in the (001) plane. It should be noted that there is a more

pronounced increase in the off-axis shear modulus than that of the on-axis shear modulus, with
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the maximum value of the shear modulus being reported at 45° off-axis for all the pressures
considered in this study. An increase in shear modulus with pressure is also recorded in the
(010) plane with the maximum value of the shear modulus being predicted to be on-axis.
Analyses of the variation of the Young’s modulus in the (001) plane shows that the maximum
Young’s modulus is recorded on-axis while the minimum Young’s modulus is at 45° off-axis.
Moreover, it can also be seen that an increase in hydrostatic pressure results in an increase in
the Young’s modulus. Such an increase in the Young’s modulus is also observed in the (010)

plane with the minimum value being recorded on-axis.

Focusing on the Poisson’s ratio of the system, one finds that a positive Poisson’s ratio
is predicted in the (010) plane with the maximum value being predicted to be on-axis while the
minimum value is predicted to be at around 45° off-axis. Moreover, an increase in hydrostatic
pressure results in a decrease in the minimum value of the Poisson’s ratio and a slight increase
in the on-axis Poisson’s ratio. In the (001) plane the ice VIII system is predicted to exhibit a
positive off-axis Poisson’s ratio with the maximum value being recorded at 45° off-axis. Most
interestingly, the ice VIII system is predicted to exhibit a negative Poisson’s ratio on-axis in
the (001) plane. Moreover, an increase in hydrostatic pressure results in an increase in the

auxetic potential of this system.

In order to confirm that the cut-off energy and the spacing for the Monkhorst-Pack grid
as selected in section 4.2.3 were sufficient to for the calculation of the elastic constants of ice
VIII, two sets of simulations were carried out at a pressure of 20 GPa. The first set of
simulations was used to determine the mechanical properties when the cut-off energy was set
to 1000 eV and the spacing for the Monkhorst-Pack grid was set at 0.03 A (as selected in
section 4.2.3). In the second set of simulations, the mechanical properties of ice VIII were
determined when the cut-off energy was set to 1200 eV and the spacing for the Monkhorst-

Pack grid was set at 0.02 A% This was then repeated at a pressure of 40 GPa. The off-axis
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mechanical properties obtained at 20 GPa and 40 GPa are shown in Figure 4.19 and Figure
4.20 respectively. It can be seen that the properties obtained are not changing with an increase
in energy cut-off or a decrease of the spacing used. Hence it can be concluded that in the case
of the mechanical properties, convergence has been achieved. Moreover, it can be seen that the

mechanical properties predicted is not an artefact of the simulation parameters chosen.

To further consolidate the work done on the auxetic potential of ice VIII, the elastic
constants of this system were recalculated utilising PW91 and the dispersion corrected
functional PBE-TS at 20 GPa and 40 GPa. The elastic constants obtained were then utilised to
calculate the off-axis mechanical properties of ice V111 at 20 GPa and 40 GPa, shown in Figure
4.21 and Figure 4.22 respectively. The plots obtained with these functionals are very similar to
the off-axis plot obtained through the use of the PBE functional. It can be seen that the auxetic
potential of ice VIII together with the direction of maximum auxeticity is predicted by both
functionals in a similar fashion to the results obtained when utilising the PBE functional. This
provides evidence that the auxetic potential of ice VIII is an innate property of the system and

not an artefact of the functional used.

113



Properties in the (010) plane Properties in the (001) plane

" )
L’ Z P (./
G,, (GPa) Gy (GPa)
200 200

150 150

N ALA LA

0 0 T T
-180 -135 -90 -45 0 45 90 135 180 -180 -135 -90 -45 0 45 90 135 180

@

E, (GPa) E, (GPa)
400

300

350

N AN/ ~\/ - I
YA AA NN N A

e e NIV AVAVAY

100

50

50

® . ) v_m e c,o(o) oo
~ A !/"\\‘ !/"\\‘ /A\ /A\
/%\\ /%\\ ” [/ \\ // \\ [i \\ [/ ‘\
M,\/I \\ A/’ \\f N7 R Y R 7 B VY B
N Y | Y \4 / V \\/ V \g

(c) R " - c(:") ; ’ ” ” e " * 0C(°) : ’ - ”

Figure 4.18: The structure of ice VIII together with off-axis plots illustrating the mechanical properties
of this system in the (010) and (001) plane at different hydrostatic pressures ranging from 20 GPa to
40 GPa. Shown here are the variation of the (a) shear modulus (in GPa), (b) Young’s modulus (in GPa)
and (c) Poisson’s ratio with angle of rotation,{ (in ©), in these planes.
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Figure 4.19: The effect of refining simulation parameters on the shear modulus (in GPa) (a),
Young’s modulus (in GPa) (b) and Poisson’s ratio (c) calculated at 20 GPa in the (010) plane

and the (001) plane.
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Figure 4.20: The effect of refining simulation parameters on the shear modulus (in GPa) (a),
Young’s modulus (in GPa) (b) and Poisson’s ratio (c) simulated at 40 GPa in the (010) plane

and the (001) plane.
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Figure 4.21: The variation of the shear modulus (in GPa) (a), Young’s modulus (in GPa) (b)
and Poisson’s ratio (c) with angle of rotation, £ (in °) in the (010) plane and the (001) plane at
20 GPa utilising PBE, PBE-TS and PW91. It can be seen that there is good agreement between
the mechanical properties calculated with all three functionals. This confirms that mechanical
properties predicted are not an artefact of the functional used but an innate property of the

system.
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Figure 4.22: The variation of the shear modulus (in GPa) (a), Young’s modulus (in GPa) (b)
and Poisson’s ratio (c) with angle of rotation, £ (in °) in the (010) plane and the (001) plane at
40 GPa utilising PBE, PBE-TS and PW91. It can be seen that there is good agreement between
the mechanical properties calculated with all three functionals. This confirms that mechanical
properties predicted are not an artefact of the functional used but an innate property of the

system.
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4.3.3.3 Polycrystalline properties

The maximum and minimum bounds of the Poisson’s ratio for a polycrystalline
aggregate can be calculated from the material’s elastic constants as shown in Chapter 3 section
3.3.2.2. The calculation assumes that the crystal domains in the sample are arranged in such a
way that the material is isotropic. The ice VIII polycrystalline aggregate is predicted to exhibit
a positive Poisson’s ratio in the pressure range of this study, with the maximum and minimum
bounds for the Poisson’s ratio both increasing with an increase in hydrostatic pressure as shown

in Table 4.4.

Table 4.4: The variation of the maximum and minimum bounds for the Poisson’s ratio of ice
VIII polycrystalline aggregate with varying hydrostatic pressure.

Pressure (GPa) ymax ymin v
20 0.288 0.242 0.265
25 0.296 0.244 0.270
30 0.304 0.249 0.277
35 0.311 0.251 0.281
40 0.317 0.253 0.285

The elastic constants can also be utilised to calculate the bulk modulus and shear
modulus for the polycrystalline aggregate employing the Voigt-Reus-Hill approximation. The
results obtained are reported in Table 4.5, where it can be seen that an increase in pressure
results in an increase in both the material’s bulk and shear modulus. Moreover, an increase in

pressure is associated with an increase in the K/G ratio.
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Table 4.5: The pressure dependence of the maximum and minimum bounds for the bulk moduli
(KReuss = KVoigt denoted by K*) and shear moduli (G) for ice VIII polycrystalline aggregate
together with the K/G ratio (Pugh ratio) of the polycrystalline aggregate.

Pressure (GPa) K* (GPa) GVYoidt (GPa) GReuss(GPa) G (GPa) K/G
20 105 65 52 59 1.79
25 123 76 58 67 1.84
30 143 86 64 75 1.90
35 161 96 70 83 1.94
40 178 106 74 90 1.98

The elastic constants can be utilised in order to predict whether the material is brittle or
ductile, where a number of criteria can be analysed. One check for ductility is by studying the
Cauchy pressure*®8, which for a tetragonal structure can be defined as c13-Ca4 and c12-Ces, Where
a positive value suggests that the material is ductile while a negative value suggests that the
material is brittle. In the case of ice V111, c12-Ces (See Figure 4.23) is a negative term suggesting
that the material is brittle. Another widely used criterion for ductility is the Frantsevich rule*®,
in which the Poisson’s ratio is used as a check for ductility/brittleness, where a material with a
Poisson’s ratio less than 0.33 is brittle while a Poisson’s ratio greater than 0.33 is ductile. In
the case of ice VIII in the pressure range selected the Poisson’s ratio of the polycrystalline

aggregate is less than 0.33 (see Table 4.4) suggesting that ice VIII would be brittle.
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Figure 4.23: The variation of c13-Cs4 and ci12-Ces With increasing hydrostatic pressure in the
pressure range of this study.

The K/G ratio, known as the Pugh ratio*®?, gives an indication of the ductility or
brittleness of a material with a K/G value exceeding 1.75 indicating that the material is ductile
while a K/G value less than 1.75 suggests that the material is brittle. The K/G values obtained
(see Table 4.5) in the pressure range under study suggest that ice VIII is ductile leading to an
apparent contradiction with the previous predictions employing Cauchy pressure and the
Frantsevich rule. Recently?*! it has been argued that Pugh’s criterion for the ductile-brittle
transition, which employs a K/G value of 1.75 as the benchmark, should be replaced by
Christensen’s criterion where a K/G value of 2.27 is used to indicate the ductile/brittle
transition where a K/G value of less than 2.27 indicates that the material is brittle and a K/G
value greater than 2.27 indicating that the material is ductile. Taking the latter criterion ice VIII
would be predicted to be brittle in the pressure range of 20 GPa — 40 GPa. All the above

suggests that ice VI would be predicted to be brittle in the pressure range used in this study.
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4.3.3.4 Deformation mechanism

Having established the potential for the single crystal of ice VIII to exhibit a negative
Poisson’s ratio it is interesting to study the reason for such behaviour in detail. It is known that
auxetic behaviour is an interplay of the geometry of the material and the way in which the
material deforms when a stress is applied. Moreover, it is also possible that a number of
deformation mechanisms may be taking place with the overall Poisson’s ratio being a result of

the interplay between these mechanisms.

Ice VIII structure is composed of two interpenetrating hydrogen bonded systems (see
Figure 4.15a), with a body centered oxygen sub-lattice!®® see Figure 4.15b. An analysis of the
oxygen atoms present in ice VIII reveals that the O:O interactions can be described as forming
two orthogonally interconnected rhombi (see Figure 4.15c), a configuration known to produce
a negative Poisson’s ratio®®*#1%. However, for ice VIII, the O:0 interactions making up the
interconnected rhombi are not the same, with the O:O interaction between the different
interpenetrating hydrogen bonded systems being shorter when compared to the O:0O
interactions within the same interpenetrating hydrogen bonded system. In the latter case, the
interactions between two different water molecules can be more precisely described as a
O-H:O interaction. Thus, it is expected that a number of differences will be present when one
compares ice VIII to other crystals where the negative Poisson’s ratio has been described
through this mechanism since in this case the geometry may be more accurately described as
interconnected irregular rhombi. In order to confirm if this system is responsible for the

predicted auxetic behaviour, nanoscale deformations of the ice VIII system were simulated.

Application of an on-axis stress in the [010] direction results in an increase in the
distance BD, as this is on the line of stress, see Figure 4.15d and Figure 4.24. The distance
between FE decreases as it is expected since the O:0 interactions between oxygen atoms B, F,

D and E are forming a rhombus. This is accompanied by an increase in distance AC due to the
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deformation of the rhombus formed from the O:O interactions between oxygen atoms A, F, C
and E. The increase in distance between BD and AC imparts a negative Poisson’s ratio to ice
VIl in the (001) plane. Having identified the mechanism which may be responsible for the

auxetic potential of this system, it is now interesting to study this system in greater detail.
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Figure 4.24: The percentage change in distances recorded for various points on the rhombi
shown in Figure 4.15, when stress is applied, namely BD, FE and AC. On application of a
negative on-axis stress in the [010] direction distance BD increases while FE decreases. This
is then accompanied with an increase in distance AC, giving rise to the negative Poisson’s
ratio in the (001) plane. It should be noted that a negative stress indicates a pulling force while
a positive stress indicates a compressive force.

When a tensile stress is applied to the [010] direction, referring to Figure 4.25a, angle
FBE, decreases, something which is accompanied with an increase in angle BED. This results
in an increase in angle AEC and a subsequent decrease in angle EAF. These changes in angles
result in the increase in lengths BD and AC as described above. Also, as expected, the rhombi
which have one diagonal in the direction of the stress deform to a greater extent than those

which have both diagonals perpendicular to the direction of the stress.

The sides of the rhombi also exhibit a change in length i.e. undergo stretching when a
stress is applied in the [010] direction. The rhombus which is parallel to the applied stress

exhibits a greater degree of change in sides than the rhombus which is orthogonal to the applied
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stress, see Figure 4.25b. In both cases the sides of the rhombi stretch to different extent and
hence there is a distortion of the rhombi. The sides made up from the O:O interactions within
the same interpenetrating system (O-H:O interactions) are stiffer than the sides made up of the
0:0 interactions from the different interpenetrating systems, and hence the former deform less
than the latter. This is in agreement with work of Chen et al. “®® where it has been shown that

the O-H:O interaction is stiffer than the O:O non-bond interaction.
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Figure 4.25: (a) Results for hinging mechanism for ice VIII at 20 GPa. Considering rhombus
BEDF, application of a negative on-axis stress in the [010] direction results in a decrease in
angle FBE and an increase in angle BED. This is accompanied by a decrease in angles EAF
and an increase in angle AEC in rhombus AFCE. (b) Results for stretching of the rhombi in
ice VIl at 20 GPa. Considering rhombus BEDF, application of a negative on-axis stress in the
[010] direction results in an increase in length for sides FD and ED, as expected since these
are on the line of stress. Sides FA and EC in rhombus AFCE show a decrease in length. In both
rhombi the side made up of the O-H:O interaction (ED and FA) shows a change in length
which is smaller than the side made up of the O:O non-bond interaction (FD and EC).

Thus, in view of all the above the auxetic potential of ice VIII at 20 GPa may be
explained as an interplay between stretching and hinging of two interconnected rhombi. At this
point, it is interesting to highlight that another high-pressure polymorph of ice, ice X, was also
found to be auxetic in Chapter 3. At higher pressures, ice V111 undergoes a phase transformation
to form ice X 4647120142145148149 | the case of ice X, a similar mechanism made up
interconnected rhombi was used to explain its auxetic behaviour. As discussed above, ice VIII

is auxetic in the (001) plane whilst ice X is auxetic in the three major planes at 45° off-axis. It
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was recently shown® that for the (001) plane the elastic constants between body centered
tetragonal and cubic systems is derived by a rotation of 45° around the c¢ axis of the stress and
strain tensor. This gives more confidence that a variation of the same mechanism is responsible
for the observed negative Poisson’s ratio in ice VIII and ice X. It also explains why using a
similar mechanism, VIII is predicted to be auxetic on-axis in the (001) plane while ice X is

predicted to exhibit auxetic behaviour at 45° off-axis in the same plane.

Having established the deformation mechanism of ice VIII at 20 GPa, it would be
interesting to study this deformation mechanism at higher pressures. It is known that as the
hydrostatic pressure is increased the O-H covalent bond of ice VIII increases in length while
the hydrogen bond decreases in length resulting in an overall decrease in the O-H:O distance
127,143:383.403 1n the case of simulations carried out in this work, as the pressure increases, the
initial dimensions of the O:0 and O-H:O interactions become slightly more similar, with the
length ratio O:0 / O-H:O changing from 0.971 at 20 GPa to 0.977 at 40 GPa. This means that
the interconnected rhombi identified earlier are becoming more regular. Furthermore, when a
stress in the [010] direction is applied at a pressure of 40 GPa, the O-H:O and O:O interactions
change to a smaller degree when compared to the same loading at a pressure of 20 GPa. This
indicates that these interactions become stiffer at higher pressures. From the simulations carried
out, it can also be shown that the change in the stiffness of the O:O interactions is smaller when
compared to the change in stiffness of the O-H:O interactions. Referring to Figure 4.26, it can
be seen that side ED, which is made up of O-H:O interaction, stretches less at 40 GPa than at
20 GPa. This is also true for side FD which is made up of O:O non-bond interaction.
Furthermore, the percentage change in length for side FD is greater at 20 GPa than at 40 GPa.
All this implies that the sides of the rhombi are getting stiffer with pressure. It can also be noted
that at both pressures the O:O non-bond interaction (side FD) exhibits a greater percentage

change in length than the O-H:O interaction (side ED) showing that the O-H:O interaction is
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stiffer than the O:0 non-bond interaction. Moreover, it can also be seen that an increase in
pressure is associated with a smaller percentage change in length for the O-H:O than for the
0:0 interaction. This shows that with an increase in pressure the O-H:O interaction increases
in stiffness more than the O:0 interaction. This is in accordance with the work of Chen and co-
workers “% where it was shown that the O:O interactions are stronger between hydrogen

bonded water molecules than non-hydrogen bonded water molecules.
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Figure 4.26: Results for stretching of sides ED which is made up of O-H:O interaction and
FD which is made up O:0 non-bond interaction in ice VIII at 20 GPa and 40 GPa.

Analysing the changes in angles BED and FBE at 20 GPa and 40 GPa, one notes that
an increase in hydrostatic pressure is associated with a very slight increase in the changes of
these angles. Referring to Figure 4.27, it may be noticed that angles BED and FBE deform
slightly more at 40 GPa than at 20 GPa. Thus, it may be argued that an increase in hydrostatic
pressure from 20 GPa to 40 GPa does not considerably affect the hinging of the interconnected
rhombi, albeit a very slight increase in hinging can be noted. This, together with the decrease

in stretching, shows that the hinging is becoming more significant as the pressure is increasing.
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Figure 4.27: Results for the change in angles BED and FBE at 20 GPa and 40 GPa.

All of the above indicates that the increase in auxeticity of ice VIII with increasing
pressure may be explained by two factors; (1) the formation of a more regular initial geometry
of the interconnected rhombi and (2) an increase in the stiffness of the O:0 and O-H:O
interactions. In fact, as the hydrostatic pressure is increased the hinging of the rhombi becomes
more prominent when compared to the stretching of the same rhombi. Taking into
consideration the changes in angle FBE, one notes that the ratios O:O / FBE and O-H:O / FBE
change from -0.0142 A/ ° and -0.0107 A/ ° at 20 GPa to -0.0117 A/ ° and -0.0076 A/ ° at

40 GPa.

4.3.3.5 Consolidating deformation through spectroscopy

At this point, it is interesting to investigate if the same conclusions may be reached
from spectroscopic techniques, more specifically infrared and Raman spectroscopy. To this
effect, the vibrational spectra of ice V11l have been simulated at various pressures as explained
in the methodology section. As expected from literature 174!, the infrared spectrum of ice VI
obtained from the simulations carried out (see Figure 4.28) shows a number of infrared active
modes, including the stretching modes vi1 (A2u) and vs (Eu), the bending intramolecular mode
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v2 (Azu), librational mode vr (Eu) and the lattice translational modes vr (Eu). The most intense
peaks are due to the O—H stretching and these dominate the spectrum of ice VIII. An increase
in hydrostatic pressure is accompanied by a shift to lower wavenumbers of the O—H stretching
modes, vi (A2u) and vs (Ey), indicating that the O—H bond becomes less stiff as pressure
increases. This trend is in accordance with both bond length measurements carried out in this
work in section 4.3.3.4 and previous studies 12383493 where it has been shown that the O—H
covalent bond increases in length and decreases in stiffness with an increase in pressure. From
Figure 4.28, it can also be noted that the vt (Eu) mode which is associated with antisymmetric
hydrogen-bond stretching®'! shifts to higher wavenumbers with increasing pressure. This
indicates that the hydrogen bond increases in stiffness with increasing pressure as expected
from our measurements and from literature 27383493 Taking into consideration the bending
intramolecular mode v2 (Azy), one notes a slight decrease in wavenumber with an increase in
pressure, illustrating that the O—H-—O hinge, shown as FBE in Figure 4.15 c and d, is slightly
decreasing in stiffness with pressure. In fact, this mode is the least sensitive to changes in
pressure with a change from 1526 cm™ at 20 GPa to 1504 cm™ at 40 GPa compared to changes

from about 2754 cm™ at 20 GPa to 2356 cm™ at 40 GPa for the O—H stretching mode.

128



20 GPal

| ‘FO GPa

20 GPa
T 30 GPa
40 GPa ' 40 GPa

v 30 GP4
u 40 GP4

30 GPa

Relative Intensity
Relative Intensity
Relative Intensity

1560 1520 1480 1200 1000 800 450 400 350 300
Wavenumber (cm) Wavenumber (cm-t) Wavenumber (cm-t)
—— ==
20 GPa A L
L ! ! Lo
11 1 1 , ,
: : ! ! 1 1
1 ! ! ! !
1 1 1 1
11 1 1 , ,
> i ! ! 1 1
£ i — X v
S| 30 GPa I i I ' X
k= V) ! ! | |
2 N o
z A Lo
[ 1 I

) SRR
40 GPa YRR A
1 . \ X :
M _———

3500 3000 2500 2000 1500 1000 500 0

Wavenumber (cm1)

Figure 4.28: The calculated infrared spectrum of ice VIII at 20 GPa, 30 GPa and 40 GPa.
Inset: the peaks at lower wavenumbers zoomed 10 times with respect to intensity.

The Raman spectrum, similar to the infrared spectrum is dominated by the O—H
stretching modes, with the vi (B1g), V3 (Eg) and vi (A1g) modes which are associated with the
Raman-active O—H stretching modes shifting to lower wavenumbers with increasing pressure.
This indicates that the O—H bond is becoming weaker in accordance with the infrared

spectrum and literature 127383493 The vy, (B1g) and vrxty (Eg) modes, which are associated with
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the stiffness of the O:0 interaction'?4354412413 ghijft to higher wavenumbers with increasing

pressure (see Figure 4.29) indicating an increase in stiffness off the O:0 mode.
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Figure 4.29: The calculated Raman spectrum of ice VIII at 20 GPa, 30 GPa and 40 GPa. Inset:
the peaks at lower wavenumbers zoomed 250 times with respect to intensity.

Taking the observations from the IR and Raman spectra one may confirm that the
proposed deformation mechanism where an increase in pressure is associated with an increase
in stiffness of the O:0O interaction (confirmed from the Raman spectrum), and a slight increase

in the hinging mechanism. Thus, as the hydrostatic pressure is increased the distortion and
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stretching of the orthogonally interconnected rhombi decreases as the structure is becoming
more rigid, with the hinging mechanism becoming a more predominate mechanism. The
interplay between these two deformation mechanisms for the proposed interconnected rhombi
geometry of ice VI is thus possibly responsible for the predicted auxetic potential of this

system.

In order to confirm that the Raman and infrared spectra obtained are not an artefact of
the cut-off energy and the spacing for the Monkhorst-Pack grid chosen, the spectra were
recalculated employing an energy cut-off of 800 eV and a Monkhorst-Pack grid spacing of
0.04 Al at 20 GPa and 40 GPa. Referring to Figure 4.30 and Figure 4.31 it can be seen that an
increase in energy cut off and a decrease in the spacing of the Monkhorst-Pack grid at both
pressures does not alter the spectra obtained illustrating that the convergence has been
achieved. It can be seen that the peaks obtained and the effect of increasing pressure on the

position of the peaks is not altered by refining the simulation parameters.

To further consolidate the work carried out in this study utilising the PBE functional,
the infrared and Raman spectra of ice VIII were recalculated employing the functional PW91
and the dispersion corrected functional PBE-TS at 20 GPa and 40 GPa. The spectra obtained
are shown in Figure 4.32 and Figure 4.33. All functionals used reproduced the expected peaks,
albeit some slight shift in the position of the peaks is noted. Furthermore, all functionals used
are in agreement with respect to the shift in peak positions with increasing hydrostatic pressure,
indicating that that the mechanism for the observed negative Poisson’s ratio described above

is not an artefact of the functional used.
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Figure 4.30: Comparison of the infrared spectrum obtained when employing a cut-off energy
of 800 eV and a Monkhorst-Pack grid spacing of 0.04 A with the spectrum obtained utilising
a cut-off energy of 1000 eV and a spacing of 0.03 A at 20 GPa and at 40 GPa. Inset: the
peaks at lower wavenumbers zoomed 10 times with respect to intensity.
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Figure 4.31: Comparison of the Raman spectrum obtained when employing a cut-off energy of
800 eV and a Monkhorst-Pack grid spacing of 0.04 A with the spectrum obtained utilising a
cut-off energy of 1000 eV and a spacing of 0.03 A at 20 GPa and at 40 GPa. Inset: the peaks
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Figure 4.33: Comparison of the Raman spectrum calculated using PBE, PW91 and PBE-TS at
20 GPa and 40 GPa. Inset: the peaks at lower wavenumbers zoomed 250 times with respect to
intensity.

In view of the work carried out in this study, it would be interesting to carry out further
work on the auxetic potential of other ice systems, particularly those that have a body centred
arrangement of oxygen atoms such as ice VII and ice Ic. Ice VII is the hydrogen disordered
counterpart of ice VIII, having the same oxygen sublattice as ice VIII. Thus, ice VII may also
have the potential to exhibit auxetic behaviour though the extent of the auxeticity may vary

since the O:0 and O-H:O interactions would be different than those in ice VIII due to the
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hydrogen disorder of the ice VII system. Therefore, the deformation mechanism rationalising
the auxetic potential of ice VIII described in this work could be used as a blueprint for further

study of such systems.

4.3.4 Conclusion

In this work the mechanical properties of ice VIII have been studied by utilising first
principles DFT simulations to calculate the elastic constants of this system. The variation of
the Young’s modulus, shear modulus and Poisson’s ratio with pressure in the pressure range
of 20 GPa — 40 GPa of both the bulk and single crystal was analysed. Moreover, it has been
shown that this system has the potential of exhibiting auxetic behaviour in the (001) plane when
subjected to an on-axis stress, with an increase in hydrostatic pressure resulting in an increase
in the auxetic potential for this system. The results obtained suggest that this negative Poisson’s
ratio is a result of an interplay between stretching and hinging of the bonds in ice VIII. An
increase in pressure resulted in a decrease in the stretching mechanism and hence the hinging

mechanism became the predominate deformation mechanism.
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Chapter 5: "An investigation of the mechanical properties of CO2-V

5.1 Introduction

In Chapters 3 and 4, the mechanical properties of the high-pressure polymorphs of H20
ice were investigated, where it was shown that ice X and ice VIII have the potential to exhibit
auxetic behaviour. It would now be interesting to investigate the mechanical properties of the
high-pressure polymorphs of other compounds employing the methodology developed in the
previous Chapters. Another compound of interest to various fields such as geophysics and
planetary science is carbon dioxide 2% a simple covalent molecule at ambient conditions,
which has an extremely rich phase diagram as discussed in Chapter 2. A high-pressure
macromolecular phase of CO- that has attracted particular attention is phase V. As discussed
in more detail in Chapter 2, CO2-V has been synthesised from CO»-I1I through laser heating
above 40 GPa and 1800 K in a diamond anvil cell (DAC)*®%, The structure of CO2-V has
been shown to be that of partially collapsed tetragonal B-cristobalite with 142d space group
composed of corner sharing COj4 tetrahedra with the carbon atoms forming a diamond network
26162 Despite the numerous studies on the structure and properties of CO2-V, research on the
Poisson’s ratio of this system is lacking, contrary to SiO2 polymorphs which have been studied

extensively vis-a-vis their Poisson’s ratio and auxetic behaviour®0-652%0.252253

In view of the above, this work will study the structural and mechanical properties of

CO2-V in the pressure range of 40 GPa — 60 GPa employing first principle DFT simulations.

* The contents of this chapter have been submitted for publication in the peer-reviewed Journal of Physics
and Chemistry of Solids: Gambin, D., Grima, J. N. & Gatt, R. Unusual mechanical properties of CO»-V: auxetic
potential in a high-pressure polymorph of carbon dioxide
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Moreover, the Poisson’s ratio of this system will be studied in detail, and the
geometries/deformation mechanisms responsible for the observed behaviour (both a 2D and
3D approach) will be elucidated by studying the behaviour of the system when a series of
stresses are applied. The results obtained from such measurements will then be supplemented
through spectroscopic techniques. To achieve this, this chapter will be subdivided into two
sections. In the first section, convergence and benchmarking studies will be carried out to
validate the DFT methodology used. In the second part, the mechanical properties of this

system will be elucidated and studied in detail.

5.2 Convergence and Benchmarking study of CO2-V

5.2.1 Introduction

CO»-V, amacromolecular phase of carbon dioxide known to be stable at high pressures,
has been the subject of a number of theoretical studies involving DFT where the structure!®®,
stability'’8, vibrational properties'®? and mechanical properties®® have been studied. The DFT
studies carried out on CO,-\/°6:162168.174.176.185 haye ysed different simulation parameters and
therefore, a convergence and benchmarking study will be carried out in order to ascertain that

the results obtained are not an artefact of the simulation parameters employed.

5.2.2 Methodology

The structure of CO2-V was constructed within the CASTEP*2 modelling platform as
implemented in Materials Studio utilising experimentally determined fractional coordinates
obtained from the literature®?. The crystal lattice was aligned within the global coordinate
system in accordance to the convention adopted by the Institute of Radio Engineers (IRE)**
i.e. in such a way that the c crystal direction was parallel to the global z-axis while the b crystal
direction was aligned in the global yz-plane and no constraints were imposed on the a crystal
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direction. All simulations were carried out employing density functional theory*%>4% utilising
full periodic boundary conditions on a 1 x 1 x 1 unit cell. In order to carry out geometry
optimisation of the CO,-V structure the 142d symmetry of this system was set to P1, thus
removing symmetry constraints apart from those imposed by the unit cell itself. As stated in
Chapter 3, this increases the simulation time but has the benefit of allowing all elements within

the cell to act independently.

The suitable simulation parameters for CO2-V, when employing different GGA
functionals namely PBE3®, PBE-TS%® and PBE-Grimme3® were then investigated. All
convergence tests were carried out at two pressures i.e. 43 GPa and 60 GPa by carrying out
geometry optimisation while systematically increasing the energy cut-off from 400 eV to 1200
eV in steps of 200 eV and systematically decreasing the Monkhorst-Pack k-point grid 3%
spacing from 0.08 A to 0.02 A. The DFT calculations were carried out employing norm
conserving pseudopotentials and an SCF tolerance of 5 x10” eV/atom. Geometry optimisation
was carried out employing the Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm utilising
the line search method. Stringent convergence criteria were utilised including a maximum force
of 0.01 eV/A, an energy cut-off of 5.0 x10® eV/atom, a maximum stress of 0.02 GPa and
maximum displacement of 5.0 x10* A. Convergence testing was carried out by comparing
various structural parameters obtained using different combinations of energy cut-off and
spacing of the Monkhorst-Pack grid with the structural parameters obtained using the most
refined simulation parameters, namely an energy cut-off of 1200 eV and a spacing of the
Monkhorst-Pack grid of 0.02 Al The structural parameters assessed were the lattice

parameters, the C-O bond length, the C-O-C angle and the O-C-O angle.

The performance of the aforementioned functionals was also assessed by comparing
the experimentally determined structural parameters®? with those calculated employing the

different functionals. The structural parameters which were used for the benchmarking of the
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methodology were also the lattice parameters, C-O bond length, C-O-C and O-C-O angles.
Benchmarking was carried out at a pressure of 43 GPa, the pressure at which experimental data

was available®2,

5.2.3 Results and discussion

Convergence tests were carried out at 43 GPa and 60 GPa utilising different GGA
functionals namely PBE3®®* PBE-TS®°® and PBE-Grimme3®. All three functionals
considered in this study, correctly predicted the 142d symmetry of this system, which
symmetry is reported in the literature 12, In all tests performed, a tetragonal crystal system was
obtained and therefore the a-lattice parameter was equal to the b-lattice parameter, see Figure
5.1. The a-lattice parameter and c-lattice parameter obtained from each combination of the
energy cut-off and the Monkhorst-Pack k-point grid tested were compared to those obtained
using an energy cut-off of 1200 eV and a Monkhorst-Pack k-point grid spacing of 0.02 A,
The results obtained (see Figure 5.2 and Figure 5.3) indicate that an energy cut-off of 800 eV
and a Monkhorst-Pack k-point grid spacing of 0.06 A is adequate in simulating the lattice
parameters of CO2-V as further refinements in simulation parameters did not significantly
change the lattice parameters obtained. In order to further confirm the appropriate simulation
parameters for the structure of CO.-V, convergence testing was carried as described above for
the C-O bond length, the C-O-C angle and the O-C-O angle with the results obtained being
shown in Figure 5.4, Figure 5.5 and Figure 5.6 respectively. From these figures, it can be
inferred that an energy cut-off of 400 eV is not adequate in simulating the aforementioned
bonds and angles irrespective of the spacing of the Monkhorst-Pack grid being utilised. It can
also be noted that an energy cut-off of 800 eV and a Monkhorst-Pack grid spacing of 0.06 A
is appropriate for studying the structural parameters of CO,-V with a further refinement of the

simulation parameters not significantly changing the results obtained.
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Figure 5.1: The convergence test carried out on CO»-V for the ratio of a/b lattice parameters,
using (a) GGA-PBE, (b) GGA-PBE-TS, (c) GGA-PBE-Grimme when subjected to a hydrostatic
pressure of 43 GPa and using (d) GGA-PBE, (¢) GGA-PBE-TS and (f) GGA-PBE-Grimme
when subjected to a hydrostatic pressure of 60 GPa. Since CO2-V is a tetragonal system, a=b
and hence the a/b ratio should be equal to 1. The legend indicates the spacing used (in A™) for
the Monkhorst-Pack grid.
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Figure 5.2: The convergence test carried out on CO2-V for the a-lattice parameter, using (a)
GGA-PBE, (b) GGA-PBE-TS, (c) GGA-PBE-Grimme when subjected to a hydrostatic pressure
of 43 GPa and using (d) GGA-PBE, (¢) GGA-PBE-TS and (f) GGA-PBE-Grimme when
subjected to a hydrostatic pressure of 60 GPa. Note that the Y axis give the percentage
deviation for the a-lattice parameter when compared to the a-parameter obtained when the
simulation is carried out using a cut-off energy of 1200 eV and a spacing of 0.02 A-1 for the
Monkhorst-Pack grid, whilst the legend indicates the spacing used (in A-1) for the Monkhorst-
Pack grid. The scale of the graph is truncated to 1.4 and -0.2.
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Figure 5.3: The convergence test carried out on CO»-V for the c-lattice parameter, using (a)
GGA-PBE, (b) GGA-PBE-TS, (c) GGA-PBE-Grimme when subjected to a hydrostatic pressure
of 43 GPa and using (d) GGA-PBE, (¢) GGA-PBE-TS and (f) GGA-PBE-Grimme when
subjected to a hydrostatic pressure of 60 GPa. Note that the Y axis give the percentage
deviation for the a-lattice parameter when compared to the a-parameter obtained when the
simulation is carried out using a cut-off energy of 1200 eV and a spacing of 0.02 A for the
Monkhorst-Pack grid, whilst the legend indicates the spacing used (in A1) for the Monkhorst-
Pack grid. The scale of the graph is truncated to 0.2 and -1.4.
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Figure 5.4: The convergence test carried out on CO.-V for the C-O bond length, using (a)
GGA-PBE, (b) GGA-PBE-TS, (c) GGA-PBE-Grimme when subjected to a hydrostatic pressure
of 43 GPa and using (d) GGA-PBE, (¢) GGA-PBE-TS and (f) GGA-PBE-Grimme when
subjected to a hydrostatic pressure of 60 GPa. Note that the Y axis give the percentage
deviation for the C-O bond length when compared to the C-O bond length obtained when the
simulation is carried out using a cut-off energy of 1200 eV and a spacing of 0.02 A for the
Monkhorst-Pack grid, whilst the legend indicates the spacing used (in A') for the Monkhorst-
Pack grid.
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Figure 5.5: The convergence test carried out on CO»-V for the C-O-C angle, using (a) GGA-
PBE, (b) GGA-PBE-TS, (c) GGA-PBE-Grimme when subjected to a hydrostatic pressure of 43
GPa and using (d) GGA-PBE, (e) GGA-PBE-TS and (f) GGA-PBE-Grimme when subjected to
a hydrostatic pressure of 60 GPa. Note that the Y axis give the change in angle (°) for the C-
O-C angle when compared to the C-O-C angle obtained when the simulation is carried out
using a cut-off energy of 1200 eV and a spacing of 0.02 A for the Monkhorst-Pack grid, whilst
the legend indicates the spacing used (in A™Y) for the Monkhorst-Pack grid. The scale of the
graph is truncated to 1.4 and -0.2.
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Figure 5.6: The convergence test carried out on CO2-V for the O-C-O angle, using (a) GGA-
PBE, (b) GGA-PBE-TS, (c) GGA-PBE-Grimme when subjected to a hydrostatic pressure of 43
GPa and using (d) GGA-PBE, (e) GGA-PBE-TS and (f) GGA-PBE-Grimme when subjected to
a hydrostatic pressure of 60 GPa. Note that the Y axis give the change in angle (°) for the O-
C-0 angle when compared to the O-C-O angle obtained when the simulation is carried out
using a cut-off energy of 1200 eV and a spacing of 0.02 A for the Monkhorst-Pack grid, whilst
the legend indicates the spacing used (in AY) for the Monkhorst-Pack grid. The scale of the
graph is truncated to 0.2 and -1.4.
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In order to benchmark the methodology employed and choose an appropriate functional
for the rest of the study, structural parameters as calculated utilising the different functionals
namely PBE, PBE-TS and PBE-Grimme, were compared to experimentally determined

values!®?

with both the experimental work and calculations being conducted at a hydrostatic
pressure of 43 GPa. Comparing the calculated lattice parameters to the experimentally
determined values, (see Table 5.1), one can note that all three functionals give good agreement
with the experimental work with all three functionals giving a percentage deviation of less than
0.5 % for the a-lattice parameter and b-lattice parameter and a maximum deviation of 1 % for
the c-lattice parameter. In particular for the a-lattice parameter and b-lattice parameter
percentage deviations of 0.47 %, 0.10 % and -0.20 % were recorded when utilising PBE, PBE-
TS and PBE-Grimme respectively while for the c-lattice parameter percentage deviations of

0.64 %, 0.35 % and 1.01 % was recorded when utilising PBE, PBE-TS and PBE-Grimme

respectively.

Table 5.1: Comparison of the calculated lattice parameters for CO,-V at 43 GPa employing
PBE, PBE-TS and PBE-Grimme and the experimentally determined datal®? obtained at the
same pressure.

This work
Lattice Experimental®? PBE PBE-TS PBE-Grimme
parameter
a (A) 3.5601 3.5768 3.5636 3.5529
b (A) 3.5601 3.5768 3.5635 3.5529
c(A) 5.8931 5.9305 5.9137 5.9525
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Following the benchmarking of the lattice parameter, bond lengths and bond angles
obtained utilising DFT calculations were also benchmarked by comparing to experimentally
determined values 1°2 as shown in Table 5.2. It can be seen that all three functionals adequately
simulate the structure of CO2-V with a maximum deviation of less than 1 % being recorded for
the C-O bond length, a maximum deviation of about 1° for the C-O-C angle and a maximum
deviation of less than 0.15° for the O-C-O angle. In particular for the C-O bond length a
percentage difference of 0.91 %, 0.72 % and 0.79 % was recorded for PBE, PBE-TS and PBE-
Grimme respectively, while for the C-O-C angle a difference of -0.72°, -0.99° and -0.95° was
recorded for PBE, PBE-TS and PBE-Grimme respectively. For the O-C-O angle a difference

of -0.05°, -0.09° and 0.12° was recorded for PBE, PBE-TS and PBE-Grimme respectively.

Table 5.2: Comparison of the calculated bond lengths and angles for CO,-V at 43 GPa
employing PBE, PBE-TS and PBE-Grimme and the experimentally determined!®? data
obtained at that the same pressure.

This work

Bond length or ~ Experimental®®? Distance (A)  Distance (A)  Distance (A)

angle or angle (°) or angle (°) or angle (°)
PBE PBE-TS PBE-Grimme
C-0 1.353 1.365 1.363 1.364
C-0-C 117.3 116.6 116.3 116.4
0-C-O 107.2 107.2 107.1 107.3

Given that all three functionals give good agreement with the experimental work with
PBE providing a slightly more accurate representation of the angles, PBE will be used for the
rest of the study with PBE-TS and PBE-Grimme being used to consolidate the work carried
out. In addition, using the PBE functional, the simulated fractional coordinates of the atoms in
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the CO2-V unit cell had a maximum deviation of 2.65x107 in any direction when compared
with experimental data'®?, see Figure 5.7. In view of all this and in accordance with other
studies carried out on CO,-V in the literature?°6174176 in this work PBE was used to study the
mechanical properties of CO2-V with the dispersion corrected functionals PBE-Grimme and

PBE-TS being utilised to consolidate the work done.
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Figure 5.7: (a) The experimental structure of CO2-V where grey spheres represent carbon
atoms while red spheres represent oxygen atoms. (b) The difference between fractional
coordinates of each atom present in the experimental lattice of CO2-V 62 and those predicted
in this work. The axes of the graph represent the change in fractional coordinates in the a, b,
c directions. Note that in the case of the main graph the scale of these axes is set to illustrate
+50% of the respective lattice length whilst the scale of the inset is set to show £1% of the
respective lattice length.

5.2.4 Conclusion

The work in this section served to validate and benchmark the methodology employed.
In brief, this section has shown that an energy cut-off of 800 eV and a Monkhorst-Pack grid
spacing of 0.06 A are appropriate to study the properties of the CO,-V crystal. Moreover, it
has also been shown that even though the PBE, PBE-TS and PBE-Grimme all give appropriate
representation of this system, the PBE functional gives a slightly better representation and thus,
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will be used for the rest of the study with the PBE-TS and PBE-Grimme being used to

consolidate the results obtained where appropriate.

5.3 Studying the properties of CO.-V

5.3.1 Introduction

Following the convergence study and benchmarking of the methodology, the
mechanical and vibrational properties of CO2-V will be assessed. First the stability of CO.-V
will be assessed through the use of lattice dynamics simulations in the pressure range of 40 GPa
to 60 GPa. This will be followed by an investigation of the mechanical properties of the single
crystal and the polycrystalline aggregate. The Young’s modulus, shear modulus, bulk modulus,
Pugh ratio and the Poisson’s ratio of the system will be investigated. Anomalous mechanical
properties of this system will be rationalised by studying the deformation mechanism of the
system through measurements of the nanoscale deformation of the system and the use of

infrared and Raman spectroscopy.

5.3.2 Methodology

Unless otherwise stated, simulations were performed using the PBE functional, an
energy cut-off of 800 eV and a Monkhorst-Pack k-point grid spacing of 0.06 A, as determined
in the previous section. As stated in Section 5.3.1, various properties were simulated in this

section, with each methodology described in detail below.

5.3.2.1 Phonon dispersion

Phonon dispersion curves were calculated at 40 GPa and 60 GPa employing the linear
response method utilising the interpolation scheme, as shown in Chapter 4 section 4.3.2.1.
Convergence for the phonon dispersion relations was also tested by repeating the simulation

using an energy cut-off of 1000 eV and a Monkhorst-Pack k-point grid spacing of 0.04 A,
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5.3.2.2 Mechanical Properties

Geometry optimisation of the structure of CO2-V was carried out in the pressure range
of 40 GPa to 60 GPa in steps of 5 GPa. For each structure generated, the stiffness matrix, [C]
was calculated using the constant-strain method, making sure that a linear stress-strain
relationship was achieved in each case. Stringent convergence criteria were employed
including a maximum force of 0.002 eV/A, a maximum displacement of 1 x10* A and an
energy cut-off of 1x10® eV/atom. The maximum strain amplitude was set to 0.003 with 4 steps

for each strain.

Employing standard transformation techniques®®’, each stiffness matrix was utilised
to determine the off-axis mechanical properties for the CO2-V single crystal namely the
Young’s modulus, the shear modulus and the Poisson’s ratio. To ensure that the
mechanical properties generated were not an artefact of the simulation parameters
chosen or the functional employed, the mechanical properties at 40 and 60 GPa were
recalculated using an energy cut-off of 1000 eV and a Monkhorst-Pack k-point grid spacing
of 0.04 Atand different functionals (PBE-TS and PBE-Grimme). The elastic constants
calculated employing the PBE functional were then utilised to calculate the mechanical
properties of the polycrystalline aggregate in the pressure range of this study, as
described in Chapter 3 section 3.3.2.2. The bulk modulus, shear modulus and the Pugh
ratio for the polycrystalline aggregate were determined as explained in detail in Chapter

3 section 3.3.2.2.
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5.3.2.3 Deformation mechanism

In order to rationalise the measured Poisson’s ratio of the CO2-V single crystal,
the deformation of this system was studied by applying a series of stresses, o, in the
range of £0.5% of the Young’s modulus in the two different directions, namely in the
[100] direction and at 45° to this direction i.e. in the [110] direction. This was carried

out at 40 GPa and 60 GPa. The stresses applied were in the form of:

cos(d) sin(¢) O)o 0O 0)fcos(¢) —sin(d) O
—sin() cos(¢) 0|0 O Of sin(¢) cos(¢) O
0 0 1{0 0 0 0 0 1

where  is the in-plane rotation angle. Measurements of lengths and angles were then
carried out for the 3D COs tetrahedra and for projected distances of these tetrahedra in
the (001) plane as shown in Figure 5.8 at 40 GPa and 60 GPa in order to elucidate the

deformation mechanism.

@ < (b)

Figure 5.8: (a) The structure of CO2-V with the CO4 tetrahedra highlighted. (b) The (001)
plane of CO2-V with the projected ‘rotating’ squares highlighted.
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5.3.2.4 IR and Raman spectroscopy

Raman and IR spectra of CO2-V were also calculated at 40 GPa and 60 GPa to
further substantiate the proposed deformation mechanism. These simulations were
carried out as explained in Chapter 3 section 3.3.2.4 and Chapter 4 section 4.3.2.4. To
confirm that the Raman and infrared spectra obtained were not an artefact of the
simulation parameters or functional employed, the spectra were recalculated using an
energy cut-off of 1000 eV and a Monkhorst-Pack k-point grid spacing of 0.04 A whilst also

using the PBE-TS and PBE-Grimme functionals at 40 GPa and 60 GPa.

5.3.3 Results and discussion

The results obtained shows that CO»-V is predicted to exhibit auxetic behaviour over a
wide range of pressures, with auxeticity becoming more pronounced with increasing pressure.
This negative Poisson’s ratio, exhibited in the (001) plane for loading in any direction within
this plane, is rationalised through the use of the rotating squares mechanism, which squares are
a projection of three-dimensional COj tetrahedra. A detailed discussion on the results obtained

is given below.

5.3.3.1 Lattice Dynamics calculations

Several studies have shown that of CO2-V is stable within this pressure range of 40 GPa
to 60 GPa®"1"%182 This was also confirmed in this study through the use of lattice dynamics
calculations. The results obtained, see Figure 5.9, show that the phonon dispersion relations
obtained at 40 GPa and 60 GPa were all in the positive region indicating that CO»-V is indeed
stable or metastable at these pressures. To ensure that the simulation parameters used are indeed
suitable to calculate the phonon dispersion curves for CO,-V, the simulation was repeated using
a higher energy cut-off and a smaller Monkhorst-Pack grid spacing as described in Section

5.3.2.1. Referring to Figure 5.9 refining the simulation parameters had no significant effect on
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the dispersion curve obtained, ensuring that the result obtained i.e. CO.-V is stable or
metastable at the pressures ranges studied, is not an artefact of the simulation parameters

utilised.
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Figure 5.9: The phonon dispersion curves calculated for CO2-V at (a) 40 GPa and (b) 60 GPa
employing an energy cut-off of 800 eV and a Monkhorst-Pack k-point grid spacing of 0.06 A

(black solid line) and an energy cut-off of 1000 eV and a Monkhorst-Pack k-point grid spacing
of 0.04 A (red dashed line).

5.3.3.2 Elastic constants

The elastic constants obtained for CO2-V had the expected symmetry for a tetragonal
system 397 with crystal class 42m where €11 = C22, Ca1 = Ca2, Ca4 = Css While as expected Ces, C33
and c21 are non-zero components of matrix for all the pressures considered. The elastic stiffness
constants obtained for each pressure computed in this study are shown in Table 5.3. The
calculated elastic constants were then utilised to determine the off-axis mechanical properties
for the CO2-V single crystal. Due to the tetragonal nature of the CO2-V system, the mechanical
properties in the (010) plane are identical to the mechanical properties in the (100) plane and
thus only the mechanical properties in the (010) plane are shown. The results obtained, see

Figure 5.10, indicate that CO2-V is anisotropic and exhibits a negative Poisson’s ratio. For all
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pressures considered in this study, auxetic behaviour was found in the (001) plane, with the

maximum auxeticity measured when loading in the [100] direction.

Table 5.3: The computed elastic constants for CO2-V in the pressure range of 40 GPa to
60 GPa.

Pressure (GPa) c11(GPa) cs3(GPa) c21(GPa) c31(GPa) caa(GPa) ces (GPa)

40 495.03 497.46 77.20 290.07 295.43 135.36
45 515.51 525.51 86.52 311.69 310.27 140.90
50 533.27 552.18 96.09 330.79 324.57 146.74
55 553.30 580.47 108.28 350.88 338.75 153.32
60 570.96 609.48 120.98 370.91 352.67 160.40

Figure 5.10 also shows how the mechanical properties of CO»-V change as a function
of pressure, with the auxetic potential of CO.-V in the (001) plane increasing with an increase
in hydrostatic pressure. Considering the (001) plane, an increase in the hydrostatic pressure
results in a larger change for the Poisson’s ratio obtained when loading in the [110] direction

when compared to the Poisson’s ratio obtained when loading in the [100] direction. In fact, the

. (:0o <=450
ratio vy, /v

vx  changes from 3.89 at 40 GPa to 2.12 at 60 GPa. The Young’s modulus in

the [100] direction and shear modulus in the (001) plane also increase with increasing pressure.

Similarly, to the Poisson’s ratio, the on-axis and off-axis E,. and G,,, change to a different extent
with increasing hydrostatic pressure. The ratio E5-° /ES=*® changes from 1.19 at 40 GPa to

1.14 at 60 GPa while the ratio G§;°°/G§;45°changes from 0.65 at 40 GPa to 0.71 at 60 GPa.
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Figure 5.10: The structure of CO-V together with off-axis plots illustrating the mechanical
properties of this system in the (010) and (001) plane with varying pressure from 40 GPa to 60
GPa in steps of 5 GPa. Shown here are the variation of the shear modulus (in GPa) (a), Young'’s
modulus (in GPa) (b) and Poisson’s ratio (c) with angle of rotation, ¢ (in °), in these planes.
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This result was confirmed with the use of more stringent simulation parameters as
described in Section 5.3.2.2. The off-axis shear modulus, Young’s modulus and Poisson’s ratio
obtained at 40 GPa and 60 GPa are shown in Figure 5.11 and Figure 5.12. The results obtained
show that a refinement in the energy cut-off and the spacing of the Monkhorst-Pack grid had
no significant effect on the off-axis mechanical properties obtained and hence the parameters

used are adequate to simulate the mechanical properties.

In order to consolidate the work done in section above, the elastic constants of CO2-V
were recalculated employing PBE-TS and PBE-Grimme at 40 GPa and 60 GPa. The elastic
constants obtained were then utilised to calculate the off-axis mechanical properties of CO,-V
at 40 GPa and 60 GPa, as shown in Figure 5.13 and Figure 5.14 respectively. It can be seen
that the trends for mechanical properties obtained utilising the different functionals are similar.
Of particular interest to this study is the fact that the negative Poisson’s ratio of CO2-V in the
(001) plane is reported with all functionals utilised. This suggests that the auxetic potential of

CO»-V is not an artefact of the functional used but rather an innate property of the system.
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Figure 5.11: The effect of refining simulation parameters from an energy cut-off of 800 eV and
a Monkhorst-Pack grid spacing of 0.06 A to 1000 eV and 0.04 A respectively on the shear
modulus (in GPa) (a), Young’s modulus (in GPa) (b) and Poisson’s ratio (c) calculated at
40 GPa in the (010) plane and the (001) plane.
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Figure 5.12: The effect of refining simulation parameters from an energy cut-off of 800 eV and
a Monkhorst-Pack grid spacing of 0.06 A to 1000 eV and 0.04 A respectively on the shear
modulus (in GPa) (a), Young’s modulus (in GPa) (b) and Poisson’s ratio (c) calculated at
60 GPa in the (010) plane and the (001) plane.
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Figure 5.13: The variation of the shear modulus (in GPa) (a), Young’s modulus (in GPa) (b)
and Poisson’s ratio (c) with angle of rotation, £ (in °) in the (010) plane and the (001) plane
at 40 GPa as calculated utilising PBE, PBE-TS and PBE-Grimme. It can be seen that there is
good agreement between the mechanical properties calculated with all three functionals. This
confirms that mechanical properties predicted are not an artefact of the functional used but an

innate property of the system.
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good agreement between the mechanical properties calculated with all three functionals. This
confirms that mechanical properties predicted are not an artefact of the functional used but an
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5.3.3.3 Polycrystalline properties

Although a negative Poisson’s ratio was measured in the (001) plane, the Poisson’s
ratio for the polycrystalline aggregate of CO.-V was always computed to be positive at all
pressures considered in this study. The elastic constants of CO.-V can be utilised to determine
the mechanical properties for the polycrystalline aggregate as described in previous work®,
employing an approach which assumes that the crystal domains in the sample are arranged in
such a way that the material is isotropic. In particular, the maximum and minimum bounds of
the Poisson’s ratio for the CO2-V polycrystalline aggregate can be calculated from the
material’s elastic constants, which results are shown in Table 5.4. It can be noted that the
polycrystalline aggregate is predicted to exhibit a positive Poisson’s ratio in the pressure range
of this study, in contrast to the single crystal which is predicted to exhibit a negative Poisson’s
ratio in the (001) plane. In addition to this, it can be noted that an increase in hydrostatic
pressure is associated with an increase in both the maximum and minimum bounds for the

Poisson’s ratio.

Table 5.4: The variation of the maximum and minimum bounds for the Poisson’s ratio of
CO»-V polycrystalline aggregate with varying hydrostatic pressure in the pressure range of 40
GPa to 60 GPa.

Pressure (GPa) ymax ymin v
40 0.301 0.216 0.258
45 0.309 0.218 0.263
50 0.314 0.219 0.266
55 0.318 0.222 0.270
60 0.323 0.224 0.273
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The elastic constants of CO2-V may also be employed to determine the bulk modulus
and shear modulus of the polycrystalline aggregate employing the Voigt-Reus-Hill
approximation3®®-1 which properties, together with the Pugh ratio (K/G ratio), are shown in
Table 5.5 . It can be noted that an increase in hydrostatic pressure is associated with an increase

in both the bulk modulus and the shear modulus.

Table 5.5: The pressure dependence of the maximum and minimum bounds for the bulk
modulus K"°!% and KR®“S and shear modulus GY°'9' and GR®“S for CO,-V polycrystalline
aggregate together with the K/G ratio (Pugh ratio) of the polycrystalline aggregate.

Pressure = KVoigt K Reuss K* GVoigt GReuss G (GPa) K/G
(GPa) (GPa) (GPa) (GPa) (GPa) (GPa)

40 311 286 299 201 143 172 1.74
45 331 300 315 209 145 177 1.78
50 348 313 331 217 148 182 1.81
55 368 329 348 225 152 188 1.85
60 386 343 365 232 155 194 1.88

The calculated elastic constants may also be utilised to predicted whether CO2-V is
expected to be brittle or ductile in the pressure range of this study. A number of different criteria
may be considered such as the Cauchy pressure, the Poisson’s ratio and the K/G ratio. The
Cauchy pressure?®, for a tetragonal system can be defined as Ci3-Cas and Ci2-Ces, Where a
positive value suggests that the material is ductile while a negative value suggests that the
material is brittle. The results obtained, shown in Figure 5.15, suggest that CO»-V is expected
to be brittle in the pressure range under consideration with the term ci3-Cs4 being a negative

term over the whole pressure range.
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Figure 5.15: The variation of ci3-Cc44 and ci12-Ces With increasing hydrostatic pressure in the
pressure range of this study.

The Poisson’s ratio may also be utilised to predicted whether a material is expected to
be brittle or ductile by employing what is known as Frantsevich rule*®® where a Poisson’s ratio
less than 0.33 indicates that a material is brittle while a Poisson’s ratio greater than 0.33
indicates that the material is ductile. In the case of CO2-V, the Poisson’s ratio for the
polycrystalline aggregate is less than 0.33 as shown in Table 5.1, suggesting that CO.-V is
brittle in the pressure range of 40 GPa — 60 GPa, which is in accordance to the work done when

analysing the Cauchy pressure.

Another check for the brittle or ductile nature of the material is by studying the K/G
ratio which is known as the Pugh ratio “°2. It was suggested that a K/G value exceeding 1.75
indicates that the material is ductile while a K/G value less than 1.75 suggests that the material
is brittle. Referring to Table 5.5, it can be noted that the K/G ratio is above 1.75 in most of the
pressure range under study with the exception of 40 GPa where a value of 1.74 is reported. The
K/G values above 1.75 indicate that the material is ductile which is in contradiction to the

previous predictions made employing the Cauchy pressure and the Frantsevich rule.
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Recently?*

it has been argued that Pugh’s criterion for the ductile-brittle transition, which
employs a K/G value of 1.75 as the benchmark, should be replaced by Christensen’s criterion
where a K/G value of 2.27 is used to indicate the ductile/brittle transition where a K/G value
of less than 2.27 indicates that the material is brittle and a K/G value greater than 2.27
indicating that the material is ductile. Utilising Christensen’s criterion, CO2-V would be
predicted to be brittle as the K/G ratio is less than 2.27 in the pressure range under study. All

the above considerations suggest that CO,-V is expected to be brittle in the pressure range of

40 GPa to 60 GPa.

5.3.3.4 Deformation mechanism

At this stage it would be interesting to rationalise the simulated auxetic potential of the
CO»-V system in the (001) plane. An analysis of the projections of the atoms in this plane
reveals a ‘connected squares’ motif, see Figure 5.8. These ‘connected squares’ are the two-
dimensional projection of three-dimensional CO4 tetrahedra with each square having a carbon
atom at its centre and four oxygen atoms at its corners. The projected squares have internal
angles of 90.00° (st. dev. 0.000°) and side lengths of 1.63 A (st. dev. 0.000 A) at 40 GPa while
at 60 GPa, the projected squares have side lengths of 1.60 A (st. dev. 0.000 A) and internal
angles of 90.00° (st. dev. 0.001°). It is known that such ‘connected squares motif* can result in
a negative Poisson’s ratio of -1 if the system deforms solely through the relative rotations of
the squares upon loading?'®. As explained in the methodology, a series of stresses were applied
in the [100] direction of CO2-V (the direction of maximum auxeticity), in order to assess how

these projected squares deform.

At a pressure of 40 GPa, application of a stress in the [100] direction results in the

relative rotation and distortion of the projected squares. More specifically, referring to Figure
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5.16, upon the application of a tensile stress, the projected squares rotate relative to each other
such that they open up, with angle O5-04-O3 increasing in size and angle 04-03-06
decreasing in size. Concurrently, the application of the tensile stress in this direction also results
in an ‘asymmetric stretching’ of the projected squares with the sides of the projected squares
oriented in the direction of side O3-02 (see Figure 5.8 and Figure 5.16) stretching to a higher
degree than the sides of the projected squares oriented in the direction of side 02-O1, with the
ratio AO3 — 02/A02 — 01 having a value of 4.71. The ‘asymmetric stretching’ of the
projected squares is also accompanied by a change in internal angles. This change in internal
angles of the projected squares is also quite large when compared to the change in angle
between the projected squares, with the ratio AO3 — 04 — 05/A03 — 04 — 01 having a value
of -3.36 (the negative value is due to the fact that angle O3-O4-01 is becoming smaller while
03-04-05 is becoming larger when the system is stretched in the [100] direction). All this
means that when a load in the [100] direction is applied to CO2-V, the projected squares rotate
relative to each other whilst distorting to form parallelograms, rationalising the deviation of the

Poisson’s ratio from the theoretical value of -1 expected from the rotating rigid units

mechanism.
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Figure 5.16: (a) Percentage change in distances (%) and (b) change in angles (°) recorded for
various points shown in Figure 5.8 at 40 GPa on application of a stress in the [100] direction.
It should be noted that a negative stress indicates a pulling force while a positive stress
indicates a compressive force.
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Considering CO»-V at 60 GPa, one finds that the application of a stress in the [100]
direction results in a similar mechanism described above, where the projected squares are
acting as semi-rigid rotating squares (see Figure 5.17). Also, the on-axis auxetic potential of
CO»-V increases slightly with an increase in hydrostatic pressure, a phenomenon that may be
attributed to a slight increase in the rigidity of the projected squares. In fact, when a load is
applied in the [100] direction, the sides of the projected squares oriented in the direction of side
03-02 change by -3.21 x10° A/GPa at 40 GPa whilst at 60 GPa they change by -2.95x10
AIGPa. On the other hand, the sides of the projected squares oriented in the direction of side
02-01 change by -6.80x10* A/GPa at 40 GPa while at 60 GPa they change by -5.83 x10*
AIGPa. Furthermore, the changes in the angles inside the projected squares vary from 0.0668
°/GPa at 40 GPa to 0.0546 °/GPa at 60 GPa. The changes in the angles between the projected
squares also become smaller as the hydrostatic pressure increases, however these decrease at a
lower rate than the angles inside the projected squares. For example, the quantity AO5-O4-
03/A03-04-01 changes from -3.36 at 40 GPa to -3.48 at 60 GPa indicating that the internal
angles of the projected squares are becoming stiffer than the angles between the projected
squares. Thus, as hydrostatic pressure increases, even though the hinge between the projected
squares becomes stiffer, the projected squares deform to a smaller extent, resulting in a small

increase in the auxetic potential.
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Figure 5.17: (a) Comparison of change in angle 05-O4-O3 at 40 GPa and 60 GPa. (b)
Comparison of change in angle O4-05-02 at 40 GPa and 60 GPa.
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As discussed above, CO2-V is also predicted to exhibit auxetic behaviour when loaded
in the [110] direction. This auxetic behaviour may be rationalised by studying the nanoscale
deformation on application of a stress as detailed in the methodology section. Similarly, to the
on-axis auxetic behaviour in the (001) plane, the auxetic behaviour when loading in the [110]
direction may be explained through the rotation of the semi-rigid projected squares where the
squares rotate relative to each other and concurrently deform. Referring to Figure 5.18
application of a stress in the [110] direction results in a change in angle O5-0O4-03 and angle
04-03-06 which angles are the angles between the projected ‘squares’ indicating that the
squares are rotating relative to each other. It can also be noticed that the angles within the
squares, 03-04-01 and 04-01-02, are also changing albeit at a lower rate than the angles
between the squares. The change in interior angles of the squares denote that the squares are in
fact distorting on application of a stress. In addition to this, referring to Figure 5.18, application
of a stress in the [110] direction results in change in sides 03-02 and 02-01 of the projected
‘squares’. It can be noted that the percentage change in length of the sides is not the same, with
side O2-01 changing length at a higher rate resulting in the distortion of the projected square.
This distortion explains why the obtained Poisson’s ratio deviates from -1?¥°, which is the
expected value for the rotating squares mechanism which mechanism assumes that the squares

rotate relative to each other without the deformation of the squares.
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Figure 5.18: (a) Percentage change in distances (%) and (b) change in angles (°) recorded for
various points shown in the main paper at 40 GPa on application of a stress in the [110]
direction

Also, as discussed above, the Poisson’s ratio obtained when loading in the [110]
direction is less negative when compared to that obtained when loading in the [100] direction.
This can be explained by the ratio of the projected squares’ ‘rigidity’ to their relative rotation
of the projected squares. For instance, at a hydrostatic pressure of 40 GPa loading in the [110]
direction results in a smaller relative rotation of the projected squares with angle 05-04-03
changing by -0.147 °/GPa when loading in this direction, compared with a change of
-0.225 °/GPa when loading in the [100] direction. Furthermore, a load in the [100] direction
results in a change of 3.21x10°® A/GPa and -6.80x10* A/GPa for side lengths 03-02 and O4-
03 of the projected squares respectively. On the other hand, a load in the [110] direction at the
same hydrostatic pressure results in a change of 2.23x10* A/GPa and -4.03 x10° A/GPa for
side lengths O3-02 and 04-03 of the projected squares respectively. Additionally, the quantity
AO3-04-05/A03-04-01 changes from -3.36 when loading in the [100] direction to -1.69 when
loading in the [110] direction indicating that the internal angles of the projected squares are

less stiff when loading in the [110] direction.

As in the case of loading in the [100] direction, a load in the [110] direction at higher

ambient pressures, results in a more negative Poisson’s ratio. As discussed above, the change
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in the Poisson’s ratio when loading in the [110] direction is larger than that obtained when
loading in the [100] direction. At higher ambient pressures, the ‘rigidity’ of the projected
squares becomes larger when loading in the [110] direction compared to loading in the [100]

direction for the same relative rotation of the projected squares.

For example, the ratio AO3-02/A04-03 changes from 4.71 to 5.06 when loading in the
[100] direction as the pressure changes from 40 GPa to 60 GPa whilst when loading in the
[110] direction, the same ratio changes from -0.0555 to 0.0175 as the pressure changes from
40 GPato 60 GPa. This indicates that when loading in the [110] direction the projected squares
are retaining their square geometry more when compared to loading in the [100] direction.
Moreover, the quantity AO3-04-05/A03-04-01 changes from -3.36 to -3.48 when loading in
the [100] direction whilst when loading in the [110] direction, the same ratio changes from
-1.69to0 -1.67 as the pressure changes from 40 GPa to 60 GPa indicating that the internal angles

of the projected squares are relatively stiffer when loading in the [110] direction.

This two-dimensional approach is the result of the deformation of the CO4 tetrahedra.
In fact, as discussed above, each 2D square is the projection of a single COj4 tetrahedron in the
(001) plane, see Figure 5.8. Thus, the relative rotations and distortions of the projected squares
are a direct result of the distortions and rotations of the COg tetrahedra. In fact, referring to
Figure 5.19, application of a stress in the [100] direction results in the concurrent rotation and
distortion of the CO4 tetrahedra. Application of a stress in the [100] direction results in an
increase in C-O bond lengths, with the C-O bonds in the CO4 tetrahedra stretching to different
extents, contributing to the distortion of the tetrahedra. Moreover, the stress also results in a
change in intertetrahedra angle (C-O-C), similarly as above, the C-O-C angles within a
tetrahedron change to different extents contributing to distortion. Referring to Figure 5.19, it

can be noted that O8-C3-O6 changes at a larger rate than C3-06-C4. In addition to this,
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application of a stress results in an increase in the angle C3-0O6-C4 which is on the line of
stress. This is then coupled with a very slight increase in C2-O5-C3. It can be noted that the
change in intertetrahedral angles (O-C-O) are more significant than the change in
intratetrahedral angle (C-O-C). This suggests that the auxetic potential of CO,-V is a result of
an interplay between stretching of C-O bonds, distortion of COs tetrahedra and hinging
between tetrahedra which is consistent with the 2D mechanism where it was shown that

distortion and hinging of the 2D units played a role in explaining the auxetic potential of this

system.
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Figure 5.19: (a) Percentage change in C-O bond length with stress at 40 GPa and 60 GPa. (b)
Change in C-O-C and O-C-O angles at 40 GPa.

Studying the effect of increase in hydrostatic pressure on the deformation mechanism,
it can be noted an increase in hydrostatic pressure is associated with an increase in stiffness of
the C-O covalent bond, with lengths C3-O8 showing a smaller percentage change in length at
60 GPa than 40 GPa (see Figure 5.19). It can also be noted that the C-O bonds within the CO4
unit change length in a more similar manner leading to less distortion of the system. At 40 GPa
C-0 bond lengths, denoted by C3-O7 and C3-08 change at a rate of 9.66 x10° A/GPa and -
3.10 x10™* A/GPa on application of a stress in the [100] direction while at 60 GPa C3-O7 and

C3-08 change at a rate of 9.23 x10"° A/GPa and -1.46 x10* A/GPa respectively.
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An increase in pressure is also associated with a decrease in the change of the O-C-O
angles which also contribute to a decrease in distortion. At 40 GPa, application of a stress
results in 0O8-C3-06 and O6-C3-0O5 changing at a rate of -0.276 °/GPa and 0.160 °/GPa
respectively while at 60 GPa 08-C3-06 and O6-C3-05 change at a rate of -0.256 °/GPa and
0.153 °/GPa respectively. The C-O-C angle also changes albeit to a smaller degree, with C3-
06-C2 changing at a rate of -0.0816 °/GPa and C2-O5-C3 changing at a rate of
-4.99 x10° °/GPa at 40 GPa while C3-06-C4 changes at a rate of -0.0591 °/GPa and
C2-05-C3 changes at a rate of 0.0137 °/GPa. Thus, as the hydrostatic pressure is increasing
the CO4 units distort to a smaller extent. The decrease in hinging is compensated by the fact

the CO4 units are acting in a more regular manner as the hydrostatic pressure is increased.

The above mechanism can also be utilised to rationalise the off-axis auxetic potential
of CO2-V, where application of a stress at 45° off-axis results in relative rotation of the semi-
rigid COg units. It has been shown that there is a more pronounced increase in auxetic potential
off-axis than on-axis. Studying the effect of increasing pressure on the ratio of the rate of
change of the intertetrahedral angles O7-C3-0O5 and O8-C3-06 shows that the larger the ratio
the lower the auxetic potential of the system. The larger the ratio implies that the angles are
changing at different rates from each other leading to distortion of the CO4 unit. On-axis values
of this ratio at 40 GPa and 60 GPa are 2.27 and 2.12 respectively while off-axis values at
40 GPa and 60 GPa are 3.24 and 2.71 respectively. On-axis values of this ratio are smaller than
off-axis values which is consistent with the calculated Poisson’s ratio, where CO2-V exhibits
greater auxetic potential on-axis than off-axis. It can also be noted that off-axis there is a larger
decrease in this ratio with pressure than on-axis, which is associated with a more pronounced
increase in auxetic behaviour off-axis than on-axis. Off-axis this ratio varies by 0.523 while

on-axis this ratio varies by 0.154 on going from 40 GPa to 60 GPa.
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5.3.3.5 Consolidating deformation through spectroscopy

In order to consolidate the work done on the three-dimensional deformation mechanism
of CO»-V, the Raman and infra-red spectrum of CO.-V were calculated in the pressure range
of 40 GPa — 60 GPa. The Raman spectrum of CO-V at 40 GPa, shown in Figure 5.20, is
dominated by a strong A; peak at circa 765 cm™* which shifts to circa 820 cm™ at 60 GPa. This
peak is due to the symmetric intertetrahedral C-O-C mode which involves stretching of the two
C-O bonds and bending of the C-O-C angle!®>*®>, The positive shift of this mode with
increasing pressure shows that the intertetrahedral C-O-C is increasing in rigidity with an
increase in hydrostatic pressure, which is consistent with the proposed three-dimensional
deformation mechanism. The positive shift of the mode with pressure has also been reported
in other studies!®2415, The infra-red active modes for CO,-V are B, and E which are split into
a longitudinal and a transverse optical component®?, These modes involve simultaneous
stretching and bending which give an indication of the strength of the C-O bond and the O-C-
O intratetrahedral angle. Referring to Figure 5.21, it can be seen that all the peaks in the infra-
red spectrum shift to higher wavenumbers with an increase in hydrostatic pressure indicating
an increase in the stiffness of the C-O bond and the C-O-C angle which is consistent with the

proposed deformation mechanism.
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Figure 5.20: The Raman spectrum of CO»-V at 40 GPa and 60 GPa as calculated utilising the
PBE functional.
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Figure 5.21: The infra-red spectrum of CO2-V at 40 GPa and 60 GPa as calculated utilising
the PBE functional.
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To confirm that the cut-off energy and the spacing for the Monkhorst-Pack grid chosen
are sufficient to adequately determine the Raman and infrared spectra of CO2-V when using
the PBE functional at 40 and 60 GPa, the simulations were repeated using an energy cut-off of
1000 eV and a Monkhorst-Pack grid spacing of 0.04 A as explained in the methodology
section. The results obtained, see Figure 5.22 and Figure 5.23, show that the refining the
simulation parameters had no significant effect on the spectra obtained at both 40 GPa and 60
GPa. In particular, the same number of peaks are obtained and the effect of increasing
hydrostatic pressure on the position of the peaks is the same irrespective of the simulation
parameters employed. Furthermore, recalculating the spectra employing the dispersion
corrected functionals PBE-TS and PBE-Grimme at 40 GPa and 60 GPa, see Figure 5.24 and
Figure 5.25 also give very similar results. In fact, these spectra show that the same number of
peaks are obtained, albeit with some slight shift in peak position depending on the functional
used. Moreover, the shift in peak position with increasing hydrostatic pressure is the same
irrespective of the functional used. This shows that the description of the deformation
mechanism rationalising the auxetic potential of CO2-V employing these spectra described

above is not an artefact of the functional employed.
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Figure 5.22: Comparison of the Raman spectrum obtained for CO2-V when employing a cut-
off energy of 800 eV and a Monkhorst-Pack grid spacing of 0.06 A with the spectrum obtained
utilising a cut-off energy of 1000 eV and a spacing of 0.04 A™! at 40 GPa and at 60 GPa.
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Figure 5.23: Comparison of the infrared spectrum obtained for CO,-V when employing a cut-
off energy of 800 eV and a Monkhorst-Pack grid spacing of 0.06 A with the spectrum obtained
utilising a cut-off energy of 1000 eV and a spacing of 0.04 A at 40 GPa and at 60 GPa.
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Figure 5.24: Comparison of the Raman spectrum calculated for CO»-V using PBE, PBE-
Grimme and PBE-TS at 40 GPa and 60 GPa.
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Figure 5.25: Comparison of the infrared spectrum calculated for CO.-V using PBE, PBE-
Grimme and PBE-TS at 40 GPa and 60 GPa.

177



All this is very significant as it increases the corpus of knowledge on the mechanical
properties of CO,-V, a substance which plays a vital role in planetary science. In particular, it
has been shown that CO2-V has the potential to exhibit a negative Poisson’s ratio in the pressure
range of this study which auxetic behaviour will have significant consequences on other
physical properties of this material. This work also highlights the importance of the rotating
squares geometry in the generation of auxetic behaviour and thus, this geometry may be used

as a blueprint by experimentalists to synthesis materials with auxetic behaviour.

5.3.4 Conclusions

In this work, first principles calculations have been used to determine the structural,
vibrational and mechanical properties of CO-V. It has been shown that CO»-V has the potential
of exhibiting a negative Poisson’s ratio in the (001) plane with the auxetic potential varying
depending on the direction of loading with the highest auxetic potential being reported for
loading on-axis. It has also been shown that the Poisson’s ratio of this system is pressure
dependent with an increase in pressure resulting in an increase in auxetic potential both on-axis
and off-axis with a more pronounced increase in auxetic potential being reported at 45° off-
axis. The auxetic potential of this system has been studied by analysing the nanoscale
deformation of this system on the application of a stress. The Poisson’s ratio of CO2-V was
explained through the rotating squares mechanism where the squares are projections of the CO4
tetrahedra in the (001) plane and were found to behave as semi-rigid units. Thus, the auxetic
potential of CO2-V may be explained by an interplay between the relative rotation of the units
and deformation of the projected squares. As hydrostatic pressure is increased the rigidity of
the units increases resulting in a decrease in the deformation of the projected squares. The
decrease in deformation of the projected squares could explain the increase in auxetic potential
of this system. The behaviour of the projected squares was shown to be a direct result of the

rotation and distortion of the COq tetrahedra.
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Chapter 6: “An investigation of the mechanical properties of CO2-11

6.1 Introduction

Following the work on the mechanical properties of CO,-V carried out in Chapter 5, it
would be now interesting to study another high-pressure polymorph of carbon dioxide. CO2-V
can be formed from CO2-11 by the application of pressure with a recent theoretical study
showing that CO»-Il should undergo a phase transition to the macromolecular CO2-V at
21.5 GPa at 0 K'7®. As detailed in Chapter 2, CO.-11 is a rather controversial substance with
debates on the stability and structure of this high-pressure polymorph. In fact, some studies
suggest that CO.-11 is more stable than CO-111 at lower temperatures and high pressures®’®178
while others suggest that CO2-I1l is the more stable phase at these conditions™. Moreover,
some studies suggest that CO2-11 is an intermediate form between molecular and nonmolecular
solids'’, while other studies did not find evidence of this intermediate state and instead it was

argued that CO.-11 is a molecular system>>":171,

Despite efforts over the past years to fully characterise CO»-Il, work studying the
Poisson’s ratio of this system are lacking. Work involving the mechanical properties of CO»-II
is mostly limited to experimental®”® or theoretical®®%"1"1 determination of the bulk modulus,
with some theoretical studies also determining the elastic constants®®®’ of this system.
Nevertheless, a detailed study on the Poisson’s ratio and auxetic behaviour of CO»-I1 is lacking.

In order to fully characterise a material, knowledge of its mechanical properties is essential.

* The contents of this chapter have been submitted for publication in the peer-reviewed journal Physica
Status Solidi B: Gambin, D., Dudek, K. K., Dudek, M. R., Grima, J. N. & Gatt, R. On the mechanical properties
of CO-1l with particular emphasis on its auxetic potential
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In view of the above, this work will employ ab initio DFT calculations in order to study
the mechanical properties of CO»-11 and the variation of these properties with increasing
hydrostatic pressure. In particular, this work will aim to provide the first detailed study of the
Poisson’s ratio of CO2-11 together with the pressure dependence of this property. The calculated
Poisson’s ratio of the CO.-I1 single crystal will be rationalised through the use of spectroscopic
techniques. In order to achieve this, this chapter will be subdivided into two sections with the
first section being devoted to the convergence and benchmarking studies. This will be followed

by a detailed study of the mechanical properties of CO2-Il in the second part of the chapter.

6.2 Convergence and Benchmarking study for CO2-11

6.2.1 Introduction

COo-I1is a high pressure phase of carbon dioxide which has attracted the attention of a
number of researchers, with this system being the subject of a number of theoretical studies
involving DFT®6:57167.17L176 - Theoretical studies have investigated the structure®S7:167.171
vibrational properties®” ", stability'”® and mechanical properties®®>” of this system. The
studies carried out employed different simulation parameters and thus, to ensure that adequate
parameters are employed in this work, a convergence and benchmarking study will be carried
out. This will ensure that the results obtained in this work are indeed adequate representations
of the properties of phase 11 and not an artefact of the simulation parameters employed. To this
end, convergence testing and benchmarking was carried out for the GGA functionals PBE3®4,
PBE-TS®® and PBE-Grimme3®. Previous work!’® has shown that CO-Il is predicted to
undergo a phase change to CO»2-V at 21.5 GPa at 0 K, thus in order to ensure that the work
carried out is well within the stability field of CO-Il, this study was conducted in the pressure

range of 15 GPa to 20 GPa.
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6.2.2 Methodology

The experimental crystal structure of CO,-11 was constructed within the CASTEP 382
modelling platform as implemented in Materials Studio employing experimentally determined
fractional coordinates and lattice parameters as obtained from the literature °’. The crystal
lattice was aligned within the global coordinate system in accordance to the convention adopted
by the Institute of Radio Engineers (IRE)*# i.e. in such a way that the c crystal direction was
parallel to the global z-axis while the b crystal direction was aligned in the global yz-plane and
no constraints were imposed on the a crystal direction. All simulations were carried out
employing DFT#%54% tilising full periodic boundary conditions ona 1 x 1 x 1 unit cell. The
P4,/mnm symmetry of this system was set to P1 when carrying out geometry optimisation in
order to remove symmetry constraints on the system, apart from those imposed by the unit cell
itself, during the minimisation process. This allows all the elements within the cell to act

independently albeit increasing simulation time.

In order to determine the simulation parameters suitable for studying CO2-1l the
convergence study was carried out employing different GGA functionals namely PBE3%4,
PBE-Grimme®® and PBE-TS3®, Extensive convergence testing was carried out, which in
particular includes checking the effect of increasing the energy cut-off and decreasing the
spacing of the Monkhorst-Pack k-point grid. The convergence study was carried out at two
pressures namely 15 GPa and 20 GPa, by carrying out geometry optimisation of the structure
of CO»-11 while systematically increasing the energy cut-off employed from 400 eV to 1200
eV in steps of 200 eV and systematically decreasing the spacing of the Monkhorst-Pack k-point

grid 3% from 0.08 A t0 0.02 A,

The DFT calculations were carried out employing norm conserving pseudopotentials

and an SCF tolerance of 5 x107 eV/atom. Geometry optimisation was carried out employing
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the Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm employing the line search method.
This algorithm allows for relaxation of both the cell parameters and the internal degrees of
freedom. Stringent convergence criteria were utilised including a maximum force of 0.01 eV/A,
an energy cut-off of 5.0 x10® eV/atom, a maximum stress of 0.02 GPa and maximum

displacement of 5.0 x104 A.

Following the approach taken in previous chapters, convergence testing was carried out
by comparing various structural parameters obtained using different combinations of energy
cut-off and spacing of the Monkhorst-Pack grid with the structural parameters obtained using
the most refined simulation parameters, namely an energy cut-off of 1200 eV and a spacing of
the Monkhorst-Pack grid of 0.02 A™. The structural parameters assessed were the lattice
parameters, the C=0O intramolecular bond length, the C:O non-bond length, the O=C=0
intramolecular bond angle, the C-O-C and the O-C-O angles (see Figure 6.1), at 15 GPa and

20 GPa employing PBE, PBE-TS and PBE-Grimme.

In order to assess the suitability of the different functionals for calculating the properties
of CO2-ll, the results obtained through the use of different functionals were benchmarked to
other work present in the literature in the pressure range of this study, namely 15 GPa to
20 GPa. To this end, the experimentally derived lattice parameters available in the literature®,
were compared to those calculated employing the PBE functional and the dispersion corrected

functionals PBE-Grimme and PBE-TS at 15.5 GPa and 19.9 GPa.
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Figure 6.1: CO-Il structure where grey spheres represent carbon and red spheres represent
oxygen. Examples of different structural parameters are indicated namely, the C:O non-bond
length (shown with dotted green lines), the C-O-C angle (shown in black) and the O-C-O angle
(shown in blue).

6.2.3 Results and discussion

A convergence study of the different GGA functionals employed in this work was
carried out to ensure that the results obtained are not an artefact of the simulation parameters
utilised. Firstly, convergence testing of the lattice parameters was carried out at 15 GPa and
20 GPa. The tetragonal crystal system of CO2-1l was reproduced for all calculations carried
out, with the a-lattice parameter being equal to the b-lattice parameter. Referring to Figure 6.2,
it can be seen that an a/b ratio of 1 is obtained for all calculations carried out. The a-lattice
parameter and c-lattice parameter obtained from each combination of the energy cut-off and
the spacing of the Monkhorst-Pack k-point grid tested were compared to those obtained using
an energy cut-off of 1200 eV and a Monkhorst-Pack k-point grid of 0.02 A™. From the results

obtained, see Figure 6.3 and Figure 6.4, it can be inferred that an energy cut-off of 800 eV and
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Monkhorst-Pack k-point grid spacing of 0.04 A is adequate for calculating the lattice
parameters of CO»-Il as further refinement in simulation parameters did not significantly

change the lattice parameters obtained.

In order to consolidate the work done, convergence testing was also carried out on a
number of lengths and angles, namely the C=0 intramolecular bond length, the C:O non-bond
length, the O=C=0 intramolecular bond angle, the C-O-C and the O-C-O angles (see Figure
6.1), at 15 GPa and 20 GPa employing PBE, PBE-TS and PBE-Grimme. The results obtained,
see Figure 6.5 to Figure 6.9, confirm that an energy cut-off of 800 eV and a Monkhorst-Pack
k-point grid spacing of 0.04 A are adequate to calculate the structural parameters of CO,-1l.
In fact, an increase in the energy cut-off and a decrease in the spacing of the Monkhorst-Pack
k-point grid does not significantly change the lengths and angles calculated, showing that

convergence has been achieved.
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Figure 6.2: The convergence test carried out on CO»-II for the ratio of a/b lattice parameters,
using (a) GGA-PBE, (b) GGA-PBE-TS, (c) GGA-PBE-Grimme when subjected to a hydrostatic
pressure of 15 GPa and using (d) GGA-PBE, (e) GGA-PBE-TS and (f) GGA-PBE-Grimme

when subjected to a hydrostatic pressure of 20 GPa. Since CO2-11 is a tetragonal system, a=b

for the Monkhorst-Pack grid.

and hence the a/b ratio should be equal to 1. The legend indicates the spacing used (in A-1)
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Figure 6.3: The convergence test carried out on CO»-Il for the a-lattice parameter, using (a)
GGA-PBE, (b) GGA-PBE-TS, (c) GGA-PBE-Grimme when subjected to a hydrostatic pressure
of 15 GPa and using (d) GGA-PBE, (e) GGA-PBE-TS and (f) GGA-PBE-Grimme when
subjected to a hydrostatic pressure of 20 GPa. Note that the Y axis give the percentage
deviation for the a-lattice parameter when compared to the a-parameter obtained when the
simulation is carried out using a cut-off energy of 1200 eV and a spacing of 0.02 A for the
Monkhorst-Pack grid, whilst the legend indicates the spacing used (in A') for the Monkhorst-
Pack grid. The scale of the graphs is truncated to 1.4 and -0.2.
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Figure 6.4: The convergence test carried out on CO2-1l for the c-lattice parameter, using (a)
GGA-PBE, (b) GGA-PBE-TS, (c) GGA-PBE-Grimme when subjected to a hydrostatic pressure
of 15 GPa and using (d) GGA-PBE, (¢) GGA-PBE-TS and (f) GGA-PBE-Grimme when
subjected to a hydrostatic pressure of 20 GPa. Note that the Y axis give the percentage
deviation for the a-lattice parameter when compared to the a-parameter obtained when the
simulation is carried out using a cut-off energy of 1200 eV and a spacing of 0.02 A for the
Monkhorst-Pack grid, whilst the legend indicates the spacing used (in A') for the Monkhorst-
Pack grid. The scale of the graphs is truncated to 0.2 and -1.4.
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Figure 6.5: The convergence test carried out on CO»-Il for the C=0 bond length, using (a)
GGA-PBE, (b) GGA-PBE-TS, (c) GGA-PBE-Grimme when subjected to a hydrostatic pressure
of 15 GPa and using (d) GGA-PBE, (¢) GGA-PBE-TS and (f) GGA-PBE-Grimme when
subjected to a hydrostatic pressure of 20 GPa. Note that the Y axis give the percentage
deviation for the C=0 bond length when compared to the C=0 bond length obtained when the
simulation is carried out using a cut-off energy of 1200 eV and a spacing of 0.02 A for the
Monkhorst-Pack grid, whilst the legend indicates the spacing used (in A™) for the Monkhorst-

Pack grid. The scale of the graphs is truncated to 1.4 and -0.2.
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Figure 6.6: The convergence test carried out on CO2-1l for the C:O non-bond length, using (a)
GGA-PBE, (b) GGA-PBE-TS, (c) GGA-PBE-Grimme when subjected to a hydrostatic pressure
of 15 GPa and using (d) GGA-PBE, (e) GGA-PBE-TS and (f) GGA-PBE-Grimme when
subjected to a hydrostatic pressure of 20 GPa. Note that the Y axis give the percentage
deviation for the C:0 non-bond length when compared to the C:O non-bond length obtained
when the simulation is carried out using a cut-off energy of 1200 eV and a spacing of 0.02 A
for the Monkhorst-Pack grid, whilst the legend indicates the spacing used (in A™) for the
Monkhorst-Pack grid. The scale of the graphs is truncated to 1.4 and -0.2.
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Figure 6.7: The convergence test carried out on CO-ll for the O=C=0 angle, using (a) GGA-
PBE, (b) GGA-PBE-TS, (c) GGA-PBE-Grimme when subjected to a hydrostatic pressure of 15
GPa and using (d) GGA-PBE, (e) GGA-PBE-TS and (f) GGA-PBE-Grimme when subjected to
a hydrostatic pressure of 20 GPa. Note that the Y axis give the change in angle (°) for the
0=C=0 angle when compared to the O=C=0 angle obtained when the simulation is carried
out using a cut-off energy of 1200 eV and a spacing of 0.02 A for the Monkhorst-Pack grid,
whilst the legend indicates the spacing used (in A™) for the Monkhorst-Pack grid. The scale of
the graph is truncated to -100x10°®.
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Figure 6.8: The convergence test carried out on CO2-1l for the C-O-C angle, using (a) GGA-
PBE, (b) GGA-PBE-TS, (c) GGA-PBE-Grimme when subjected to a hydrostatic pressure of 15
GPa and using (d) GGA-PBE, (e) GGA-PBE-TS and (f) GGA-PBE-Grimme when subjected to
a hydrostatic pressure of 20 GPa. Note that the Y axis give the change in angle (°) for the O-
C-0 angle when compared to the O-C-O angle obtained when the simulation is carried out
using a cut-off energy of 1200 eV and a spacing of 0.02 A for the Monkhorst-Pack grid, whilst
the legend indicates the spacing used (in AY) for the Monkhorst-Pack grid. The scale of the

graph is truncated to 0.2 and -1.4.
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Figure 6.9: The convergence test carried out on CO2-ll for the O-C-O angle, using (a) GGA-
PBE, (b) GGA-PBE-TS, (c) GGA-PBE-Grimme when subjected to a hydrostatic pressure of 15
GPa and using (d) GGA-PBE, (e) GGA-PBE-TS and (f) GGA-PBE-Grimme when subjected to
a hydrostatic pressure of 20 GPa. Note that the Y axis give the change in angle (°) for the O-
C-0 angle when compared to the O-C-O angle obtained when the simulation is carried out
using a cut-off energy of 1200 eV and a spacing of 0.02 A for the Monkhorst-Pack grid, whilst
the legend indicates the spacing used (in A™?) for the Monkhorst-Pack grid. The scale of the
graph is truncated to 0.2 and -1.4.
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In order to benchmark the methodology, theoretically derived parameters determined
in this study were compared to work present in the literature in the pressure range of this study,
namely 15 GPa to 20 GPa. All three functionals correctly predict the P42/mnm symmetry of
the system®’. Moreover, the results obtained, see Table 6.1 and Table 6.2, show that all three
functionals utilised in this work give adequate agreement with experimentally derived lattice
parameters with a maximum deviation of 1.419 % for the a-lattice parameter and a maximum
deviation of 0.572 % for the c-lattice parameter at 15.5 GPa while at 19.9 GPa, the maximum
deviation for the a-lattice parameter was of 1.264 % and the maximum deviation for the c-
lattice parameter was of 0.724 %. In particular, when utilising the PBE, PBE-TS and PBE-
Grimme functionals at 15.5 GPa, the percentage deviations in the a and b-lattice parameters
were of 1.419 %, 1.202 % and 0.553 % respectively while for the c-lattice parameter the
percentage deviations were of -0.197 %, -0.572 % and -0.213 % when utilising PBE, PBE-TS
and PBE-Grimme respectively. Referring to the results obtained at 19.9 GPa, the percentage
deviations of the a and b-lattice parameters were recorded to be 1.264 %, 1.042 % and 0.724 %
when utilising PBE, PBE-TS and PBE-Grimme respectively while the percentage deviations
for the c-lattice parameter was recorded to be -0.511 %, -0.882 % and -0.691 % when utilising

PBE, PBE-TS and PBE-Grimme respectively.

Table 6.1: Comparison of the calculated lattice parameters for CO2-Il at 15.5 GPa employing
PBE, PBE-TS and PBE-Grimme and the experimentally determined data®’ obtained at the
same pressure.

This work
Lattice Experimental®’ PBE PBE-TS PBE-Grimme
parameter
a (A) 3.639 3.691 3.683 3.659
b (A) 3.639 3.691 3.683 3.659
c(A) 4.248 4.240 4.224 4.239
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Table 6.2: Comparison of the calculated lattice parameters for CO»-11 at 19.9 GPa employing
PBE, PBE-TS and PBE-Grimme and the experimentally determined data®’ obtained at the
same pressure.

This work
Lattice Experimental®’ PBE PBE-TS PBE-Grimme
parameter
a(A) 3.579 3.624 3.616 3.605
b (A) 3.579 3.624 3.616 3.605
c(A) 4.188 4.167 4.151 4.159

The results obtained show that all three functionals tested give adequate representation
of the CO2-11 system with the dispersion corrected functional PBE-Grimme giving a slightly
better representation. The comparison of the experimentally determined lattice parameters®’
with those calculated in this work, shows that all three functionals are, in general, in agreement
with the experimentally determined values, with PBE-Grimme being slightly better at
representing the lattice parameters. In view of this, and in accordance with previous work>¢-1¢’
the rest of the study will be carried out utilising the PBE-Grimme functional with PBE and

PBE-TS being employed to consolidate the mechanical and spectroscopic results obtained.

6.2.4 Conclusion

The convergence study has shown that an energy cut-off of 800 eV and a Monkhorst-
Pack k-point grid®® spacing of 0.04 Al is adequate to simulate the structure of CO-Il in the
pressure range of this study. These parameters will be used for the rest of the study. All three
functionals investigated give adequate agreement with the experimental work available in the
pressure range of this study, with PBE-Grimme giving an overall slightly better agreement with
experimentally derived lattice parameters. In view of this, PBE-Grimme will be used for this
work with PBE and PBE-TS being utilised to consolidate the work done when calculating the

mechanical properties, Raman and IR spectra of CO»-II.
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6.3 Studying the properties of CO2-1I

6.3.1 Introduction

In this section the mechanical and vibrational properties of CO.-Il will be studied by
utilising the simulation parameters determined in the previous section. The stability of this
system in the pressure range of this study will be assessed by employing lattice dynamics
calculations. This will be followed by a study of the mechanical properties of the
polycrystalline aggregate and of the single crystal. Anomalous mechanical properties for the

CO»-11 system will be rationalised through the use of Raman and infrared spectroscopy.

6.3.2 Methodology

Unless otherwise stated, simulations were performed using the PBE-Grimme
functional, an energy cut-off of 800 eV and a Monkhorst-Pack k-point grid spacing of
0.04 A1, as determined in the previous section. As stated in Section 6.3.1, various properties

were simulated in this section, with each methodology described below.

6.3.2.1 Phonon dispersion

Phonon dispersion curves for CO»-11 were computed at 15 GPa and 20 GPa utilising
the linear response method employing the interpolation scheme, as carried out in Chapter 4
section 4.3.2.1. Convergence for the phonon dispersion relations was subsequently assessed by
repeating the calculation employing an energy cut-off of 1000 eV and a Monkhorst-Pack k-

point grid spacing of 0.02 A,

6.3.2.2 Mechanical properties

Geometry optimisation of the CO2-1I structure was carried out in the pressure range of
15 GPato 20 GPa in steps of 1 GPa. For each structure generated, the stiffness matrix, [C] was
calculated utilising the constant-strain method, ensuring that a linear stress-strain relationship
was achieved in each case. Following the approach taken in previous chapters, stringent
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convergence criteria were employed including a maximum force of 0.002 eV/A, a maximum
displacement of 1 x10* A and an energy cut-off of 1x10° eV/atom. The maximum strain

amplitude was set to 0.003 with 4 steps for each strain.

Employing standard transformation techniques®®’, each stiffness matrix was utilised
to determine the off-axis mechanical properties for the CO-1l single crystal. In
particular the off-axis Young’s modulus, shear modulus and Poisson’s ratio for the
COg2-11 single crystal were determined. In order to ensure that the results obtained were
not an artefact of the functional employed or simulation parameters utilised, the off-axis
mechanical properties at 15 GPa and 20 GPa were recalculated utilising different
functionals, namely PBE and PBE-TS, and more refined simulation parameters, namely

an energy cut-off of 1000 eV and a Monkhorst-Pack k-point grid spacing of 0.02 A,

The elastic constants calculated employing PBE-Grimme were also used to
determine the mechanical properties of the polycrystalline aggregate as described in
Chapter 3 section 3.3.2.2. In particular, the Poisson’s ratio, bulk modulus, shear modulus

and Pugh ratio for the polycrystalline aggregate were computed.

6.3.2.3 IR and Raman spectroscopy

In order to rationalise the auxetic potential of the CO2-I1 single crystal, the Raman
and infra-red spectra of CO2-ll in the pressure range of 15 GPa to 20 GPa were
determined in steps of 1 GPa. Convergence for the vibrational properties obtained was
also assessed by recalculating these spectra at 15 GPa and 20 GPa employing an energy
cut-off of 1000 eV and a Monkhorst-Pack k-point grid spacing of 0.02 A™. In order to
consolidate the work done with PBE-Grimme, the spectra were recalculated utilising

PBE and PBE-TS at 15 GPa and 20 GPa.
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6.3.3 Results and discussion

The results obtained in this work show that within the pressure range considered
(15 GPa — 20 GPa), CO2-Il single crystal has the potential to exhibit an off-axis negative
Poisson’s ratio in the (100) and (010) planes. The auxetic potential of this system is also shown
to be pressure dependent whereby an increase in pressure results in the Poisson’s ratio of
COo-I1 becoming slightly more negative in the direction of maximum auxeticity. This negative
Poisson’s ratio is rationalised by studying changes in the IR and Raman spectra of CO2-1l with

pressure. A detailed discussion of the results obtained is given in this section.

6.3.3.1 Lattice dynamic calculations

As discussed in the introduction section, there is a debate on the stability window of
CO2-ll, with a recent theoretical study'’® on the phase diagram of CO; suggesting that CO.-Il
undergoes a phase transition to CO,-V at 21.5 GPa at 0 K. In order to confirm the dynamic
stability of CO2-11 in the pressure range used in this study, phonon dispersion calculations were
carried out. The results obtained, see Figure 6.10, show no imaginary frequencies suggesting
that CO»-11 is indeed stable or metastable in the pressure range of 15 GPa to 20 GPa which is

consistent with previous work®"17¢,

Convergence testing was carried out in order to ensure that the simulation parameters
determined in section 6.2 may be used to calculate the phonon dispersion curves of CO»-Il at
15 GPa and 20 GPa. To achieve this the phonon dispersion curves were recalculated employing
more stringent parameters, namely an energy cut-off of 1000 eV and a Monkhorst-Pack k-point
grid spacing of 0.02 A% The results obtained, see Figure 6.10, show that the dispersion
relations obtained are not a function of the simulation parameters employed at both 15 GPa and

20 GPa, providing greater confidence in the results obtained.
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Figure 6.10: The phonon dispersion curves calculated for CO»-Il at (a) 15 GPa and (b) 20
GPa employing an energy cut-off of 800 eV and a Monkhorst-Pack k-point grid spacing of 0.04

Al (black solid line) and an energy cut-off of 1000 eV and a Monkhorst-Pack k-point grid
spacing of 0.02 A (red dashed line).

6.3.3.2 Elastic constants

Following the determination of the dynamic stability, the elastic constants of CO2-11 in
the pressure range of 15 GPa — 20 GPa were calculated employing the dispersion corrected
functional PBE-Grimme. The elastic stiffness constant obtained from the stiffness matrix for

each pressure computed in this study are shown in Table 6.3.

Table 6.3: The computed elastic constants for CO»-1l in the pressure range of 15 GPa to
20 GPa.

Pressure cu1 (GPa) c33(GPa) c21 (GPa) cs1(GPa) cas (GPa) ces (GPa)

(GPa)
15 96.54 108.35 78.12 52.91 36.45 51.46
16 102.02 113.46 82.80 55.72 38.35 54.73
17 107.39 119.54 87.48 58.90 40.10 58.06
18 112.62 123.62 92.04 64.72 41.77 61.20
19 119.02 129.51 98.00 67.84 43.58 64.46
20 123.52 135.01 101.86 71.37 45.23 67.35
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For all pressures considered, the elastic constants obtained for CO2-11 had the expected

symmetry for a tetragonal system 3%7

with crystal class 4/mmm where C11 = C22, C31 = Ca2,
C44 = Cs5 and Cee, C33 and C21 are non-zero components. The elastic constants calculated were
then employed to determine the off-axis mechanical properties of the CO2-11 single crystal. In
particular, the variation of the Young’s modulus, shear modulus and Poisson’s ratio with angle
of rotation for the CO2-1l single crystal were determined at 15 GPa, 17.5 GPa and 20 GPa.
Referring to Figure 6.11, the anisotropy for the mechanical properties of CO2-1l is immediately

apparent. It can also be noted that the Young’s modulus, shear modulus and Poisson’s ratio for

the CO»-I1 single crystal are pressure dependent.

As expected from the tetragonal nature of CO2-11, the mechanical properties in the (010)
plane are identical to the mechanical properties in the (100) plane and thus only the mechanical
properties in the (010) plane are shown. CO»-II exhibits a negative Poisson’s ratio in the (100)
and (010) planes with the maximum auxetic behaviour being recorded at circa 48° to the y-axis
in the (100) plane and similarly in the (010) plane. For loading in the direction of maximum
auxeticity, an increase in pressure is accompanied by an increase in the auxetic potential of the
system, albeit to a small degree. This result was confirmed with the use of more stringent
simulation parameters and through the use of the functionals PBE and PBE-TS suggesting that
the predicted auxetic behaviour is not an artefact of the simulation parameters or functional

employed.

In order to cement the work done in section 6.2, convergence testing was carried out on
the mechanical properties of CO2-ll single crystal at 15 GPa and 20 GPa. To assess the
suitability of the parameters chosen in section 6.2 vis-a-vis the calculation of the mechanical
properties of CO2-ll, the elastic constants of this system were recalculated employing more
refined simulation parameters namely an energy cut-off of 1000 eV and a Monkhorst-Pack

k-point grid spacing of 0.02 A™. The results obtained in Figure 6.12 and Figure 6.13 show that
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varying the simulation parameters had no significant effect on the results obtained suggesting
that the simulation parameters determined in section 6.2 can indeed be utilised to study the

mechanical properties of CO2-11.

The elastic constants of CO2-11 were recalculated utilising the functionals PBE and
PBE-TS at 15 GPa and 20 GPa in order to confirm that the mechanical properties obtained are
not an artefact of the functional employed. The results obtained, see Figure 6.14 and Figure
6.15, show that there is qualitative agreement between off-axis mechanical properties obtained
when employing different functionals. Focusing on the main scope of this work, namely the
auxetic potential of CO»-I1, the results obtained show that the CO2-11 single crystal is expected
to exhibit a negative Poisson’s ratio in the pressure range of this study irrespective of the
functional employed. Moreover, the direction of maximum auxeticity is the same irrespective
of the functional employed. This suggests that the auxetic behaviour of CO2-Il is an innate

mechanical property of the system and not an artefact of the functional employed.
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Figure 6.11: The structure of CO.-11 together with off-axis plots illustrating the mechanical properties
of this system in the (010) and (001) plane with varying pressure from 15 GPa to 20 GPa in steps of
2.5 GPa. Shown here are the variation of the shear modulus (in GPa) (a), Young’s modulus (in GPa)

(b) and Poisson’s ratio (c) with angle of rotation, £ (in °), in these planes.
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Figure 6.12: The effect of refining simulation parameters from an energy cut-off of 800 eV and
a Monkhorst-Pack grid spacing of 0.04 A to 1000 eV and 0.02 A respectively on the shear
modulus (in GPa) (a), Young’s modulus (in GPa) (b) and Poisson’s ratio (c) calculated at
15 GPa in the (010) plane and the (001) plane.
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Figure 6.13: The effect of refining simulation parameters from an energy cut-off of 800 eV and
a Monkhorst-Pack grid spacing of 0.04 A to 1000 eV and 0.02 A’? respectively on the shear
modulus (in GPa) (a), Young’s modulus (in GPa) (b) and Poisson’s ratio (c) calculated at

20 GPa in the (010) plane and the (001) plane.
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Figure 6.14: The variation of the shear modulus (in GPa) (a), Young’s modulus (in GPa) (b)
and Poisson’s ratio (c) with angle of rotation, £ (in °) in the (010) plane and the (001) plane at
15 GPa as calculated utilising PBE, PBE-TS and PBE-Grimme. It can be seen that there is
good agreement between the mechanical properties calculated with all three functionals. This
confirms that mechanical properties predicted are not an artefact of the functional used but an
innate property of the system.
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Figure 6.15: The variation of the shear modulus (in GPa) (a), Young’s modulus (in GPa) (b)
and Poisson’s ratio (c) with angle of rotation, £ (in °) in the (010) plane and the (001) plane at
20 GPa as calculated utilising PBE, PBE-TS and PBE-Grimme. It can be seen that there is
good agreement between the mechanical properties calculated with all three functionals. This
confirms that mechanical properties predicted are not an artefact of the functional used but an
innate property of the system.

205



6.3.3.3 Polycrystalline properties

The mechanical properties of the CO»-Il polycrystalline aggregate can be computed
from the elastic constants of this system as discussed in previous work*® and in Chapter 3,
assuming that the crystal domains in the sample are arranged in such a way that the material is
isotropic. Focusing on the Poisson’s ratio of the polycrystalline aggregate, see Table 6.4, it can
be noted that the CO2-II system is expected to have a positive Poisson’s ratio in the pressure
range of this study with an increase in pressure resulting in an increase in the Poisson’s ratio.
This is in sharp contrast to the single crystal which is predicted to exhibit a negative Poisson’s
ratio off-axis in the (100) and (010) planes and an increase in hydrostatic pressure is associated
with an increase in auxetic behaviour. It can also be noted that an increase in pressure is
associated with an increase in both the maximum and minimum bounds for the Poisson’s ratio

of CO2-11 polycrystalline aggregate.

Table 6.4: The variation of the maximum and minimum bounds for the Poisson’s ratio of CO»-
Il polycrystalline aggregate with varying hydrostatic pressure in the pressure range of 15 GPa
to 20 GPa.

Pressure (GPa) ymax ymin v
15 0.359 0.308 0.333
16 0.360 0.308 0.334
17 0.361 0.308 0.335
18 0.366 0.313 0.339
19 0.368 0.314 0.341
20 0.369 0.315 0.342

In addition to the Poisson’s ratio, the elastic constants of CO2-11 can also be utilised to
calculate other mechanical properties of the polycrystalline aggregate, such as the bulk
modulus and the shear modulus utilising the Voigt-Reus-Hill approximation3%-40,
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Referring to Table 6.5, it can be noted that an increase in hydrostatic pressure is associated
with an increase the bulk modulus and shear modulus of the polycrystalline aggregate in the
pressure range of this study. In addition to this, an increase in hydrostatic pressure is also

associated with an increase in the K/G ratio (Pugh ratio).

Table 6.5: The pressure dependence of the maximum and minimum bounds for the bulk
modulus K"°!% and KReUS and shear modulus GV°'% and GReU for CO-Il polycrystalline
aggregate together with the K/G ratio (Pugh ratio) of the polycrystalline aggregate.

Pressure ~ KVoigt  Reuss K GVoigt  GReuss G K/IG
(GPa) (GPa) (GPa) (GPa) (GPa) (GPa) (GPa)
15 74 74 74 33 23 28 2.66
16 78 78 78 35 24 29 2.67
17 83 82 83 36 25 31 2.69
18 88 88 88 37 26 32 2.77
19 93 92 93 39 27 33 2.80
20 97 96 97 41 28 34 2.82

The computed elastic constants may also be employed to determine whether the
material is expected to be brittle or ductile. A number of different criteria can be employed to
this effect namely the Cauchy pressure, Frantsevich rule, Pugh’s criterion and Christensen’s
criterion. The Frantsevich rule?® employs the Poisson’s ratio to determine whether the material
is ductile or brittle with a Poisson’s ratio less than 0.33 indicating that the material is brittle
and a Poisson’s ratio greater than 0.33 indicating that the material is ductile. Referring to Table
6.4, it can be noted that the expected Poisson’s ratio is greater than 0.33 at the higher pressures
of this study and close to 0.33 at the lower end suggesting that the material is ductile. Given
that the values of the Poisson’s ratio are close to the benchmark utilised by the Frantsevich

rule, it would be opportune to utilise the other criteria to consolidate the work done.
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Figure 6.16 Figure S15: The variation of c13-C44 and ci2-Ces With increasing hydrostatic
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The Cauchy pressure?®® for a tetragonal system can be defined as c13-Cas and C12-Ces,
where a positive value suggests that the material is ductile and a negative value suggests that
the material is brittle. Figure 6.16 shows the variation of the Cauchy pressure for the CO-Il in
the pressure range of this work. The results obtained suggest that CO2-Il is expected to be
ductile with positive values being recorded for both ci3-Ca4 and ci12-Ces, With an increase in
pressure resulting in an increase in both these values. The K/G ratio*®? may also be utilised to
determine whether a material is ductile or brittle by employing the Pugh criterion where a K/G
value exceeding 1.75 indicates that the material is ductile while a K/G value less than 1.75
suggests that the material is brittle. Recent work?*! suggests that this criterion could be replaced
with the Christensen’s criterion which employs a K/G ratio of 2.27 as the benchmark where a
K/G value greater than 2.27 indicates that the material is ductile. The results in Table 6.5 show
that the K/G ratio is above both 1.75 and 2.27 in the pressure range of this study suggesting
that the material is expected to be ductile. Thus, taking together all the above-mentioned

criteria, CO2-11 is expected to be ductile in the pressure range of this study.
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6.3.3.4 Rationalising the auxetic potential of CO»-llI

At this stage it would be interesting to study the deformation mechanism giving rise to
the predicted auxetic behaviour in CO2-11. It is known that auxetic behaviour is a result of the
interplay between the geometry of the system and the way in which the system deforms on
application of a stress. Moreover, the auxetic behaviour may be the result of one or more
deformation mechanisms and the interplay between these mechanisms. Stretching or
compressing the crystal of CO»-1l in the direction of maximum auxeticity, to study the
nanoscale deformation of the system as done in studies for other molecular auxetics®:68:256.364
and in Chapters 3 to 5, results in a discontinuous trend in the measured parameters, even when
using very small stresses (maximum of +0.5% of the Youngs modulus, see Figure 6.17b).
Using smaller maximum stresses to try and avoid this discontinuity would inevitably increase
the errors due to computational noise. This behaviour could be an indication that a stress
induced phase transition is taking place. Thus, in the case of this study, the auxetic behaviour
of CO2-11 was rationalised by studying the changes in the Raman and infra-red spectra under
different pressure conditions. A similar approach was taken in Chapters 3 to 5, where
spectroscopic measurements were utilised to consolidate the proposed deformation mechanism

determined through the nanoscale deformation of the system.
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Figure 6.17: (a) The CO2-ll structure with an example of a structural parameter, angle 0,
which could be studied to determine the deformation mechanism. (b) An example of the

discontinuous trend obtained in the measured parameter on application of a stress. (c) The
electron density map of CO--Il at 15 GPa which is zoomed in by a factor of 15 in (d).

Before analysing the spectra obtained from CO»-11 at different pressures, it is important
to first describe the geometry of this crystal system. The space group of CO2-1l is the same as
that of rutile type structures. Rutile structures may be described as crystals having a tetragonal
unit cell with P42/mnm symmetry and which are composed of a central species bonded to six
oxygen (or fluorine) atoms based on the TiO, prototype*®*8, Even though CO--Il is a
molecular system, a similar geometry can be identified when taking into consideration the C:O
non-bond interactions. As shown in Figure 6.17c and d these weak interactions are oriented in
the same direction as expected for the rutile type systems. When taking the bonding and non-

bonding interactions together ‘octahedral units’, as in the case of other rutile systems, may be
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identified. Such ‘octahedral units’ will henceforth be referred to as octahedral configurations.
It should be highlighted that a typical rutile system would have identical distances in the
octahedral configuration. In the case of the octahedral configuration identified in CO2-11, the
carbon to oxygen distances are not all identical. In fact, the equatorial C:O distances are
different for the axial C:O distances. Nevertheless, such a configuration is commonly referred
as being a rutile-type structure such as in the case of stishovite, and will thus, be referred to as

a rutile-type structure in this work.

The Raman spectrum of CO,-11 is dominated by a peak at circa 1300 cm™ (see Figure
6.18). This peak which corresponds to the Aig mode is due to the in-phase stretching vibration
of the C=0 bonds®"*"®. With increasing hydrostatic pressure, this mode shifts to a higher
wavenumber, indicating that the C=0 bonds are becoming stiffer with increasing pressure. The
Raman spectrum has an additional two modes, namely the Eq mode which corresponds to a
rocking motion along the ¢ axis and the Big mode which corresponds to a shear type libration
in the ab plane (see Figure 6.18). At 15 GPa, the Eq mode can be found at a wavenumber of
242 cm*, while the B1g mode was found at 296 cm™. Both the B1g and Eq mode shift to higher

wavenumbers with an increase in hydrostatic pressure.
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Figure 6.18: The Raman spectrum of CO2-1l at 15 GPa and 20 GPa as calculated utilising the
PBE-Grimme functional. Inset: spectrum at lower Raman shift zoomed 10 times with respect
to intensity and spectrum at higher Raman shift zoomed 1.25 times with respect to intensity.
The vibration modes associated with each peak are shown next to each zoomed inset.

Referring to Figure 6.18, the Eg mode may be associated with internal distortions (these
are unequal changes in C=0 lengths, C:O non-bond interactions and angles of the octahedral
configuration) of the octahedral configuration. On the other hand, the B1g mode may be
associated with the relative rotation of the octahedral configuration. As stated above, an
increase in pressure is accompanied by an increase in wavenumber of both modes, however,
referring to Figure 6.19, the Eqg mode increases to a higher extent than the B1g mode. This may
indicate that as the ambient pressure increases, upon the application of a uniaxial stress, the
rotation : distortion ratio of the octahedral configurations identified for CO2-Il would possibly
increase. This would indicate an increase in rotation of the octahedral configuration relative to
the distortion of the octahedral configuration. Taking into consideration that an increase in
ambient pressure is also accompanied with an increase in auxetic behaviour (in the direction of
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maximum auxeticity) one may conjecture that the octahedral configuration rotations are
important for the observed negative Poisson’s ratio of CO2-11. This is in accordance with results
obtained for the rutile type silicate Stishovite which was also shown to have a negative
Poisson’s ratio in the (010) and (100) planes where octahedral rotations were also deemed to
be important for the observed negative Poisson’s ratio®®*. In the case of stishovite, the Big mode
which represents the rotation of the SiOg unit was found to become softer with pressure®!®,

whilst the E; mode representing the antiphase stretching of Si-O bond*'®, was found to shift to

higher wave numbers with an increase in pressure.
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Figure 6.19:Variation of vp/visgra Where P is pressure, with pressure (in GPa) for the Raman
active modes Big, Eq and Aqg.

The IR spectrum of CO»-Il, see Figure 6.20, is dominated by the A2, mode peak which
is found at circa 2260 cm™ at 15 GPa. This mode corresponds to the asymmetric stretch of the
C=0 bond in the CO2 molecule. The A2y mode shifts to a higher wavenumber with an increase
in hydrostatic pressure, indicating that the C=0 bond is becoming stiffer with increasing
pressure. This is consistent with the shift to higher wavenumbers of the Raman active Ayg

mode, as explained above. The IR spectrum of CO>-Il has an additional mode, namely the E,
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mode, located at circa 622 cm™ at 15 GPa and corresponds to the bending motion of the CO;

molecule, see Figure 6.20.

The Ey mode shifts to a lower wavenumber with an increase in hydrostatic pressure,
indicating that the CO. bending becomes easier with increasing pressure. This is not
unexpected as previous work on CO2 polymorphs has also reported softening of the bending
modes with increasing pressure*?’. The softening of the E, mode correlates with an increase in
auxetic behaviour of the system, when loaded in the direction of maximum auxeticity. This
suggests that the softening of this mode would also have important implications on the
deformation mechanism of CO»-I1. In fact, these results can be linked with another part of the
deformation mechanism which was proposed for the silicate stishovite. In the case of this high-
pressure silicate, certain distortions of the SiOg octahedra, mainly the equatorial scissoring of
the Si-O bonds was found to be an important factor for the observed negative Poisson’s ratio
of stishovite when loaded in the direction of maximum auxeticity. Such octahedral distortions

of stishovite were also attributed to possible electronics effects®,
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Figure 6.20: The infra-red spectrum of CO»-Il at 15 GPa and 20 GPa as calculated utilising
the PBE-Grimme functional. Inset: spectrum at lower wavenumber zoomed circa 4.5 times with

respect to intensity. The vibration modes associated with each peak are shown next to each
zoomed inset.

To consolidate the work done in section 6.2, convergence testing was also carried out
when calculating the Raman and infrared spectra of CO»-Il. The results obtained, see
Figure 6.21 and Figure 6.22, show that the refinement in the simulation parameters had no
significant effect on the spectra computed at both 15 GPa and 20 GPa ensuring that
convergence has been achieved and that the vibrational properties computed are not an artefact
of the simulation parameters employed. In fact, refining the simulation parameters had no effect
the number of peaks obtained and no effect on the shift direction of these peaks with a change

in hydrostatic pressure.
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Figure 6.21: Comparison of the Raman spectrum obtained for CO2-11 when employing a cut-
off energy of 800 eV and a Monkhorst-Pack grid spacing of 0.04 A with the spectrum obtained
utilising a cut-off energy of 1000 eV and a spacing of 0.02 A™* at 15 GPa and at 20 GPa. Inset:
spectrum at lower Raman shift zoomed 10 times with respect to intensity and spectrum at higher
Raman shift zoomed 1.25 times with respect to intensity.
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Figure 6.22: Comparison of the infrared spectrum obtained for CO2-11 when employing a cut-
off energy of 800 eV and a Monkhorst-Pack grid spacing of 0.04 A with the spectrum obtained
utilising a cut-off energy of 1000 eV and a spacing of 0.02 A at 15 GPa and at 20 GPa. Inset:
spectrum at lower wavenumber zoomed circa 5 times with respect to intensity.

To cement the work done on the deformation mechanism of CO»-Il, the infra-red and
Raman spectra of CO.-Il were recalculated employing PBE and PBE-TS at 15 GPa and 20
GPa. The vibrational properties computed were then compared to those calculated when
employing the PBE-Grimme functional at the same hydrostatic pressures. The results obtained,
see Figure 6.23 and Figure 6.24, show there is qualitative agreement between the spectra
obtained when utilising different functionals albeit with some slight shift in peak position
depending on the functional used. In particular, the functionals all calculate the same number
of peaks and the pressure dependence of the shift in position of these peaks. This ensures that
the description rationalising the negative Poisson’s ratio of CO2-11 utilising these vibrational

properties is not an artefact of the functional employed.
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Figure 6.23: Comparison of the Raman spectrum calculated for CO»-1l using PBE, PBE-
Grimme and PBE-TS at 15 GPa and 20 GPa. Inset: spectrum at lower Raman shift zoomed 10
times with respect to intensity and spectrum at higher Raman shift zoomed 1.25 times with
respect to intensity.
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Figure 6.24: Comparison of the infrared spectrum calculated for CO2-1l using PBE, PBE-
Grimme and PBE-TS at 15 GPa and 20 GPa. Inset: spectrum at lower wavenumber zoomed
circa 5 times with respect to intensity.

Before concluding, it is important to highlight the importance of the use of Raman and
IR spectroscopy, even in theoretical studies, when elucidating possible deformation
mechanisms of auxetic systems. Such spectra could also be consolidated through experimental
work on the system, albeit not a simple task given the pressures required for systems like
CO2-Il. This work also paves the way for further studies on this system and other systems with

P4,/mnm symmetry such as gamma nitrogen (y-nitrogen), a solid phase of nitrogen.
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6.3.4 Conclusions

In this work, first principles DFT calculations have been employed to study the
structural, mechanical and vibrational properties of CO2-Il in the pressure range of 15 GPa to
20 GPa. In particular, the Young’s modulus, shear modulus and Poisson’s ratio for both the
single crystal and the polycrystalline aggregate were determined. Moreover, it has been shown
that CO»-11 is dynamically stable in the pressure range of this work. The CO2-1l single crystal
has been shown to exhibit a negative Poisson’s ratio for loading at circa 48° to the y-axis in the
(100) plane and similarly in the (010) plane. The negative Poisson’s ratio of this system is
pressure dependent with an increase in pressure resulting in an increase in the auxetic behaviour
in the direction of maximum auxeticity. Through the use of Raman and IR spectroscopy the
auxetic behaviour in this system was rationalised. It was shown that that as hydrostatic pressure
increases the Aig, B1g and Eq modes shift to higher wavenumbers while the Ey, mode shifts to
lower wavenumbers. These shifts in vibration modes with increasing pressure correlate with
an increase in auxetic potential of the system. These shifts suggest that rotations and certain
distortions of the intermolecular and intramolecular interactions may be used to rationalise the

predicted auxetic behaviour.
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Chapter 7: General  Discussion, Conclusions and Future

Perspective

Researchers have always been intrigued by the idea of studying materials at extreme
conditions such as very high pressures. On a fundamental level, studies of materials at high
pressures shape our understanding of electrons and bonding®®4%4445 For example, at pressures
nearing 250 GPa a polymeric nitrogen phase has recently been synthesized*?!, illustrating the
formation of a macromolecular species at high pressures from substances which are molecular
systems at ambient conditions. Moreover, advances in high pressure research are also of
interest from a geoscience point of view, where such developments can improve our
understanding of planet dynamics. For instance, CO.-V was shown to be stable in the
thermodynamic conditions of the deep lower mantle and as a result, studies on this system
could aid in the understanding of carbon distribution in the layers of Earth®’. In addition to this,
advances in high pressure research could also possibly lead to the formation of substances with
novel and useful properties which may be metastable at ambient conditions*?. For example,
stishovite is a high pressure SiO2 polymorph and one of the hardest oxides known to exist*??
and may be found as a metastable crystal at ambient conditions*?? even though it is formed at

high pressures and temperatures.

In this thesis, high pressure polymorphs of low mass oxides (i.e. low-Z oxides®®) were
studied through the use of density functional theory calculations. This work focused on the
properties of substances which are ubiquitous and known to all at ambient conditions.

Nevertheless, when subjected to high external pressures, H>O and CO> form substances with

221



unexpected and interesting properties. The formation of numerous solid polymorphs at various
conditions of pressure and temperature is in itself an interesting phenomenon, where these
simple triatomic molecules can form such a vast array of polymorphs, some of which have
been the subject of studies for over a hundred years®®>!. Nevertheless, studies on the

polymorphs of these simple systems are still attracting the attention of researchers®423-425,

The main aim of this work was to study the mechanical properties of high-pressure
polymorphs of CO; and H20 paying particular attention to the Poisson’s ratio (see Chapter 2,
Section 2.4). The work in Chapter 3 and Chapter 4 reported for the first time that high
pressure polymorphs of H20 ice have the potential to exhibit a negative Poisson’s ratio
signifying a substantial advancement in the field of high-pressure ice research and in the field
of auxetics. In Chapter 3, the mechanical properties of ice X, a macromolecular phase of ice
where the H2O molecules are no longer distinct but are bonded through covalent bonds, were
studied. The ice X system can be formed from ice VIII through a pressure induced phase
transition20145149152 - The mechanical properties of ice VIII were studied in Chapter 4.
Following the work on high pressure H20 systems, the behaviour of CO2, another common
triatomic molecule found in everyday life at ambient conditions, was investigated. The work
in Chapter 5 and Chapter 6 reported for the first time that high pressure polymorphs of CO2
also have the potential to exhibit a negative Poisson’s ratio. In Chapter 5, the mechanical
properties of CO2-V were studied. Similar to ice X, CO2-V is a macromolecular polymorph
which is also reported to be found at high pressures. CO2-V can be formed when the hydrostatic
pressure of CO-11 is increased at certain temperatures®®’176426, The mechanical properties of

CO2-11 were discussed in Chapter 6.

In this thesis, different aspects of the chemistry of these high-pressure polymorphs were
assessed through the use of DFT calculations. When carrying out DFT simulations, the choice

of cut-off energy and spacing of the Monkhorst-Pack k-point grid is essential to ensure an
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adequate representation of the system. Thus, to ensure that the properties determined are not
an artefact of the simulation parameters employed, but an innate property of the system,
detailed convergence studies were carried out for all systems studied. In particular, the effect
of increasing the cut-off energy and decreasing the spacing of the Monkhorst-Pack k-point grid
was studied in order to assess the suitability of the simulation parameters employed for the
different pressure ranges used. An energy cut-off of 800 eV was found to be sufficient in the
case of ice X (150 GPa to 300 GPa), CO2-V(40 GPato 60 GPa) and CO.-11(15 GPa to 20 GPa).
On the other hand, in the case of ice VIII (20 GPa to 40 GPa) an energy cut-off of 1000 eV was
employed. From these results there seems to be no apparent relationship between the energy
cut-off employed and the pressure ranges used for the different polymorphs. However, a less
refined Monkhorst-Pack k-point grid was needed when studying the different H.O and CO>
polymorphs at increasing pressure windows. In fact, in the case of ice X a mesh spacing of
0.07 At was needed while in the case of ice VIII a mesh spacing of 0.03 A was needed.
Similarly in the case of CO,-V a mesh spacing of 0.06 A was needed, while in the case of

COs-11 a mesh spacing of 0.04 A was required.

In addition to carrying out convergence studies, the methodology employed was
benchmarked by comparing the properties obtained through the DFT calculations with results
present in the literature. This ensures that the simulation parameters employed can adequately
represent the system. It is interesting to note that overall, there was a reasonably good
agreement between the theoretical results obtained in this work and the data present in the
literature. For example, a comparison of the calculated lattice parameters with those obtained
experimentally at the same pressure showed a maximum deviation of circa 1% when comparing
the results obtained for all four high-pressure systems investigated in this thesis. It should be
noted that this value refers to the results obtained utilising the best performing functional in

each study. Indeed, some functionals did not perform as well, with for example PW91-OBS

223



showing a deviation of circa 11 % when benchmarking the lattice parameters of the ice VIII
system. Thus, another factor which is essential to the success of the DFT calculations is the
choice of functional. In this work the suitability of numerous functionals were assessed. The
results obtained suggest that PBE can be used to study ice X, ice VIII and CO2-V while PBE-
Grimme can be used to study CO»-11 suggesting the need for dispersion corrected functionals
at lower pressures, albeit all functionals giving fairly similar results when studying the CO»-II
system. Nevertheless, the properties determined for the polymorphs was confirmed by using
other functionals. This provides confidence that the properties obtained are indeed an adequate
representation of the system being studied and not an artefact of the calculation parameters
utilised. The detailed convergence study together with the benchmarking of the methodology

carried out in this thesis provides confidence in the simulations carried out.

A problem which was encountered in Chapters 3 to 6 was the choice of the pressure
range where a particular polymorph was studied. This is because in the literature there are
several debates on the pressure stability fields of particular polymorphs. For example, as
highlighted in Chapter 2 Section 2.1.6, there is a debate on the stability field of ice X with the
pressure at which ice VIII undergoes a phase change to ice X being a source of
controversy4>146.154  Angther example is the controversial nature of the stability field of CO,-
Il and the pressure at which CO2-ll is expected to undergo a phase change to COo-
V1557.17L176.178.180 Thys to ensure that the polymorphs studied in this thesis are stable within
the selected pressure range, phonon dispersion relations were calculated. The phonon
dispersions obtained had no imaginary frequencies, which suggests that the systems considered

in this thesis are indeed stable or metastable within the selected pressure ranges.

In Chapters 3 to 6, the mechanical properties of different polymorphs of H,O and CO>
have also been investigated. For example, the variation of the Young’s modulus, shear

modulus, bulk modulus and Pugh ratio (K/G ratio) for the polycrystalline aggregate have been
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studied. It was found that the Young’s modulus tends to increase with increasing pressure.
Furthermore, the shear moduli for the systems investigated increases with increasing
hydrostatic pressure. Moreover, for all the polymorphs considered in this thesis, an increase in
pressure was associated with an increase in the Pugh ratio (K/G). When considering the Pugh
ratio, which gives an indication of the ductility or brittle nature of the material, it was found
that ice X and CO2-Il are expected to be ductile while ice VIII and CO2-V are expected to be
brittle in the pressure range of the study. In addition to the Pugh ratio, the Cauchy pressure and
the Poisson’s ratio may also be used to assess the ductility or brittle nature of the material. The
results obtained when utilising the Cauchy pressure and the Poisson’s ratio were consistent
with the results obtained when employing the Pugh ratio. Through the use of different
approaches, one may have greater confidence in the conclusions derived regarding the material

property of the system.

As discussed above, ice X, ice VIII, CO2-11 and CO2-V single crystals have been found
to exhibit a negative Poisson’s ratio. Cubic ice X was found to exhibit a negative Poisson’s
ratio at 45° off-axis in the (100), (010) and (001) planes. DFT simulations performed on
tetragonal ice VIII also showed that this polymorph of ice, which was studied in Chapter 4,
exhibits a negative Poisson’s ratio. Contrary to ice X, it was shown that ice VIII exhibits an
auxetic behaviour when loaded on-axis in the (001) plane. In Chapter 5, it was shown that CO»-
V exhibits a negative Poisson’s ratio for loading in all directions in the (001) plane. In Chapter
6 it was shown that CO2-I1 has the potential to exhibit off-axis auxetic behaviour for loading at
circa 48° to the y-axis in the (100) plane and similarly in the (010) plane. In the case of all four
polymorphs, it was shown that the Poisson’s ratio is pressure dependent, with an increase in
pressure resulting in an increase in auxetic behaviour in the direction of maximum auxeticity.

In sharp contrast, studying the Poisson’s ratio for the polycrystalline aggregate showed that all
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four polymorphs are expected to exhibit a positive Poisson’s ratio which increases with

increasing hydrostatic pressure.

The deformation mechanisms responsible for the observed negative Poisson’s ratios
were also investigated. When studying the deformation mechanism of crystalline systems using
molecular modelling, it is typical to apply a stress in the direction of maximum auxeticity and
study the nanoscale deformation of the system when subjected to this stress®”:68:256364 | this
thesis, this method was successfully employed to study ice X, ice VIII and CO.-V. However,
it was not possible to use such a method to study the deformation mechanism of the CO»-II.
This was because the application of a stress resulted in a non-continuous change in the
structural parameters studied, which may be an indication of a stress induced phase transition.
Thus, the auxetic potential of the CO.-Il, was rationalised through a novel methodology
developed in this thesis which employed a comparison of changes in spectroscopic data and
auxetic behaviour as the system is subjected to different pressures. This method was also used

to consolidate the deformation mechanisms of ice X, ice VIII and CO»-V.

The work carried out suggests that the auxetic behaviour of cubic ice X is a result of
the geometry of the oxygen lattice system, wherein two orthogonally interconnected rhombi
were identified. It was shown that on application of a stress these rhombi concurrently undergo
hinging and distortion, whereby the hinging deformations contribute to a negative Poisson’s
ratio whilst the distortions of these interconnected rhombi contribute to a positive Poisson’s
ratio. It is interesting to note that in his seminal work, Baughman3®®* had shown that 69% of a
sample of cubic metals studied had the potential to exhibit auxetic behaviour and used a similar
geometry/deformation mechanism to rationalise their auxetic behaviour. This shows the
importance of considering existing deformation mechanisms in rationalising newly predicted
auxetic behaviour. As discussed above, an increase in hydrostatic pressure resulted in a more

negative Poisson’s ratio in the direction of maximum auxeticity. The increase in hydrostatic
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pressure was also accompanied by an increase in the stiffness and hinging of the rhombi. Thus,
with an increase in hydrostatic pressure deformation through distortion of the interconnected
rhombi became less prominent whilst the hinging of the interconnected rhombi became more
important, explaining the increase in auxeticity. Also as stated above, this deformation
mechanism was confirmed through the use of Raman spectroscopy. In the case of ice X, the
increase in rigidity of the rhombi was inferred from the shift to higher wavenumbers of the Tog
Raman active mode with increasing pressure, which implies increase in strength of the O-O

interaction with increasing pressure.

A similar deformation mechanism was also found to operate in ice VIII. The Ice VIII
structure is composed of two interpenetrating hydrogen bonded systems with a body centred
oxygen sub-lattice 3. The O:0 interactions in these body centred oxygen sub-lattices may be
described as forming two orthogonally interconnected rhombi. In the case of ice VIII, the O:0
interactions which make up the interconnected rhombi are not the same and thus, may be more
accurately described as orthogonally interconnected irregular rhombi. Through direct
measurement of the identified geometry, it was shown that the auxetic behaviour of ice VIII is
due to interplay between two deformation mechanisms namely stretching and hinging of the
two interconnected rhombi. As the pressure increased, these rhombi become more regular. It
was also shown that as the hydrostatic pressure increases, the sides of the rhombi become stiffer
and thus, the stretching mechanism and distortion becomes less significant, with the hinging of
the rhombi becoming more prominent, changes that are accompanied with an increase in
auxeticity. The deformation mechanism of the ice VIII system was consolidated through the
use of spectroscopic techniques, specifically Raman and infrared spectroscopy. Taking into
consideration the IR active bending intramolecular mode vz (Az), a slight decrease in
wavenumber was noted with an increase in pressure, illustrating that the

O—H—O0 hinge is slightly decreasing in stiffness with pressure. On the other hand, the Raman
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active vr; (Big) and vrxty (Eg) modes, which are associated with the stiffness of the O:0
interaction?4354412413 shift to higher wavenumbers with increasing pressure indicating an

increase in stiffness off the O:0 mode.

In the case of CO.-V, a two dimensional and three-dimensional approach were used to
study the deformation mechanism of this system. An analysis of the projections of the atoms
of the CO2-V system in the (001) plane reveals a ‘connected squares’ motif, where these
‘connected squares’ are the two-dimensional projections of the three-dimensional COg4
tetrahedra, with each square having a central carbon atom and four oxygen atoms at its conners.
On application of a stress, it was shown that the squares rotate relative to each other and
simultaneously distort, indicating that the ‘connected squares’ are behaving as semi-rigid
rotating units. As discussed above and in Chapter 5, an increase in pressure was found to result
in a more negative Poisson’s ratio in the (001) plane of CO2-V. This increase in auxetic
potential was accompanied with an increased rotation of the projected squares relative to the
distortion of the squares. This indicates that as the projected squares distort less, they approach
the theoretical Poisson’s ratio of -1 expected from the rotating rigid units mechanism?%. An
investigation of the deformation of the three-dimensional CO4 tetrahedra, rather than their
projection in the (001) plane, suggested that three principle events are taking place, (1)
stretching of some of the C-O bonds, and (2) distortion of the CO4 tetrahedra, which together
account for the observed distortion of the projected squares and (3) relative rotation of the
tetrahedra which accounted for relative rotation of the projected squares. The same conclusions
were also derived from Raman and infrared spectra of CO2-V conducted in the pressure range
of 40 GPa to 60 GPa, where it was found that C-O bonds, C-O-C and O-C-O angles increase
in stiffness with increasing pressure albeit to different extents indicating that one mechanism

is being favoured over the others.
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Studying the variation of the Raman active and infrared active modes of CO2-11 with
pressure it was shown that an increase in hydrostatic pressure was associated with a shift of the
Aug, Big and Eqg modes to higher wavenumbers while the Ey mode shifts to lower wavenumbers.
These shifts suggested that rotations and distortions of the system may be utilised to explain
the predicted auxetic behaviour of CO.-I1, which explanation is consistent with the deformation
mechanism of stishovite, a rutile type silicate which was also shown to have a negative
Poisson’s ratio in the (010) and (100) planes where octahedral rotations and distortions were

also shown to be important to rationalise the observed auxetic behaviour3%4,

All this highlights the importance of DFT as a tool for the study of high-pressure
systems. Studying such systems at extreme conditions experimentally is challenging***® and it
requires highly specialised equipment which may be expensive to acquire and maintain.
Moreover, there is also difficulty associated with experimentally achieving the extremely high
pressure conditions required to study certain systems*. Carrying out DFT calculations and then
confirming the results obtained through experimental data or using DFT calculations to
understand experimentally measured properties of high-pressure materials would provide an

ideal situation to maximise the knowledge of high-pressure systems.

The work carried out in this thesis paves the way for further research on the properties
of high-pressure systems. For example, the properties of other high-pressure polymorphs of
H>0 and CO> can be investigated. For instance, it is thought that ice X may undergo pressure
induced phase transitions on increasing pressure with structures belonging to the Pbcm, Pbca
and Cmcm space group being predicted to form, as outlined in the literature review (Chapter
2). It would thus, be interesting to investigate the properties of these systems. For example,
dynamic stability of these phases can be assessed. Moreover, the Poisson’s ratio of these
systems may be investigated to assess whether these systems have the potential to exhibit

auxetic behaviour and subsequently study the mechanism/s behind this behaviour.
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Furthermore, other phases of ice which have a body centred arrangement of oxygen atoms such
as ice VII and ice Ic can be studied, as in the case of both ice phases investigated in this thesis
the orthogonally interpenetrating rhombi geometry was found to operate when oxygens are
found in a body centred arrangement. This geometry may be used as a blueprint for synthetic
chemists when trying to synthesis materials which exhibit a negative Poisson’s ratio. Similarly,
in the case of CO2 polymorphs, other phases such as CO2-111 and CO2-1V can also be studied

to investigate if such phases can also exhibit a negative Poisson’s ratio.

It would also be interesting to investigate the possible phases which may form on
application of a non-hydrostatic pressure. It may be possible that a stress induced phase
transition takes place on application of a sufficiently high non-hydrostatic pressure. This is a
very important area of study as it would enable planetary geologists to further understand the
mantle dynamics of ice giant planets such as Neptune and Uranus as well as geologists working
on high-pressure phases of H,O and CO: ice found on Earth. The new phases formed can then
be investigated for their dynamic stability and their mechanical properties studied. For
example, the auxetic potential of these systems can then be assessed and studied through
nanoscale deformation of the system and through the use of spectroscopic techniques as carried

out in this thesis.

It would also be interesting to study the effect of inclusions such as ions on the
mechanical properties of the high-pressure systems with the effect of inclusions being the
subject of a number of recent studies®*®42742¢ For example, a recent study on KCI bearing ice
VII found that impurities had an effect on the density of the ice with the sample being 6-8%
denser than ice V11 formed from pure water®. Thus, it would be interesting to examine the effect
of the presence of ions on the mechanical properties of the high-pressure ice polymorphs

studied in this work. For example, study the effect of the presence of salts such as NaCl or KCI

230



or other inclusions on the auxetic behaviour of the system and how this would vary with

increasing hydrostatic pressure.

In addition, in analogy to H20 and CO,, research can focus on the properties of H,S*%°
and CS»*° where, amongst other research interests, the Poisson’s ratio of the high pressure
polymorphs of these systems can be assessed. Moreover, the dynamic stability together with
the Raman and infrared spectra of these systems can be assessed. Another example would be
studying the properties of other typically molecular systems at ambient conditions, by
subjecting them to high pressures such as high pressure oxygen®3!, nitrogen®32, hydrogen®®,

methane*®* or ammonia*®®.

In summary, this work has shown, for the first time, that the high-pressure polymorphs
ice X, ice VIII, CO.-V and COq-II have the potential to exhibit a negative Poisson’s ratio. This
thesis provided the first detailed study of the auxetic potential of these systems together with
the development of deformation mechanisms which can rationalise the predicted auxetic
behaviour. This work also determined the vibrational properties and the dynamic stability of
these systems. Infrared and Raman spectroscopy have been used to consolidate the deformation
mechanism of these systems, an approach used for the first time in this thesis, thus providing a
novel approach to study the auxetic behaviour of a system. This work may inspire and pave the

way for future studies in the fields of high-pressure research and auxetic materials.
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