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Abstract

This thesis reports the results of neutron diffeactstudies and first principleab initio
simulations of two salt hydrates in the ;8&, — H,O and MgSQ@ — H,O systems, namely
mirabilite (Ng&SOy-10H,0) and meridianiite (MgS©11H0). Neutron diffraction experiments
of deuterated mirabilite were carried on the Higks®ution Powder Diffractometer (HPRD)
at the ISIS spallation neutron source to measarérmal expansion from 4.2 - 300 K and its
incompressibility from 0 — 0.55 GPa. A detailed lgsiz of both the thermal expansion and
incompressibility data is presented including dmteation of the thermal expansion tensor
and elastic strain tensor. First principls initio calculations were also carried out on both
materials to complement the experimental studigstarextend the study to higher pressures
outside the experimental range. Mirabilite was $ataed from 0 — 61 GPa; at least two new
phases were detected resulting from first-ordersphrtansformations. Meridianiite was
simulated from 0 — 11GPa; this material shows omesition to a higher pressure phase
(probably second-order).Finally, a simple model ibesn developed, incorporating the density
of mirabilite determined in the experiments, todstthe size and ascent speed of diapiric salt
hydrate structures as they interact with, and trétveugh, a more viscous overburden layer

within the upper crust of Earth, Mars and Ganymedarge icy satellite of Jupiter.



“There is a theory which states that if ever anybody discovers exactly what the
universe is for and why it is here, it will instantly disappear and be replaced by
something even more bizarre and inexplicable.

There is another theory which states that this has already happened.”

Douglas Adams, The Restaurant at the end of the Universe.
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Chapter 1: Introduction

This thesis describes an investigation into theperes of the salt hydrates, mirabilite and
meridianiite; it includes determination of thermemgic properties using a combination of both
computer simulation and experimental work, and #pplication of these properties to
modelling geological processes which may shapestitace and interiors of the Earth and

other planetary bodies throughout the solar system.

This introductory chapter is laid out as followgcBon 1.1 gives a very brief introduction to
evaporitic deposits (settings in which salt hydsateay be important), their formation,
evolution, economic concerns and eventual remaeah the geological record, both on Earth
and throughout the solar system; Section 1.2 inited the mineralogy of the main materials
of study in this thesis, the salt hydrate compoméithe evaporite deposits and the motivation
for their study in this context; Section 1.3 reviewrevious studies of these salt hydrates,

leading to Sections 1.4 and 1.5 where the techriqud layout of this thesis are outlined.

1.1 Introduction to evaporites: terrestrial and planetary settings and perspectives.

1.1.1 Terrestrial evaporites.

One of the most widespread types of sedimentarksronr Earth and throughout the solar
system are the evaporites. Evaporites form aburdigsits on the Earth in a wide range of
geological settings both as primary evaporite digpasich as those found in hypersaline lake
environments such as the salt lakes of Utah, argkotogical settings such as salt domes,
hydrocarbon reservoirs (Coleman al., 2002), and even as a component of cold desert salt
deposits (Keys and Williams, 1981hdeed, it is estimated that up to 30% of the cumtial
United States may be underlain by evaporite dep@gtarren, 2006), and yet there is still a
great deal about this type of rock that we do maivk

An evaporite is a deposit of soluble salts, whigkcppitate as a result of the removal
(evaporation), of KD. For the purposes of this study, the term “saltised to indicate a rock
body which is composed of halite, gypsum or otladfr lsydrates. Evaporites form in a variety
of environmental settings and this climatic divierss reflected and recorded in their wide
range of mineralogical compositions. Evaporatioa i8tal part of the water cycle on Earth. It
occurs naturally on the surface of Earth through dbtion of solar energy warming oceans
and lakes. As evaporation of a body of water prdseend the amount of water decreases,

certain minerals dissolved in the water, reachlitné@s of their solubility. Evaporites are an
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indicator of the removal of large amount of wateni a specific environment in a relatively
short amount of time. For example 1 litre of sakveter can produce up to 35g of evaporitic
NaCl salt.

Initially, to form a primary evaporite, the evaptiva of sea water leads to the deposition of
calcium carbonate as micritic limestone, but this not the end of the sequence of
precipitation. With a large (> 80%) decrease intbkime of water available, a selection of
other precipitates will occur in accordance witle golubility of the mineral species. Salt
hydrates represent the end of the sequence — e#ngrdow liquid water concentrations, or
extreme supersaturation of the salt. The firstssait precipitate after the Cagill be
gypsum (CaS@2H,0) and anhydrite (CaSPwhen 80% of the water has evaporated. This is
followed by halite (NaCl), at levels where > 90%tloé water has been removed. Halite is the
most common evaporitic salt on Earth due to thatired enrichment of the terrestrial crust
with respect to chlorine; the CI:S ratio in chotesiis ~0.01, making sulfur-containing
compounds a much more common phenomena in othey glathe solar system. The final
salts in the sequence, at extremely low water aunattons are Mg, Na and K salts such as

epsomite, the so-called “bittern” salts (Warrer)&0

Traditionally, evaporite formation is thought toswdt from evaporation in an aerian

environment; thus, the primary zones of evapootenftion are at the margins of bodies of
water, lakes, oceans, or where water exists selis@manore arid areas. Horst and graben
structures at continental spreading ridges prowidédeal locality as the flooded sections of
the rift get cut off from their primary water soardHowever, if the evaporite deposit is not a
primary deposit, all that may be required for fotima might be the removal of water from the

environment. Thus, it is also possible to form erdjr salt-hydrate minerals in areas such as
dehydrating sections of subducting slabs and aslteeation products of alkaline volcanic

deposits. It is also common for evaporite matersaish as the bittern salts to be mobilised,
localised and redeposited (recrystallised) by hydnonal activity and so another geological

setting for their occurrence is in hydrothermavtoicanic areas (Hardie, 1991).

The stability fields over which different evaparitinineralogical phases can persist can be so
small that their presence can serve as a climaudicator. However, by the same measure,
this also means that just because they are a rteptaise today does not mean they were
originally deposited as that phase. Salt hydrateystallisation is common and results in
many of the internal textures of evaporite depogtsiniscent of those found in intrusive

igneous rocks.
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Compared to most sediments, evaporitic salts haeéatively low density e.g. gypsum has a
density of 2317 kg m(Schofieldet al, 1996), and mirabilite, a density of 1490 kg (this
work), compared to 2800 kg tfior basalt (Beyeet al, 2000). As with all materials deposited
on the surface, over time evaporites will be butigdyounger deposits. This may lead to a
density inversion when evaporites are buried béndahser sediments. Evaporitic materials
are also mechanically weak compared to other sedgand so will flow under relatively low
loads (Hudec and Jackson, 2007). The combinatidhesfe two properties makes salt layers
mobile with respect to the sediments around thdms §an have two consequences depending
on the rheology of the surrounding sediments aait #bility to constrain the salt movement:
firstly, in orogenic settings such as the edgehef Pyrenean fold and thrust belt in northern
Spain, where the salt is constrained by the sudiognsediments, evaporitic layers can act as
dislocation surface for thrust planes, promotingioral shortening (Pint@t al., 2002).
Secondly, if the salt layers are able to move ingdt freely with respect to surrounding
sediments, as is seen in another more distal gafteosame sequence in Spain, the salt
buoyancy can allow the salt to move and producarigty of geological structures (see Figure

1.1) typified by salt diapirs.

(a) (b) Salt-stoclk canopy

Detached salt sheet
Salt-wall g
canopy

Reactivated salt sheet

Detached salt stock
(teardrop diapir)
Salt glacier
(on surface)
Salt pillow
Salt welt

%Har

Thin or
welded salt

Figure 1.1: Schematic shapes of salt structureguiia of the structures increases away from the
reader. Series a) are features arising from linecgs akin to a dyke and b) are features produgex b
point source. From Hudec and Jackson (2007), atekson and Talbot (1991).

The term “diapir” literally means upwelling. It caoe equally well applied to volcanic

material as it travels up through the crust or toexaporite moving through overlying
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sediments. In both cases, the underlying causdeofdiapir is a density contrast between
adjacent materials. Density inversions within seslitary sequences provide an opportunity
for underlying sediments to deform those above thathcan have a significant effect on the
evolution of geological structures within a plamgtarust. Diapiric structures are also of
significant interest to economic geologists as tbey provide both a means of transporting
hydrocarbons, often found in association with evapaleposits, toward the surface and their
movement can set up the conditions for structuréschwtrap said hydrocarbons, as is
frequently seen under the North Sea and in theajNfexico (Waltham, 1996).

Initiation of a diapir occurs when Rayleigh-Taylmstabilities, small perturbations of the
interface between a low-density layer and the demsis above lead, to an upwelling. This is
typically seen in sedimentary sequences which goetzaporites, and these have been studied
most extensively on the Earth, due mainly to thsgociation with economic concerns such as
oil and gas. Salt domes are the surface expressi@arising diapir of halite. Once these
diapirs reach the surface, they may then extruttenssterial onto the surface forming salt
glaciers. Figure 8.2 shows a Landsat image of i@ssef outcropping salt diapirs in central
Iran highlighting typical terrestrial diapir lengftales of a few hundred metres to a few
kilometres. Typical diapir ascent times are of dhéer of 16-10° years. The Zagros mountain
belt in central Iran is a classic salt diapir ldyalit is of alpine age and contains a wide variet

of salt structures.

Figure 1.2: Landsat image of salt diapirs in thgrda mountains of central Iran. Image: USGS/NASA.
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1.1.2 Martian evaporitic settings.

Evaporitic deposits are likely to be a constituainthe geological record wherever water is, or
has been, a major component of the environment.r&dlseon Earth liquid water is active
currently, the climactic conditions at the surfat@lars today are prohibitive to the long term
survival of liquid water. However, there is eviderto suggest that in the past (on a geological
timescale at least) Mars was a warmer and wetsseplKargel, 2004) thus allowing water to
be stable at the surface of Mars for longer peribtisreover, there is evidence for liquid (and
solid) HO in the near surface and subsurface of Mars todlalg, together with the recent
findings of the TEGA (Thermal and Evolved-Gas Amzaly) instrument on NASA’s Phoenix
lander, makes it likely that evaporites will be g@st in the sedimentary record of the Martian
subsurface. Furthermore, ice is likely to be a mammponent of the near-surface regolith,
particularly at high latitudes. Figure 1.3 showsimage of the Martian polar caps which are
formed of alternating layers of dust,® ice and CQice. Both ice and mineral hydrates
(epsomite, MgSQ7HO, meridianiite, MgS@11HO, mirabilite, NaSQ,-10HO, and
gypsum, Cg50,-2H,0) are believed to be present, basedrositu observations by landers
and rovers, and from remote neutron and gammagegti®scopy. Another important source
of salt hydrates on Mars is likely to be from adtéwsn of basaltic bedrock. There are extensive
basalt flow fields on the surface of Mars which é&®een eroded and reworked by millennia

of exposure to the Martian atmosphere.
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Figure 1.3 Mars Global Surveyor MOC image of thetimern polar cap of Mars taken in early Martian
northern hemisphere summer. The light coloured radtis residual water ice that persists through th
summer. The surrounding circular dark material &lemup of wind-formed sand dunes. In this image
the polar cap is approximately 1100 km across. bragdit: NASA/JPL/MSSS.

There have been several different studies to ilgeast the likely composition of a Martian
evaporite deposit, including experiments on metesmf Martian origin (Bridges and Grady,
2000) and experimental studies of Mars-analogueesr (Bullock et al., 2008); these
concluded that the most abundant evaporite on Matsd be gypsum, due to its relative low
solubility. A similar conclusion was drawn by Kalgd991) for the same reasons, that
gypsum is likely the bedrock in the icy satellitggh Mg and Na rich salts concentrating as
the components of the metasomatic fluid.

With regard to diapiric structures on Mars, Begeral. (2000) have modelled a halite salt
diapir under Martian conditions, as there has bemne debate as to the origin of several
surface features which appear reminiscent of thephwdogy of terrestrial diapirs e.g. the
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plentiful circular features in Figure 1.4 (an upathtversion of an image from Beyer al.,
2000).

Figure 1.4 HIRISE image of Western Candor ChasneasMThe image is approximately 15 km across.
Image credit: NASA/JPL/University of Arizona.
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1.1.3 Application of evaporitic studies to the icy satellites of Jupiter.

Figure 1.65 shows the four large satellites of tdugithe Galilean satellites) of which three,
Europa, Ganymede and Callisto, are icy. These imapew the vast difference in surface
appearance between the satellites. lo is charseteliy volcanoes and their deposits, Europa
has a bright surface criss-crossed with darkematinas, while Ganymede has a mixture of
dark and light terrain and Callisto has a surfacenidated by impact craters. These
differences hint at differences in the processeshwhave shaped the interiors of these moons
as a result of their positions in relation to, aigdl interactions with, Jupiter. However, even
though these moons are now very different in agyear and internal structure, they are likely
to have formed from material of the same compasitio the same part of the proto-solar

nebula.

Ganymede Callisto

Figure 1.5 the Galilean satellites of Jupiter. Imagedit NASA/JPL.

The satellites of the Jovian system are likely &wenformed with an initial composition
analogous to that of carbonaceous chondrite mégsofihey would have formed on the warm
side of Jupiter’'s snow line (Kargel, 1991). Thenmry phases in chondritic meteorites are
similar to those seen in terrestrial crustal roakd include species such as olivine, pyroxene,
feldspar and sulphides. There would have been fadilices within these early bodies and
they would have had an initial elemental involatitentent equal to the solar value, with a

volatile content that was slightly raised with resipto the solar value (Kargel, 1991).
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The salt fraction in materials forming the Joviatedlites is dominated by metal sulfates,
particularly epsomite (MgS£ ¥H,0), and other Mg bearing sulfates, closely followsdCa
and Na sulfates and then their carbonates (Kat§8ll). Any CaS@present is likely to have
been precipitateth situ, probably in the form of gypsum, and remained serdime rather
than being mobilised by hydrous activity in the yodue to its sparing solubility. Carbonates
are likely to be less plentiful than sulfates adboaates are less soluble than sulfates. Salt
hydrates within the body may have condensed dyrdotb the chondrite or may be the
products of secondary alteration processes, sudbaahing. The most important leachates
from chondritic meteorites are those which falbitite MgSQ-Na,SOs-H,0 system. As there
is a negligible solid solution between MgSénd NaSO, (the difference in valence states
means the cations are not interchangeable), omhprwtions of MgS®— H,O and NaSQ, —
H,O need be considered, rather like K and Ca in pelds

Unlike the satellites of Saturn, it is thought tdafpiter's satellites would have formed in a
largely ammonia free region of the solar systenthastemperature in this part of the proto-
solar nebula is likely to have been high enougiprhibit the condensation of ammonia
hydrates (Kargel, 1991). This means that the nigjofi the nitrogen in this region would be
in the form of molecular Nrather than Nsland so ammonium sulfates are probably rarer in

this region of the solar system than further ooirfthe sun.

More detailed descriptions of the compositionshef three icy Jovian satellites at the present

time are given below.

1.1.3.1 Present composition of Europa

Measurements of the moment of inertia of Europgetiver with density and gravity field
measurements suggest a differentiated four laydy lfdndersonet al, 1997). The internal
structure of Europa is suggested to be a silicatte with a salt-hydrate mantle below an ocean
and icy crust (Kargel, 1991). There is a great dédebate as to the thickness of this icy crust
(Bray, 2008). It is though that the near surfaceapasition of Europa is likely to be either a
frozen/partially molten eutectic mixture of ice ahmgdrated Mg-Na salts or hydrated3®,
and that there may be solid anhydrous Mg—Na sulfatar the base of the crust (Kargel,
1991). The Near Infrared Mapping spectrometer (NiSctrum at Europa is a good fit for a
mixture of salts which appear concentrated in thealments and chaotic terrain. (McCetd
al., 1998).
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1.1.3.2 Present composition of Ganymede.

Ganymede is the largest satellite in the solaresystt is thought to have a 300 km thick crust
composed of a 10:1 mixture of ice : 488,.10H,0; this crust overlies a 500 km thick mantle,
which could be 1:1 ice : hydrated Mg-Na sulfatear@él, 1991). From NIMS data it appears
that the salt hydrates at the surface are clusteredark and chaotic terrain with both

amorphous and crystalline ice concentrated at tlesp NIMS data also suggests that the
Ganymede surface material is either less hydrdtad that at Europa, or of a smaller grain
size (McCorcet al,, 1998).

1.1.3.3 Present composition of Callisto.

Callisto is the furthest of the Galilean satellitegtward from Jupiter. Unlike the other
Galilean satellites, the surface of Callisto is ilgacratered and shows little evidence of
recent resurfacing. This is unexpected as it ispayable in size to Ganymede and so would
be expected to be active. There is much speculat$oto the state of differentiation of the
interior of Callisto The moment of inertia measuegmcan be interpreted by assuming that
the interior can be represented by anything betvaeeompletely differentiated three-layer
model to an undifferentiated body with random masemalies. However the flattening of
impact craters suggests that the upper 10 km st &a “mechanically dominated” by ice so
this region at least must be partially differerthtiR measurements suggest there is water and
other non-ice material at the surface but thataVeé¥allisto is 50/50 rock: ice. There is likely
to be 10 — 50% free ice at the surface (Kaegell, 1991).
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1.2 Mineralogy of evaporitic sulfate hydrates.

1.2.1 Na,SO4 — H,0 system

The majority of this thesis is concerned with tle¢edmination of the thermoelastic properties
of mirabilite, the decahydrate of the J8&,—H,O system. As we have seen in the preceding
sections of this chapter, the j$&0,—H,O system is of great importance to the study of
terrestrial and Martian evaporites and the intsrimfrthe icy satellites of Jupiter. To this end,

this section describes the mineralogy and crygedighy of these materials in detail.

1.2.1.1 Anhydrous Na,S0,

The NaSQ, - H,O system has a seeming dearth of hydrates, compamter candidate salt-
hydrate systems such as the MgS®1,0 system (three phases versus eight). This, combine
with the comparative ease of growing single crgstahd the low decomposition temperature
of mirabilite (32.4°C), has meant that anhydroudism sulfate has received more attention
than anhydrous magnesium sulfate in the literatdi@netheless, the structures and phase
transitions of anhydrous sodium sulfate have nanbsetudied fully, mainly due to the
complexity and metastability of the phase relatioitse physical properties of this substance
have also been neglected. Several studies haveemtpated on the ionic conduction and
electrical properties of sodium sulfate (Ahmad, &00but ignored the thermo-elastic
properties. The only investigations of the phasay@dim of sodium sulfate (Pistorius, 1965)
were to 45 kbar using a piston-cylinder cell andirarestigation of the elastic properties of

thenardite using interferometry (Von Bayh, 1966).

Anhydrous sodium sulfate is thought to have as maseight polymorphs up to 4.5 kbar
(Pistorius, 1965) (Figure 1.6), but to date onlwrfoof these have been structurally
characterised: I, Il, lll and V (Rasmussaral, 1996), (the latter being the naturally occurring
phase called thenardite). Phase I, which occurvealsd0 K, is hexagonal, space group
P&/mmc and is characterized by complete orientatidisdrder of the Sotetrahedra (Eysel
et al, 1985). Phase Il is orthorhombic, space grBbpmbut is only stable over a very small
temperature range (503 — 510K) and has been coeditty some to be metastable (Watg
al., 1999) Phase Il (orthorhombic, space grdimcn) is stable between 473 and 503 K at
atmospheric pressure, whilst the room P, T form &3, thenardite, is phase V
(orthorhombic, space grotuldd (Hawthorne and Furguson, 1975; Nord, 1973)). Thestill

some debate in the literature as to the existefice phase IV as there have not been any
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studies which report this phase. The higher prespatymorphs, VI, VII, and VIII, have yet
to be investigated.

The structure of the ambient phase of,$@,, thenardite, consists of sheets of octahedra
which are connected by direct coordination of thdism atoms by the sulfate oxygens. This
is also true of the other anhydrous phases gENa

450 p—
Vil

400

350

300

Temperature (°C)

200

150

100

Pressure (kbar)

Figure 1.6 Pressure —Temperature phase diagramhgtleous NgSO, from 0 — 4.5 kbar and 100 — 450
°C. Redrawn from Pistorius (1965).
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1.2.1.2 Sodium sulfate heptahydrate and octahydrate.

Figure 1.7 shows the phase diagram for thgSg — H,O system. A metastable phase,
NaSO,-7H,0O, is known at room pressure and temperature (LOW8b1, 1853, 1857;
Viollette, 1866; Tomlinson, 1868, 1871; de Copd&Q7; Hartleyet al, 1908; Wuite, 1914;
Hills & Wills, 1938; Washburn & Clem, 1938; Braitsc1971; Gans, 1978; Balarew, 2002;
Rijniers et al, 2005; Genkinger & Putnis, 2007), although LOwW#&B50) described an
octahydrate, detailing the growth of large and k&durismatic crystals, and Genkinger &
Putnis (2007) report a phase which does not méeliXtray diffraction patterns of either the
decahydrate or heptahydrate; these lesser hydratesideed other hydration states may
become stable at higher pressures (e.g. Hogenbebmal, 1999). The metastable
heptahydrate - ice Ih eutectic is at 269.60 K, 12.8% NaSQO,, and the incongruent melting
point of this phase is at 296.615K (Washburn & Clé®38). Most recently, sodium sulfate
heptahydrate was fully characterised for the fiiste (Hamilton & Hall, 2008; Hall &
Hamilton, 2008), and sodium sulfate octahydrate wstified as an exclusively high-

pressure phase (Oswadtlal, 2008).

330

320 4

Aqueous solution

4

Temperature (K)

P N

0 10 20 30 40 50 60

wt. % N32504

Figure 1.7 T-X phase diagram of the binary systendiwsn sulfate — water at room pressure showing
stable phase boundaries (solid lines) and metaspdtdse boundaries (dashed lineg)ald E are the
mirabilite - ice and the N8O, 7H,0O - ice eutectics, respectively, Rnd B are the peritectics
N&aSO,-10HO(s) « NaSOy(s) + liquid (L) and NgSO,- 7H,O(S) «» Na&SO,(s) + L respectively. The
solid vertical line at 44.09 wt. % N8O, corresponds to the composition of mirabilite, &mel dashed
vertical line at 52.97 wt. % corresponds to thethkpdrate. Redrawn after Negi and Anand (1985) with
solubility data tabulated in Garrett (2001).
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1.2.1.3 Mirabilite

Sodium sulfate decahydrate — JS&y-10H,O — mirabilite — is the stable phase in contact
with an equilibrium mixture of N&QO, and HO at room temperature and pressure (Figure
1.7); the synthetic form of the substance is refirto as Glauber's salt, after its first
manufacturer (Glauber, 1658); and the naturallyuoireg form is the mineral mirabilite (e.g
Palacheet al, 1951). The eutectic between mirabilite andlicés at 271.85 K, 4.15 wt. %
NaS0O,, and the solubility increases rapidly with tempera up to the peritectic at 305.534
K, 33.2 wt. % NaSO, where mirabilite undergoes incongruent meltingubdiydrous sodium
sulfate (orthorhombic phase ¥ddd thenardite). This is the highest dissociationgerature
amongst the isostructural decahydrates oS NaSeQ, NaWO,, NaVO,, or NgMoO,.

Above this point, the solubility is retrograde,ckeng a minimum near 400 K.

Mirabilite easily forms as large (cm sized) prismmatrystals from a saturated solution of
NaSQ, in water. Typical daily temperature variationgnost climates are enough to promote
the growth of such large crystals over relativélprs timescales (days to weeks). Mirabilite
crystals are monoclinic, space-groRf2,/ ¢ (Z = 4), with unit-cell dimensiona = 11.512(3)

A, b =10.370(3) Ac = 12.847(2) A an® = 107.789(10)° at 4.2 K (Levy and Lisensky,
1978). Throughout this work the atom labelling sukeof Levy and Lisensky (1978) has been
used. In this scheme, the sulfur atom is labellédtise sodium atoms are Na2 and Na3, the
oxygens number from O4 to O17 and finally the hgams are labelled with respect to the
oxygen with which they form a water molecule, forample the O8 water molecule will
include O8, H8a and H8b (see Fig. 1.8d).

The structure of mirabilite is illustrated in Figul.8, which shows views along each of the
crystallographic axes and Figure 1.9 which showsraectivity map for mirabilite. As shown
in Figure 1.8a, the structure of mirabilite corsisif edge sharing NagB)s octahedra
arranged in sinuous ribbons extending alongcthgis, with a net stoichiometry of N&l,O)s.
The octahedra comprise,® molecules, labelled as 08, 09, and 012-017, Wit2-015
forming the shared edges. These ribbons of octahefternate with chains of sulfate
tetrahedra (oxygens 04-07) and the two are linkgdther by the remaining water molecules
(labelled O10 and O11), that are not coordinateddoThe alternating ribbons of NE,O)s
and SQ tetrahedra + KD thus form a flat sheet extending in ttne ¢ plane (Figures 1.8b,
1.8c). The sheets are stacked A—B—A—B along #axis, being connected by a
combination of orientationally ordered and disoedkerhydrogen bonds. This layering
accounts for the perfect cleavage on {100} (Palasthed, 1951, pp 439-442). Figure 1.9 is a

connectivity map revealing the patterns of bondiegween the various structural elements.
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There is extensive hydrogen bonding within thecdtme as might be expected with such a

highly hydrated salt (Rubeat al.,1961).

Figure 1.8 Polyhedral representation of the amipeessure, low temperature, mirabilite structurigh w
the unit cell outlined in black: a) view along ta@xis, b) along thé-axis, and c) along theaxis; the
labelling of the atoms is shown in d) in an enlargection of the structure as in a). The N&i)d
octahedra are shown in dark blue and the @ahedra in orange. The interstitigi0Hmolecules are
shown, but the H-atoms bonded to the N&I}d octahedra have been omitted for clarity.
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Na,(H,0)g ribbon interstitial water SO, tetrahedron

Figure 1.9 Connectivity map illustrating the radaiship between structural elements in mirabiliteteNthat the disorder involving the sulfate tetdrbe (and
associated hydrogen bonds) as described by LevyLeetisky (1978) has been left out; the hydrogemdbstructure depicted corresponds to the fully mrde
sulfate orientations obtained in this work.
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The heat capacity data for mirabilite (Pitzer & Gey 1938; Brodale & Giauque, 1972)
were used by Rubeet al., (1961) to infer that hydrogen bonds in the miigdbistructure
were disordered, and that this disorder becameeffraiz at limiting low temperatures. In
their single-crystal study, Levy and Lisensky (1p¥##entified two areas of orientational
disorder, the first associated with a pair of squargs between adjacent octahedral apices,
and the second associated with the sulfate tetrahéthe square rings involve the molecule
pairs O8/016 (ring 1, shown in Figure. 1.10) and@Y (ring 2) which form the apices of
Na octahedra and donate hydrogen bonds to sultgtgeas O5 and O7 (ring 1) and O4 and
06 (ring 2).

Each corner of the ring donates and receives omeobggn bond from a neighbouring
corner, with two possible orientations denotedrfa 'c' (the 'a’ hydrogen are donating bonds
to the sulfate oxygens). In any one ring, all logdms must all be on either the 'b' sites or
all on the 'c' sites, although a small fractionriojs will contain a mixture of 'b' and 'c'
orientations. Thermally activated hopping betwekessmeans that the time- and space-
averaged structure sensed by diffraction experisnenii observe two partially occupied
sites (both 'b' and 'c’) along each O---O vectahefing. Complete orientational disorder
corresponds to 50:50 occupancy of the 'b' andtes,svhereas complete orientational order
corresponds to either 100:0 or 0:100 occupanches$d sites. Levy and Lisensky (1978)

refined this ratio to be equal to 50:50 at roomgerature.
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Figure 1.10 One of the square rings of water mdé=scin mirabilite involving disordered hydrogen
bonds. The two-fold axis of rotational symmetrgges through the middle of the ring.
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Levy and Lisensky also identified disorder over targentations of the sulfate tetrahedra,
which they denoted with 'prime' and 'double-prireeperscripts. The two orientations,
related by a rotation of about 30° about the S-vé&for (Figure 1.11), generate pairs of
partially occupied sulfate oxygen sites (04'/048/06", and O7'/O7" in their notation),
which Levy and Lisensky (1978) found to be occupiethe ratio~ 25:75 (Figure 1.11b).
The sulfate apices accept hydrogen bonds from heiging water molecules. The bonds
donated to the O5 apex (from H8a, H10a, and H1&b¥wly ordered. The bonds to the
partially occupied apical sites are a mixture afeved hydrogen bonds (donated by H10b,
H11b, and H14b) and disordered hydrogen bonds {ddriey H9a'/H9a", H16a'/H16a", and
H17a'/H17a"). In Levy and Lisensky’s refinementtioé structure the occupancies of these
hydrogen sites share the same occupancy as tha agigen sites; i.e., the 'primed' sites
are ~ 25 % occupied, and the 'double-primed' sites~ 75 % occupied. Notice that the
proposed switch in orientation from ‘prime' to 'Hmiprime’ involves breaking of the
hydrogen bonds donated by H9a', H16a', and H1Ra' ttticker, long-dashed bonds in
Figure 1.11a), and the formation of new hydrogemdsdrom H9a", H16a", and H17a" (the
thin, short-dashed bonds in Figure 1.11a). Levy aisknsky (1978) used the room
temperature occupancies to determine the enertgreliice between the two orientations as
2713 + 197 J mdl, which is approximately 10 % of the energy corgdirin a single
hydrogen bond.
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06" (75 %)
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016

Figure 1.11 The two orientations of the sulfateate¢dron described by Levy and Lisensky (1978) iavad down the rotation axis (the S---O5 vector) -
orientation relative to the crystallographic axesliown by the legend in 1.8(a). The hydrogen bdedsted to the ordered apex (O5) are shown witth goey
rods; those donated to the lesser occupied ap@d’s ©6', and O7') are depicted as thinner, shashdd rods; those donated to the more fully ocduajeces
(04", 06", and O7") are depicted as thicker, loagtied rods.
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1.2.2 MgS0, — H,0 system

1.2.2.1 Anhydrous MgS04

There are three known polymorphs of anhydrous Mg8@ that are stable at relatively low
temperatures (but formed by different methods), amel that is stable at high temperatures.
The phase which is grown from a solution of MgOH50, at ambient conditions ig-
MgSQO,. It has the CrVQ@type structure and it is orthorhombic, space-gr@upcm a =
5.17471(3) Ap = 7.87563(5) Ac = 6.49517(5) A, V = 264.705(2)3Apcac = 3020.29(2) kg
m?] at 300 K (Fortest al, 2007). Another phase may be formed, either bydetion of
MgSOs-hydrates or by heating-MgSQO, to 595°C (Yamaguchi and Kato, 1972); thif3is
MgSQ, which has the ZnSftype structure; it is orthorhombic, space-grdRpnm a =
4.74608(7) Ab = 8.58317(10) A¢ = 6.70931(10) A, V = 273.313(4)*Apcac = 2925.17(4)

kg mi®] at 300 K (Eysekt al, 1985).-MgSO, can be quenched easily to room temperature,
and commercially available MgQQs the B-phase. A third phasey-MgSQ, has been
discovered at temperatures above ~1000°C (DaimdnKato, 1984; Rowe, 1967) but its

structure remains unknown.

Very little work exists on the bulk properties ofgdQ, and its phase transition behaviour.
The structures and thermal expansivities of dh@nd3-phases were measured by powder
neutron diffraction methods from 4.2 — 300 K (Eyselal, 1985) but work on the high
temperature phase transitions and determinatioth®@f-MgSQ, structure is outstanding.
Livshits et al. (1963) compressed MgQ®@ ~3 GPa, although it is possible that the malteri
they report to be anhydrous was in fact the mondtgd(kieserite). Wangt al (1999)
compresse@-MgSQ, to 7.7 GPa at 1800°C (MgS@nelts at ~1950°C at 7.7 GPa); upon

guenching, they observed an X-ray diffraction patteoma-MgSQ,.
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1.2.2.2 Hydrated phases of MgSO4.

The MgSQ - H,O system is far more extensive than the9@ - H,O system. There are 8

phases: anhydrous Mg®Othe monohydrate - kieserite, the dihydrate - eate
MgSO,;-4H,O - starkyite, MgSQ5H,0 - pentahydrite, MgS£6H,0O - hexahydrite,
MgSO,-7H,O - epsomite, and finally MgS@1HO - the undecahydrate meridianiite
(MS11). The ambient pressure phase diagram of Mg$0 between 260 and 350 K with
variation in MgSQ concentration is shown in Figure 1.12. Of the hyeld phases, only
MS11 is discussed in detail here as it is the Mdy O, phase to be studied in this thesis.

350
7 \ MS1 + liquid
340 —
330 MS6 + liguid
E 320 — Agueous solution
@ -
e
2 310-
E ia}
& 8| 2
E' 300 — MS7 + liquid " "
= 5| 8
= ) = =
290 —
280 —
ice Ih + liquid
270 / MS11 + liquid
L MS11 + MS7
ice In + MS11 |
260 —— S S
0 10 20 30 40 50 60
Weight % MgSO04

Figure 1.12 T-X phase diagram of the binary systaagnesium sulfate — water at room pressure
showing stable phase boundaries. From Grindrbdl (2008), after Hogenboort al. (1995) and
Petersen and Wang (2006).
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1.2.2.3 MgS0,.11H,0 — Meridianiite.

MgSQ,-11HO (MS11) is the most water-rich of the MgS@ydrates; it was made in
synthetic form by Fritzsche in 1837 and subsequerdmed after its discoverer (Fritzsche’s
salt). It was recently found as a naturally ocagrileposit at a frozen brine pond in Canada
(Petersoret al.,2007), and the natural mineral was called merid@after a possible locality

on Mars.

MS11 crystals are triclinic, space grouﬂ_,RZ = 2) with a = 6.72746 (6&, b =6.78141 (6)

A, ¢ = 17.31803 (13}, o = 88.2062 (6) °p = 89.4473 (8) °y = 62.6075 (5) ° and V =
701.140(6)1&3 at 4.2 K (Fortest al., 2008). The atom naming scheme used throughout this
work is a variation of the scheme used in Foeteal. (2008) modified to make it similar to
the naming scheme used for mirabilite. Figure 143 connectivity map showing the
bonding scheme in MS11 and Figure 1.14 is a polglegepresentation of the MS11
structure. Oxygen aton®1 — O4are the sulfate oxygen§5 — Ol0are Mg-coordinated
oxygens and the remaining 5 oxyge@4,1 — Ol5are the free water molecules. The hydrogen
atoms are named for their associated oxygen atdonsgxample the water molecule
containingO11 will then also contairH11a andH11b In this scheme, the water molecule
with the bifurcated H — bond (see Foretsal, 2008) is denote®14 The Mg-octahedra and
sulfate tetrahedra are connected through the feewater molecules. Figure 1.13 shows that
the two Mg- octahedra are symmetry independenthave differing bonding schemes. The
water molecules coordinating Mgl are H-bonded tthhkbe free water and the sulfate
tetrahedra, while those forming the octahedronralddg2 are only hydrogen bonded to the
interstitial water molecules (Fortes al., 2008). The sulfate tetrahedra in MS11 accepefew
(10 vs. 12) hydrogen bonds than the tetrahedraiiahilite, presumably as a result of the

difference in electron density between the Mg aadchtions.
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Mg (H,0)4 octahedra

bifurcated
H-bond

Figure 1.13 Connectivity map for MS11 at zero puessafter Fortest al. (2008)

Interstitial water

Sulphate tetrahedra
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Figure 1.14 Polyhedral representation of the antbj@messure, low temperature, meridianiite
structure, with the unit cell outlined in black: agw along thea-axis, b) along thds-axis, and c)
along thec-axis. The Mg(HO)g octahedra are shown in dark green and thet&@ahedra in orange.
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1.3 Previous studies of evaporitic salt hydrates.

1.3.1 Previous studies of mirabilite.

To date there have been few structural studiesimafaifite. The crystal system and unit cell
shape were known from early goniometric analysig.(€rooke, 1824: see Groth, 1908,
pp371-372). The earliest X-ray data are preseryddamawaltet al. (1938), in the form of

relatively inexact d-spacings vs. intensity. Theat-gell dimensions and space-group were
determined using single-crystal X-ray methods bjetfil (1959) and Cocco & Rossetti

(1959), and the heavy atom structure was lateregplapparently independently, by Ruben
et al (1961) and by Cocco (1962). Both studies obthite same structure, although the
latter displaces the unit-cell origin by 0O, 0, *evlk & Lisensky (1978) carried out a single-
crystal neutron diffraction study, publishing acer hydrogen atom positions and

describing orientational disorder within the sturet

No values of the incompressibility or thermal exgian as a function of temperature had
been published before this study began. In lighthef association of hydrated salts with
extraterrestrial applications, there has been amrdat within the planetary science
community in measuring the solubility and densityrirabilite at non-ambient conditions
(e.g., Hogenboonet al., 1999; Doughertyet al, 2006) to extend earlier high-pressure
investigations of the pressure dependence of tieicabilite eutectic in the range from 0 <
P < 0.8 GPa and 263 < T < 343 K (Block, 1913; Gell®24; Tammann, 1929; Tanaka
al., 1992; Kryukov & Manikin, 1960).
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1.3.2 Previous studies of meridianiite.

As with mirabilite, there have been relatively fetmuctural studies of meridianiite; indeed,
until 2006 it was thought that this compound wag tiee undecahydrate but the
dodecahydrate of magnesium sulfate. The phaseoredadf MS11 were first investigated
around the turn of the 2@entury by Cottrell and reported in Van't Hoff (9. The crystal

structure of meridianiite was determined by Petermed Wang (2006) who also recorded
the first discovery of naturally occurring MS11 @anada (Peterseet al,2007). There

have, as yet, been no studies of the compresgibfliMS11 although the thermal expansion

was recently measured using neutron diffractiohni@pes (Fortest al.,2008).

Recently, there has been a renewed interest in NiSlight of the discovery of multiply
hydrated Mg-sulfates at the surface of Mars. Thestities and solubilities at planetary
conditions have been of particular interest (Hogembet al, 1995); Grassetdt al, 2001,
Forteset al, 2006; Doughertet al, 2007) and it was suggested that the volume @agg
dehydration of MS11 could be responsible for rgtion Ganymede (Dagt al, 2002;
Hogenboomet al., 2002). High pressure studies of meridianiite h&veused on the
rheology of eutectic MS11-4@ mixtures (McCarthgt al, 2007).
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1.4 Aims and methodologies of this thesis.

It is clear that there is a great deal still unknoabout mirabilite and meridianiite even
though these materials and their properties areoiitapt in a wide range of geological
situations and processes. The objectives of thiskweere to obtain the thermoelastic
properties over a range of temperatures and peessurnich are relevant to both industrial
and planetary processes and then to apply thegeenbies to appropriate simulations of
those processes. More specifically, the work aineeduantify the thermal expansion and
compressibility of mirabilite from 0 — 5.5 kbar add® — 300 K and the compressibility of

meridianiite from 0 — 5.5 kbar.

The technigues used in this work involve both cotational and experimental methods as a
means of investigating the pressure-temperaturgavel space. These techniques are
explained in detail in Chapter Neutron diffraction studies, land Chapter 4Ab intio
simulations ] but there follows here a brief overview and erplion of the reasoning

behind the selection of the particular methodology.

1.4.1 Computer simulation techniques

Computer simulations are an exceedingly valuabt¢ ito the investigation of planetary

materials. Three major advantages of using sinuriatare:

1. There are no constraints on the pressures amgktatures that can be simulated.

2. The primary output from a simulation is usuahg relationship between the energy and
the volume (an E-V curve), for the material underudation and most physical properties
which are relevant to Earth and planetary scienttstn be derived from this, thereby
reducing the experimental need for an array ofedéffit set ups to measure each class of

physical property.

3. Errors encountered in theoretical simulationg.(estatistical errors in molecular
dynamics methods, system size and k-point samplimyergence i@b initio calculations)

although present, are quantifiable.

There have traditionally been two computationalrapphes employed in the simulation of
materials. The first of these uses classical k@iatito represent the interactions between

constituent atoms as a potential function; the sgcavhich is becoming increasingly
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popular as the available computational power irsggais to use quantum mechanical first

principles relations to describe the interactioesMeen atoms.

Relatively complex systems such as salt hydratesept a challenge to potential
calculations as both bonded and non-bonded interecimust be accounted for by any
potential model. The potential models that havenb@eveloped are adapted versions of
models applied to ionic materials. Hydrated suHateave yet to be represented in
interatomic potential calculations due to the addednplexity brought by the water

molecule to the interatomic interactions.

The earliest investigation of anhydrous sulfategedhbn, 1992) developed potentials for
potassium sulfate, which were then transferrectbusn sulfate. However, these potentials
did not discriminate between the bonded and nomédninteractions present in the
structures. A subsequent study by Allah al (1993) did distinguish between these
interactions through the inclusion of a Morse pb&rand was successful in simulating a
range of anhydrous sulfates, including MgSd NaSQ,. Most recently, Jackson (2001)
modified the results of Allaet al (1993) by including a harmonic potential (in @aaf the

Morse potential) to represent the S-O interactidowever, neither Allaret al (1993) nor

Jackson (2001) refitted the sulfate potentialseftect a change in cation; only the cation —

oxygen interaction has been modified with each selfate system modelled.

Potential calculations, although generally adeqt@teimulating the bulk lattice parameters
of the sulfates as a group, are not sufficientlyusi to represent accurately the complexity
of the multiple phases for each different catiotfate system. Appendix 1 details an
attempt to use interatomic potential calculatiomsitnulate Ng5O, (there is a companion
study for MgSQ but this has not been included). This work hashe®n presented in the

main part of the thesis as the results are notidered sufficiently reliable.

Quantum mechanicalb initio calculations have long been employed to simula&enals
of geological interest. They have been used sutdgsdo simulate a wide range of
materials such as iron in the Earth’s core (e.de At al., 2004; Belonoshket al., 2000;
Laio et al., 2000), copper (Moriatet al., 1986; Belonoshket al, 2000; Va@adlo et al..
2004) polymorphs of WD (Fortes, 2004) and multiple hydrates such as repso
(MgS0Q,.7H,0) (Fortes, 2006a) and ammonia hydrates (Forté®)2@Vithin the umbrella
of “ab intio calculations” there are a large variety of flawuof calculation depending on

the assumptions which go into the energy mininmisedéind determination.
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Ab initio methods have been used to simulate both mirabifitemeridianiite, as, although

they are somewhat more computationally expensiem ttlassical methods, they have
proved superior in the simulation of multiply hytid compounds such as these (Foetes

al., 2006b).

1.4.2 Neutron diffraction techniques.

Diffraction is an extremely powerful diagnostic kd the study of materials. Thanks to the
properties of quantum mechanics, in particular vevparticle duality, particles such as
neutrons and electrons can produce diffractionceffeNeutrons are particularly useful for
the study of crystalline solids for several reasdfisstly, as with X-rays, neutrons can be
produced with a wavelength of approximately 1Astis comparable to the interatomic
distances within the materials of interest. Secgnaéutrons are scattered by the nucleus,
rather than by electrons, so the scattering cresSes is relatively small which allows the
neutrons to penetrate the whole sample rather phsinthe surface layer as in X-ray
diffraction. Thirdly, the neutron scattering factafran atom is not related proportionally to
atomic number and, therefore, neutron diffractian c'see” lighter elements such as
hydrogen much better than X-ray diffraction wheme scattering factor is linked in this

way.
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1.5.Thesis Outline

This thesis is divided into two main sections: Gkep 2, 3 and 4 are experimental and
Chapters 5, 6 and 7 describb initio calculations. In particular, Chapter 2 descrildes t
background and experimental methodology employ@demeutron diffraction experiments
carried out here. Chapter 3 reports the resultsheffirst of these neutron diffraction
experiments, an experiment to determine the theemphnsion of mirabilite, one of the
candidate salt hydrates, over a temperature rafige20— 300 K at ambient pressure.
Chapter 4 describes a neutron diffraction experintenmeasure the compressibility of
mirabilite from 0 — 0.55 GPa at 260 K and 80 K. fea 5 describes thab initio
methodology using the ViennAb initio Simulation Package (VASP) to simulate the
structures and in compressibilities. The resultsheke simulations for mirabilite (0 — 60
GPa) and MS11 (0 — 11 GPa) are given in Chapterd6Ghapter 7 respectively. The final
chapter then summarises the results obtained fneraxtperiments and simulations, and also
describes details of a preliminary investigationwhich the thermoelastic properties of
some of the salt hydrates have been used to ma®efid structures on Earth, Mars and the

icy satellites.
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Chapter 2

Neutron diffraction studies I: Methodology
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2.1 General introduction to diffraction.

Diffraction arises from the interaction of wavesttwiperiodically repeating objects; it
provides an extremely powerful diagnostic tool tiee study of the structure and properties
of materials. The basic principle of diffractionrnclae most easily visualised by considering
a “diffraction grating”, essentially a regularlyasyed set of holes. When a wave approaches
such a barrier containing regularly spaced gapdasinm separation to the wavelength of
the incoming wave, each gap will act as a new wsece, producing a secondary wave.
As the secondary waves radiate away from the rdgiudpaced gaps and interact with each
other there will be some directions where wavesstantively interfere and some where
they destructively interfere. This effect is obsehfor any type of wave, or group of waves,
provided the wavelength of the incoming wave islm#han that of the periodic spacing in

the obstructing object.

Crystalline solids can act as 3-dimensional ditiat gratings as they are built up of a
regular repeating set of base blocks - their uglisc now, the secondary waves are
produced by scattering of the radiation by the atevithin the crystal. Incorporating three

dimensions of diffraction complicates the resultpaitern significantly but we can simplify

the problem using Bragg’s law. In this approach,itttoming waves are, in effect, reflected
from planes of atoms within the crystal (see Fig2ife and constructive interference (i.e., a
diffraction maximum) will occur when each successiscattered wave is exactly one
wavelength out of phase with the preceding one.tkisrto be true, Equation 2.1 must be

satisfied:

2dsin @) =A Equation 2.1

whereA is the wavelength of the incoming radiati@nis the angle of incidence (which is
equal to the angle of reflection), and ‘d’ is thEasing between the planes of atoms in the

crystal structure.

44



Chapter 2: Neutron diffraction studies |

Scattered wave /

Incident wave

N

Figure 2.1: Schematic illustrating the geometrBdgg’s law. The green circles represent atoms in a
crystal. The blue arrow is an incident wave andhleek arrows are scattered waves. The dashed
lines are planes within the lattice and “d” is tre¥pendicular distance between the planes.

Practically, in a diffraction experiment, it is thetensity of the diffracted waves with

varying d-spacing and/orB2vhich is recorded by detectors around the sample T
crystalline samples used in diffraction experimaas be either powders or single crystals.
Powders have the advantage over single crystals tkiea experiments are simpler to
perform, particularly in controlled sample envircemts, although interpretation of the data
may be more difficult. Statistically, in a well-rdomised powder, every possible
crystallographic orientation is represented; howepeeferred orientation effects, which can

alter the observed intensities, cannot always bélad.

If diffraction is to be used to analyse the stroetof crystalline materials, the incoming
wave must have a wavelength less than twice thardis between the planes within the
crystal; this length-scale is of the order ofAl In the electromagnetic spectrum, this
wavelength is within the X-ray region and X-rayse awidely used in diffraction

applications. However, thanks to the propertiegiintum mechanics, in particular wave-
particle duality, particles such as neutrons can bk used to form diffraction patterns from

crystalline materials.
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2.2 Neutron diffraction

Neutrons can be produced artificially with waveldrsgof the same order as the interatomic
distances within the lattices of typical crystatlisolids and so these are ideal particles to
use in the study of these materials. There arefwignt differences between the interactions
and behaviour of X-ray radiation and neutrons th@ke each suited to different
applications. Neutron diffraction is more suitalibe investigating the large-unit-cell salt

hydrate compounds of interest to this study foesaiweasons:

Neutrons are scattered by the nucleus, rather llyathe electron cloud, so the neutron
scattering cross-section is relatively small. Tddlsws the neutrons to penetrate further into
the sample rather than just the surface layers Heicase in X-ray diffraction. Neutrons are
also more readily able to penetrate sample contaared other components used to generate

the sample environment.

The neutron scattering factor of an atom is nategl proportionally to atomic number;
therefore neutron diffraction allows us to “segjhlier elements better than X-ray diffraction
where the scattering factor is linked to the numbkrlectrons in the atom. Hydrated
compounds, and others with large amounts of hydrageheir structures, therefore benefit
greatly from a neutron approach. Similarly, whergmsX-ray scattering factor can be very
similar for neighbouring atoms and is identical ieptopes of the same element, for
neutrons it can be very different, so it is easdistinguish between neighbouring atoms in
the periodic table using neutrons. An example o iththe disparity between the coherent
scattering lengths of hydrogen and deuterium (74.8 10" cm and + 0.667 x 18 cm
respectively (Neutron News, Vol. 3, No. 3, 1992, @9-37). Variations in neutron
scattering factor also means that combinationsaofiqular isotopes and elements can be
used to produce null scattering materials suchlagsaof Ti and Zr where the negative and
positive (respectively) coherent scattering amgbticancel each other out and the resulting
alloy is effectively invisible to neutrons. Suchterdals are excellent for fabricating sample

environment equipment as they will not interferg¢hwthe passage of the neutrons.
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2.2.1 Neutron diffraction and hydrated materials.

As well as a difference between the coherent saagtéengths for isotopes of hydrogen,
there is also a large difference between their heoent scattering cross sections. The
hydrogen atom has a large incoherent neutron sicafteross section, 79.9 xtbcnt,
while deuterium has a much smaller one, 2.02>‘lm12(Neutron News, Vol. 3, No. 3, 1992,
pp. 29-37). This is exemplified in Figure 2.2, whishows a neutron powder diffraction
pattern for a) a protonated Antarctic ice samplé bnha deuterated ice sample. It is clear
that protonation has a significant effect on theoam of background recorded. To avoid
this effect, deuterated samples are commonly usedndutron powder diffraction
experiments and, therefore, for the experiment®rted in this thesis a perdeuterated
mirabilite analogue has been used in order to sehg@od signal to noise in the measured
diffraction data (e.g.Finney, 1995). Deuteration is likely to have a mial impact on the
properties under investigation here; by comparisith water ice, we would expect the unit
cell of the deuterated isotopomer to be slightigda (order 0.1 %), and the bulk modulus to
be slightly smaller (order 1 %) than for the hydrogbearing analogue. The work of Rottger
et al. (1994) does not show a significant difference atume thermal expansion between
D,O and HO.
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Figure 2.2 A comparison of the diffraction patteais) Antarctic HO ice (Fortest al. 004)), and
b) a pattern for BD collected upon warming ice Il through the trapsitto Ice Ic (at 160 K) on
HRPD .

2.3 Generation of neutrons.

There are two ways of producing neutrons that aglarly used at research facilities
engaged in crystallographic studies. The firsbisige a nuclear reactor, as at the Institute
Laue-Langevin (ILL) in Grenoble, or the OPAL reaciio Sydney, where fission generated

neutrons are moderated to suitable wavelengthshemddirected to the various instruments.

The second method of neutron production is spatlativhich is the method employed by
the ISIS facility at the Rutherford Appleton Labianm@es in Chilton, Oxfordshire, where the
diffraction experiments presented here were camigd Spallation production of neutrons
uses an accelerator to generate neutrons as tdegprof the collision of an accelerated
particle beam with a heavy metal target; the nestrare then moderated en route to the
individual instruments. Reactor neutron sourcegyaresrally more powerful than spallation
sources but the pulsed nature of a spallation soaifows for a similar data collection rate

via application of the time-of-flight method (Seec8on 2.6).
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Figure 2.3 shows the layout of the experimentdl dtathe 1SIS facility. At ISIS, to generate
neutrons, first a beam of bns is accelerated to high speeds with resuétimgrgies of ~70
MeV, in a linear accelerator. This beam is themdteéd at a frequency of 50 Hz into a
synchrotron. On entry, both electrons are removechfthe H beam, converting it to a
proton beam, which is then accelerated furthemtweiase the energy of the particles to
around 800 MeV over the course of approximately0@0,revolutions in the accelerator.
The beam is then fed from the synchrotron to thgeemental hall where it collides with
the tantalum-clad tungsten target at the centtBeohall. This collision excites the nuclei of

the target causing them to release neutrons agaseé losing energy.

Neutrons produced at spallation sources in this widyhave a range of very high velocities
and energies. Thus, the neutrons must be modei@teduitable energy range before being
used by the instruments. The moderated neutron bmaynrequire further conditioning.
This is performed, as necessary, at instrumentl,ldye devices termed “choppers”. At
spallation sources, chopper blades, made of neatsearbing material not only block high
energy neutrons and gamma radiation, another pradube fission process which would
cause severe background and damage the samplalsbuturtail slow neutrons from the

previous pulse.

At ISIS, there are 31 instruments arranged at iiffedistances and orientations from the
target around the ISIS experiment hall. Each imsént has unique capabilities and so each
is used for a distinctive set of research actisittend was specifically designed for that
purpose. Once the neutrons arrive at the instrurmedtinteract with the sample, detectors
arranged at instrument-specific values &f r2lative to the incoming beam, record the
diffracted neutrons. The majority of the instrungeat ISIS use the neutrons, but five are
dedicated to the study of muons, which are prodbgeidteraction of the proton beam with
a graphite intermediate target. There are six unsténts whose primary activities are
crystallographic, and of these HRPD — the High Re&m Powder Diffractometer - is the

most powerful in applications to structural studdéshe type described here.
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Figure 2.3 The layout of the experimental hallret ISIS neutron spallation source at the Rutherford
Appleton Laboratory showing the location of the\nemetal target and the HRPD instrument.

2.4 HRPD — The high resolution powder diffractometer.

The High Resolution Powder Diffractometer (HRPD)s&t outside the main experimental
hall at ISIS. This affords HRPD an unusually longution flight path (95m). This,
combined with almost constant resolutidwlid = 4x10” in the backscattering detector$, 2
= 168.33°) across all d-spacings, makes HRPD igealited to the rapid and accurate
determination of cell parameters. Moreover, thdrumsent is sensitive to shifts in peak
positions roughly two orders of magnitude smaklamtthe nominally stated resolution.
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2.5 Time-of-flight neutron diffraction.

The most common diffraction method employed atgulilseutron sources is that of time-of-
flight (t-o-f), neutron diffraction. By equating gotum mechanical momentum with
classical momentum and incorporating Bragg's laws possible to derive an expression in
which the d-spacing within a crystal is proportibt@athe t-o-f of the diffracting particle.
Thus:

The quantum mechanical momentum of a particlefineia by:

hk = mv Equation 2.2
where/ = h/277(h is Planck’s constantk is the angular wavenumbde = 2774 (A being the
wavelength) the velocity of the particley, is simply L, the distance travelled, divided by t

the time of flight ¢ = L/t).

Equation. 2.2 becomes:

hk/2m=mL/t Equation 2.3
and,
h/A=mL/t Equation 2.4
which becomes,
ht .
=— Equation 2.5
mL

Therefore, if we combine this with Bragg’s law, BEtjon 2.1 becomes:

2d Sin6=£ Equation 2.6
mL

and finally d= h

=—[ Equation 2.7
2mLsiné

51



Chapter 2: Neutron diffraction studies |

Therefore the d-spacing of the diffraction peakrigportional to the t-o-f, t, which can be
determined to extremely high accuracy. T-o-f experits are carried out at constaét @n
HRPD, data can be collected in the backscatt@=(268.4 °), 90 degree and low angle
(26 = 30°) banks. To obtain results with low d-spacititg higher the value of62 the
better. Correspondingly, the low angle banks prewddta at longer d-spacings. As well as
the d-spacing range, the other primary charadie$teach detector bank is the resolution
it provides in the diffraction pattern. Clearlynse dd/dt is proportional to 1/s#, the

highest resolution will be obtained in backscattgigeometry.

2.6 Data refinement.

The data analysis was carried out using the Rigtoedthod implemented in th&eneral
Structure Analysis SystefGSAS) package (Larsen and Von Dreele 2000) wihth t
EXPGUI user interface (Toby, 2001). The intensitéthe peaks of a diffraction pattern are
related to the atomic arrangement and unit-cetupaters by a Fourier transform. Rietveld
refinement is a specific application of a leastesgs approach for crystalline materials
which refines a theoretical diffraction profile unt matches the measured profile (within a
certain tolerance). This is illustrated below igufe 2.4 which is an example of the
graphical output from GSAS, showing a portion t¢y@ical diffraction pattern. The red dots
are the observations, the green line the calculpteflle, the red and black tick marks
below the pattern show the position of the peak®eted from the 2 phases present, and the
purple trace at the bottom of the figure is théedénce between the calculated and observed

profiles.
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Figure 2.4 Reitveld refinement of mirabilite usi®$AS. For clarity, only a limited d-spacing range
is shown.The red dots are the observations, trendnee the calculated profile, the red and black t
marks below the pattern are expected peaks fa2 fifeases present and the purple trace at the bottom
of the figure is the difference between the cal@adand observed profiles.

The intensity of a diffraction pattern receivedtia¢ detectors of a diffractometer at any
point is a combination of the background scatteramgd contributions from nearby

reflections so both must be accounted for in anicutated pattern and subsequent
refinement. In GSAS a generalised least squarewrsént is used whereby a fit is obtained
by minimisation of the sum of the squares of th#edénces between observed and
calculated values at each point recorded in thigadifon pattern. In the case of a set of
crystallographic observations, the equations gadmgrrthe diffraction intensities are

transcendental, the minimisation function non-lin@ad so any refinement requires an

initial estimate for all variables.

Often, in the first instance it is advantageoususe what is termed a Le Bail fit to the
diffraction data. A Le Bail fit is a modificationf dhe Rietveld method, which uses the
diffraction intensities to fit the pattern to thaitucell parameters, without taking into
account the contribution from the atoms within th@t cell. This allows fitting of the

“whole” pattern and background, which can then bedf in subsequent refinements
involving other elements of the structure. In thgear Le Bail fit is the best possible fit to a
particular spacegroup, however, it has been shbanit is inaccurate in dealing with the

detail of large-volume, low-symmetry structurestsas the salt hydrates of interest here
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(Petersen, 2005). This is because the powder diffia patterns from these materials

contain a very high density of peaks which Le Baiinements struggle to fit.
A key advantage of Rietveld refinement over striadttefinement methods which preceded

it was the ability of this method to account foredapping reflections in a powder

diffraction pattern. The quantity minimised in Rield refinement is:

M = Z“V\/I {yi"bs —% yica'c} Equation 2.8

where Wis statistical weighting of th&' observatiory® v is the calculated intensity at
the position of observation, i, and c is the s¢attor relating the observed and calculated
intensities. Since crystallographic refinements r@oe linear, several cycles of refinement

are needed to achieve convergence.

A measure of how the refinement is progressinghmgleaned through the “goodness of

fit" ¥ .+%is defined as:
X2 =M/ (Nops— Nyay) Equation 2.9

where Nys is the total number of observations ang, the number of variables in the least
squares refinement. Other useful indicators ofgbedness-of-fit can be obtained from the

“R-factors” which are defined as follows:

R, :Z“o_'yzlo Equation 2.10

M .
R = / 2 Equation 2.11
=S

z|lo_|c||[|]|o_|b|

Ry, = 0 z“ —I | Equation 2.12
0 b
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. Z“((IO_I°)(I°_I%)

2
Equation 2.13
Z W(I 0o I b )2

In these equations, Ms the contribution to the minimisation functiaor powder data, w is
the weighting, | is the intensity of the contrilmuti with the subscripts “0” denoting

observation, “c”, the calculated intensity and @#scribes the background contribution.

As stated previously, the intensity of the peaksaidiffraction pattern received at the
detectors of a diffractometer at any point is a loimration of the background scattering and
contributions from nearby reflections. Backgrountensity is accounted for in GSAS using
a combination of an instrument parameter file argk@aerated profile. This component of
the instrument parameter file is essentially arddfion pattern for that particular instrument
and beam current conditions obtained by running@pty sample can. The instrument
parameter file also includes values for paramedach as the primary and secondary flight
paths of the diffractometer which have been deteedhiby running a standard sample
(typically Si powder); such parameters can be dagiering a refinement but there is rarely
a need to do so. In GSAS, the background profitetmfitted using a variety of functions

depending on the pattern. These functions inclpderer series, logarithmic interpolation or
shifted Chebysechev polynomials; if all else fatlse background profile can be fitted

graphically by the user.

The intensity that an individual Bragg peak willhtxdbute to the intensity of a pattern, .Y

depends largely on its structure factor, multipjicéind the amount of a particular phase. In
addition, the intensity of a peak can also be #fitdy the shape and width of the peak
relative to its position as well as other importéadtors such as absorption, extinction and

preferred orientation. Thus (Von Dreele and Lar2€04),

Yh=S B, (T-Tyh) Kp Equation 2.14

Where S is the scale factor for the phagés fhe structure factor for the reflection, H(E)-T

is a peak shape function for the reflection atgbsition T, when the peak centre is located
at Ty. The term K is the product of the other intensity correctiactbrs mention above,
which depend on the geometry of the sample andr@mvient and the type of radiation

used, and is given by:
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Kn=(EAROnm L)V Equation 2.15

E; is an extinction correction, /As an absorption correction,,@ the preferred orientation
correction, mis the reflection multiplicity, L is the angle-dapdent Lorentz factor and V is

the unit-cell volume for the phase (Von Dreele hadsen, 2004).

Extinction, &, may be observed in strong Bragg reflections;ctiffely the strength of the
reflection attenuates the incident beam as it gaig¢her into the powder sample, and so
the observed reflection appears weaker than mighdreise be expected. Extinction is
strongly dependent on wavelength. If it is not by accounted for, extinction in powders
can lead to the erroneous values for atomic tenyreréactors and may also produce small
shifts in atomic coordinates The correction to actdor extinction used in GSAS was
developed by Sabine (1985) and Sal@hal.(1988). The absorption factor,Aletermines
the absorption by the sample and again is wavdietgpendent. L, the Lorentz factor is an

additional factor to account for the variation wiensity with wavelength.

Preferred orientation, (Drefers to a preferential alignment of crystalghwi a sample. In
the case of a well-randomised powder, there shbealdittle or no preferred orientation.
However, if there is any recrystallisation durihg ttourse of an experiment then it is likely
that there may well be preferred orientation predugvithin the sample. There are two
types of preferred orientation correction in GSA®I dn these experiments a spherical
harmonic function, which takes into account the try of the sample environment and

the crystal, is used.

The shape of the peaks in a diffraction patterrefsied in GSAS using a set of profile
coefficients. Typically the peak shape can be adtdy represented by only refining a
limited number of key coefficients, usually only#® denoted; andy,. o; andy; adjust the

shape of the peaks (Von Dreele and Larsen, 200wxeTare further coefficients which can

be used for more complex cases.

GSAS also allows users to apply constraints angaiaess to the model of the structure that
is being fitted. Though these parameters soundasirthey are not. Soft-bond restraints are
used to limit the distances between bonded pairatains to a certain length, within a

tolerance specified by the user. Soft-bond redsane weighted to reflect the effect of the
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restraint component on the minimisation functiord are usually balanced against each
other and the diffraction pattern to ensure that mstraints do not overwhelm the other
contributions to the minimisation function. Consita can be used to confine a variety of
properties of an atom, or group of atoms, to ai@der value or relative value. They are
imposed on parameters which would normally be ateel, but for some presumed relation
within the structure. Constraints which can be udeld are applied to the values of
fractional occupancies, isotropic displacement patars (temperature factors) and atomic
positions. The exact detail of the restraints aadstraints used in each experiment are

explained at the start of the relevant chapter.

Summary

This chapter summarises the key aspects of diftra&xperiments and their application to
the study of hydrated materials. | have descriltedproduction of neutrons at spallation
sources such as ISIS and the time-of-flight methajowhich is typically used at such
facilities. The results of the following chapte&dnd 4), will be analysed using a Rietveld
refinement package called GSAS which employs at-kgsares fitting approach to the
refinement of a diffraction pattern. Chapters 3 dndetail the results of two experiments
carried out to determine the thermal expansion aadhpressibility of mirabilite at
temperatures and pressures relevant to planetaticatons (0 — 0.55 GPa and 4.2 — 300
K).
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Chapter 3

Neutron diffraction studies II:

The thermal expansion of mirabilite from 4.2 — 300 K
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For this thesis two powder neutron diffraction expents were carried out on HRPD at
ISIS. The first, in July 2006, was a three day expent to measure the thermal expansion
of the salt-hydrate, mirabilite (MNa0,.10H,0), over a temperature range of 4 — 300 K at

ambient pressure.

To measure the thermal expansion of a material @y simply monitor its unit-cell volume
over a range of temperatures. To date, there haee bo measurements of the thermal
expansion of mirabilite (see Chapter 1, Sectiornfdr.4 description of the previous work on

this material).

The work from this chapter has formed the basis gfaper, published in Physics and
Chemistry of Minerals (Brand et al., 2009).

3.1 Sample preparation and data acquisition

3.1.1 Sample preparation

To make the sample, crystals of perdeuterated itiieatvere grown from a supersaturated
solution of NaSQ, (Sigma Ultra) in RO (Aldrich, 99 wt. % D) in a sealed flask. Largé (~

cnt) crystalline lumps of mirabilite were extractedrfr the mother liquor and characterised
by powder X-ray diffraction at University Collegeihdon prior to the ISIS experiments to

confirm their phase identity.

At ISIS, solid lumps of mirabilite were extractaom the liquor, dried on filter paper, and
then quickly powdered in the ISIS cold room (tovaem® dehydration which occurs at 305
K), using an agate pestle and mortar; the resultiogrse powder was loaded into an
aluminium-framed slab can (sample size 25x18x10 mith vanadium windows (see
Figure 3.1). During the data analysis (see sec3idn3. below) it was discovered that a
small amount (order 1 wt. %) of,D ice lh was present in the sample, which probably
originated from aqueous solution adhering to thiqugstalline chunks after extraction
from the mother liquor. Any ice formed from atmosph water vapour would contain a
large amount ofH, resulting in an incoherent contribution to theckground that is not

apparent.
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Figure 3.1 The aluminium-framed, vanadium-windoabstan used in this experiment.

Gadolinium foil shielding was screwed over the fréate of the can whilst a small electric
heater and a RhFe temperature sensor were ingattedioles drilled in the aluminium
frame to enable accurate measurement and conttbea$ample temperature. The sample
can was screwed onto a cryostat centre stick ardaiped to liquid nitrogen temperatures
before being placed in a pre-cooled OC50 'Orangestat (AS Scientific, Abingdon, U.K.)
mounted on the HRPD beamline.
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3.1.2 Thermal expansion data acquisition.

The sample temperature was reduced to 4.2 K ardveitie collected in the backscattering
detector banks @= 168°), the 90° banks, and the low angle banks=230°), over the
time-of-flight range 30 — 130 ms for 100 pAhr.

Data were then collected upon warming of the sanfjden 10 K to 300 K in 10 K
increments, counting for approximately 20 minutégt@hr), at each datum, and allowing
10 minutes equilibration time. At 300 K, anothendocount (100 pAhr) was undertaken to
obtain another structural data set. Preliminaryaibgrofile refinement of the warming data
showed an abrupt change in the behaviour of the aalii parametef near 150 K (see
Figure 3.6); it was therefore decided to collegtHar data whilst the sample was slowly
cooled to 4.2 K (in 10 K steps interleaved betwidenwarming points), again counting for
20 minutes (7pAhr), with 10 minutes of equilibration at each poifurther structural
datasets (100 pAhr) were collected at 4.2 K afterdlow cooling, and at 150 K during a

subsequent (second) slow warming run.

Data were normalised to the incident monitor speatand corrected for detector efficiency
using a vanadium standard. After normalisation,da were truncated to yield diffraction
patterns over the d-spacing ranges 0.726 — 2.4@8aékscattering), 1.017 — 3.180 A (90°
banks), and 2.724 — 9.300 A (low-angle banks) calgih additional ‘clipping’ at the shortest
and longest flight time edges of the t-o-f windomas done during refinement to eliminate

some residual normalisation errors.

3.1.3 Thermal expansion data refinement - GSAS and least-squares fitting.

The data analysis was carried out using the Rigtoedthod implemented in th&eneral
Structure Analysis Systef@SAS) package (Larsen & von Dreele, 2000) with BEXPGUI
user interface (Toby, 2001). Starting with the K.Quenched dataset, the unit celll{,cB)
and structural parameters,zU;s,) of mirabilite, the unit cell of ice Iha(c), scale factors
and phase fractions, background coefficients (i &hifted Chebyschev polynomial), and
profile coefficients ¢; and 0,, y1, Li1, Loy, Laz andyie) were refined; the initial atomic
coordinates were taken from Levy and Lisensky ()9@B8mirabilite and from Fortest al.
(2004) for ice Ih.
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Soft bond length restraints were imposed upon thiéate tetrahedra and the water
molecules, fixing S — O = 1.47 (2) A and O — O 32(2) A (the latter forcing]O-S-0 =
109 +4°), O —H =0.99 (2) A and H — H = 1.56 (2)fArcing DH-O-H = 105 +6°), with a
x? weighting FACTR = 200. Isotropic temperature fast¢Us) for “like atoms” were
constrained to be identical, these being grouped;dsa atoms (Na2 and Na3), 2; S atoms,
3; sulfate oxygen atoms (04 - O7), 4; water oxygtems coordinated to Na (08, 09, 012 -
017), 5; other water oxygen atoms (010 and O11l)deijterons H-bonded to sulfate
oxygens (H8A, H9A, H10A, H10B, H11A, H11B, H12B, 88, H14B, H15B, H16A and
H17A), 7; deuterons H - bonded to free water mdkesc(H12A, H13A, H14A, H15A) and
8; protons in the disordered ring (H8B, H8C, H&®C, H16B, H16C, H17B and H17C).

Sample texture was refined using the spherical baitrmodel implemented in GSAS (10
terms for mirabilite only). Although the sample wast strongly textured, this term was
found to have a significant effect on the refinatlies of the structural parameters, and gave
improved agreement factors. Finally, it was fouhdttit was necessary to include an
extinction correction to avoid negative temperatia&ors; this is likely due to the coarse
nature of the powder produced in an effort to awethydrating the sample by excessive

grinding.

It was found that the use of a single set of texfpmrameters for all three detector banks
introduced bias into the refinements since the 8&0d low-angle detectors, unlike the
backscattering detectors, do not sense the wholeyd>8cherrer powder ring; for any
structural model, the agreement of fit for eachkbemuld be improved if the texture index

for that bank was allowed to refine.

It was decided, therefore, that the backscattataig alone should be used for refinement of
the structural model since the vast majority of Bnagg reflections (3911) were observed in
the highest resolution backscattering data, whettea80° data contained only an additional
37 reflections (1291 reflections in total in the’ ®@nks from mirabilite) and the low angle

bank an additional 50 mirabilite reflections (or reflections in total in this bank).

However, as a final check of the validity of thimpedure, the structural model obtained by
fitting to the backscattering data was then fixed ased to fit the 90° and low-angle data
varying only the background and peak profile cagdfits, scale factors, the diffractometer

constants DIFA and DIFC, and spherical harmonitutexcoefficients.
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In the later stages of the refinement, the fraetiawccupancies of the disordered atoms
described by Levy and Lisensky (1978) — see Chapteection 1.3.1.3 for a full
description of the structure of mirabilite and HigB.2 below as an aide memoir - were
allowed to vary. As with the similar ring of wateolecules seen in the ice lh structure, the
square ring of Na-coordinated water molecules withie mirabilite structure is formed of
disordered hydrogen bonds, each O---O vector hawiadalf-occupied hydrogen sites at
high temperatures. The occupancies of these sitestfained to sum to 1) were refined to
obtain consistent and physically meaningful resigé® Chapter 1, Section 1.3.1.3).

- 012

015

Figure 3.2 One of the square rings of water mo&suthvolving disordered hydrogen bonds. The
twofold axis of rotational symmetry passes through middle of the ring, although not quite
perpendicular to the plane of the page, as showthdwunit-cell axes.

Levy and Lisensky (1978) also identified two oraidns for the sulfate tetrahedra in the
structure (See Figure 3.4 in the results sectiohiefChapter) with occupancies of ~ 75:25
at room temperature, with correspondingly occuigges for the hydrogen atoms bonded to
the sulfate oxygens. However, refinement of théas site occupancies in the present
study resulted in a shift from 75:25 to 100:0. sThccurred in all four structural datasets.
Great care was taken to test the effecidof fixing partial occupancies on these sites; the
data are only consistent with ordered sulfate ltietiiea and ordered hydrogen bonds donated

to the tetrahedra's apices (Section 3.2.1).

The quality of all the fits to the long count dada, exemplified by the 4.2 K slow cooled fit
in Figure 3.3 and reported as Rietveld powdersttesi in Table 3.1, is very good, even in

the 90° and low-angle banks where the structuralehwas fixed; Rvalues are all below 3
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% for the 4.2K slow cooled data. The texture indéxnirabilite is= 1.01, indicative of a
well randomised powder, and the refined phaseifnaaif mirabilite is 0.986(3). Note that
the extinction coefficient is much higher at 30Qth&n it is at lower temperatures; this is
probably due to grain growth since the specimen atmsre its binary eutectic temperature
and a small amount of partial melting must haveuged; this is also reflected in an

increase and change in form of the backgrounderdifiraction pattern at 300 K.
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Sodium Sulfate Decahydrate 4.2 K

Sodium Sulfate Decahydrate 4.2 K

Sodium Sulfate Decahydrate 4.2 K
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Figure 3.3 Neutron powder diffraction patternslofiy cooled mirabilite at 4.2 K (i, ii and iii),30 K (iv, v and vi) and 300 K (vii, viii and ix) ¢dined on HRPD; i, ivand
vii are from the backscattering banks, ii, v anitlasie from the 90° banks and iii, vi and ix arerfr the 30 banks. In each case the red circles are the clitsmmg, the green
line the fit to the observations and the pink ledow is the difference between the fit and thecolmtions. The lower set of black tick marks derib&epositions of the
mirabilite peaks and the upper set of red tick manle the positions of D ice |h peaks
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Table 3.1 Refinement statistics of the four longga@ount datasets.

4.2 K slow cooled

No. of Fitted Minus Background
Histogram reflections wRp Rp wRp Rp
Backscattering banks 3911 2.6% 2.2% 2.9% 2.4%
90 degree banks 1291 18.110 2.9% 2.2% 2.8% 1.5%
Low angle banks 51 3.4% 2.9% 3.5% 2.3%
Total 5253
150 K
Backscattering banks 4108 1.942 2.4% 2.1% 2.9% 5.2%
90 degree banks 1278 15.570 2.9% 2.2% 2.9% 1.7%
Low angle banks 58 8.564 6.9% 5.6% 10.8% 8.9%
Total 5444
300 K
Backscattering banks 4144 1.182 1.9% 1.7% 2.4% 2.2%
90 degree banks 1676 12.360 2.6% 2.3 % 2.3% 2.3%
Low angle banks 96 1.419 8.0% 7.0% 9.8% 8.7%
Total 5916
4.2 K quenched
Backscattering banks 4108 2.676 2.7% 2.3% 3.0% 2.6%
90 degree banks 1630 16.90 2.9% 2.2% 2.7% 1.7%
Low angle banks 63 4.044 3.9% 3.2% 4.2% 6.5%
Total 5801

4.2 K slow cooled 150 K 300 K 4.2 K quenched
Extinction (um?) 245.24 295.00 926.77 265.33
Texture indices 1.0087 1.0115 1.0924 1.0094
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3.2. Thermal expansion results

During the course of this experiment, while mosthef data were collected in shortgXhr

per temperature sections, there were 3 temperatusgehlition to the initial 4.2 K dataset at
counts of the order of 100Ahr which produced high resolution structural da#s: a
second 4.2 K data set (after slow cooling), a 15@aka set and a 300 K dataset. It is these
long-count datasets and their findings that arentep and analysed firstly in section 3.2.1,

before section 3.2.2 discusses the thermal expabsioaviour of the mirabilite structure.

3.2.1 Structure and disorder of mirabilite.

The unit cell dimensions obtained from the fouustural refinements at 4.2 (slow and
rapidly cooled), 150 and 300 K are shown in Tahl& atomic coordinates, and selected
interatomic bond distances and angles at each temope are given in Table 3.3 below.
Whilst these results do not offer a significant im@ment in uncertainty on the atomic
coordinates over Levy and Lisenky's (1978) singiestal study, they do allow the
determination of the temperature dependence ofskeictural parameters which may be
related to the anisotropy of the thermal expansiengescribed in the subsequent section.

The agreement between the 300 K deuterated urditnoehsured here and the 298 K
hydrogenous unit cell (Levy & Lisensky, 1978) ixelkent; onlyf3 differs by more than@

Table 3.2 Comparison of the unit cell dimensionsnifabilite at 4.2 K (slow cooled and quenched),
150 K and 300 K with the published values of Leng &isensky (1978).

4.2 K 4.2 K 150 K 300 K 298 K

Quenched slow cooled L& L (1978)

a (A) 11.44190(6) 11.44214(4) | 11.46417(5) | 11.51473(7) 11.512(3)
b (A) 10.34307(5) 10.34276(4) | 10.34689(5) | 10.36496(6) 10.370(3)
c (A) 12.75316(6) 12.75468(6) | 12.77201(6) | 12.84653(7) 12.847(2)
B(°) 107.838(1) 107.847(1) 107.826(1) | 107.7545(1) | 107.789(10)
Volume (A% 1436.714(8) 1436.794(8) | 1442.266(8) 1460.20(1) 1460.3(5)
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Table 3.3 Sulfate bond angles and lengths in thebitite structure at 4.2 K, slow cooled and
quenched, 150 K and 300 K.

Levy and

4.2 K 4.2 K slow Lisensky

quenched | cooled 150 K 300 K (1978)
Length (A)
5-04 1.467(2) 1.466(2) |1.467(2) [1.467(1) | 1.487(6)
5-05 1.466(2) 1.467(2) | 1.466(2) | 1.467(1) | 1.481(7)
S-06 1.468(2) | 1.469(2) | 1.468(2) | 1.467(1) | 1.467(7)
5-07 1.467(2) 1.468(2) | 1.466(2) | 1.467(1) | 1.486(7)
Angle (°)
04-5-05 109.3(2) 109.5(2) 109.4(2) 109.5(2) 109.7 (4)
04-5-06 109.6(2) 109.6(2) 109.5(2) 109.5(1) 110.0 (5)
04-5-07 109.5(2) 109.6(2) 109.5(2) 109.5(1) 109.4 (5)
05-5-06 109.3(2) 109.4(2) 109.4(2) 109.4(1) 109.0 (4)
05-5-07 109.9(2) 109.8(2) 109.8(2) 109.5(1) 108.7 (5)
06-5-07 109.2(2) 109.0(2) 109.3(2) 109.5(1) 110.0 (5)
Length (A)
Na2-012 2.432(9) | 2.433(9) | 2.418(10) | 2.416(16) | 2.450(7)
Na2-013 2.413(9) 2.409(9) | 2.414(10) | 2.451(16) | 2.440(7)
Na2-014 2.413(10) | 2.403(9) | 2.392(11) | 2.409(16) | 2.390 (6)
Na2-015 2.374(10) | 2.378(9) | 2.410(11) | 2.391(16) | 2.402 (6)
Na2-016 2.444(9) | 2.429(9) | 2.438(10) | 2.460(17) | 2.454 (8)
Na2-017 2.383(9) | 2.390(9) | 2.397(10) | 2.467(17) | 2.425 (8)
Na3-08 2.381(9) | 2.386(8) | 2.417(10) | 2.433(14) | 2.385(7)
Na3-09 2.357(8) | 2.369(8) | 2.345(9) | 2.321(14) | 2.389 (7)
Na3-012 2.439(9) | 2.459(8) | 2.457(9) | 2.534(15) | 2.450 (6)
Na3-013 2.424(9) | 2.409(8) | 2.430(9) | 2.363(16) | 2.474 (6)
Na3-014 2.371(9) | 2.354(8) | 2.360(9) | 2.425(14) | 2.420 (6)
Na3-015 2.424(9) | 2.418(8) | 2.406(10) | 2.407(15) | 2.432(7)
Angle (°)
012-Na2-014 91.9(3) 91.9(3) 92.6(4) 92.4(6) 91.8(2)
012-Na2-015 86.3(3) 86.2(3) 86.1(3) 87.2(5) 86.3(2)
012-Na2-016 88.6(3) 88.7(3) 88.2(3) 91.1(5) 91.0(3)
012-Na2-017 89.0(3) 88.4(3) 88.2(4) 88.7(6) 88.7 (3)
013-Na2-014 85.9(3) 86.1(3) 86.1(3) 85.4(5) 87.1(2)
013-Na2-015 95.6(3) 95.6(3) 94.9(4) 95.0(6) 94.7 (2)
013-Na2-016 86.6(3) 86.9(3) 87.9(4) 87.5(6) 86.6 (3)
013-Na2-017 95.9(3) 96.1(3) 95.7(4) 92.7(5) 93.7 (3)
014-Na2-016 88.8(3) 89.0(3) 89.7(3) 90.1(5) 91.3(3)
014-Na2-017 92.4(3) 92.9(3) 92.9(4) 91.1(6) 90.5 (3)
015-Na2-016 87.5(3) 87.6(3) 87.2(3) 88.3(5) 86.7 (2)
015-Na2-017 91.3(3) 90.5(3) 90.2(3) 90.5(6) 91.6 (3)
08-Na3-09 | 93.5(3) [ 93.43) [93.73) [93.1(4) [92.9(3)
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08-Na3-012 92.9(3) 92.4(3) 92.7(3) 88.9(5) 92.1(3)
08-Na3-013 88.3(3) 88.5(3) 88.0(3) 90.2(5) 89.0 (2)
08-Na3-014 92.1(3) 92.0(3) 91.6(4) 90.1(5) 92.3(2)
09-Na3-012 87.4(3) 86.7(3) 87.0(3) 87.0(5) 87.5(2)
09-Na3-013 89.6(3) 89.6(3) 89.9(3) 91.8(5) 89.6 (2)
09-Na3-015 90.4(3) 90.1(3) 90.8(4) 93.5(6) 91.6 (3)
012-Na3-014 96.3(3) 96.4(3) 96.7(3) 94.2(5) 97.1(2)
012-Na3-015 85.0(3) 84.7(3) 85.4(3) 84.2(5) 85.7 (2)
013-Na3-014 86.6(3) 87.2(3) 86.5(3) 87.0(5) 85.8 (2)
013-Na3-015 94.0(3) 94.6(3) 94.2(3) 96.8(6) 93.5(2)
014-Na3-015 84.2(3) 84.7(3) 84.1(3) 83.4(4) 83.4(2)

3.2.1.1 Hydrogen bond lengths in the long-count datasets.

There are four types of hydrogen bond in the niitabstructure, which may or may not
behave differently with temperature; these ardn@¥¢ donated by Na-coordinated waters to
other Na-coordinated waters (i.e., those involvedhie square rings), 2) those donated by
Na-coordinated waters to interstitial waters, 3)sth donated by Na-coordinated waters to
sulfate oxygens and finally 4) those donated bgrsiitial waters to sulfate oxygens. It is

interesting to note that the deuteron disordeoidined to the type 1 bond.

At 4.2 K H-bond types 1 - 4 have mean lengths 897(2) A, 1.840(3) A, 1.859(3) A, and
1.848(2) A, respectively. At 300 K, the mean lesgtif these bonds are, respectively,
1.7995(4) A, 1.8508(5) A, 1.8500(4) A, and 1.91043)The difference in the mean length
of hydrogen bond type 1 is not significantly ditfat from zero (0.003 + 0.002 A), and in
the type 2 and 3 bonds it is very small (0.010 @08.A). However, the type 4 H-bonds,
those donated by interstitial waters to sulfategexs, exhibit a significant increase in their
mean length on warming from 4.2 - 300 K (0.062 @08. A). This behaviour is similar to
that observed in MgSEL1D,0 where the water - water H-bonds do not chanderigth,
but the water - sulfate H - bonds weaken signifigampon warming (Fortest al., 2008b).

The type 1 hydrogen bonds which form the disordenegl structure exhibit insignificant
differences in length between quenched and slowedogpecimens. The average quenched

and slow cooled values of bond lengths are 1.80R@)d 1.797(2) A, respectively.

Considering the hydrogen bond angles@-D---O), type 2 are the most linear (172 = 0.2°)
and type 1 are the least linear (164 + 0.2°) atkl.Z'his bond angle does not change
significantly with temperature across types-3 (< 1%). However, the average value for
type 4 H-bonds changes by 6(1)° (4%) revealing thath of the strain in the structure is

accommodated by bending of bonds donated by iittakstater molecules.
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3.2.1.2 Disorder within the mirabilite structure.

The existing mirabilite heat capacity data (Pit&eCoulter, 1938; Brodale & Giauque,
1972; Ruberet al., 1961) have been used to infer that hydrogen bamdke mirabilite
structure were disordered, and that this disordecaime frozen-in at limiting low
temperatures. In their single-crystal study, Lery &isensky (1978) identified two areas of
orientational disorder, the first associated witpar of square rings of water molecules

between adjacent octahedral apices, and the sessodiated with the sulfate tetrahedra.

The results at 300 K show complete orientationabudier of the water molecules in the
square rings; the occupancy ratios of the deuteiromise 'b' and 'c' sites in both rings are
49.5(8):50.5(8). As the temperature is reduced Islowhe trend is towards greater
orientational order, the 'b' site having the largecupancy. On the timescale of these
experiments, full orientational order was not achdk at liquid helium temperatures, the
'b"'c' occupancy ratio being ~ 70:30 (see Tad¢, &lthough it is possible that sufficiently
long timescales at low temperatures (e.g., on tiffases of icy moons in the outer solar
system) will permit full ordering of these siteslie attained. This is in agreement with
measurements of the heat capacity as a functidengperature (Pitzer & Coulter, 1938;
Brodale & Giauque, 1972; Rubest al., 1961). More rapid cooling (in this instance,
quenching in liquid nitrogen) results in a non-déguum value for the occupancies
becoming frozen-in. The refined occupancies froenquenched sample measured at 4.2 K
are the same as those observed in the slow-coalegls measured at 150 K (see Table
3.4). As discussed in section 3.2.2.1 below, thdation of the unit-cell parametér
appears to support the hypothesis that this otient disorder becomes frozen in near 150

K when mirabilite is quenched rapidly.

Table 3.4 The refined fractional occupancies (cqairstd to sum to unity) of deuterons in the square
rings defined by oxygen atoms O8/016 (ring 1) artl@17 (ring 2) as a function of temperature
which were constrained to be the same in both rings

Slow cooled Quenched
Species 300 K 150 K at4.2 kK 42K
b’ 0.494(6) 0.652(5) 0.693(4) 0.654(5)
'c' 0.506(6) 0.348(5) 0.307(4) 0.346(5)

Levy and Lisensky also identified disorder over targentations of the sulfate tetrahedra,
which they denoted with 'prime' and 'double-prireeperscripts. The two orientations,

related by a rotation of about 30° about the S-v&Sor (Figure 3.4), generate pairs of
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partially occupied sulfate oxygen sites (04'/048/06", and O7'/O7" in their notation),
which Levy and Lisensky (1978) found to be occupiedhe ratio= 25:75 (Figure 3.4b).
The sulfate apices accept hydrogen bonds from heiging water molecules. The bonds
donated to the O5 apex (from D8a, D10a, and D1&b)¥udly ordered. The bonds to the
partially occupied apical sites are a mixture afesed hydrogen bonds (donated by D10b,
D11b, and D14b) and disordered hydrogen bonds {ddrizy D9a'/D9a", D16a’/D16a", and
D17a'/D17a"). In Levy and Lisensky’s refinementtioé structure the occupancies of these
hydrogen sites share the same occupancy as thal agigen sites; i.e., the 'primed' sites
are ~ 25 % occupied, and the 'double-primed' sites~ 75 % occupied. Notice that the
proposed switch in orientation from ‘prime' to 'Hmiprime’ involves breaking of the
hydrogen bonds donated by D9a', D16a’, and D1fa' ttticker, long-dashed bonds in
Figure 3.4a), and the formation of new hydrogendsadinom D9a", D16a", and D17a" (the
thin, short-dashed bonds in Figure 3.4a). Levy &msknsky (1978) used the room
temperature occupancies to determine the enerfgreliice between the two orientations as
2713 + 197 J mdl, which is approximately 10 % of the energy corgdirin a single
hydrogen bond.
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06" (75 %)

v, 07 (25%)

04' (259%) Q7" (75 %)

Figure 3.4 The two orientations of the sulfateaeédron described by Levy and Lisensky (1978) as
viewed down the rotation axis (the S---O5 vectarjentation relative to the crystallographic aies
shown in (a). The hydrogen bonds donated to tered apex (O5) are shown with solid grey rods;
those donated to the lesser occupied apices (®4'ad®d O7') are depicted as thinner, short-dashed
rods; those donated to the more fully occupied epi®©4"”, 06", and O7") are depicted as thicker,
long-dashed rods.

In the present study, refinement of these site paecies yielded ratios of 'prime':'double-
prime' = 0:100 at all temperatures and this wadicoad by production of a Fourier map of
the neutron scattering density in GSAS. This maphmseen in Figure 3.5; the plane of the
map is defined by the three oxygen atoms O4, O6@ndand the centre of the map is
defined by the position of the sulfur atom, witke thiewing direction normal to the plane
which contains the 04, O6 and O7 atoms. This cpomds to looking directly down from
the O5 vertex of the sulfate tetahedron. The mapvsimo “extra” observable peaks which
could be coincident with the alternative ‘doublérd’ oxygen sites. This is the sole point
of significant disagreement between the presenkwod that of Levy and Lisensky; it is
plausible that the difference is the result of deation, or that it is due to the thermal
history of the sample during the diffraction datllection, or some other aspect of the

crystal growth or sample preparation prior to ttaetof the experiment.
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Figure 3.5 Fourier (f59 map produced from the long-count data at 300 &wéig the observed
scattering density as a function of position withart of the mirabilite unit-cell.

The volume and distortion parameters of the two raginy-independent Na@®)s
octahedra as a function of temperature are givemale 3.5. These octahedra have a
volume ~ 65 % greater than in Mg-sulfate hydrates, exhibit the same trend towards
smaller volume and less distortion with increasigdration number; room temperature data
for thenardite are compared in Table 3.5. Upon ingoto 4.2 K, the Na2 octahedron
increases in volume by 0.7 % whereas the Na3 odtaheshrinks by 2%, the former being
similar to the increase in volume (1-2 %) in the@®4gctahedra observed in epsomite and
meridianiite (Forte®t al, 2006b, 2008b). The Na-O distances between apicajens, and
shared-edge oxygens follow the same trend, thediosmrinking from a mean of 2.420(8) A
at 300 K to a mean of 2.394(4) A at 4.2 KL(L = -1.1 + 0.1 %); the latter shrink from a
mean of 2.425(5) A at 300 K to a mean of 2.408(2)t 4.2 K AL/L = -0.7 +0. 2 %).

Since the S-O bond lengths and angles in the sulédtahedron were restrained, it is not
possible to draw any conclusions as to the tempeyatependent behaviour of this unit;
however, Forteset al. (2008b) note the trend of negligible change inuwa with

temperature in a range of anhydrous and hydratedNfgte crystals.
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Table 3.5 Changes in the size and shape of thehextta in mirabilite and NaQOoctahedra in
thenardite with temperature. Volumes and distorfarameters (as defined by Robingtral, 1971)

were calculated using the program DRAWXtl (Fing

eal, 2007).

300 K | 150 K Slow cooled 4.2 K | Quenched 4.2 K
Na2 octahedron
Volume (A%) 19.719 | 19.854 | 19.813 | 19.854
Na3 octahedron
Volume (A%) 20317 | 19.977 | 19.913 | 19.918
Thenardite®
Volume (A’) 25.500 | - | - | -

(a) Rasmussent al.,(1996).

3.2.2 Thermal expansion of the mirabilite structure.

Lattice parametersa( b, ¢ ) for mirabilite were obtained at 31 temperaturesnf4.2 K to

300 K (in 10 K increments) during slow warming bétinitially quenched sample, and at 30
temperatures from 300 K to 4.2 K (also in 10 K @ments) during slow cooling; these data
are shown in Figure 3.6 and shown in a table inefplix 2. Rietveld refinement of these 7

WA hr datasets yielded unit-cell parameters withiexigion of ~ 3 parts in 100,000, which is

comparable to the precision achieved in earliedistu of MgSQ-7D,0O (Forteset al,
2006b) and MgS@11D,0 (Forteset al, 2008b).
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Figure 3.6 The temperature dependent variatiom®init cell parameters; ajaxis; b)b-axis; c)c-
axis; d) monoclinic anglg; e) unit cell volume, over the temperature range 4300 K. Values
obtained upon warming of the quenched specimestaoen as filled diamonds, and those obtained
during subsequent slow cooling of the specimenlibgaied at 300 K are shown as open squares.
Standard errors are comparable in size to the signised. The solid lines shown in a) — c¢) and e)
are Einstein model fits to both data sets (EqsaB®3.10) and the lines shown in d) are polynomial
fits. See Section 3.2.2.4.
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3.2.2.1 Axial thermal expansions of mirabilite.

During the first warming run, the unit-cell paraeref (see Figure 3.6) was observed to
show relatively little variation with temperaturg o 150 K (-5 + 1 x18 deg. K%,
whereafter the angle began to decrease at a miggr kate (-7.2 + 0.2 x10deg. K%). The
decrease ceases at ~ 250 K whereupon the anghlessadimiting value of ~107.75°. The
behaviour at 150 K suggests that the initial quargchf the specimen to 80 K had locked-in
the dynamic disorder (either of the deuterons erdhlifate tetrahedra) described by Levy
and Lisensky (1978). As a result, a second sefiéata were collected upon slow cooling.
Above 150 K, the behaviour @ during slow cooling is very similar to that on wang.
However below 150 K continues to increase, in what is considered rariab fashion, and
reaching a value at 4.2 K that is ~ 0.01° larganttthe quenched value. This small
difference (~10 % of the total variation over tlage 4.2-300 K) is nonetheless clearly

resolvable.

Given that no evidence for disorder of the sulfagahedron and its related hydrogen
bonds, has been observed, it can be concludedhedbehaviour off at 150 K during
warming is due to 'unlocking' of deuteron disoridethe square rings. The changefin
during continued warming can be inferred to be @yifor the change in occupancy, the
observed saturation @f above 250 K being due to complete disorder (5@&gupancy of
the 'b' and 'c' sites) being achieved. Sincewmuefold axis of rotational symmetry passes
through the centre of these rings, it is logicadttithanges in the shape of the rings

(mediated by changes in site occupancies) shofligeince the monoclinic angle.

The axial expansivities are largely positive ovee ttemperature range investigated,
although theb- and c-axes display a small amount of negative thermahkgagion at low
temperatures (below ~50 K). This behaviour is comnma number of sulfates, including
CuSQ-5D,0, (Schofield and Knight, 2000), Mg$@D,0O, (Forteset al., 2006b) and
MgSQ,-11D,0, (Forteset al., 2008b) each of which has one axis which displagative
thermal expansion. There is little discernible byssis between the warming and cooling
data for thea- andc-axes. The small amount of hysteresis in the lengtheb-axis may be
related to the variations [hinoted earlier. Overall, the expansivities of sh@ndc-axes are
of similar magnitude, whilst thie-axis shows a much smaller thermal expansion. dieraio
arrive at a better understanding of how the theregansion is related to structural
elements in the crystal and the bonding betweemthe next step is to derive the

coefficients of the thermal expansion tensor, aswdised in Section 3.2.2.4.
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3.2.2.2 Unit cell volume thermal expansion of mirabilite.

Using the results obtained from the refinementthefpowder diffraction data the volume
and axial thermal expansivities of mirabilite wesdculated over the temperature range 4.2
— 300 K. The volume thermal expansion is positine dehaves normally above 40 K,
below which it is slightly negative, as can be segeRigure 3.7 where the volume thermal
expansion coefficient,, for deuterated mirabilite from Debye (solid lin@)d Einstein
(dotted line) models are shown, together with tRpeémental values. The dashed line

shows the volume thermal expansion of meridiafitateset al.,2008b) for comparison.
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Figure 3.7 Comparison of the volume thermal expgansbefficient(]y, for deuterated mirabilite: a)
as calculated via equation 3.2 and the heat capdata (dotted line) b) via the Einstein model igsol
lines; Eq. 3.9 and 3.10), fitted to both data sEt& points shown were obtained from simple poynt b
point numerical differentiation of the refined ungll volumes; values upon warming of the
quenched specimen are shown as filled diamondstese obtained on subsequent slow cooling as
open squares. Note the misfit below 40 K. Thehdddine shows the volume thermal expansion of
meridianiite (Fortegt al.,2008b) for comparison.

For the purpose of making a simple density caltutat(e.g., for planetary interior
modelling), a % order polynomial was fitted to the density of rhiiite calculated from the
unit-cell volume between 58300 K of the formp/p, = AT® + BT> + CT + 1. The
coefficients obtained are: A = 2.9(1) xtK?, B =-3.19(5) K, C = 1.61(5) K with p, =
1527.85 kg rii for deuterated mirabilite (R= 99.986 %) and the maximum density

difference between the observed data and those fr@mpolynomial fit is 0.012 %).
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Assuming that the unit cell volume bfydrogenousnirabilite shows the same temperature
dependence as the deuterated isotopomer, therafSON10H0 p, = 1489.63 kg m.

The unit-cell volume thermal expansion is negatiedow 40 K and reaches a maximum
value ofay =~ 110 x10 °K at 300 K. Although the volume thermal expansiear 300 K
gives no indication of impending dehydration, thare subtleties in the thermal expansion
tensor (as described in Section 3.2.2.4); in padrc a, exhibits a very large rate of

increase approaching 300 K.

3.2.2.3 Fitting of the cell parameters of mirabilite using the Griineisen

approximation.

The temperature dependence of the unit-cell volfrora 4.2 - 300 K is well represented by
a simple polynomial of the form V (= -4.143(1) x10 T3 + 0.00047(2) T- 0.027(2) T +
1437.0(1) R (R? = 99.98%). However, a more physically meaningfuipretation of the
thermal expansion curve can be obtained by usingm@&sen approximations for the zero-
pressure equation of state (see Wallace, 1998}hich the effects of thermal expansion are
considered to be equivalent to elastic strain ieduay the thermal pressure. These take the
form, to first order,

V(T)=V, +K£ Equation. 3.1

0

and to second order,

V() =V, {1+ 9 EJbU } Equation. 3.2

where Q = (VKo/y) and b = % Kj, -1); Vyis the unit-cell volume at zero pressure and
temperature, Kis the zero pressure and temperature bulk mod#lysisits first derivative

with respect to pressure (also evaluated at P ad0Ta= 0), andy is a Griineisen parameter

(assumed constant).
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The internal energy of the crystal, U(T), may bé&wated via the Debye approximation
(Cochran, 1973),

SHD/T X3
u(T)= 9NkBT(—] J- dx Equation. 3.3

where B is the Debye temperature, N is the number of atpersunit cell, k is the
Boltzmann constant, and = /w/kgT. Note that the vibrational zero-point energy of
INks &/8 is included in equation 3.2 via the term Yhe integral in Equation. 3.3 may be

evaluated numerically.

Least-squares fitting of the first-order approxiimat (Equation. 3.1) to the V(T) data
yielded the parameteBs = 529(8) K, \4 = 1436.72(4) A Q = 5.56(7) x 18’ J. This value
of Q gives a value of K y= 39(1) GPa

When the second-order approximation was fittedytiaes of the variable parameters were
found tobe 8p = 441(3) K, \§ = 1436.66(3) A3, Q = 7.3(3) x 1& J and b = 11(2); these
imply Ko /y =51 (2) GPa and K= 23(4). In both of these approximations the valoEK,
(and also of K in the second case) are much higher than migsbredoly be expected and
S0, in order to try to obtain more realistic elagtirameters, Equation 3.2 was employed but
with the internal energy term calculated via theasuged heat capacity data (Brodale &
Giauque, 1957; note, however, that these valuetalg/drogenous, rather than deuterated
mirabilite). In order to do this it is necessanhsve an integratable expression fg{. A

fit of the heat capacity data to a single Debye eh@doved poor so a three-region empirical
polynomial approach was employed, the coefficiaitsvhich are reported in Table 3.6;
U(T) was then determined by integration of theslynmomials. Before fitting, the published

C, values were converted tq, €@alues using the expressiop €C, (1+ ay y T); the values

of a,(T) were taken from the present work andias assumed to be 1.3. Figure 3.8 shows

the fit of these polynomials to the modified hespa&city data.

Table 3.6 Coefficients of the polynomial fits teetheat capacity data (see Figure 3.8). Data were
converted to units of Joules per unit-cell per Kein preparation for use in Equation 3.2.

Temperature range A (K) B (K'l) C (K'z) D (K'S) E (K'4)

0-255K 0 0 -1.38753x10%° 2.27323x107%° -3.78677x10®
25.5-120.5K -1.30744x10%* | 5.97279x10** 3.79132x10% -4.02835x107% 1.31661x10°%°
120.5 - 300 K -3.88657x10% | 2.57786x107% -8.0734x10%° 1.72849x10%® -1.29846x10™"
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Figure 3.8 Fit of experimental heat capacity da@nyerted to ¢ values), taken from Brodale &
Giauque (1957) using a multiple fits of third-ordeslynomials for different temperature ranges.
Coefficients of the fits are given in 3.7.

With U(T) calculated from the specific heat datee second-order approximation gave good
agreement with the data above 40 K; below this satpre it is unable to accommodate the
negative thermal expansion of the crystal (see rEig3.7). The values of the fitted
parameters were: = 1436.41(7) A Q = 4.2 (1) x 18’ J andb = 9(2), leading to values
for Ko /y=29(1) GPa, anK ; = 19(4). Once again, the values of i/ and K|, are much
higher than might be expected but are comparahbtiieot®e previously obtained by Fortets
al. (2006b) using a similar procedure for epsomite whewas found that K y= 31.9(3)
GPa andK{, = 26(1). The failure of this approximation to puee realistic values of fand

I

K, Is interesting as for non-molecular solids suchFaSi, (V@&adlo et al. 2002) and
KMgF; (Woodet al. 2002), this technique has been used succesgbotigducing physically
reasonable elastic parameters. It is possible ghabmite and mirabilite show a greater
temperature dependence wpfand K, which are both assumed to be constant in this
approximation. Further high-pressure measuremeats mirabilite, specifically of the bulk

modulus and its pressure and temperature derigatinepresented in Chapter 4.
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3.2.2.4 The thermal expansion tensor of mirabilite.

The thermal expansion of a monoclinic crystal isalbed by a symmetrical second rank

tensor of the form:

an, 0 ag;

0 a,, O Equation 3.4

a; 0 ag
where a3 = 031. Using the Institute of Radio Engineers' convemtior the orthonormal
tensor basis, wher || c, & || b*, ande; ||e; x es, (see Figure 3.9), then the Lagrangian
thermal expansion tensor coefficients for a momacicrystal withb as the unique axis may

be written in terms of the unit-cell parameterslaswn below (Schlenkext al.,1975):

1 . _da dg .
a =—— |sinf—+acosf— Equation. 3.5
u( = Gng { Aot 'BdT} a
a,(T)= bi% Equation. 3.6
0
ax(T) = ci% Equation. 3.7
0

a,,(T) = 1%[ 1 sing } acosf dg _cotf, dc

a_OdT sin2B, 2cosf, | 2a,cospf, dT  2c, dT

Equation. 3.8

81



Chapter 3: Neutron diffraction studies Il

e c

C
Figure 3.9 Diagram illustrating the relationshipvieeen the unit-cell axes (purple dashed lines), and
the directions of the principal axes of the orthomal thermal expansion tensor (black full lines).
Note: q is in thea-cplane.

In order to derive the components of the thermphasgion tensor via equations (3.5) — (3.8)
it is necessary to obtain suitable differentialdpresentations of the cell parameters as a
function of temperature. This has been done byguaimodified Einstein oscillator model
to fit the unit-cell data as a function of temparet rather than by using the Debye
approximation described previously. Although thieelaprovides a more physically correct
model of the behaviour of the solid than the matuérally simpler Einstein model, the
functional form of the Einstein model is such thabetter fit to the experimental data was
obtained (particularly in the regions of negativeahexpansion), as required for proper
determination of the coefficients of the thermapa&nxsion tensor. The derivation of the
modified Einstein model is discussed elsewhere (Gesgeset al, 2008b); using this
approach the temperature dependencies of the elhfrarameters, b, andc, are described

by an expression of the form,

E

X(T) =Xt (eXIZ(OE/T)—l) Equation. 3.9

where X is the value of the fitted parameter at 0 Kel@ga,is a characteristic Einstein
temperature #we/ks, and E is the internal energy of the crystal rplitd by Ki/y (where
Kt is either a volumetric or axial incompressibilandy is a Grineisen parameter). For
mirabilite, a sufficiently good fit (with the comrreasymptotic behaviour as T > 0) can only

be obtained when the parameter E is allowed to &arg function of temperature:
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E=e,+eT+e,T?+e,T°

Equation. 3.10

and the thermal expansion coefficient X*(9X/dT) is then:

(expl0e/T)-1)3eT2 + 26,T +e,)+ (0 / T2 fexploe/ T)esT* e, + o7 +ey) Equation.

X (exp(og/T)-12)?

3.11

It has been observed previously (Foresl, 2008b) that the temperature dependence of E

may be understood in terms of the Grlineisen raingonegative at low temperatures and

positive at higher temperatures, giving a reas@natdtch toy(T) in ice Ih despite thad

hocnature of the parameterisation.

Table 3.7 Parameters obtained by fitting equat®f@sand 3.10 to the unit-cell volume and cell edges
of mirabilite. Note that the unit of Xare X for the volume, and A for the parametard, andc: the
units of @, &, &, and gare &, A K™, A*K?, and & K7, respectively, for the unit cell volume, and
follow the same system in A for the axes.

Volume Volume a-axis a-axis b-axis b-axis c-axis c-axis

(warming) (cooling) (warming) (cooling) (warming) (cooling) (warming) (cooling)
Xo 1436.70(2) 1436.77(3) 11.4421(1) 11.4425(1) 10.3428(2) 10.3429(1) 12.7533(2) 12.7548(2)
6k (K) 85(11) 78(11) 234(7) 233(6) 76(16) 92(14) 87(22) 80(17)
e -3.8(6) -3.4(6) 1.3(1)x10™ 1.26(9)x10" | -8(2)x10° -1.1(2)x10” -1.9(7)x10°  -1.6(5) x10”
e 8(1)x10” 7(1)x107 -5.1(6)x10™ -4.6(5)x10™ 1.0(3)x10™ 1.2(2)x10™ 3.3(1)x10™ 2.8(9)x10™
e -2.5(5)x10*  -2.0(5)x10" 1.2(1)x10° 1.1(1)x10° -1.7(5)x107  -1.9(4)x107 | -1.0(4)x10°  -8(3)x10”
es 3.3(7)x10” 2.7(7)x10” - - - - 1.4(7)x10” 1.1(4)x10”

The parameters obtained from fitting equation &8d(3.10) to the unit-cell volume and

axial lengths are listed in Table 3.7. The resgltiurves are shown in Figures 3.6 (axial

lengths) and 3.7 (unit-cell volume).

For the qurametel3, polynomial functions were

used. The values @& on warming were fitted with a linear expressioonir4 - 140 Kf3(T)
= aT + Bo, With @ = -5(1) x 10° deg. K* and B, = 107.8387(8)°. Above 140 K, a
polynomial of the fornB(T) = aT° + aT? + By, with & = -6.1(4) x 10 deg. K3, a = 1.4(1)
x 10® deg. K? andp, = 107.920(6)° was used. The data collected otirmpavere fitted

from 4 - 300 K with a function of the forf(T) = aT® + aT> + &T* + &T° + o, with & = -
3.1(4) x 10 deg. K® & = 2.3(3) x 10? deg. K, & = -5.4(7) x 10° deg. K*, a = 3.1(6) x
10® deg. K3, andB, = 107.8474 (9) °.
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Fitting the data across the full temperature rgmgeluces very large uncertainties in some
of the fitted parameters, resulting in the propagatf large errors onto the thermal
expansion coefficients. Better estimates of theettainty on these coefficients were found
by linear fits to short segments of the cell par@mdata; estimateds3values in the thermal
expansion coefficient are + 1.65 xIR™. The Einstein temperatures obtained here are very
similar to those found by fitting the same expressito the unit cell of MgSEL1D,0
(Forteset al., 2008b),6e from the volume data being ~ 90 K for both. Ttamperature
corresponds to very low-frequency vibrational modesavenumbers of ~ 60 ¢hjy which
dominate the low-temperature thermal expansivitigythave not been observed directly,

but may be detectable in the phonon dispersiontspac

The modified Einstein fits to tha-, b-, andc-axes, and the polynomial fits to the anfle
were then used to calculate the magnitudes of ikemtal expansion tensor coefficients
(from Equations 3.5-8) as a function of temperatirecomposition of the tensor matrix
(Equation 3.4) yields the magnitude (eigenvaluas] arientation (eigenvectors) of the
thermal expansion along the principal axes,a,, andas. The temperature dependence of
coefficientsayy, 05, Oas, 013, and the principal axes,;, a,, andas is shown in Figure 3.10;

Gis the angle betwean, ande;.
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Figure 3.10 Panels a - d (left): temperature depecel of the thermal expansion tensor coefficients,
013, O, O3z @andays. Panels e-g (right): temperature dependenceeoptimcipal axes of the thermal
expansion tenson, a,, andas, and (panel h, right) the angle betwegrande;. The dotted lines are
the warming, the bold lines the slow cooling data.
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Figure 3.11 Projections of the thermal expansiosffament representation surface on the y-z (blapps (top), x-zd;-c) plane (middle), and the x-g.(b) plane
(bottom) at 50 K, 100 K, 200 K, and 300 K. Solie:gn lines indicate positive values, and dottedines indicate negative values. The correspondioeptions

of the mirabilite structure are shown on the left.
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Projections of the representation surface of thpaegion coefficients onto the three
orthogonal planes, y-2£es), x-y (e1-6,), and x-z €-&3), at a range of temperatures from the

slow cooled data are shown in Figure 3.11.

Principal axeso; and az exhibit mostly positive thermal expansion at @mperatures
greater than ~50 K, although the valuesipfire roughly an order of magnitude greater than
a3 Howevera, is mostly negative, and its temperature dependsnaenirror image of;.
The main difference between the warming and codliaig is a temperature offset between
the two which becomes significant above 150 K;he guenched sampla; andas; have
smaller values than the slow-cooled sample at angiemperature (above 150 K), whereas
0, has a more positive value. The orientation of éixpansion tensor does not differ
between the two data setsi; appears to be saturating at high temperatureheutarge
changes i, (increase) andi; (decrease) may be signalling the impending deltiyairaat
305 K.

The orientation of the thermal expansion tensoreogoks a major shift (as manifested by
the angled betweere; anda;,), swinging through ~80° near 50 K. After this nieatation
the value off increases very slowly from +40° to +50° over thenperature range 100
K—300 K.

It is clear that the volumes of the various polyfaedithin the mirabilite structure do not
contribute greatly to the thermal expansion; astiver salt hydrates that have been recently
studied, the subtleties of the thermal expansiom @ntrolled by the hydrogen-bond
network. In gypsum, for example, the orientationtlod water molecules determines the
direction of maximum thermal expansion (Schofietdal, 2004), and in meridianiite it is a
weak bifurcated hydrogen bond which dominates thentation of the expansion tensor
(Forteset al., 2008b). In mirabilite, much of the interlayerdnggen bonding is aligned with
the a-axis; it is therefore slightly surprising to firidat the direction of maximum thermal
expansion is inclined by more than 30° to this aiom. It is possibly of relevance that the
hydrogen bonds donated by the two interstitial wat@lecules O10 and O11 are more

closely aligned witho; anda,, as shown in Figure 3.12.
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Figure 3.12 Orientations of the O10 and O11 hydnogends with respect to the direction e
illustrating the similarity between the orientatiohthese bonds and the orientation of the thermal
expansion tensor.

It is possible that the reorientation of the expamdensor is the result of shifts in the
relative strength of hydrogen bonds donated byetis molecules to neighbouring sulfate
tetrahedra. Further detailed study of the anigitrgibrational behaviour of the deuterons,
using single-crystal neutron diffraction techniquesay yield insights into the factors

controlling the orientation of the thermal expamnsiensor.
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Summary

Time-of-flight powder neutron diffraction has begsed to measure the crystal structure and
thermal expansion of N80O,.10D,0 from 4.2—300 K under ambient pressure conditions.
No evidence was observed of the sulfate disorgesrted previously by Levy and Lisensky
(1978). The volume thermal expansion is positivevab40 K, and similar in magnitude to
that of other multiply-hydrated salts such as epworand meridianiite A second-order
Grineisen model fitted to the data gives estimatdhe elastic properties; however, as has
also been found for epsomite, the values of K agidBtained are too high. Further neutron
powder diffraction measurements, combined wvéth initio calculations, were, therefore,
necessary to obtain details of the elastic stesdr at high pressure, and to determy{iié

and the Anderson-Griineisen paramealgrdetails of such experiments and simulations can

be found in following Chapters of this work.
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Chapter 4

Neutron diffraction studies III:

Mirabilite under Pressure
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This chapter describes a high pressure neutroradifbn experiment, carried out on HRPD
at ISIS in March 2008, designed to measure the cessjbility of mirabilite from 0 — 5.5
kbar at temperatures from 80 — 260 K.

4.1 Method: measuring the compressibility of mirabilite.

Measuring the compressibility of a material is mikir process to that of measuring the
thermal expansion. It is achieved through obsemmatof the variation of unit-cell
parameters over a range of pressures. However, eperimental requirements for
generating and maintaining high pressures are sbatewore involved than for low

temperature experiments.

4.1.1 Sample preparation and loading.

The sample used for high pressure experiments framethe same supersaturated solution
of Na,SQ, in D,O as was used for the thermal expansion experifienprepare the sample,
solid lumps of mirabilite were again extracted frtra liquor, dried on filter paper, and then
quickly powdered in an agate pestle and mortarchiiad been cooled in solid carbon
dioxide (since no cold room facilities were ablelalS at the time of the experiment).
Roughly 1 cm of the resulting coarse powder was loaded intoizr §as-pressure cell,
which had also been cooled in solid £Ohis pressure cell allows for continuous

hydrostatic loading of the sample up to ~ 5.5 kbar.

These experiments were carried out after HRPD hatengone a major upgrade in 2007
with the installation of a new high-reflectivity germirror guide in the primary flightpath.
This produced substantial gains in flux comparetth wie old guide (between a factor of 10
to 40 times greater across the incident wavelemgtige). Despite this, however, the
observed diffraction patterns (see Sections 4.h® 41.3) were much weaker than were
expected on the basis of previous high-pressuiestof MgSQ.7D,0, epsomite, (Fortes
et al 2006a) carried out with a TiZr pressure cell dRRD before the upgrade. The reasons
for this are still not clear; experiments on MgSIQD,0O, meridianiite, subsequent to this

study of mirabilite have also been similarly affstt
Figure 4.1 shows the high-pressure gas cell usedritain the sample: a) shows an internal

cross section of the pressure cell; b) is a phaefagrof the pressure cell taken during the

loading of an experiment on HRPD, showing the pasitof the copper rings and
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temperature sensors. The copper rings, clampeettop and bottom of the pressure cell,
carry small electric heaters and RhFe temperaemeass inserted into holes drilled in the

copper to enable accurate measurement and coftt@ esample temperature.

The sample volume in this pressure cell is of treepof 1 cm, five times less than in the
vanadium sample can used for the thermal expams@Easurements. Once the sample was
loaded, the cell was then screwed onto a cryosatre stick, sealed under a nominal
pressure of 478 bar of He gas, and placed in &dlogcle refrigerator (CCR), with a 100
ml tail, which was masked with gadolinium foil, amdounted on the HRPD beamline.
Throughout the experiment, the pressure of heliasian the sample was maintained using

an intensifier.

centre stick

a) ,1 b)

centre stick

spacer

Conical seal

\2
7 sample space
TiZr alloy body i
4
1 /
i
Bridgman seal\ ! TiZr alloy body
]
% / copper rings
I
i
i
i
1

temperatiire sensors

Figure 4.1 The pressure cell used to measure tinprassibility of mirabilite on the HRPD beamline.
Insert a) shows an internal plan view and is redrafter Kuhset al (2005), b) is a photograph of the
pressure cell taken during loading of another expent on HRPD.
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4.1.2 Data acquisition.

In devising the pressure-temperature pathways where followed in this experiment, care
was taken to ensure that the temperature remairedidbslow the dehydration limit of

mirabilite (305 K at atmospheric pressure). Anotingportant consideration when working
with this experimental setup is the pressure mglkturve of helium. Fluid helium is used as
the pressure medium in these experiments and itdamat be advantageous to solidify the
helium in the pressure system. Figure 4.2 show&éfiam melting curve from 0 — 10 kbar
as determined by Spain and Segall (1971), with tatioo to show the temperature at which

the helium would freeze under the highest pressattamed in these experiments.

10000 1
3000
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7000

000

5000 1

Pressure (bar)

4000
3000 1
2000 3

1000 4

Temperaure [K)

Figure 4.2 The melting curve of helium at high gree. The blue line and points are the data from
Spain and Segall (1971), the solid green line & nfaximum pressure attained during these high
pressure experiments and the dashed line showthesponding melting (freezing) temperature of
helium at this pressure.

The signal received at the HRPD detectors frommapsain a TiZr gas cell is much smaller
than that received from a thin-walled vanadium gstah. In these experiments the signal
from the backscattering and low-angle banks of HR®De too weak to be useful and so

only the data collected in the 90 degree dete@okd® were analysed.
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With the sample initially at 260 K and 478 bar,alatere collected in the 90° banks in the
time of flight window of 60 — 160 msec for approxétaly 2 hours (70 pAhr). The sample
was then compressed from 478 bar to 5415 bar irD 4 increments, counting for
approximately 2 hours (70 pAhr), at each datumeAftounting for 70 pAhr at 5415 bar,
the sample was cooled to 80 K in 20 K steps, cagntdr 60 pAhr at each step, with 10
minutes equilibration time at each temperaturgsétt. Over the course of this cooling, the
pressure on the sample decreased marginally to 9888 The sample was then
depressurised from 5338 bar to 20 bar at 80 K épssiof approximately 600 bar, again

counting for 60 pAhr at each pressure.

4.1.3 Compression data refinement - GSAS and least-squares fitting.

The data analysis was carried out using GSAS. Becatithe very poor quality of the data
(see Figure 4.3), with weak peaks on a high backgipit was decided that it would be
futile to attempt to refine the atomic coordinatesd temperature factors; the following
procedure was, therefore, adopted. Starting wih4W8 bar, 260 K dataset, the unit cell
(a,b,cP), scale factors, background coefficients (13 tshifted Chebyschev polynomial),
and profile coefficientsd; and y;), of mirabilite were refined; the atomic coordiesitwere
taken from the 300 K long-count data obtained mdhrlier thermal expansion experiment;
as before, the sulfate disorder described by Lewy lasensky (1978), was not included
following the results obtained in the thermal exgian experiments (see Chapter 3). The
fractional occupancies of the disordered hydrogiemsa were constrained to their 300 K
values (b = 0.494 and c = 0.506) and were not edfilsotropic temperature factorsi()J
were constrained to be 0.025 fhe GSAS default value), and not refined. Santgkture
was modelled using the spherical harmonic modellémpnted in GSAS (4 order - 8
terms). The sample was found to be slightly moxtuted than in the thermal expansion
experiment (texture index of 1.89 at 478 bar, 260 dost likely as a result of the time
constraints placed on the sample preparation bynésel to keep the sample cool without

access to a suitably temperature controlled sapreigaration laboratory.

Table 4.1 shows the Rietveld powder statistics Rigdire 4.3 shows the fit to the data at
478 bar and 260 K which is typical of the set aghale. In the powder statistics, if only the
value ofy? is considered, the quality of the fits would seeot as good as for the thermal
expansion experiments; however, the values of #sduals are still all below 8 %,

indicating that in the case of this experimeitjs not necessarily the sole quantity which

should be used in the determination of the agreenfahe fit.
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Table 4.1 Refinement statistics at 478 bar, 260 K.

478 bar, 260 K

No. of Fitted Minus Background
Histogram reflections x> wRp Rp wRp Rp
90 degree banks 1146 62.74 3.2% 1.7 % 7.0% 2.8%

As seen in Figure 4.3, there were a small numbeadtfitional peaks evident in the

diffraction pattern, the majority of which were saessfully modelled as ice |h at a
concentration of approximately 6%. These peakspgisar between 1500 and 2000 bar,

corresponding to an intersection with the soliduBsD (Bridgman, 1935). It was expected

that these peaks would reappear either as Icehigher pressures (~4 kbar), as Ice Il on

cooling, or as Ice lh again on decompression, heweiiere was no evidence of this in later
refinements. The 3 remaining unfitted peaks at 2.EA, d = 2.355 A and d = 2.55 A,

marked with arrows in Figure 4.4, are likely theuke of materials comprising the sample
environment; the d = 2.1 A peak is, probably, daethte presence of vanadium but is

resistant to being fitted as such in GSAS. Thespons were excluded in subsequent

refinements.
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Sodium Sulfate Decahydrate 478 bar, 260 K
Bank 2 2 - theta 90°
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Figure 4.3 Neutron powder diffraction patterns dfabilite at 480 bar, 260 K obtained on HRPD
from the 90° banks. The red circles are the obsiens, the green line the fit to the observationd a
the pink line below is the difference between theufid the observations. The lower set of black tic
marks denote the positions of the mirabilite peaks the upper set of red tick marks are the
positions of QO ice lh peaks. The black arrows denote peaks ooated for by either ice or
mirabilite.

With the decrease in temperature at maximum pressufew new peaks appear in the
diffraction pattern at 240 K which have proved idifft to identify (see Figure 4.4). These
peaks are much less evident in subsequent refirtenmandecreased temperatures and
pressures. They cannot be accounted for simplysiiygua single phase of: (i) any of the
known materials from the sample environment equignfe.g. vanadium, gadolinium or
aluminium), (ii) any of the phases of ice for whigthuctural information is available or (iii)
the anhydrous (thenardite), or lesser hydratedh#pga- or octa-hydrate) phases ot3(a,.
From this point, (5338 kbar and 240 K), these nagjiwere excluded. The data were then
refitted including additional profile coefficienis the refinement, namelyl, 02, glec and
rsca. Attention was paid to the phase diagram ef (ee Chapter 1) throughout the
refinement process and at appropriate pressurectatyves where phase boundaries within
the structure might be expected to be encounténedappropriate phases were reintroduced

to the GSAS file. However, none of these fits warecessful.
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Sodium Sulphate Decahydrate 5338 bar, 240K
Bank 2 2 - theta 90°
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Figure 4.4 Neutron powder diffraction patterns afafilite at 5338 bar, 240 K obtained on HRPD
from the 90° banks. The red circles are the obsens, the green line the fit to the observationd a
the pink line below is the difference between thearid the observations. The lower set of black tic
marks denote the positions of the mirabilite pedk black arrows denote peaks unaccounted for by
using a single phase of: (i) any of the known mateifrom the sample environment equipment (e.g.
vanadium, gadolinium or aluminium), (ii) any of thbases of ice for which structural information is
available or (iii) the anhydrous (thenardite), esder hydrated (the hepta- or octa-hydrate) phafses
Na,SO,. the gap in the data is the previously excludegibreat 2.55 A (see text).
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4.2 Results

4.2.1 The incompressibility of mirabilite.

The equation of state of a material is a relativat describes how that material behaves
under a set of variable conditions. Traditionathermodynamic equations of state describe
the changes in the volume (or density) of a mdtevieh variations in pressure and/or
temperature. The pressure volume relationshiping@mpressibility of the material, can be
expressed using an isothermal equation of state &&"-order Birch-Murnaghan equation
of state (3BMEOS), (Birch, 1952), has been useifit to the data. This equation of state is
of the form:

7 5 2
3K V, )3 V, )3 3 V, )3
PV )= SN - =2 1+ =(K',-4) | =2 -1
V)== ( j ( j a0 )(vj
Equation 4.1

Where P is the pressurey is the unit-cell volume an¥, the unit-cell volume at zero
pressure. The quantityKy” is the incompressibility at zero pressure, witly' ” its first
derivative with respect to pressure (also evaluaterkro pressure). The incompressibility

(also known as the bulk modulus), is defined as:

K= —V(Ej Equation 4.2
dv

Expressions similar to Equation 4.1 were also usdit the unit-cell axes as a function of
pressure; the axes, as opposed to their cubes, Vigeel and thus the axial

incompressibilities quoted are of the form

43
db

It was found that the variation of the monocliniogke with pressure could be adequately

Equation 4.3

represented by a straight line.
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4.2.2 Bulk and axial incompressibility of mirabilite at 260 K and 80 K.

The refined values of the cell parameters andv@limes obtained in this high-pressure
study are shown in the table in Appendix 4. Figufeshows the volume and axial equation
of state fits along the 260 K and 80 K isothernmsvds necessary to constrain the value of
Ko to ensure it remained positive. It was therefored at the value obtained in thb initio
calculations performed as part of this thesis (@Gdrap5-7, k' = 5.6) for both isotherms.
This fit yields values at 260 K of &= 1456.7(6) & and K = 18.0(5) GPa; at 80 K the
corresponding values arg¥ 1440.2(4) Rand K, = 22.7(6) GPa. These values are similar
to the experimental incompressibilities obtainedegpsomite (Fortest al. 2006a) for which

Ko = 21.5(4) GPa at 290 K andok= 24.9(8) GPa at 50 K. The,Walues at both
temperatures are within 0.2% of the zero pressalaeg obtained during the thermal
expansion experiment described in Chapter 3 (0.185%60 K and 0.189% at 80 K).
Although these differences are small, there isrbleasystematic error between the slab can
used in the thermal expansion experiments and thAe gressure cell used in the high
pressure experiments. This is probably due to frdifice in the position of the sample
within the diffractometer, although it may possiblgve arisen from the recent recalibration
of HRPD following the installation of the new beauwde. This offset is taken into account

in later sections as appropriate.
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Figure 4.5 Unit-cell parameters of mirabilite afuaction of pressure at 260 and 80 K. i) to iiigar
the unit-cell axes, iv) is the beta-angle and \hés unit-cell volume. In each case, the full lizesl
open circles are the 260 K data and the dashesl ¢ind filled circles, the 80 K data. Note that pane
i) to iii) have been plotted on the same verticaehls to facilitate comparison of the relative
incompressibility of each axis. The lines are 3rdeo Birch-Murnaghan EoS fits to the unit-cell axes
with linear fits to the beta-angle.

The unit-cell parameters of mirabilite, referredorthogonal axes, (Figure 4.5, Table 4.2),
were also fitted with 3rd-order Birch-Murnaghan eegsions to obtain the axial
incompressibilities. The Kvalues were again fixed (at 16.8 — three timesbtilk value of
Ko), to ensure that they remained positive. As akhthne zero-pressure bulk modulus was
calculated, yielding: K = [(Kip)™ + (Kp)™ + (K)™']™" = 18(1) GPa at 260 K and 23(1) GPa
at 80 K, which is in excellent agreement with tlzues obtained from the bulk 3BBMEOS
fits.
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The relative axial behaviour of mirabilite on comgsion is similar to the relative axial
thermal expansion behaviour; for both isothermsctagis is the most compressible, with
the agnp direction intermediate and theaxis stiffest of the three axes along both isattser
and showing the least variation between the tw@tatures. It is surprising to find that the
most compressible direction is along thaxis; is this due to the co-location of the
Na(H,O)s; octahedra along this axis and are they able t@racwmdate compression by
folding at the shared hinges? As these experimgimesus no detail about changes in the
positions of the atoms within the mirabilite stwet, no structural mechanisms to explain
this axial heterogeneity can be determined fronsehexperiments. However, thb initio
calculations described in later chapters do yielchsnformation and so further discussion

of this can be found in Chapter 6.

Table 4.2 The axial compressibility of mirabilite260 and 80 K.

260 K 80K

Asinb b C Asinb b c
a0 (A%) 10.948(1) | 10.364(1) 12.839(3) 10.9090(1) 10.349(1) 12.756(3)
Ko (GPa) 64 (2) 87 (3) 34 (1) 75 (2) 83 (3) 54 (2)
Ko' 16.8 16.8 16.8 15.9 15.9 15.9

4.2.3 Derivation of the elastic strain tensor of mirabilite.

The unit-cell dimensions as a function of presswage also been used to determine the
coefficients of the elastic strain tensor using tiethod described by Hazen al. (2000)
implemented in a custom spreadsheet; a similargoitne was used in the analysis of dhe
initio computer simulations of mirabilite at high pregs(see Section 6.5 in Chapter 6). The
eigenvalues and eigenvectors of the strain tensorobtained by matrix decomposition,
yielding the magnitudes and orientations of thexgpal axes of the strain ellipsoid. The
magnitudes of the principal axes are strains pdr siress, and are effectively the axial
compressibilities, and their sum is the bulk corspitglity. The ellipsoid is constrained by
the symmetry of the crystal. In this monoclinic €athe ellipsoid is constrained to rotate
only about the two-fold axis and the conventiort tha principal strain axis; is parallel to

theb-axis of the crystal has been adopted.

Strains were calculated using the raw unit-cellatisions directly output from the structural
refinements in GSAS, and also using equationsaté ditted to the same output. The solid
lines in Figure 4.6 are the strains obtained frbm arious EoS fits; only for the volumes
are the raw strains shown since the strains cordguen the ‘raw' unit-cell dimensions are

very noisy. As in Figure 4.5, the full lines shomet80 K results and the dashed lines the
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260 K results. Also shown in Figure 4.5 is the anggétweere; and the crystallographic
axis. The strain ellipsoid is very sensitive to theeertainties in the EoS fitting, particularly

to the order of the fit to the beta-angle.

The most obvious feature of note in the straingigthat thes, strain magnitude behaves in
a manner contrary tey andes; upon coolinge, softens rather than stiffening as is usual. The
overall volume compression stiffens on cooling asa the e, softening must be
compensated by the other principal axes. In thisecthe softening is more than
compensated for bgs which shows the largest change, by an order ofihade, between
260 and 80 K.
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Figure 4.6 Panels (i) to (iii) show the magnitudéshe principal axes of the strain tensaqg,e and

e; as a function of pressure. Their sum, the voluoragressibility, is shown in (iv), and the angle
between gand the crystallographizaxis is shown in (v). In each case, the full liepresents the 80
K results and the dashed line the 260 K results.
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4.3 The thermal expansion of mirabilite at 0.55 GPa.

During the high-pressure HRPD investigation of riliee, data were collected at 20 K
intervals as the sample was cooled from 260 K t&&hder a load of 0.55 GPa. Although
there are only 10 points in this data set and thk pressure sample environment prohibits
collection of data detailed enough to extract atopasitions, these data can still be used to
extract bulk properties. However, these fits shoutd be extrapolated above 260 K or
below 80 K and are not quite truly isobaric as firessure varies by 77 bar over the

temperature range.

Figure 4.7 shows the variation of the unit-cell urak with temperature at 0.55 GPa,
compared to a section of the thermal expansion fdata the previous chapter measured at
zero pressure. The high-pressure results lie dmabosver and more linear curve than the
zero pressure data, as might be expected. Theofadata and lower accuracy of the high
pressure experiment makes it impractical to fit¢beplex relations which were applied to
the thermal expansion data so"™ &der polynomial has been fitted to the 0.55 G&a,d
giving the relation: V = -2.107 x TOT* + 4.858 x 10 T + 1406.01 (R2 = 99.84%).
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Figure 4.7 Thermal expansion of mirabilite at O &b GPa. The crosses are the zero pressure data
and the blue filled circles the 0.55 GPa data. dthizases the line through the data points i&’a 2
order polynomial fit to the data. The errors in theasurements are of the same order as the size of
the symbols.
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The data at high pressure have been used in cotidringith the thermal expansion data
from Chapter 3 to determine a series of bulk modutemperatures from 260 — 100 K. For
each temperature, a 3BBMEOS was fitted to the dddlaaad 0.55 GPa (with Kfixed at 5.6,
see above). Since each fit is only to two poingsresulting isothermal moduli are extremely
imprecise. To improve the accuracy as much as lples$t + has also been calculated using
the smoothing polynomials reported above. Thelt®fan be seen in Figure 4.8 which
shows the variation iK, with temperature in comparison to the same prgpdtermined
in this way for epsomite (Fortes al. 2006a). The results for mirabilite are very samiin
magnitude to those for epsomite. The mirabiliteultssare less linear than for epsomite,

although this may be an artefact of the fittingteh sparse data.

28
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Isothermal bulk modulus (GPa)
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Figure 4.8 Variation of the bulk modulg with temperature between 260 and 80 K. The daitet$o
and full line are the mirabilite data from this dyu The two data-points marked by square markers
are the well constrained valueskqffrom the two main compression experiments; thdesrindicate

the more unconstrained points determined upon rgalf the sample. The dashed line is the same
property for epsomite.

The final information which has been extracted friimis compression and cooling data is
the relation between the isothermal bulk modulud #rmermal expansivity through the

Anderson—Griineisen paramet®f, defined by:

o = (aKT j L Equation 4.4
oT a, K;
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whereay is the thermal expansivity (Anderson and Issal®3)9As for the variation oKy
with temperature,dr was calculated by instantaneous differentiationtted K: points
calculated in Figure 4.8, as well as using the gshembexpression for K The values oéy,
were taken from the thermal expansion experimefit€hapter 3. Figure 4.9 gives a
comparison of the mirabilite values &f with the epsomite value over a similar temperature
range. It is interesting that the valuesdeffor mirabilite and epsomite start at very similar
magnitudes at ~ 100 K but mirabilite soon overtad@somite and at 260 K is more than six

times the epsomite value reflecting the greateptature dependence of.K

40
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80 120 160 200 240 280
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Figure 4.9 The Anderson- Griineisen parameter foabilite (circles and full line) compared to
epsomite (dashed line).
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Summary

This chapter reports the results of neutron diffoac experiments to determine the
compressibility of mirabilite from 0 — 5.5 kbar & and 260 K. The bulk moduli at 80 K
and 260 K are found to be 22.7 (6) GPa and 18.03Ba respectively when (Kis
constrained to thab initio value of 5.6 obtained in Chapter 6. Further consparbetween
these data and tlab initio simulations of mirabilite will be drawn in the esfant section of
Chapter 6. The variation in the bulk modulus wimperature has also been studied, with a
view to investigating the pressure-volume-tempeeparameter space of mirabilite. The
variation inKq with temperature is similar to that of epsomitethe same temperature
range but mirabilite shows a less linear relatibie; incompressibility of mirabilite is more
temperature sensitive than that of epsomite. Howebe number of data-points is very
limited and further measurements at intermediateptratures and pressure are required

before these data can be properly put into context.
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Chapter 5

Ab intio simulations I:

Methodology.
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In the experimental studies described in the previthree chapters we have seen how
challenging it can be to attain and maintain theditions of pressure and temperature
relevant to investigation of the material propextigf salt hydrates in planetary settings.
Calculations offer a solution whereby difficult é@mnmental conditions can be investigated
with relative ease. In these simulations, we airddtermine physical properties, such as the
equation of state and elastic properties of theerradf from the total energy of the system as
a function of volume. There are two computatiorggraaches used to find total energy that
have been considered in the present work. Theusss interatomic potentials and classical
equations of motion to represent the interactioesvben atoms; this approach was used
initially, but was found to be inadequate, mainliedo the difficulty of constructing suitable
interatomic potentials (see Appendix 1). The secamproach, described below, uses
guantum mechanicsalf initio simulations) to describe interactions betweentedas and

ions within a system.

Sulfate hydrate structures are a very challengnoggsition for calculations. They typically
consist of large, low symmetry, unit cells with rgahydrogen atoms and associated
hydrogen bonds. These hydrogen bonds mean th&inbdeng energy of the crystal will be
low. This tends to make the total energy, as atfanmf the system variables, a very flat
hypersurface containing many weak minima. When kitimg such a system, care must be

taken to ensure a true minimum in the energy sarfes been found.

The first calculations carried out as part of tpioject were classical simulations of
anhydrous sulfates, with a view to adapting andadfierring the potentials to hydrated
sulfates. Descriptions of these interatomic po&malculations of anhydrous Nas€an be
found in Appendix 1. Despite considerable effdrtyas not possible, using this approach, to
calculate sufficiently accurate elastic constaatsd so it seemed unlikely that empirical
potentials capable of being transferred to the lilita structure would be obtained in this
way. Subsequently, therefore, quantum mechanicéhads were used; although they are
more computationally expensive than classical nighthey are more reliable since they do

not depend on the transfer of fitted parametenms fooe material to another.
This chapter explains some of the theory behind dbeinitio methodology and its

application to planetary ices, before describing specific set up of the calculations for 1)
mirabilite and 2) MS11.
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5.1 Theoretical background to ab initio calculations.

This section serves as a brief overview of the ntaimcepts ofb initio calculations. It is by
no means exhaustive and for more in-depth revideasp refer to Payret al. (1992) and
Gillan (1997).

In quantum mechanics, the energy of a non-relditivisystem is determined through the

approximate solution of the time-independent Scimgil equation.

H\éyi - Eiwi Equation 5.1

where Eis the energy of the, state,y); is the wavefunction of that, state and] is the

Hamilton operator. The Hamiltonian is a differehtierator, a rule book which describes
how particles interact with each other. The wavefiom describes the particular
configuration of the system under investigation asahnot be directly observed. The
wavefunction depends on the coordinates and spte éin the case of the electrons) of all
the particles in the system. The square of the fuaetion determines the probability of

finding an electron with a specific wavefunctiorthin a given volume, ', (Equation 5.2).

I\l//(r)\ Zdr Equation 5.2

The Hamiltonian can be written as (Fortes (2004)):

2

T S XN

273 2:maM, Tan, 3T i A=1A#B Rag
Equation 5.3

where there are N electrons in the system and Menuthe electrons are denoted with
subscripts andj and the nuclei with subscripts A and B, M the mass of nucleus A and Z
its charge.R, andr; denote the spatial coordinates of the relevantispe The first two

components of Equation 5.3 are the kinetic enengfiese electrons and the nuclei, the third
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is the electrostatic attraction between electrovt rauclei and the final two components are

repulsive potentials between like species of ebexstrand nuclei (Fortes, 2004a).

The Hamiltonian and the wavefunction are not tialetdfor systems with more than one
electron so approximations are employed in quanteuchanical simulations to overcome

this difficulty (see below).

5.1.1 Born-Oppenheimer Approximation.
The first approximation is the Born-Oppenheimerragpnation. This states that as there is
such a large difference in mass between nucleithacelectrons, the electrons will react
much more quickly than the nuclei, almost instaatarsly by comparison. This allows the
nuclei and the electrons of a system to be corsideeparately in the calculation of the
Hamiltonian (and the wavefunction). The nuclei amated as "static" and so their kinetic

energy component is no longer necessary in the kaidn and only the dynamics of the

electrons need be considered. This then reduceScté@dinger equation to:

H eleclﬂelec - eleéﬂelec Equation 5.4

Note: Subscripelecrefers to the electronic contribution.

And the total energy of the system,,Ebecomes:

E[ot - elec + Enuc Equation 5.5

With E,., the energy of the nucleus, being simplifiedust jthe electrostatic repulsion

between the nuclei as described in Equation 5.3=agndl to:

M M
Enuc = Z ZZA R Equation 5.6
'AB
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However, it is still the case that this Hamiltoniaan be calculated exactly and the
Schrédinger equation solved only if there is juseé @lectron in the system. If, as is usually
the case, there is more than one electron in tiséeisy another important part of the
Hamiltonian which must be addressed is the eleateatron interaction, i.e. the third
component of the Hamiltonian in Equation 5.7, theuldmb interaction between the

electronic charges:
5.1.2 Exchange and correlation

To take into account the Coulombic interaction wastrnconsider the wavefunction of the
electronsW¥,, which depends on not only the positionpf the electron, but also on the spin
state of that electron. The component of the amgsgén of an electron along a given
direction can only have values of ##5(Gillan, 1997), represented as gpand down,, so

the probability of finding an electron at pomivith its spin pointing up is:
2
‘T (r)| Equation 5.8

The Pauli Exclusion Principle states that no twenigtal fermions can occupy the same
guantum state simultaneously; two electrons cahae¢ the same spin and occupy the same
space. If two electron positions are interchangjegly wavefunctions must change sign. This
is known as exchange symmetry. Exchange symmetnyjtsein a lowering of the energy of

a system as it keeps the electrons apart. The teffeexchange symmetry can be
demonstrated if we consider two electrons whicthlwve their spins up. The combined

wavefunction of these two electrons is the proddi¢cheir individual wavefunctions:

Y, (rl)tﬂb 1 (rz)—(//a 1 (rz)lﬂb ) (rl) Equation 5.9

If we place the electrons in the same place,fiig.¥r,, then the wavefunction vanishes and
there is zero probability that the electrons eatsthe same position. Equation 5.9 is termed
an “antisymmetrized” product of the wavefunctiordaits inclusion allows the exchange

symmetry behaviour of the electron to be addresHeid.is Hartree-Fock theory.

Another consequence of the Pauli Exclusion prircipl that the movement of an electron

within a system is related — correlated — to thevenaents of the other electrons in that
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system in an effort to prevent two electrons ocangpyhe same space and spin state. Both
exchange and correlation work to lower the eneffgthe system as they both result in the
electrons avoiding each other. This reduction irrgn is denoted ,§ the exchange-

correlation energy.

Hartree-Fock theory does not address ¢beelation portion of theexchange-correlation
problem, so additional measures are needed to ido Ithis possible to represent the
movement of the electrons through a static potkati@ correlation can be included as a

modification to this potential. This is the maireprise of Density Functional theory (DFT).

Density functional theory (DFT) assumes that éectron densityn(r), can be used as a

proxy for the positions of the electrons. This ké&althe expression:

E.= jn(r) z,.(n(r))dr  Equation 5.10

XC

where the amount @xchange-correlation energi,. in a unit volume isi(r)e,(n(r)). This
expression is termed thecal density approximatiqrit has more recently been extended to
include gradients ofh(r), giving rise to thegeneralised gradient approximatiofGGA)
(Perdew 1986).

The key statement of DFT (Hohenberg and Kohn 18@&#Hhn and Sham 1965) is th&ag. can
be expressed as a function of the electron densitienberg-Kohn (1964) (H-K theory) and
later developments such as those by Kohn and Sh88b), allow the construction of a

rigorous many-body theory using the electron dgrasitthe fundamental quantity.

5.1.3 Plane waves, Pseudopotentials and the PAW method.

The next step in solving Schrddinger’s equatiortoigepresent the wavefunction of the
system. One way in which this may be done is bynsedplane-wavesThis methodology
says that electrons within condensed matter carebéed as though they were free particles

and so can be represented as such. The wavefundtifree electron isxp ik A~, where

k is the wavevector of the de Broglie wave. The tai@lefunction is then:

Y, (r) = ZCiK eX[:(ik DT) Equation 5.11
k
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Where ¢ are coefficients to be varied until the energytlid system is minimized and

therefore the electrons are in their ground stéte. set of functions which represeft re,

the atomic wavefunction, are known as “basis-sarsi form the repeating basis of the

wavefunction.

In reality, this representation of atoms and etawrin matter is not necessarily a realistic
one. Probabilistically, not all electrons are “frée move throughout a structure. The inner
electrons of the atoms, closest to the nucleusg hégh energies and are tightly bound, not
generally taking part in bonding. The physical muies of solids rely on the interactions
and bonding of the outer valence electrons. Thigests, therefore, that it would be simpler
to represent the core electrons as a bound unitherdconsider the valence electrons as a
separate entity. This representation can be adhigheough replacement of the core
electrons and the strong nuclear potential by &erpseudopotential which acts on a set of

pseudo wavefunctions rather than the true valersseviunction (Paynet al, 1992).

Figure 5.1 shows a schematic of this, wh&¥g,,4 is a pseudowavefunction which
substitutes for the true wavefunction of the vatealectrons¥y), in the core region (r <)
In the core Wy oscillates rapidly s&pseugcSubstitutes a smoother wavefunction. Beyand r

the two potentials are identical.
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Wv

Z/r

Figure 5.1 Schematic illustration of the genergisdudopotential wavefunctiopseyqo in relation
to that of the valence electronBy, and the corresponding potentials,Mi,and Z/r. g represents the
point at which¥,, andWyse g0are identical.

However, this representation is not without congilans. Elements in the first row of the
periodic table have limited numbers of core elawr@n the case of hydrogen — none); in
such case®, tends to be large and so there must be a largdf ¢gutthe plane wave basis
set to compensate, i.e., a large number of plangsvare required. Howevempn-norm
conserving ultrasoft pseudopotentidisive been developed which are able to adequately
represent systems containing atoms of low atomimbmrs using a lower cutoff (e.g.
Vanderbilt, 1990).

In the calculations reported here, an alternatimere recently developed approach, the
Projector Augmented-WavéPAW) method (Blochl, 1994) has been used. PAWais

combination of density functional theory technique®mbining the true all-electron

wavefunction (i.e., treating the core region withngwaves) with pseudopotentials so as to
better represent the core region and obtain smppeidowavefunctions. This combination
is achieved by relaxation of the norm-conservatibrthe wavefunctions. This creates a
deficit between the all-electron and pseudopotengaefunctions which is compensated for

by the introduction of augmentation charges.
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5.2 Vienna Ab initio Simulation Package (VASP) setup.

The calculations carried out here used VASP — tilenMaAb initio Simulation Package
(Kresse and Furthmuller, 1996). VASP calculations based on DFT (Hohenberg and
Kohn, 1964) within the GGA (Wang and Perdew, 1994ing the PAW method (Bl6chl,
1994) to calculate the total energy of each sysfidm.details of the computational setup are
detailed in the sections below and the resultsrteddn Chapters 6 and 7 for mirabilite and

MS11 respectively.

5.2.1 Inputs and outputs.

VASP requires four files to form an input. The ficd these is the POSCAR file. This file
gives the position and number of atoms within tinecsure to be studied as well as the unit-
cell dimensions and angles. As the name suggest&POINTS file gives the configuration
of the electronidk-points to be sampled by this calculation. The INKCi#le consists of a list
of switches which tell VASP the limits and speditions of the calculations. The detailed
options which were employed during the calculatimported in this thesis will be discussed
below in section 5.3.1.2 for mirabilite and 5.3.201 MS11. The final input file required by
VASP is the POTCAR file. This file contains all tRAW information for the atoms within
the structure to be studied and so, for mirabiiiteés a concatenated file containing such

information for sodium, sulfur, hydrogen and oxygen

Depending on the calculation, VASP produces a lagathe of output files. The most
important of these for the work presented herettedeOUTCAR and CONTCAR files. The
OUTCAR file contains a large amount of informatimeluding the final positions of the
atoms, the forces on each of them, the eigenvaodsnergies of the system and technical
details of the computer run-time required to cany the calculation. The CONTCAR file
contains a record of the atomic positions obtainetthe final minimisation step carried out
by VASP. Another useful output from VASP is the OSER file which contains a

summary of the minimisation cycles.
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5.2.2 Sampling of k - points.

The KPOINTS file specifies how markypoints will be used in a calculation and in what
arrangement. Th&-points are the points in reciprocal space overctvlihe energy of the
structure will be calculated. The chosen positiand number are heavily dependent on the
shape and size of the unit-cell and thus on thensstny of the crystal. VASP can be set up
to either generate a grid &fpoints in reciprocal space, or the user can speeifticular
points for sampling. Ideally, to get the best resuthere would be an infinite number of
thesek-points. However, the computational cost of sudinaulation would be astronomical
as the calculation must be performed over eacheasfek-points. Therefore, there is a trade-
off between having enoudbpoints to have a sufficient degree of accuracylevhot having

a very computationally expensive calculation. Thiace this, the number dépoints is
selected after a series of tests with varying nusibad configurations d¢points to ensure
convergence. For these calculations, VASP wasaetutomatically generate thepoint
grid, sampling the Brillouin zone using the Monk$tglPack scheme, (Monkhorst and Pack
(1976)).

5.2.3 lonic relaxation within VASP.

To ensure that the structure being simulated it fodinimised, it must undergo ionic
relaxation as well as electronic minimisation. Timeans that the atoms are allowed to move
until they are in their lowest-energy state. Thevement of the atoms is described by

Newton’s equations of motion such that the atonoisitons,R;, obey:

d°R _ F :
> = Equation 5.12
dt2 M,

WhereM; is the mass of atom andF; is the force on the atom. As the atoms move, the
electrons respond and move in turn. At each tinpeste ground state and the forces on the
atoms are recalculated until an energy minimum iwithchosen tolerance is achieved. The
shape and size of the unit cell are also parameteich can be optimised and so the same

process can be applied to these.
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5.2.4 Hydrogen bonding in DFT

The bonding schemes of mirabilite and meridiardeescribed in chapter 1 are dominated by
hydrogen bond interactions and so a suitable degmmiof such interactions is important for
any simulation of these materials. Simulating hgam bonds is not a straightforward
prospect with both experiments and calculationdifig it difficult to determine the strength
and geometry of hydrogen bonds (Iretal. 2004, Perrin and Nielson 1997, Muller-Dethlefs
and Hobza 2000).

There have been several studies on the accuraaywafiety of DFT techniques to represent
hydrogen bonding within a range of different matksrie.g. Ireta et al. 2004, Laasonen et al.
1992, Tuma et al. 1999, Hamann 1997 and TsuukiLamiadi 2001). These have shown that
the ability of a particular functional to describgdrogen bonding can vary greatly for
different systems. In general hydrogen bond intevas are not formally accounted for in
current DFT functionals. However, GGAs have beeowshto offer a good compromise
between computational efficiency and accuracy €Silkelli 2009), in the simulation of
hydrogen bond interactions over a range of mater(@suki and Luthi, 2001), more
accurately describing the interaction than LDAs.ctsufunctionals have also been
successfully employed to represent other hydrogemdéd salt hydrates such as epsomite

(Forteset al.2006).

5.2.5 Tests on Ice VIII.

In order to gain familiarity with the process ofing both VASP and the super-computer
interfaces necessary for carrying @i initio calculations, simulations were first performed
on a substance with a “simpler” hydrogen bondeacsire, one of the polymorphs of ice, ice
VIII. Ice VIII has previously been simulated thrdugb initio calculations using VASP
(Fortes, 2004a) and so it is a good material foindial venture intoab initio simulation

techniques.

Ice VIII is stable above ~2 GPa and below about BR7@s can be seen in the ice phase
diagram (Figure 5.2). Ice VIII (Figure 5.3) is &gonal (space group amd, with 24
atoms in the unit-cell (8 water molecules). Howevanlike the structurally-similar
polymorph Ice VII, Ice VIII is fully ordered and paalso be represented by two

interpenetrating cubic ice structures.
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Figure 5.2 Phase diagram of Ice, after Fortes (2004

Figure 5.3 The structure of Ice VIII viewed alongetb-axis. The grey bonds are the molecular
hydrogen bonds and the blue bonds the intermoleélitaonds.
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A series of fixed volume calculations were perfodnoeer a range of volumes from 67 th
118 A. The atomic positions were kept constant, the ativie being to successfully set up
and run a series of calculations to produce an Eu¥e rather than to fully relax the
structure. The calculations were carried out ushgy same conditions as Fortes (2004a).
These included 45 irreducibkepoints on &x6x5grid, energy cutoffs of 800 eV in both the
plane waves and augmentation charge and convergretioe total energy to within 1 x 0
eV. Figure 5.4 shows the E-V curve obtained inehesculations compared to that of Fortes

(20044a); clearly the results have been successigisoduced.

As a further check of consistency with previous kydhe energy—volume points from these
simulations were also fitted with a third order d@irMurnaghan equation of state (see
section 5.4). Table 5.1 shows a comparison of thmton-of-state parameters with those of

Fortes (2004a). Within error, the results obtaiherk are identical, as indeed they should be.
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Figure 5.4 E-V curve of Ice VIII. The circular pténare the test calculations carried out here.ftlilhe
line is the calculations of Fortes (2004a).
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Table 5.13BMEOS fit parameters for Ice VII obtainedhis study and Fortes (2004a).

This study Fortes (2004)
Vo (A3) 166 (4) 163 (2)
Ko (GPa) 13 (3) 14 (1)
K 6.0(4) 6.0 (1)

Eo (eV) -118.29(5) -118.22(2)

5.3 VASP Setup for this study.

The calculations in this work were carried out gsiHPCx, the UK's national high-

performance computing service, which is basedaS(hFC’s Daresbury Laboratory. HPCx
is a cluster of 2608 CPUs. Each calculation suleahii this project was carried out over 16
processors (the minimum number), and was initigilken 8 hours to run. This represents a
significant amount of CPU time which was the limgifactor on how many volumes were

simulated.

In general, because of the step-wise running oSimellations, where the structure from the
previous volume was used as the starting pointfiemext, the calculations converged well
within this 8 hour window. In fact, in the casetbé fine scale volumes between \{/.991

—1.009, the calculations all converged within anrh

For the smallest volumes, where /¥ 0.88, it was necessary to restart the calculatio
allow a second session of 8 hours for convergeneetd the large difference in volume
between the initial structural input and the volutoeébe simulated, but after this time they

had all converged successfully.

5.3.1 Simulations of mirabilite.

Mirabilite forms a low symmetry crystal structuréthwa large primitive unit-cell. The unit-
cell volume is over 1400 A3 and the cell contaid$ htoms (Z = 4), all of which are in
general positions. Thus, care was taken to thodgugist the mirabilite structure to ensure
that full convergence was achieved during the migaton. The following sections describe

the simulation setup for mirabilite and the testimglertaken.

120



Chapter 5: Ab initio simulations |

5.3.1.1 POSCAR setup.

The POSCAR file determines the structure of theéesysand atomic positions. The first line
of the POSCAR file is a comment line, allowing tieer to add a memorable description for
this particular calculation. The next line spedfibe unit cell volume; this may be done in
one of two ways: the value entered is either a@hasultiplier for the cell parameters or, if
preceded by an en-dash, the total volume of tHe loethe mirabilite calculations, the initial
volume was set at that determined from the preseutron diffraction experiments at 4.2 K.
The next section of the POSCAR file is the unif-palrameters expressed as a three lattice
vectors, followed by the number of each atomic Esewithin the unit-cell. These must be
in the same order as the concatenated POTCAR Tibke. next instruction, “direct” or
“Cartesian”, tells VASP whether the atoms are djtin terms of fractional coordinates or
physical values in Angstroms on orthogonal axele final section of the POSCAR file is a
list of the atomic coordinates for each speciesiraghese must be in the same order as
listed in the POTCAR file.

The fractional atomic coordinates used to startddleulations were taken from Levy and
Lisensky (1978). However, since VASP is unablentmrporate disorder into calculations of
the energy of a crystal it was necessary to “sékactordered state for the structure. The
disorder within the mirabilite structure, and thevastigation of it, is described fully in
Chapters 1 and 3. In the case of the ring disordariving the O8/016 (ring 1, shown in
Chapter 1 and here again for reference as Figlje &d similarly for 09/017 (ring 2) we
have “selected” the more occupied hydrogen atoeastdetermined from the experiments
described previously; this is the “b” orientatiom@ven by Levy and Lisensky (1978). Both
orientations were initially simulated but there wassignificant energy difference between

them.
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Figure 5.5 One of the square rings of water moksuhvolving disordered hydrogen bonds. The

twofold axis of rotational symmetry passes throuph middle of the ring, although not quite
perpendicular to the plane of the page, as showthdwunit-cell axes.

The second type of disorder described by Levy aisgrisky (1978) involves the sulfate
tetrahedra (see Figure 5.6). The neutron diffracégperiments show no evidence of partial
occupancies of the sulfate tetrahedral sites dvertémperature range observed and so in
these calculations was assumed that the oxygeihe isulfate tetrahedra are fully ordered in

the “double-primed” sites.
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06" (75 %)

. 07 (25%)

04' (259%) Q7" (75 %)

Figure 5.6The two orientations of the sulfate feddron described by Levy and Lisensky (1978) as
viewed down the rotation axis (the S---O5 vectamientation relative to the crystallographic aies
shown by the legend in (a). The hydrogen bondsatahto the ordered apex (O5) are shown with
solid grey rods; those donated to the lesser oedugpices (O4', O6', and O7') are depicted asehinn
short-dashed rods; those donated to the more daltyipied apices (04", 06", and O7") are depicted
as thicker, long-dashed rods

5.3.1.2 INCAR setup.

The INCAR file contains instructions that VASP nedd run the calculations. There are
many switches and options which can be set in V&B&ugh the INCAR file; however, the
optimum values of many of these are set as defaith$n VSAP.

The mirabilite INCAR file is listed here and follea by a brief explanation of each entry:

NPAR =8
NBANDS = 280
ENMAX = 800
ENAUG = 800
ISIF=4
IBRION =2

LWAVE=.FALSE.
LCHARG=.FALSE.
ALGO=Fast

NSW = 150

NPAR
The calculations were run on HPCX and HECToR, hmdhallel architecture computers;

NPAR defines the number of nodes over which theutafion is run, in this case 8.
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NBANDS
The number following the tag of NBANDS denotes thember of bands over which the
calculation is to be split. VASP needs there toabéeast one empty band. Therefore, the

number of bands > the number of ions in the uit ce

ENMAX
ENMAX is the kinetic energy cutoff for the planeveabasis set (in eV); for the way in

which this value was tested and set, see secti@nk.3 for mirabilite and 5.3.2.1for MS11.

ENAUG
ENAUG is the kinetic energy cut off for augmentaticharges. See section 5.3.1.3 below for
further explanation of ENAUG testing for mirabiligend section 5.3.2.1 for MS11).

ISIF

The ISIF tag determines whether the stress-terssealiculated; it also determines which
parameters (ionic positions, cell volume, cell shafc.) are relaxed. Here ISIF = 4 is used
which means that VASP will calculate the forces #mel stress tensor and allow relaxation

of the ionic positions, cell shape and cell volume.

IBRION
This tag tells VASP how to move and update theciammordinates. IBRION = 2 selects a
conjugate gradient algorithm to ensure convergeotea system which may prove

challenging.

LWAVE and LCHARGE
These two tags (respectively) tell VASP, whethewtde the WAVECAR and CHGCAR
output files. The entry “TRUE” instructs VASP toiterthese files.

ALGO
The ALGO switch tells VASP which algorithm to user fthe energy minimisation. The
FAST setting uses two different algorithms, allogvia mixture of the two to mix the

advantages of each algorithm throughout the caionla
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NSW

NSW tells VASP how many ionic steps to run (unlesavergence is achieved), in effect
how many times to carry out the calculation. In tdase of mirabilite, NSW is set to 150
steps. NSW should be set to more steps than xpeated that the structure will take to

converge.

5.3.1.3 ENAUG and ENMAX tests.

ENMAX and ENAUG are the kinetic energy cut-offs tife plane-wave basis set and
augmentation charges respectively. As we shalltbeg, value can have a significant effect
on the outcome of a set of simulations, so it ipénative that their value is optimised. This
optimisation is achieved by the observation of sigetematic variation of the minimised
energy as each quantity is changed. Here, the yati&€NMAX and ENAUG have been

varied from 200 eV to 1200 eV in 200 eV steps, atpe at two volumes. It is important to

consider the convergence in pressure as well esargy.

Firstly, the effect of changes in ENMAX, the kinegnergy cutoff of the plane-wave basis
set is considered. Figure 5.7 shows the variatigq@) energy and (b) pressure with the value
of ENMAX at V=V,.

In these calculations, the important quantity tavarge is thaifferencein energy between
two volumes (per atom), Mand V4, in the unit cell. This difference will be denota& (AE

= Ex-E;), from here onwards. Table 5.2 shows B, E, P, AE andAP (AP = B-P;) as a
function of ENMAX, for the volumes, ¥= V, and \ = 0.99V,. AE is very small at all but
the first value of ENMAX, typically 1-2 meV. Tabk 1 therefore suggests that values of
ENMAX > 600 eV will give sufficient convergence @nergy.AP shows that, although the
absolute pressures vary slightly, the pressurerdifice between the two sets of simulations
converges for ENMAX < 800 eV; it was therefore died to use a value of ENMAX = 800

eV in the production runs.
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Figure 5.7 Variation in (a) Energy and (b) presswith the value of ENMAX, the kinetic energy
cutoff of the plane-wave basis set.

Table 5.2 Variation of energy and pressure with EN{vat two volumes, together withE andAP.

ENMAX V=V, V=0.99°V, AE per atom
(eV) | Energy (eV) Pressure (kbar) Energy (eV) Pressure (kbar) (eV) AP (kBar)
200 -761.879762 -1323.68 -760.625665 -1263.99 0.008474 59.69
400 -754.238526 -38.66 -753.982214 -32.97 0.001732 5.69
600 -753.867652 1.86 -753.638057 8.74 0.001551 6.88
800 -754.312145 4.21 -754.083309 11.35 0.001546 7.14
1000 -754.336281 5.15 -754.106765 12.33 0.001551 7.18
1200 -754.363502 5.06 -754.133863 12.24 0.001552 7.18

The same procedure was carried out with ENAUG, abhgmentation charge cutoff, and

Table 5.3 shows the results. The augmentation ehautpff value has a similar effect on the

energy and pressure outputs from the calculatisth@ ENMAX cutoff. ENAUG was fixed

at 800 eV for the calculations of mirabilite.

Table 5.3 Variation of energy and pressure with EXBAat two volumes, together wittE andAP.

ENAUG V=V, V=0.99°V, AE per atom AP
(eV) Energy (eV) Pressure (kbar) Energy (eV) Pressure (kbar) (eV) (kBar)
200 -754.327812 4.06 -754.116737 10.91 0.001426 6.85
400 -754.347711 4.24 -754.120228 11.35 0.001537 7.11
600 -754.319882 4.22 -753.638057 8.74 0.004607 4.52
800 -754.312145 4.21 -754.083309 11.35 0.001546 7.14
1000 -754.307056 4.18 -754.079148 11.32 0.001540 7.14
1200 -754.306516 4.19 -754.078834 11.33 0.001538 7.14
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5.3.1.4 Testing of k-points.

Tests were carried out with varying numbers andigorations ofk-points from 1-16 in the

symmetry irreducible wedge in reciprocal space; riggults are shown in Table 5.4. The
difference in energy obtained using 1 kpt and 18 kp so small (~0.2 meV/atom) as to be
negligible, and therefore single gamma point calitoihs were performed. The results from

these calculations on mirabilite can be found imhr 6.

Table 5.4k-point testing results for mirabilite. Note thae#le simulations were carried out before any
of the other tests had been performed and so #gjies reported here are significantly differeondr
the final energy values given in the next chapter.

Energy per atom
Grid Geometry Number of k-points Energy (eV) (eV per atom)
111 1 -751.361764 -5.0767687
222 2 -751.396900 -5.0770061
323 5 -751.3968909 -5.0770060
324 6 -751.3966915 -5.0770047
333 10 -751.396975 -5.0770066
434 16 -751.396948 -5.0770064
444 16 -751.397015 -5.0770069

5.3.2 Simulations of Meridianiite, MS11.

Much of the technical detail of the simulation nueth used for MS11 has already been
described in depth for the simulations of mirabiliThe following sections describe where

the MS11 calculations differ from the mirabilitd@alations.

Structurally, MS11 is simpler than mirabilite inathit has fewer (78) atoms in the unit-cell
and does not have any of the fractional occupamajismrder of mirabilite. However, it is
triclinic, a lower symmetry than mirabilite, whiglotentially makes it computationally more

expensive as a largkpoint grid may be required to adequately repreient
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5.3.2.1 INCAR setup.

The INCAR file for MS11 (shown below) is broadlyettsame as for mirabilite; however,
there are a couple of important changes. First§ANDS is reduced to 150; this is possible
because there are fewer atoms in the unit-cell. dther changes are in the value of
ENAUG, which is discussed below, and the inclusiérthe EDIFF tag. EDIFF gives the
order of magnitude of the error allowed in the lt@aergy, i.e. it defines the convergence
criteria of the simulation. In this case, the vatlidecDIFF has been decreased by an order of
magnitude (which increases the accuracy by an aferagnitude), from the VASP default

value to ensure sufficient accuracy in convergence.

NBANDS = 150
ENMAX = 800
ENAUG = 1200
ISIF=4

IBRION = 2
NSW =150
EDIFF=1E-5
LWAVE=.FALSE.
ALGO=FAST

LCHARGE=.FALSE.

ENMAX and ENAUG testing was carried out in the samenner as for mirabilite and again
an ENMAX value of 800 eV was used. ENAUG for MS&fjuired a higher value, 1200 eV.

5.3.2.2 Testing of k-points.

k-point testing for MS11 again produced results shgwonly a very small difference for
calculations using a different numberlkspoints. Table 5.5 shows the results of kqgoint
testing for MS11. In this case, there was a redfifilarge difference between the use of 1 kpt
and 4 kpts; the latter was adopted in subsequelculations. The results from the

simulations of MS11 can be found in Chapter 7.
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Table 5.5k-point testing results for MS11.

Energy per atom
Grid Geometry Number of k-points Energy (eV) (eV per atom)
111 1 -403.069035 -5.167552
222 4 -403.606556 -5.174443
323 9 -403.607436 -5.174454
332 9 -403.607297 -5.174453
324 12 -403.608597 -5.174469
333 14 -403.603516 -5.174404
444 32 -403.601231 -5.174375

5.4 Obtaining an equation of state from the total energy of a system.

In Chapter 4 of this thesis, an isothermal equatibstate, the 8 order Birch-Murnaghan
equation (3BBMEQS; Birch, 1952) was applied to thespure-volume data from the t-o-f
neutron diffraction experiments described theree BBMEOS (equation 5.14), can also be
fitted to the results of thab initio simulations, by integrating it so as to obtainesrergy-

volume relation rather than a pressure-volumeiogiat

2

7 5
R+ :§K0’T (V—Ojs —(V—Ojs 1+§(Kc') —4) (ﬁjs —1|; Equation5.14

(an .
P=-— Equation 5.15
T

and so,

E= —I POV  Equation 5.16
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The 3BMEOS can thus be integrated to give:

1 1

3 3
E=E, +(ngOVO(V—°j l(ﬁjs —(lj Equation 5.17
4 VvV ) 2{V V,

(-

[ 2 Jealics 6w

16
Another EOS, the %order logarithmic equation of state (4ALNEOS) (Roiand Tarantola,

1998), has also been used, which was originallyighdd in its integrated form:

V V V
alnz[VOJ bln3(voj cIn“[VOJ
E=E,+V, 5 + +

3 4

Equation 5.18

where:
a=Ky; Equation 5.19
Kor\Kgr =2
b= M Equation 5.20
2
K2 K" +Kr _2K Kr _22
o= ~o1or ( or ) O'T( 0T ) Equation 5.21

6
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Summary

This chapter describes one of the ways in whichntiia mechanics may be used to
determine material properties. It summarises thdiegiion of density functional theory,
implemented in the VASP program using the generdligradient approximation and the
projector augmented wave method. The particulaupseind specifications of the two
material simulations reported in Chapters 6 ande/sat out and explained, as well as the

post-processing of these simulations to producatens of state.
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Chapter 6

ADb initio calculations II:

Elastic properties and pressure-induced structural

changes in mirabilite.
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This chapter describes computer simulations ofoiteaviour of mirabilite as a function of
pressure. The total energy of the mirabilite watcudated (athermally) using density
functional theory methods (Hohenberg & Kohn, 198déhn & Sham, 1965) implemented
in the ViennaAb initio Simulation Package, VASP (Kresse & Furthmiller9@0 as
described in Chapter 5. The chapter is arrangedob@ws: Section 2 describes the
computational method, paying particular attentionhbw the disorder in the mirabilite
crystal structure was handled within these stagicutations; Section 3 reports the results
and analysis of the calculations, Section 4 disssidbe results and, finally, Section 5

summarises this study.

6.1 Simulations of the structure of mirabilite

The structural relaxations were begun using then&t@oordinates determined from neutron
single-crystal diffraction analysis by Levy and dmsky (1978), which were the most
precise available at the time when the calculatimese made. These calculations were
carried out before the thermal expansion experimehChapter 3. Using these coordinates
and cell parameters, the athermal simulations Wweprin by relaxing the crystal structure
and cell parameters until a minimum energy was dowith zero pressure on the unit cell;
this point corresponded to a unit-cell volume o#7a A’. Starting from this structure, a
series of relaxations were then performed with thet-cell volumes fixed both at
successively smaller and successively larger vadyimeeach case the unit cell (subject to
the constraint of fixed volume) and atomic coortiisawere relaxed. With one exception
(see Section 6.3), the simulations were perforntegvéise, with the structure from the

previous simulation used as the starting strudiuréhe next.

6.2 The zero-pressure, zero-temperature structure of mirabilite.

Tables 6.1 and 6.2 report comparisons of the catledlbond lengths at zero-pressure in the
athermal limit with the experimentally observed 8dangths in mirabilite at atmospheric
pressure and 4.2 K (From Chapter 3). It shoulddied, however, that the difficulty of the
neutron powder refinement (with respect to thedamgmber of refined variables) required
heavy bond-length restraints on S-O and O-D bondtles and angles (see Chapter 3 for a
full discussion of the refinement process) whicli Was the experimental values. Table
6.1 shows that both the calculated S-O bond lengthd the Na-O bond lengths (with two
exceptions), are systematically 2-3 % longer ttmapliserved experimentally. This means

that the zero-pressure volume of the,$rahedron, 1.7358(5)Ais 7.0 % greater than the
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experimental value. Similarly, the volumes of the2\and Na3 octahedra, 21.17(7) dhd

22.0(2) R respectively, are 6.9 % and 10.5 % greater thanetjuivalent experimental

volumes. Indeed, of the 31.8® Mifference between the experimental and DFT uelit-c

volume, fully 43 % is due to over-inflation of tiNaQ; octahedra, and just 1.4 % is due to

over-inflation of the Stetrahedra.

Table 6.1 Comparison of the S-O and Na-O bond hengin A) of the ambient-pressure phase of
mirabilite obtained computationally with the expeental values from the deuterated isotopomer at

4.2 K (Chapter 3).

Experimental at 4.2 K | DFT calculations at 0k, 0 GPa. | Difference (%)
S-04 1.466(2) 1.5060(2) 2.7(1)
5-05 1.467(2) 1.5015(2) 2.4(1)
S-06 1.469(2) 1.5017(2) 2.2(1)
S-07 1.468(2) 1.4952(3) 1.9(1)
Na2-012 2.433(9) 2.479(3) 1.9(4)
Na2-013 2.409(9) 2.470(2) 2.5(4)
Na2-014 2.403(9) 2.393(2) -0.4(4)
Na2-015 2.378(9) 2.414(3) 1.5(4)
Na2-016 2.429(9) 2.513(2) 3.5(4)
Na2-017 2.390(9) 2.461(2) 3.0(4)
Na3-08 2.386(8) 2.437(1) 2.1(3)
Na3-09 2.369(8) 2.422(1) 2.2(3)
Na3-012 2.459(8) 2.466(1) 0.3(3)
Na3-013 2.409(8) 2.485(2) 3.2(3)
Na3-014 2.354(8) 2.420(2) 2.8(4)
Na3-015 2.418(8) 2.481(2) 2.6(3)
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Covalent bond lengths, O-H(D)

Hydrogen bond lengths, H(D)---O

Hydrogen bond angles [1 O-H(D)-:-O

Experiment Calculation Experiment Calculation Experiment Calculation
0-D 0-H Diff(e;e)nce D0 HeO Difference (%) 00-D--0 0 O-H---0 Diff::;e):nce
08-H8b--:016 0.9897(21) 1.0048(1) (+) 1.5(2) 1.842(6) 1.705(1) -7.4(3) 157.7(5) 171.0(2) 8.4(3)
09-H9b---017 0.9899(21) 1.0034(2) (+) 1.4(2) 1.786(6) 1.711(3) -4.2(4) 168.8(6) 170.6(3) 1.1(4)
016-H16b--08 0.9886(21) 1.0005(2) (+) 0.6(2) 1.766(6) 1.726(3) -2.3(4) 171.6(5) 160.8(2) -6.3(3)
017-H17b---09 0.9924(21) 1.0072(1) (+) 0.2(2) 1.753(6) 1.678(1) -4.3(3) 167.5(5) 169.9(2) 1.4(3)
012-H12a---010 0.9845(21) 0.9913(2) 0.7(2) 1.863(6) 1.835(2) -1.5(3) 177.7(5) 178.9(2) 0.7(3)
013-H13a---011 0.9842(21) 0.9892(2) 0.5(2) 1.866(6) 1.880(3) 0.8(4) 177.0(5) 178.3(2) 0.7(3)
014-H14a---010 0.9876(21) 0.9937(2) 0.6(2) 1.802(6) 1.782(4) -1.1(4) 168.1(4) 171.7(2) 2.1(3)
015-H15b--011 0.9865(21) 0.9939(2) 0.8(2) 1.829(6) 1.788(5) -2.2(4) 166.5(4) 172.5(3) 3.6(3)
010-H10a:--05 0.9864(21) 0.9903(2) 0.4(2) 1.839(5) 1.857(8) -1.0(5) 170.4(4) 170.9(2) 0.3(3)
010-H10b--04 0.9836(21) 0.9885(2) 0.5(2) 1.849(5) 1.837(2) -0.6(3) 170.2(4) 170.3(2) 0.1(3)
0O11-H11la--04 0.9856(21) 0.9887(2) 0.3(2) 1.848(5) 1.859(5) 0.6(4) 174.8(5) 176.8(2) 1.1(3)
011-H11b--06 0.9860(21) 0.9901(2) 0.4(2) 1.855(5) 1.862(6) 0.4(4) 165.9(4) 169.5(3) 2.2(3)
09-H9a--04 0.9851(21) 0.9893(2) (-) 0.4(2) 1.764(6) 1.753(5) * -0.6(4) 174.8(4) 175.2(3) 0.2(3)
08-H8a---05 0.9845(21) 0.9876(2) (-) 0.3(2) 1.811(6) 1.804(6) -0.4(5) 165.7(4) 166.7(1) 0.6(2)
012-H12b--05 0.9813(20) 0.9824(2) (-) 0.1(2) 1.946(5) 1.977(3) 1.6(3) 170.7(5) 170.7(3) 0.0(3)
013-H13b--06 0.9869(20) 0.9832(2) (-) -0.4(2) 1.938(5) 1.937(5) -0.1(4) 171.6(4) 172.9(1) 0.8(2)
017-H17a---06 0.9847(21) 0.9863(2) (-) 0.2(2) 1.941(6) 1.898(2) -2.2(3) 170.5(5) 171.7(3) 0.7(3)
014-H14b---07 0.9901(21) 0.9862(2) (-) -0.4(2) 1.828(5) 1.816(1) -0.7(3) 168.3(5) 171.49(4) 1.9(3)
015-H15a---07 0.9892(21) 0.9849(2) (-) -0.4(2) 1.825(5) 1.808(3) * -1.0(3) 167.4(4) 167.2(1) -0.1(2)
016-H16a:--07 0.9850(21) 0.9855(2) (-) 0.0(2) 1.821(5) 1.828(7) 0.4(5) 165.4(5) 161.3(4) -2.5(4)

Table 6.2 Comparison of the O-H(D) and H(D)-O bdedgths (in A) of the ambient-pressure phase ofahilite obtained computationally with the

experimental values of the deuterated isotopomdr2ak (Chapter 3). Note that these have beenpgbas follows; hydrogen bonds involved in formthg

square rings in the low-P phase (first four rovisg)drogen bonds donated to interstitial waters (rbws8); hydrogen bonds donated by interstitialarai{rows 9

- 12); all other hydrogen bonds, Na-coordinatedewsmtionating to sulphate oxygens.

In column 3s¥mebol (+) indicates that the bond increasesngtlie as a

function of pressure, (-) denotes a decrease gthenith pressure, and the absence of a symbatate a negligible change in length with presssee {ext for

further discussion).

In column 6, asterisks makktivo hydrogen bonds which are exceptionally stiffomparison to all the others (see text).
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In Table 6.2 the experimental and computationaldbdistances involving the hydrogen
atoms are compared; it can be seen that, with #mked exception of the hydrogen bonds
in the square rings (i.e. those involving H8b, HAREb and H17b), the agreement between
calculation and experiment is excellent. CovalénH bonds are generally longer by
approximately 0.5 %; given the restraints employethe neutron powder refinement, this
difference is not considered to be significant. Taéculated hydrogen bonds (H---O) are
slightly stronger, resulting in bond lengths whitdr, the most part, are shorter by 0.5 to 2%
than is observed experimentally. Nonethelessctreslation between the calculated and
experimental H---O bond lengths is high (excludihg square ring H---O bonds, the
correlation coefficient = 0.935), showing that thattern of hydrogen-bonding has been
faithfully reproduced in spite of the lack of vamrdWaals contributions in the DFT
approximation. This is supported by an examinatbrthe hydrogen-bond angles (O-
H---O), reported in Table 6.5; with the exceptibbn® outliers, both of which are involved
in the square rings, and which differ by > 5 %, twrelation coefficient between the
calculated and observed bond angles is 0.869. butlithree of the H-bonds in the DFT
structure are straighter than in the observed wstreicat 4.2 K (i.e., bond angles closer to
180°), with the differences in angle in the range33 %. However, this difference in the
bending of the H-bonds is not responsible for gmaining 55 % of the volume difference
not already accommodated by over-inflated ,S&hd NaQ@ polyhedra. In fact, the
straightening of the bonds is offset by the shangerof the H---O contact, resulting in

calculated O—O distances which differ by barely %.%rom experiment.

The major difference between experiment and DFEutalion is found in the O-H and
H---O bonds involved in the square rings. Thed# lidnds are roughly 1.5 % longer than
any of the other O-H bonds in the DFT structured &#me H---O bonds are significantly
shorter. The difference in H---O bond length betwexperiment and calculation is also
large (average 4.5 %). These differences are nikaly |[due to the elimination of the
partially ordered 'c' hydrogen sites in the struetiahe orientational disorder of the O8/16
and 09/17 water molecules certainly contributestemtl volume in the form of Bjerrum
defects, and these are wholly lacking in the sitealatructure. This difference between the
observed and simulated structure also affects ¢éfhedour under pressure, as described in

the following section.
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6.3 Possible phase transformations in mirabilite at high pressure

The total energy per unit-cell was calculated axdleed above at a series of fixed unit-cell
volumes in the range 682 < V < 181G £0.78 < (V/W)*® < 1.08); the corresponding
pressure range is 61.0 < P <-2.7 GPa. The vollependence of the total energy, E(V), is
shown in Figure 6.1. Clearly, there is a breaklope at V= 1200A% which is indicative of

a phase transition. Closer inspection of this fgatso reveals that for ~1080°' & V <
~1200 X the relationship between energy and volume isafinsince P = -gE/dV), this
region is, therefore, isobaric, indicating that thiease transition must be first-order in

nature, i.e. V(P) is discontinuous.

This first phase transition is more clearly seeffrigure 6.2, which shows the behaviour of
the unit-cell volume as a function of pressure fihessure values used were taken from the
VASP output). The discontinuous nature of the phasesition means that the material
would not exist in nature in the volume range fre080 & < V < ~1200 &; the four
simulations performed in this region thus corresptmtransition states between low- and
high-pressure phases. The transition pressurendieted from the slope of the isobar on the
E(V) curve is 5.7 £ 0.2 GPa, in fair agreement with mean pressure from the four VASP
outputs (7.7 £ 1 GPa).
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Figure 6.1 Total energy curves as a function ofind fromab initio calculations; panel (a) shows the entire rangeofmes investigated, and panel (b) shows
an expanded view of the low-pressure region. Thei@mi-pressure phase is represented by open dianamithe highest-pressure phase by open squiaees; t
intermediate-pressure phases are indicated by fillamonds and open circles; the “transition reisnindicated by filled squares (see text). Thédstnes

shown are 3rd-order Birch Murnaghan EoS (see texd).4th-order logarithmic EoS was also fitted tce thow-pressure results but the two lines are

indistinguishable in these figures. For ~1080 < ¥1200 & the points lie on a straight line (shown as a dddme in the figures) and are therefore isobémée
text).
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Figure 6.2 V(P) curves for mirabilite showing thal fange of the calculations in (a) and an expdndew of the low-pressure region in (b). The ambigressure
phase is represented by open diamonds and theshigiessure phase by open squares; the intermguiegsure phases are indicated by filled diamondsoaen
circles; the “transition region” is indicated byidd squares (see text). The pressure values slapathe VASP output pressures. The strongly disctonts
transition at ~7.7 GPa is indicated by a vertiocad.| The solid line shown for the low-pressure ghasa 3BBMEOS fitted to P(V), i.e. to the VASP auttpressures
(Vo = 1459.2(1) & Ko = 23.4(3) GPa, K= 5.8(1)). For the high-pressure phases, 3BMEO® Vitted to the data (with K fixed at 5.8, the value for the low-

pressure phase) to act as guides for the eye.
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Examination of the pressure dependence of the ithaiv unit-cell parameters, shown in
Figure 6.3, however, strongly suggests that a éurtinst-order phase transition occurs at a
pressure between 15 and 20 GPa. This transitiomog clearly seen in the behaviour of the
monoclinic anglef (Figure 6.3d), which takes a value of ~108° in #mbient pressure
phase; at the first phase transition (P ~7.7 GP&igare 6.3d)p falls discontinuously to
~99° and at the second transition, which occursvben 18 GPa and 21 GPa, there is a
further drop to ~92°. A similar large discontinuaesluction (of ~0.6 A) is observed in the
a-axis between 18 and 21 GPa, following a drop o75® at the first phase transition. The
b-axis shows a discontinuous increase of about B.@5 the lower-pressure transition and
0.15 A at the higher one, whereas thaxis shrinks by ~1.3 A at the first transition but
shows little, if any, discontinuity at the secoiitie combined effect of these changes in the

cell parameters is such that no obvious discortirigithe unit-cell volume is apparent.

Analysis of the relaxed atomic coordinates usirggdbmputer program “Endeavour” (Putz
et al, 1999) indicated that the structures at ~13.4 @Rarmediate phase) and 61 GPa
(high-pressure phase) both retain thae/®2ymmetry of the ambient-pressure phase of
mirabilite. This is unexpected as there is no neuéent for the VASP simulations to adopt
any particular space-group. This is discussed déurtim Section 6.7.3, below, which

describes the details of the major structural gapisations that occur at high pressure.
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Figure 6.3 Calculated unit-cell axes of mirabil#e a function of pressure. The ambient-pressure
phase is represented by open diamonds and the shigressure phase by open squares; the
intermediate-pressure phases are indicated byd fillmmonds and open circles; the “transition
region” is indicated by filled squares (see tekr the low-pressure phase, the solid lines shaen a
3rd-order Birch-Murnaghan EoS fits to the cubeshef unit-cell axes (with a 3rd-order polynomial
fit for B). For the high-pressure phases the lines showregmond to Murnaghan integrated linear
equations of state (with a linear expressionfprin the intermediate-pressure phase the valu€' of
for the a-axis was arbitrarily fixed at that foufa the c-axis to prevent the fit converging to
physically meaningless values.

These calculations also suggest that there may deeand stable, or metastable, phase of
mirabilite in the pressure range from 8 GPa to Ph@n Figure 6.1, it can be seen that two
data points, having different energies, are showrafunit-cell volume of 1012.8°AThe
point indicated by a “filled diamond” was obtainby relaxing the structure starting from
the point at higher volume immediately precedinghié point indicated by the “open circle”
was obtained by relaxing the structure with nextdo volume (the three other points
plotted in this region were all obtained by relaxithe structure from a higher volume).
Examination of the SQpolyhedral volume of these two relaxed structuwlesrly shows
that they have different hydrogen bond schemes $&mtion 6.7.1 below). However, the
difference in internal energy between them is vemall, ~ 4 meV atoth (the enthalpy

difference is ~39 meV atofy and, although the data point marked by a “opetietiis of

141



Chapter 6: Ab initio simulations Il

marginally lower internal energy and enthalpy, allithe other VASP simulations in this
volume range converged to the structure markedhéyftlled diamonds”. The values of the
unit-cell volume and cell parameters for this secorermediate-pressure phase have been
included in Figures 6.2 and 6.3 (marked by an “opiede”) and its crystal structure is
discussed in Section 6.7.3; however, no attempthesn made to further investigate its

stability field; the reasons for this are discusise8ection 6.8.

6.4 The equation of state of the low-pressure phase of mirabilite.

The E(V) values shown in Figure 6.1 for the lowgmare phase were fitted with an
integrated form of the third-order Birch-Murnagheguation of state (Birch, 1952; referred
to as 3BMEOS; see Chapter 5 for details) and aegmated form of the 4th-order
logarithmic equation of state (Poirier & Tarantol®98; referred to as 4LNEOS). Both
equations were fitted to E(V) values in the ran@81178 < V < 1810.61 & (0.95 <
(VIVo)'® < 1.08). As expected, the E(V) curves are veay, 5o the parameters obtained
from these fits exhibit greater uncertainties thiamse obtained in earlier work on smaller
systems with higher symmetry. The fitted parametmes given in Table 6.1; note the
agreement in all of the parameters for the lowgues phase between 3BMEOS3 and
4LNEOS4. The value for the second pressure devivati the incompressibility 5¢K/6P%),

or Ky, for the 3BBMEOS given in Table 6.3 was calculafteain:

. _ Ko/ K, _(143/24) |
0 (7 _ K(y)) (8/ 3Ko) Equation 6.1

The E(V) curve shown in Figure 6.1 is that for B®MEQOS; the two equations of state are

indistinguishable to the eye in this Figure.
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Low pressure phase

Low pressure phase

3BMEOS 4LNEOS
Vo (A%) 1468.6(9) 1468.4(8)
Eq (eV per unit cell) -754.374(5) -754.370(5)
Ko (GPa) 22.21(9) 21.7(3)
K' 5.6(1) 5.9(2)
K" (GPa™) -0.37(2)* 0.0(2)

Table 6.3Parameters obtained by least-squares fitting oBtleorder Birch-Murnaghan equation of
state (3BMEQS), and the 4th-order logarithmic eiquatf state (4LNEOS), to the E(V) curve of the
low-pressure phase of mirabilite (unit-cell voluraege: 1231.78 < V < 1810.6 )&

*Derived from Ky and K' - see text.

The method described above will give the most béiquation of state parameters and the
hence best estimate of V(P) for the low-pressusetof mirabilite. The pressure-volume
curves shown in Figure 6.2, however, were plottseidgithe VASP output pressures, so as
to keep a common pressure scale for the full raofgthe simulations; the line for the
3BMEOS given in Figure 6.2 was, therefore, obtaibgditting the P(V) values shown in
the Figure directly (the fitted parameters, whidffed slightly from those shown in Table

6.1 are listed in the Figure caption).

The unit-cell volume and the cell parameters cpoading to the calculated (Vare

compared with the experimental values measure®a 41sing neutron powder diffraction
(from Chapter 3) in Table 6.4. The agreement betvtke DFT values and the experimental
values is very good, and comparable with much efdhrlier work on hydrogen-bonded
solids (see Chapter 1). The difference in volu®/Y =~ 2.2 %) corresponds to a
difference in pressure of only 0.51(1) GPa, whishsmall, both in absolute terms and

relative to the incompressibility of the material.

Experimental DFT calculations Difference (%)
at4.2 K at0K
V(A% 1436.794(8) Vo (A%) 1468.6(9) 2.21(6)
a(A) 11.44214(4) ao (A) 11.539(2) 0.85(3)
b (A) 10.34276(4) bo (A) 10.415(8) 0.70(8)
c (A) 12.75468(6) co (A) 12.828(11) 0.57(8)
B(°) 107.847(1) Be(°) 107.74(3) -0.10(3)
b/a 0.903918(5) bo /ao 0.9026(7) -0.14(8)
c/a 1.114711(7) Co /0o 1.1120(10) -0.27(9)
b/c 0.810899(5) bo /<o 0.8119(9) 0.13(11)

Table 6.4 Comparison of the unit-cell dimensiond awial ratios of the ambient-pressure phase of
mirabilite obtained computationally with the expeental values of the deuterated isotopomer at 4.2
K (from Chapter 3). The computationa} ¥ from the 3BMEOS fit to the E(V) curve (see Tabl1),

and the cell parameters are from independent 3BME®$o0 the relaxed unit-cell dimensions as a
function of the EoS-derived pressure scale (axiahl K' from these fits are cited in the text),hiit
taken from a -order polynomial fit; note that the computationalit-cell dimensions give /=
1468(2) B.
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There are, as yet, no published experimental measmnts of the incompressibility of
mirabilite and so the only values with which thesdculations can be compared are those
presented in Chapter 4 of this thesis. The valu€,adbtained from the VASP simulations,
22.21(9), is in very good agreement with the experital value from the HRPD data at 80
K, 22.7(6), but the poor quality of the experimérdata has prevented any comparison of
the values of K. It is interesting to note that the elastic modidlmirabilite are remarkably
similar to those found in recent experimental & initio studies of epsomite (for
MgSGO,-7D,0 and MgSQ@ 7H,O, respectively) by Fortest al. (2006b). For epsomite, DFT
calculations in the range -2 < P < +6 GPa givermompressibility of i§ = 23.2(2) GPa,
with K'g = 5.3(2), in the athermal limit, whereas fits tautren powder diffraction data in the
range 0.01 < P < 0.55 GPa at 50 K gawe=K24.9(8) GPa, witlk', = 6(3), and at 290 K

gave K = 21.5(4) GPa, withK;, = 6(1). Despite major differences in the struesuof

epsomite and mirabilite, they clearly have simbatk elastic properties, both as a function

of pressure and of temperature (see Chapter 3).

6.5 The equations of state of the high-pressure phases of mirabilite.

The instability at low pressures of the two promb$egh-pressure phases of mirabilite
prevents the calculation of the total energy ofieitof these phases in the region of their
value of . It has not, therefore, been possible reliablyittoheir equations of state. For
example, if the E(V) results for the highest-presgehase (i.e. the four points for which V <
~882 B, (VIV)*® < 0.85) are fitted to an unconstrained 3BMEOS wlees \§ = 1460 &,

Ko=7.6 GPaK = 6.8 and = -746.9 eV are obtained (no errors are giverhaswumber

of data points is equal to the number of fittedapagters); however, K, is fixed at the
value obtained from the low-pressure phase £ 5.6), very different values of \\=1333
(27) R, Ko = 14.625(8) GPa, andyE —744.9(9) eV result. For the intermediate-pressu
phase, the corresponding sets of values gre 1461 B K,=14.7 GPaK',= 4.2 and &
-752 eV (free refinement), andy ¢ 1334 B K, =19 GPa and &= -748.5 eV (withk g

5.6). Thus, no firm conclusions can be drawn a@bé¢ovalues of the 3BBMEOS parameters. It

is interesting to note, however, that for all oé tfits described above, the values of V

obtained were less than the value gffdf the low-pressure phase, as one would expea&t of

more densely packed structure; also, the valu&/§ahat is found withK’0 fixed at 5.6 is

identical to that which is obtained by applying te¢ative volume change at the ~7.7 GPa

phase transition to the value of ¥or the low-P phase.
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Since reliable equation of state parameters cammatbtained for the high-pressure phases,
the lines shown in Figure 6.2, which are fits te 8BMEQOS withK', fixed at the value for
the low-pressure phase (see Figure caption), shoelldonsidered as merely providing a

method of smoothing the data for use in later aigslfsee Section 6.6).

6.6. Derivation of the elastic strain tensor of mirabilite.

In the first instance, the unit-cell parametershef low-pressure phase of mirabilite (Figure
6.3) were also fitted with 3rd-order Birch-Murnagh&xpressions in order to obtain
information about the axial incompressibilities. f&eed to orthogonal axes, the zero-
pressure axial incompressibilities and their fipgessure derivatives were found to be,
Koasint = 76(1) GPa, Kasip = 17.9(5), Ky = 92(4) GPa, K, = 21(2), and I = 55(2) GPa,

Ko = 10.4(9), these incompressibility values beinggdbod agreement with those found

experimentally at 80 K (see Table 6.5).

ab initio calculations 80 K experimental data from Chapter 4
Asinb b c Asinb b c
ao (A% 10.99(1) | 10.14(1) 12.83(2) 10.9090(1) 10.349(1) 12.756(3)
Ko (GPa) 76(1) 92(4) 55(2) 75 (2) 83 (3) 54 (2)
Ko' 17.9(5) 21(2) 10.4(9) 15.9 15.9 15.9

Table 6.5 The axial compressibility of mirabiliteofn theab initio calculations in comparison to
experimental values at 80 K from Chapter 4.

As a further check, the zero-pressure bulk modwias computed from the expressionX
[(Koasig) " + (Ka)™ + (Koo)™™, giving a value of K = 23.0(4) GPa, which is in fair
agreement with that found earlier. It is surprisittg find that the most compressible
direction is along the-axis; this is most likely due to the softness led NaQ octahedra
rather than any propensity to accommodate compressi folding at the shared hinges (see
section 6.7.1).

This simple analysis of the elastic anisotropy does reveal the changes in elastic
behaviour brought about by the significant strualtehanges as a function of pressure. The
relaxed unit-cell dimensions (Figure 6.3) were élfiere used to determine the coefficients
of the elastic strain tensor as a function of pressising the method described by Hagen
al. (2000). The eigenvalues and eigenvectors of ttanstensor were obtained by matrix
decomposition, yielding the magnitudes and oriéoniat of the principal axes of the strain

ellipsoid. The magnitudes of the principal axessrains per unit stress, and are effectively
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axial compressibilities; their sum is the bulk coegsibility. The ellipsoid is constrained by
the symmetry of the crystal to rotate only abowt tiwo-fold axis and the convention has

been adopted that the principal strain a&xis parallel to thd-axis of the crystal.

Strains were calculated using the relaxed unitgtietiensions directly output by VASP, and
also using equations of state fitted to the sampubuFor the low-pressure unit-cell, it was
possible to fit BMEOS3 expressions to the b-, andc-axes, together with a'3 order
polynomial to represent the behaviour of the manaxlangle,3. Due to the limited
number of high-pressure points, Murnaghan intedréteear equations of state (MILEOS,
Equation 6.2) were fitted to the unit-cell axestlod two high-pressure phases, and linear

expressions for thg-angle (see Figure 6.3 for details).

17K,

KO

X =X, ——2 —
K,+K, P

Equation 6.2

The solid lines in Figure 6.4 are the strains otadifrom the various EoS fits; only for the
volumes are strains computed from the 'raw' VASRputushown, since the strains
computed from the 'raw' unit-cell dimensions areyveoisy. Also shown in Figure 6.4 is

the angle betweesy and the crystallographizaxis.
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Figure 6.4 Panels (a) to (c) report the magnituafale principal axes of the strain tensqr,e and
e; as a function of pressure (all on a common sca@ley.angle betweeny and the crystallographiz
axis is shown in (d) and the volume compressibifitghown in (e).

Bearing in mind that the strain ellipsoid for thghipressure phase is quite sensitive to the
uncertainties in the EoS fitting, Figure 6.4 regeaignificant discontinuities in all three
principal axes. In each of the axes the three sépahases, low, intermediate and high
pressures are clearly visible, with a smaller afégghe transition from intermediate to high

pressure than from low to intermediate pressursgha

The calculated volume strain per unit stress hanbgsed to determine the pressure
dependence of the bulk modulus for the low-presgin@se as the volume strain per unit
stress is effectively [K]; the values K= 22.99(1) GPa, K= 4.95(1), and K = -0.171(2)
GPa' were obtained which agrees very well indeed with EoS parameters reported in
Table 6.1.
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The orientation of the strain ellipsoid in the plane changes considerably as a function of
pressure (Figure 6.4e). At P =d),is closely aligned with the crystallograpli@xis, ands;

is consequently tilted ~10° from tleeaxis towards the +va-axis. Under compression, the
angle betweems; and thec-axis shrinks, passing through zero at ~ 1.2 GRd,cantinuing

to rotate through a further 23° with increasingsgrge. At the transition, the ellipsoid 'slips’
back, bringinge; to near coincidence with tleeaxis before rotating through ~ 10° until the
transition to the high pressure structure, at wipicimt the rate of rotation increases and the

angle rapidly changes agsaturates at about 2flom thea- axis.

It has not been possible to identify any single maméism which might explain the rotation
of the ellipsoid through ~35° from 0 - 7.5 GPa. efidhare very small rotations with respect
to the crystallographic axes of various structunaits (such as the SQ@etrahedra and the
square H-bonded rings), but these amount to fititee than ~3°. Furthermore, there is no
evidence of rotation due to kinking of the Na-O iokaalong the shared hinges. The
stiffening roughly along the-axis is probably due to the expansion and stiffgraf the Na-

O polyhedra (see 6.7.1 below) whereas the softeminghly along the-axis is likely due

to a reduction in interlayer hydrogen bonding.

The following section reports the agreement betwden simulated structure at zero-
pressure and the experimentally observed structoeéore going on to describe the

pressure-dependent changes.

6.7. The Pressure dependence of the structural parameters

In the majority of crystal structures, the applicatof pressure results in shortening of
interatomic and intermolecular bonds. However,ydrbgen-bonded crystals it is typical to
observe lengthening of O-H bonds under pressutheglectron density in the hydrogen
bond increases. In water ice this results in thdrébgen moving to a position midway
between neighbouring oxygens at pressures of 6GP@; this is the so-called bond-
symmetric phase ice X. In many other hydrogen-bdnzigstals however, proton transfer
may occur, resulting in a partially or wholly iongtructure. It is therefore of interest to

establish the pressure dependence of the variou$ibagths in mirabilite.
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6.7.1. The SO, and Na Coordination Polyhedra

3rd-order Birch-Murnaghan expressions have be¢edfito the calculated volumes of the
polyhedral units in the mirabilite structure asuadtion of pressure; these fits provide the
zero-pressure volumes reported in Section 6.6,thadolyhedral bulk moduli. The S0
tetrahedron is comparatively stiff, withy¥ 1.7358(5) & Ko, = 170(5) GPa, and &= 17(3)

in the low-pressure phase. When these valuesoanpared to the DFT equation of state of
the SQ tetrahedron in epsomite (Fortesal., 2006b), which has /= 1.7374(7) & K, =
244(11) GPa, and K' = 25(8), it is apparent thatvhlues of  are in very close agreement;
the only significant dissimilarity is in the stifss, which is attributable to the disparity in
electron density around the apical oxygens causedhé difference in the number of
accepted hydrogen bonds - twelve in mirabilite aight in epsomite. Thus, although the
rate at which the SQetrahedron stiffens is structure dependent, therve that it occupies
at zero-pressure is insensitive to the crystalctire. This hypothesis is supported by the
observation that when the number of hydrogen balasated to the SQOtetrahedron in
mirabilite drops to nine following the first high-gssure phase transition at ~7.7 GPa, the
volume of the SQtetrahedron increases so that it is similar to phedicted by the equation
of state of the epsomite $@etrahedron (Figure 6.5a). Moreover, at pressatewe the
second phase transition at ~19 GPa, when the nuafid¢itbonds donated to the mirabilite
SO, tetrahedron drops to seven and then to five tleeeefurther expansion and stiffening
(Ko > 550 GPa, with Yfixed at 1.736 A see above), as shown in Figure 6.5b.

Figure 6.5 also reveals very clearly the differemtecrystal structure between the two
polymorphs found in the pressure range from ~7.#1® GPa. The majority of the data in
this region correspond to structures with nine bgen bonds donated to the SO
tetrahedron, whereas the second polymorph, repessém Figures 6.1 - 6.3 by the single
data point, has a structure in which ten hydrogamdb are donated to the S@trahedron.
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Figure 6.5(a) Sulphate tetrahedron volumes witheiasing pressure for epsomite (red filled squdfegeset al, 2006b), and for mirabilite (this work); the
symbols used for mirabilite are: open diamonds {fmessure phase), filled squares (transition régifilted diamonds (intermediate-pressure phaspgno
circle (second intermediate-pressure phase), opgearas (high-pressure phase). The lone point dénwmgethe open circle is the “odd” point where the
calculation was not carried out step-wise (se€).tdhe solid lines are 3BBMEOS fits to the S@lumes in mirabilite for the low-pressure andhijgessure

phases, and the dashed line is a 3BBMEOS fit t&@®evolumes in epsomite.

(b) Variation of the S@volume in mirabilite over the entire pressure msgnulated. The solid black line and the dashesldire the same as in panel (a). The

solid blue line at higher pressure is a 3BMEO$dfithe four values above 20 GPa withfixed equal to 1.736 (for details see text
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Similar changes are observed in the Naf@tahedra under compression. In the low-
pressure phase, the Na2 octahedron has 3BMEOSSg@i@ms \j = 21.17(7) & Ko = 19(2)
GPa and K = 5.6(9), while the Na3 octahedron has 3BBMEOSupeters ¥ = 22.0(2) &,

Ko = 14(3) GPa and K= 4.4(11). The Nagoctahedra are roughly an order of magnitude
softer than the SQetrahedra and indeed are more compressible teahulk crystal. The
only literature reporting the polyhedral bulk maagsilof NaQ octahedra pertains to the
sodium-bearing clinopyroxenes aegirine and jadeitesre Na is coordinated by € rather
than by neutral KO; these have bulk moduli of ~67 GPa and ~70 GPBsgpectively
(McCarthy, 2007). Interestingly, in both of thesénemals, the Na@octahedra are also
more compressible than the bulk crystal. Howelrgrapplying the theoretical relationship
of Hazen & Finger (1979), it is possible to make astimate of the expected
incompressibilities of the NaQoctahedra in mirabilite from the incompressibiliy the
MgOs octahedron in epsomite, which has a value of 5&Ra (Forte®t al., 2006b). The

ratio of the bulk moduli is simply:

Ko™ _ z {Mg-O)’
K epsomite

3 Equation 6.3
Mg-0 ZMg < Na- O>

wherezy, andzyg are the formal charges on the ions (+1 and +peas/ely), andMg-O)
and(Na-O) are the average cation—anion distances in thehpdia (2.090 A and 2.454 A,
respectively). Hazen & Finger (1979) observe thatconnectivity (i.e., isolated polyhedra
vs. edge-sharing or face-sharing) does not afteetvalidity of the relationship. Using
Equation 6.3 the ratio of the bulk moduli is 0.3@hd therefore the predicted
incompressibility of the Nagoctahedra in mirabilite in the low-pressure phiast6 GPa,

in excellent agreement with theb initio calculations. Analysis of the angles between
opposing plane faces on the shared hinges reveatithese are extremely stiff, permitting
no more than 0.3° GPaof tilt between adjacent octahedra in the low-Rggh Hence, in
this phase, it is solely theompressiorof these octahedra that is responsible for thenes$

of thec-axis rather than tilting along shared hinges.

As described below, the transitions to the higrspuee phases are characterised primarily
by a change in sodium coordination, which finalhanges the Nafoctahedra into Na©
decahedra, whereupon the volume of these polytirdreases from ~17 %o ~35 &, with

a consequent stiffening of the polyhedral bulk mModfsee section 6.7.3).
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6.7.2 The behaviour of bonds involving H atoms in the low-pressure phase.

In the low-pressure phase, the O-H bonds respordssure in one of three ways. One
group of bonds shrinks at a rate of -1X1#0 GPa'; a second group expands at a rate of 1.5 -
2.0x10° A GPa"; and a third group exhibits a negligible changéeimgth (16-10° A GPa

Y. In Table 6.4, the first group are marked (- #fecond are marked (+), and the third have
no extra mark. It is very clear that all of the bbhds which increase in length occur in the
square rings (08/16 and 09/17), and all of the ®eiHds which are insensitive to pressure
either donate H-bonds to interstitial waters, anfdhe interstitial waters (010 and O11).
The remainder of the H-bonds shrink under pressungh is the opposite response to that
observed in, for example, water ice. The O-H bdndke square rings are notable for being
longer than all of the other O-H bonds at zerofues and thus their donation of much

shorter (and hence stronger) hydrogen bonds.

The pressure response of the hydrogen bonds theessil quite interesting. If MILEOS
expressions are fitted to the bond lengths to obtheir linear incompressibility (K =
x-dP/K), it is found that there is no correlation betwéend length and bond stiffness. Two
H-bonds (marked by asterisks in Table 6.4) startcasibeing exceptionally stiff g& 125-
130 GPa) compared to the average £K35 + 12 GPa excluding these two outliers), bif i
not at all obvious why this should be so. The wsbakeél-bonds, with linear
incompressibilities of 17-30 GPa, are those donbtethe interstitial waters 010 and O11
to the sulphate oxygens 04, O5, and O6.

6.7.3 The high-pressure phases of mirabilite.

As described previously, the calculations reveat thmirabilite experiences two phase
transformations at ~ 7.5 and ~ 20 GPa. In ordapfreciate the complex structural changes
which occur, structure maps illustrating the molacgonnectivity are shown below for the
low-pressure phase (Figure 6.6), the intermedidtas@ (Figure 6.7), the “odd point”
described in Section 6.2 (Figure 6.8) and the Ipiggssure phase (Figures 6.9 and 6.10).
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Na,(H,0)g ribbon interstitial water SO, tetrahedron

Figure 6.6 Connectivity map illustrating the redaship between structural elements in mirabiliteeeto pressure; the hydrogen bond structure depicte
corresponds to the full ordering of the 'b’ sitéached to 09/17 and O8/16.
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Naz(Hzo)g ribbon interstitial water 504 tetrahedron
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Figure 6.7 Connectivity map illustrating the reda$hip between structural elements in mirabilita ptessure of 13.4 GPa.
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Na,(H,0)g ribbon interstitial water SO, tetrahedron
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Figure 6.8 Connectivity map illustrating the retaiship between structural elements in mirabilitehie second intermediate phase (the “odd pointa at
pressure of 10.8 GPa.
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The most notable structural changes at high presswolve the ribbons of Na ions and
their coordination polyhedra of water moleculestia high-pressure phases these ribbons
become more buckled; this buckling changes firdtey molecules that lie at the vertices of
the coordination polyhedron of Na2 and then, ahdigpressure, the number of vertices in
both of the polyhedra. The changes that occursactbe 7.5 GPa discontinuity are as
follows. Although in both the low-pressure and imediate pressure states the sodium
atoms are coordinated to 6 oxygens in an octahedrahgement, in the intermediate-
pressure phase: the water molecule containing @6 forms one of the vertices of the
polyhedron around Na2 as well as that around N&8; interstitial water molecule
containing O11 moves closer to Na2 and forms amaththe octahedral vertices; the water
molecules containing O8 and O13 move further avilaythe second intermediate phase -
that represented by a single point on Figures@3 - the same changes in the coordination
of Na2 occur). In the high-pressure phase, abowk GRa, both of the sodium atoms are
coordinated to 7 oxygen atoms in a decahedral geraent; Na2 loses the molecules
containing 011 and O16, replacing them with thamataining O8 and O13 (as in the low-
pressure phase), and, in addition, gains the watdecule containing O17; Na3 gains the
water molecule containing O8. In the low- and intediate-pressure phases the octahedra
are edge-sharing, but at high pressures these guaigthave a pair of shared faces, defined
by planes joining 012-015-017 and 08-013-014.

To accommodate the coordination change arounddtiieim atoms, there must be a major
reorganisation of the hydrogen-bond framework wharms the 'scaffolding' within which

sits the Na(HO)g ribbons and the SQetrahedra. In the intermediate-pressure phakes, t
square rings involving O8 and 016, and 09 and Q#&peeserved, but the transition to the
high-pressure phase results in the destructiorh@fsjuare ring involving O8 and 016,
although the ring comprised of O9 and O17 is preskrDespite the loss of the O8/16 ring,
these molecules do form a new square ring (withtbet 2-fold rotation axis, clearly)

involving O14 and the interstitial water molecul@@(Figure 6.11). Another new square
ring is also formed from a Na-coordinated waterZDdnd an interstitial water (O10), with

an axis of 2-fold rotational symmetry passing tlytolts centre. Both O8/16 and O9/17
each swap one of their hydrogen atoms (as markdeigume 6.11), which is in agreement
with the observation that these are the only O-Hdsathat increase in length as a function

of pressure.
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Na,(H,0)g ribbon interstitial water SO, tetrahedron
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Figure 6.9 Connectivity map illustrating the relationship beam structural elements in mirabilite at a pressirg2.9 GPa. Note changes in the order of the
sulphate oxygens with respect to Figure 6.7, asadl thle exchange of hydrogen atoms between O9/1D8&fib.

157



Chapter 6: Ab initio simulations Il

Na;(H,0)g ribbon interstitial water SO, tetrahedron
b”b
09
(L o)
175 @R
017 05
7
Na2 013 /
[ /"

4 o7

/ / a 10a
/ / 012 ; @
? =0 06

/ vi)15b
I/ /

/ 04

016

Figure 6.10 Connectivity map illustrating the redaship between structural elements in mirabilite. pressure of 61 GPa. Note that the order ostitghate
oxygens differs again from Figures 6.7 — 6.99. Myronium ions are marked with black circles, #melhydroxide ions with white circles.
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The practical effect of this re-organisation isdmncentrate hydrogen bonds around the
Na(H,O)s ribbon and to reduce the number of H-bonds donatdéle sulphate tetrahedron,
from 12 in the low-P phase to 9 in the intermedaessure phase (or 10 in the case of the
second intermediate phase represented by a siagiegn Figures 6.1 — 6.3). In the high-P
phase, this number is further reduced, initially7t¢Figure 6.9) and then, with increasing

pressure, to 5 (Figure 6.10).

Even after the hydrogen-bond network has beengarnised, further changes occur within
the new network up to the highest pressures siedllédl GPa), shown in the differences
between Figures 6.9 and 6.10. There are continbadges in the relative strength of the
hydrogen bonds resulting finally in a step-wiseiesenof proton transfers from each of the
two interstitial water molecules (010 and O11) wighbouring Na-coordinated water
molecules (014 and O17). The interstitial wateerdfore become hydroxide (QHons,
and the recipients of these protons become hydmon{tO") ions (Figure 6.10).
Interestingly, for both 014 and 017, the donatiomcpss occurs via an intermediary; in the
former, O10 donates H10a to O12, and then O12 Ib&b to O14; in the latter, O11
donates Hlla to O9, and then O9 loses H9b to OWig. drocess also results in a further
decrease in the number of H-bonds donated to theidOto only five bonds at the highest
pressures simulated. Notice that, of all the watetecules in the structure, only 013 and

015 retain their original hydrogen atoms at veghhpressure.
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Figure 6.11 Schematic illustrating the connectivitythe high-pressure hydrogen-bond network into
a series of three- and four-sided rings. This fdretacidates some of the spatial relationships whic
are difficult to detect in structure maps such mgife 6.9. Notice that hydronium O14 is directly H-
bonded to the hydroxide ion O10 whereas hydroniuii @ not directly bonded to hydroxide O11.

Similar (albeit more direct) proton transfers haeen seen irab initio calculations of
ammonia monohydrate (Fortesal, 2001), ammonia dihydrate and ammonia hemihydrate
(Fortes, 2004). These findings have been confiromedputationally, and the occurrence of
ionisation in solid ammonia demonstrated recenyiyPitkard and Needs (2008). It is not
clear why the structure undergoes proton transfirer than settling into a hydrogen-bond
symmetric state, such as is observed in ice X.iBlgsthe longer range interactions perturb
the otherwise symmetric potential well between heauring oxygens, such that a

symmetric H-bond is not possible.
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Previous computational studies have shown thaténgas phase the hydronium ionQH)
has a flattened trigonal structure with O-H bondgtis of 0.961 A, and H-O-H angles of
114.7° (Hermida-Ramon & Karlstrém, 2004); in theghpressure ionised form of
mirabilite it can be seen that these ions expeeietmnsiderable geometrical distortion
(Table 6.6), this being greater for 014 than OTThe H---O hydrogen bonds donated by
both HO" ions are significantly shorter (i.e., significanitronger) than other H-bonds in
the structure, and this results in the ion's O-Hdsobeing lengthened significantly above
the average O-H bond length found in normal watelegules at the same pressure (1.0132
A). This is in agreement with the general obseoratihat HO" typically donates very
strong H-bonds (Markovitch & Agmon, 2007). Hydromidons are relatively common in
low-pressure mineral structures, often substitufimgNa" and K ions, and well-known
examples include the hydronium-bearing alunite- gatbsite-group minerals (e.g.,
Ripmeesteet al, 1986).

014 hydronium geometry

014-Hl14a [ 1.0567A | H14a--010 12775 A 0 H14a-014-H14b | 96.30°
014-H14b [ 1.0815A | H14b-016 [ 1.2849A [ H14a-014-H12a 109.49°
014-H12a | 1.0543A | H12a--012 1.3136 A [ H14b-014-H12a | 93.47°
017 hydronium geometry

017-H17a [ 1.0256A | H17a--07 13164 A [ H17a-017-H17b | 103.44°
017-H17b | 1.0571A | H17b--09 13934 A [ H17a-017-H9b 101.20°
017-H9b 1.0432A | H9b--09 13712 A 0 H17b-017-H9b 105.01°
010 hydroxide geometry

010-H10b [ 09733A [ H10b--04 | 1.4744A | 0 010-H10b-04 | 141.19°
011 hydroxide geometry

O11-H1la |09763A [H11la-05 |[1.6397A | 0 011-H11a-05 | 138.63°

Table 6.6 Geometry of the ionic species in the ffigfssure phase of mirabilite, and their donated
hydrogen bonds.

Conversely, the OHons have much shorter O-H bond lengths than ¥beage (Table 6.6),
and their donated H---O bonds are both longer ardhmmore bent (O-H-O angles140°,
compared to 160-180° for 'normal’ straight H-bond$je hydroxide ion is known to be a
very strong hydrogen bond acceptor (e.g., Giguetral., 1983) but a very weak H-bond
donor (e.g., Bottet al, 2004); both of the OHons in the high-pressure phase of mirabilite

accept four H-bonds.

At the very highest pressures, a gradual redudtiothe distance between Na2 and the
sulphate oxygen O6 is observed, and between Na3Cdrdd Although the coordination
polyhedra surrounding the sodium cations are chetiaed by Na-O bond lengths of ~ 2.1 -

2.2 A, the 06 and 011 oxygens are approaching tioim®.3 - 2.4 A of their respective Na
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cations. Arguably, these atoms may be considerée twoordinated to the Na cation at this
(and higher) pressures, forming face-sharing N&a@Bkaidecahedra. Interestingly, direct
coordination of the Na cation by sulphate oxygen®lbserved in the newly discovered
octahydrate of sodium sulphate, which is only stalohder high-pressure (Oswadd al,
2009).

6.8. Discussion

As well as making comparison with the high-presswatron diffraction experiments it is
also of interest to compare the elastic respongdeoimirabilite structure to pressure with
the elastic response of the structure to temperatunich has been measured in detail for
the perdeuterated isotopologue (see Chapter 3}hidnexperimental study, an estimate of
the bulk modulus was obtained by applying a Griereiapproximation to the thermal
expansion, with the necessary internal energy irion calculated from the measured
specific heat capacity (Wallace, 1998). This pracedjave a value for the ratio of the bulk
modulus to the Griineisen parametegyke 29(1) GPa; sinceg is typically of order 1, it is
reasonable to predict that K 29 GPa, in tolerable agreement with the resuttsiftheab

initio calculations and the results from the compressigreriments in Chapter 4.

The analysis of the anisotropic thermal expansigargin Chapter 3 showed that thaxis
corresponds to the direction of smallest thermabasion, whereas the principal axis of the
thermal expansion tensor closest to tkexis has the largest thermal expansivity and that
closest to the-axis an intermediate value. This agrees with tR@ Desults in as much as
the least compressible direction in the crystal th@ssmallest thermal expansion, and the
most compressible direction has the largest thermgbansion. Furthermore, the
intermolecular bonds with the largest temperat@pgethident changes, those H-bonds
donated by interstitial waters to sulphate oxygeame,also the most compressible bonds in

the structure.

Generally speaking, the effect of pressure on kiblgdrated crystalline salts is to stabilise
lower hydrates (e.g., Sood & Stager, 1966; Hall &ilton, 2008; Hamilton & Hall, 2008;
Oswaldet al, 2009). For example, epsomite has been showrriengretally to undergo a
series of polymorphic phase transitions below 5 @Rateset al., 2006a) and a similar
series of transformations might be expected in Iilita, possibly culminating in a
transformation to a lower hydrate (either by inaommt melting, or solid-state exsolution of

ice) instead of the transformations reported is thapter. However, the general structural
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trends are expected to apply to any high-presshesgs of sodium sulphate hydrates,
namely the trend towards proton transfer rathen tHebond symmetrisation, the reduction

in the number of H-bonds donated to the,$€&rahedron and a trend towards increasing
coordination of the Na cation, including coordinatby sulphate oxygens as seen in sodium

sulphate octahydrate.

Summary

This chapter reports the results of the faistinitio density functional theory calculations on
the ambient-pressure phase of sodium sulphate géi@h. There is excellent agreement
between theab initio calculations and experimental structure; the dated zero-pressure
unit-cell volume is over-inflated by approximatéy2 % compared to that measured at 4.2
K by neutron powder diffraction, which is similap other DFT computational results
obtained recently at UCL for hydrogen bonded mdbacarystals (e.g., Fortest al, 2001,
2003abc, 2006b). The agreement with experimentdlerved bond lengths and angles,
particularly the hydrogen-bond network, is extrggngbod. The only particular area of
difference involves the square H-bonded rings, iwitlvhich the calculated structure is

deliberately missing the partially occupied hydnogées.

These calculations have been used to determineo#fécients of the elastic stiffness tensor
in the range -2.7 < P < 61 GPa. Mirabilite undesggpbase changes at around 7.5 GPa
(characterised by a change in the water molecubesiifig the primary coordination
polyhedron around one of the sodium cations) andreiind 20 GPa (characterised by a
change from 6-fold to 7-fold coordination of both the sodium cations by water
molecules). Both transitions involve re-organisata@ the hydrogen-bond network. In the
pressure range 7.5 — 20 GPa there are at leastdmpeting metastable structures which
have very similar energies and similarly-coordidatda cations, but distinct sulphate
tetrahedron coordination numbers. Structural charogatinue in the high-pressure phase,

resulting in a series of proton transfers and tmmétion of HO™ and OHions.
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Chapter 7

Ab intio simulations I11:

The compressibility of meridianiite.
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The MgSQ - H,O salt-hydrates form another system of importangetérrestrial
environments and are also a possible componetieainantles of icy moons. In contrast to
the NaSQ, — H,O system where there are relatively few hydratespbathe MgSe H,O
system has a wealth of hydrate phases. MeridiaMiggsSQ,.11H,0, MS11, the most water-
rich of these hydrates has also been suggested &mbmportant mineral phase on Mars
(see Chapter 1, Section 1.1.2 for more informatiorthe phase relations, crystal structure
and geological associations of meridianiite). Tmespnt chapter reports the resultsabf

initio simulations (using VASP) of the effects of pregson meridianiite.

7.1 Simulation of the structure of meridianiite.

Structurally, MS11 is simpler than mirabilite, imat it has fewer (78) atoms in the unit-cell
and does not show any of the fractional occupamcglisorder of the mirabilite structure.
However, MS11 is triclinic, a lower symmetry thawmoclinic mirabilite. The initial atomic
coordinates for the simulations of MS11 were takkem the 4.2 K structure obtained in the
time-of-flight neutron diffraction study of Fortest al (2008a). Using these atomic
coordinates and cell parameters, the athermal atinnk were begun by relaxing the crystal
structure and cell parameters until a minimum eyevgs found with zero pressure on the
unit cell; this point corresponded to a unit-cetllume of ~701 A Starting from this
structure, a series of relaxations were then pexdrwith the unit-cell volumes fixed both
at successively smaller and successively largarmes; in each case the unit-cell (subject
to the constraint of fixed volume) and atomic cdaoates were relaxed. The simulations
were performed stepwise, with the structure frora previous simulation used as the
starting structure for the next. Details of the \PASetup for these calculations are given in
Chapter 5, section 5.3.2.

It should be noted that for the analysis of thesleutations the atom naming scheme of
Forteset al (2008a) has been modified to make it similarit® haming scheme used for
mirabilite. Oxygen atom®21 — O4are the sulfate oxygen§5 — O10are Mg-coordinated
oxygens and the remaining 5 oxygei®l1l — Ol5are the free water molecules. The
hydrogen atoms are named for their associated oxygems, for example the water
molecule containing11 will then also contaird11a andH11b In this scheme, the water
molecule with the bifurcated H — bond (see Forted.e2008) is denote@14
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Structural relaxations were carried out at a sarfdixed unit-cell volumes in the range 547
<V <799 & (1.14 < (V/\)*® < 0.78); the corresponding pressure range is 9.B% -2.05
GPa. The volume dependence of the total enerd¥), Bad pressure, P(V), from VASP are
shown in Figure 7.1. There is a break in slope at640 A% which is indicative of a phase
transition. Unlike the simulated phase changesarirabilite structure described in the
preceding chapter, there is no evidence of a leagge of volumes where the structure is in
a transition state from a low-pressure phase tagh-fressure phase; the phase change
seems to be instantaneous. As for mirabilite, @t@xed atomic coordinates were analysed
using the program “Endeavour” and again, the higinessure phase retains the symmetry

of the ambient-pressure phase.

The remaining sections of this chapter are laidasufollows: section 7.2 describes the bulk
compressibility of meridianiite, section 7.3 theports the axial compressibilities, sections
7.4, 7.5 and 7.6 describe the various elementseofiystal structure and their variation with

pressure.
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Figure 7.1 Energy - Volume and Pressure - Volumeesifor calculations of meridianiite. In both caisee plots are over the entire range of simulatédmes, 547 <V <
799 A (1.14 < (V/W)* < 0.78); the open circles are the calculated sahuml the full and dashed lines are respectivisyofi3BBMEOS and 4LNEQOS (the pressure values of
the points in the plot are directly from VASP) ke tsimulations. See Section 5.4, Chapter 5 fondiefns of 3BMEOS and 4LNEOS.
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7.2 The equation of state of meridianiite.

The low pressure section of the E(V) curves shawfigure 7.1 (1.14 < (V/)*®) < 0.91),
was fitted with an integrated form of the third-erdBirch-Murnaghan equation of state and
an integrated form of the 4th-order logarithmic &tipn of state (as for mirabilite). The
fitted parameters are given in Table 7.1; note thatagreement in all of the parameters for
the low-pressure phase between 3BMEOS and 4LNE®@Stias good as for mirabilite but
is still acceptable. Both fitted curves are alsovah in Figure 7.1, the full line is the
3BMEOS and the dashed line the 4LNEOS; the two topgof state are indistinguishable
to the eye in this figure over the range in whiobyt have been fitted: 1.14 < (VYV?) <
0.91. The behaviour of the fitted lines outsides thblume range highlights that such

equation-of-state fits should not be extrapolategbind their boundaries.

3BMEOQOS 4LNEOS
Vo 721.6 (3) 722.0 (3)
Ko 23.1(2) 22.3 (4)
Ko' 3.4 (3) 3.0 (3)
Ko" -25.253397 1.4 (8)
Eo -403.668 (2) -403.665 (2)

Table 7.1 Fitted equation of state parametersHercialculations of meridianiite. For the 3BMEOS
the implicit non-zero value of K" was calculatedr the expression:

K, :(KO'/KOJ(7— Ko'j - (14324)8/3K,)

As for mirabilite, the agreement between the DF¥-cell parameters and the experimental
values is excellent. Fortes al. (2008) found that the unit-cell volume of meridisnwas

701.140(6) R at 4.2 K; the difference in volume\{/V =~ 3.0 %) corresponds to a
difference in pressure of only 0.7 GPa, which islnboth in absolute terms and relative to
the incompressibility of the material. Surprisingtile incompressibility, K and the first

derivative of the incompressibility, K of meridianiite are very similar to the values fo
mirabilite (see Chapter 6), despite significanfatiénces in interatomic bonding within the

two structures.

As for the high pressure phases of mirabilite, ittstability at low pressures of the high-
pressure phase of meridianiite has meant thatsitnioh been possible to calculate the total
energy of this phase around its value of &d so the high pressure EOS remains
unconstrained. Fitting an unconstrained 3BMEOSh® pressure — volume outputs of
VASP, yields values of y= 728 (89) A3, i = 12 (20) GPa and K= 8 (8). A 3BMEOS
fitted with Ko’ fixed at 4, but otherwise unconstrained, yieldshlues { = 684 (4) A3, K
=27 (1) GPa.
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The low- and high-pressure structures will be dised in more detail in Sections 7.4 and

7.5 but first the axial behaviour will be discussed

7.3 The axial compressibilities of meridianiite.

The unit-cell parameters of meridianiite (Figure)7were also fitted with 3BMEOS
expressions in order to obtain information aboetakial incompressibilities. In Figure 7.2
Panels i) — iii) show tha, b andc axes; the points are the simulations and the lares
3BMEOS fits to the simulations. The pressure valoedl cases are taken directly from the
VASP output. The fits are in two sections, a lopessure section 0.91 < (WV°< 1.14

and a high pressure section 0.78 < (J#¥ < 0.85. In panel iv) the open squares and dashed
lines are thex - angle and the filled circles and full line ahe - angle. Panel v) shows the
variation of they - angle. In the angle plots (panels iv) and W lines are fitted to the
same sections of pressure range as were usedef@axds; the low-pressure regions were
fitted with 2 order polynomials and the high-pressure regiork straight lines. Table 7.2

gives the parameters of the low pressure axial #O.S

a - axis b - axis c - axis

a’(A3) | 299(1) 326(1) | 5304(14)
Ko(GPa) | 37 (3) 17 (1) 40 (2)
Ko 11 (3) 1.8 (3) 11 (2)

Table 7.2 Axial incompressibilities of the low psese phase of meridianiite determined from
3BMEOS fits to the cube of the lattice parameters.

At low pressures all three unit-cell axes behavemadly, decreasing in length with
increasing pressure. The negative thermal exparditime c-axis of meridianiite (Fortes et
al., 2008) is not echoed in the behaviour of thiss ainder compression. At the phase
change, thé» andc axes both decrease in length while theaxis increases in length. All
three axes then continue to stiffen at a decreased more linear rate with increasing
pressure. The greatest changes associated wifhéise transition are seen in the behaviour
of the three angles in the unit cell;and3 behave similarly, witly compensating by acting
conversely. In the low-pressure phase, as presstneases tha - andf3 angles increase in
value to ~ 99 (while y decreases from ~630 ~61). There is then an apparent jump in the
value of all the angles at the phase transitionngiva ~f increase ino andp and a 2
decrease i, but these apparent discontinuities are likeladafact of the coarseness of the
chosen volumes at which the calculations were pedd. After the transition, tHg— angle
appears to saturate and thandy - angles resume their previous behaviours butratieh

reduced rate.
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Figure 7.2 Simulated lattice parameters with presgar meridianiite. Panels i) — iii) are theband

c axes; the points are the simulations and the lne8BMEOS fits to the simulations. The fits are i
two sections, a lower pressure section: 0.91 < /< 1.05 and a high pressure section: 0.78 <
(VIVo)*® < 0.85. In panel iv) the open squares and dashesd &re thex angle and the filled circles
and full line are th@ angle. Panel v) shows the variation of yrengle. In the angle plots (panels iv)
and v)) the lines are fitted to the same sectidnmessure range - the low pressure section w2l a
order polynomial and the high pressure section wigfraight line.
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7.4 The zero-pressure structure of MS11.

Figure 7.3 shows a connectivity map of the striecofr MS11 (after Fortest al., 2008a).
MS11 is made up of SQetrahedra and Mg@®)s octahedra which are connected through a
network of hydrogen bonds also involving the fivemaining free water molecules. In
contrast to mirabilite, where the two )d,0)s octahedra have similar bonding patterns, in
MS11 the two octahedra exhibit different bondingesnes. The other major feature of the
MS11 structure which is not seen in mirabilite, Butommon in the MgSEH,O system,

is a bifurcated H-bond. MS11 is, however, the omigterial in the MgS@-H,O system
where the bifurcated hydrogen bond is donated thl@ncoordinated water molecule rather

than to a sulfate oxygen.

Tables 7.3 and 7.4 show calculated bond lengtlzemt-pressure in the athermal limit for
meridianiite. Table 7.3 shows both the calcula®dO and Mg-O bond lengths in
comparison to the 4.2 K neutron diffraction valeég-orteset al. (2008a), while table 7.4
shows the distances associated with the hydrogedibg in MS11. The simulated sulfate
tetrahedra are inflated by 2% in volume comparetthé¢oexperimental structure and have an
average bond length of 1.4994 82 longer. The S-O bond angles in the,$@rahedra
agree with the published experimental values thiwi0.1%. For the Mg(kD)s octahedra,
the averagélg — Odistance is 2.0798 A, 2% longer than the 4.2 Keeixpental average
and yet the calculated volumes for the two octahexie 2 and 4%maller, clearly the

simulated angles are smaller than the experimeataés.

S -0 lengths (A)
This work Experimental
values at 4.2 K
S-01 1.4922 1.453(14)
S-02 1.5075 1.390(15)
S-03 1.5079 1.503(15)
S-04 1.4901 1.459(16)
Mgl — O lengths (A) Mg2 — O lengths (A)
This work Experimental This work | Experimental
values at 4.2 K values at 4.2 K
Mgl - 05 2.0974 1.998(10) Mg2 — 08 2.0601 2.065(9)
Mgl — 06 2.0684 2.080(9) Mg2 — 09 2.1127 2.083(10)
Mgl - 07 2.0724 2.057(9) Mg2 — 010 2.0680 2.051(9)

Table 7.3 S - O and Mg - O distances in meridiarait zero pressure from the simulation compared
to the 4.2 K experimental values of For&sl. (2008a).
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As for mirabilite, the hydrogen-bond network in MiSit extensive. Table 7.4 shows the H-
bonds from these simulations and Table 7.5 repbetsvalues from Fortest al (2008a) for
comparison. The average simulat®d— H distance is 0.9917 A. The only significant
difference between the experiment and the simulasoin the bifurcated hydrogen-bond.
The O14-H14abond length is identical (within experimental €jrdo the experimental
value but one of the arnfthe H14a-O9 bond)f the bifurcated bond (the dashed sections
of Figure 7.3), is 0.1 A shorter in the simulatiprmghile both theO-O distances are
significantly shorter, 0.2 A and 0.5 A respectivédy 014-09and014—-010Q compared to

the experiments.

Table 7.4 Hydrogen bonding in MS11 at zero pres$tom this simulation.ltalics are used to
indicate the bifurcated H-bond; all bond lengthe iarAngstroms and angles in degrees.

O-H H---O 0---0 U 0---H-0 U H-O-H
05-H5a-01 0.9832 1.8818 2.8640 176.936 108.406
05-H5b-012 0.9887 1.8233 2.8049 171.501
06-H6a-011 0.9955 1.7074 2.6987 173.345
06-H6b-01 0.9798 1.8881 2.8584 170.136 106.844
07-H7a-011 0.9928 1.7169 2.7066 174.341
07-H7b-01 0.9819 1.8553 2.8241 168.412 106.857
08-H8a-014 0.9921 1.7393 2.7265 172.865
08-H8b-013 0.9931 1.7318 2.7190 172.194 106.594
09-H9a-012 0.9961 1.786 2.7671 167.537
09-H9b-013 1.0059 1.6628 2.6673 176.200 105.430
010-H10a-014 0.9943 1.7505 2.7376 171.356
010-H10b-015 0.992 1.7266 2.7090 169.973 10>.108
011-H11a-04 0.9951 1.7263 2.7199 176.204
011-H11b-02 0.9872 1.8332 2.8093 169.349 106.831
012-H12a-02 0.9906 1.8057 2.7959 178.037
012-H12b-03 0.9892 1.8583 2.8291 166.308 106.804
013-H13a-015 1.0032 1.6749 2.6775 177.602
013-H13b-02 0.9924 1.7377 2.7101 165.564 104.502
014-H14a-09 1.9137 2.8372 154.124
014-H14a-010 0.9836 2.5731 2.7376 121.933 103.692
014-H14b-03 0.9899 1.8134 2.7969 171.893
015-H15a-03 0.9891 1.7637 2.7347 166.293
015-H15b-04 0.9962 1.6748 2.6614 169.940 107.46
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Table 7.5 Experimental hydrogen bonding in MS14.2tK from Fortest al (2008a).ltalics are
used to indicate the bifurcated H-bond; all bontytes are in Angstroms and angles in degrees.

0-D D--0 00 00-D--0 0 D-0-D
05-D52-01 0.950(9) | 1.946(12) | 2.894(16) AU |
05-D5b-012 0.049(8) | 1.929(11) | 2.872(13) 172.0(9)
06-D62-01 0.049(8) | 1.851(10) | 2.786(10) 16750) | 100 oy
06-D6b-011 0.993(10) | 1.760(12) | 2.749(16) 174.0(11)
07-D72-08 0.959(9) | 1.784(11) | 2.769(17) 17560) | 101
07-D7b-01 0.961(9) | 1.993(11) | 2.934(11) 165.8(9)
08-D8a-014 0.967(9) | 1.794(11) | 2.753(15) 169.7(9) 109.2(14)
08-D8b-013 0.049(8) | 1.716(11) | 2.663(13) 176.2(9)
09-D92-012 0.049(8) | 1.833(11) | 2.767(12) 1685(9) | 1,
09-D9b-Ow9 0.976(10) | 1.791(11) | 2.763(15) 173.8(11)
010-D10a-014 0.982(10) | 1.824(11) | 2.838(14) 1684010 [ oo
010-D10b-015 0.944(9) | 1.769(12) | 2.695(13) 176.9(9)
011-D11a-03 0.946(8) | 1.907(10) | 2.838(13) 16748) | e
011-D11b-04 0.953(9) | 1.867(11) | 2.818(15) 175.2(10)
012-D122-02 0.940(9) | 1.909(11) | 2.829(13) 1659010 | oo
012-D12b-03 0.949(10) | 1.884(12) | 2.833(14) 177.2(12)
013-D13a-015 0.978(7) | 1.821(10) | 2.798(11) 178.5(8) 103.2(0)"
013-D13b-03 0977(7) | 1.735(9) | 2.703(11) 170.5(5)
014-H14b-03 0.939(7) | 1.837(10) | 2.775(11) 176.2(9)
014-H14a-09 0o50(8) |_2-17613) | 3.018(12) 143.1(9)|  102.4(10)°
014-H14a-010 2.530(12) | 3.245(13) 129.6(8)
015-D15a-04 0.045(9) | 1.742(10) | 2.681(14) 171.2(10)
015-D15b-02 0.073(9) | 1.851(12) | 2.807(16) 166.9(11) 107.1(11)°

173




Chapter 7: Ab initio simulations IlI

Mg (H,0), octahedra Interstitial water Sulphate tetrahedra

bifurcated
H-bond P

Figure 7.3 Connectivity map for MS11 at zero pressafter Fortest al (2008a).
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7.5 The Pressure dependence of the structural parameters of the SO4 and Mg(H,0)s
Coordination Polyhedra.

In the simulations of mirabilite, the variation tine volume of the coordination polyhedra
proved an important quantity in the investigatidrstouctural changes with pressure. Figure
7.4 shows the volumes of the coordination polyhdéaird1S11. The SQtetrahedral volume

is shown in panel i) in comparison to the tetrahefdom epsomite (MS7) over the same
pressure range. As for mirabilite, the MS11,$€rahedral volumes have been fitted with a
3BMEOS over the pressure range 3.647 < P < -2.0& GRe SQtetrahedra in MS11 show
very similar values of ¥ and K/ to mirabilite and a K value intermediate between
mirabilite (170 GPa) and epsomite, (244 GPa). Tis Mvalues are: = 1.7347(4) & K,

= 187(4) GPa, and K= 19(4) in the low-pressure phase (see Tablebéléw). This
disparity in stiffness between hydrates has preshoueen suggested to be due to a
difference in electron density around the apicajgexs caused by the difference in the
number of accepted hydrogen bonds (see Chaptec@p8 6.7.1). These MS11 simulations
seem to further confirm this as there are twelvehsd — bonds in mirabilite, eleven in
MS11 and eight in epsomite. There is a discontisuchiange in the MS11 S@olumes
with pressure which coincides with the phase ttamsiat around 5 GPa. At this point the
tetrahedra increase in volume and follow a sintilend to the tetrahedra in epsomite. This
points to a change in the coordination of the seltatrahedra in MS11 at the transition.
This is echoed in panel ii) of Figure 7.4 whichwla similar, but smaller, discontinuity in

the volume of the Mg(kD)s octahedra.

Table 7.6 EOS fit parameters for the ,S@trahedra in MS11 in comparison to mirabilite and
epsomite (Fortest al 2006).

it | e | Mo on et
this study | from Fortes et al. (2006b) Chapter 6.
Vo (A% 1.7347(4) 1.7374(7) 1.7358(5)
Ko (GPa) 187(4) 244(11) 170(5)
Ko’ 19(4) 25(8) 17(3)

Investigation of the bond lengths within the MSIflisture confirms that there is indeed a
change in coordination. Firstly, the number of logégn bonds donated to the SO
tetrahedron in MS11 decreases from eleven to tdlowimg the high-pressure phase
transition at ~5 GPa. At low pressures, the suldatggen,04, accepts two H-bonds but at
high pressure it no longer accepts the H-bond tdrha With increasing pressure, there is
a rotation of theMgl octahedron which facilitates the breaking of HiELb—O4H — bond.

The H-bond fronH11a then reforms tdD5 which is coordinated to thelgl octahedron.
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Figure 7.4 Calculated polyhedral volumes for MSRanel i) is the Sptetrahedral volume for MS11 (open squares andlifid), compared to the tetrahedral volume in
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7.6 The Pressure dependence of the bifurcated hydrogen bond

Figure 7.5 shows that the bifurcated H-bq@l4 — H14a)lengthens with pressure. It is
common for H-bonds in hydrated materials to lengthéth pressure as a result of
increased electron density in the bond (Foeteal 2008). Unlike the polyhedral volumes
discussed above, there is no obvious break in sioffee bifurcated bond length to signify a

phase change.

1.010

1.005 A

Q

Bifurcated H - Bond length (A)

1.000

0.995 A

0.990

0.985 A

Pressure (GPa)

Figure 7.5 Length of the bifurcated H — Bo{il4 — H14a)jn MS11 with pressure.

7.7 The high-pressure phase of meridianiite.

At pressures above 5 GPa, i initio simulations predict that MS11 will be in the form
shown in the connectivity map given in Figure 7.6e major change to the structure from
that at ambient pressure is the change in the kgdrobonding network described
previously in Section 7.5. Meridianiite seeminglpdergoes a much simpler structural
change with pressure than mirabilite, althoughpiessure range investigated here is not as
extensive as was used for mirabilite. Howevess likely, as was suggested in the mirabilite
simulation chapter, that salt hydrates such as diagiite will dehydrate with pressure
rather than undergo structural phase transitiodssarit is probable that these high pressure

phases will not exist in nature.
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Figure 7.6 Connectivity map for MS11 at 8.0 GPae Bbnd highlighted in blue indicates the hydrogendowhich forms at pressures > ~5 GPa and theaskdedl line is the
04 — H1labond which it replaces.
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Summary

This chapter reports the resultsatf initio simulations of MgSQ11H,0, meridianiite. The
unit-cell volume from these simulations is in goedreement with the published
experimental 4.2 K structure (Fortesal 2008a). Fitting of a 3BBMEOS to the calculations
yields values of Y= 723.3 (8), Kk =20 (1), k' = 6 (1) and k= -403.665 (2). The energy—
volume curve reveals a second-order phase transitio-5 GPa. Analysis of the structural
elements with pressure shows this phase transiioturs when lengthening of the
bifurcated H—bond with pressure, combined with &tion of the Mg(HO)s octahedra,
prompts a reorganisation of the H-bond networkhsb &n H-bond previously donated to a
sulfate oxygen is now donated to an oxygen atonrdicated to one of the Mg@®)e

octahedra.
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This chapter is a summary of the work reported his tthesis, together with future
applications and uses of the results. It is laidasufollows: Section 8.1 précis the results in
Chapters 3, 4, 6 and 7, before Section 8.2 sugfesiter work which is needed to complete
the understanding of the salt hydrates studied asreell as future work arising from the
findings of this work. Finally, Section 8.3 brieftiescribes an example of how this work can

be applied to geological structures.

8.1 Summary of results

8.1.1 Neutron diffraction experiments to determine the thermal expansion

of mirabilite. (Chapter 3)

Chapter 3 describes thermal expansion determireededitron diffraction at the ISIS facility
at the Rutherford Appleton Laboratory. High resiainitneutron powder diffraction patterns
were collected from N&O,-10D,0 over the temperature range 4.2 K to 300 K folfayvi
rapid quenching in liquid nitrogen, and over aesgif slow warming and cooling cycles. In
addition, crystal structures were refinedRovalues better than 2.5 % at 4.2 K (quenched
and slow cooled), 150 K and 300 K. The sulfaterier reported previously by Levy and
Lisensky (1978) was not observed in this specinadthpugh changes with temperature in
deuteron occupancies of the orientationally disardevater molecules coordinated to Na
were observed. The coefficient of volume thermaglamsion,ay, is positive above 40 K,
and displays a similar magnitude and temperatupemidence tai, in deuterated epsomite
and meridianiite. The relationship between the mitage and orientation of the principal
axes of the thermal expansion tensor and the naiatgral elements shows that freezing in
of deuteron disorder in the quenched specimen taffibe thermal expansion, manifested

most obviously as a change in the behaviour olittiecell parametep.
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8.1.2. Neutron diffraction experiments to determine the compressibility of

mirabilite. (Chapter 4)

Chapter 4 reports the results of neutron diffractiexperiments to determine the
compressibility of mirabilite from 0 — 0.55 GPa&@t K and 260 K. The bulk moduli at 80 K
and 260 K are found to be 22.7 (6) GPa and 18.03Ba respectively when (Kis
constrained to thab initio value of 5.6 obtained in Chapter 6. The variaiiorthe bulk
modulus with temperature has also been investigdtieel change i, with temperature is
similar to that of epsomite over the same tempegatange but mirabilite shows a less
linear relation and its incompressibility is someuwmore temperature sensitive than that of
epsomite. However, the data-points are limited teo ttemperatures and further
measurements at intermediate temperatures andupgesae required before these data can

be properly put into context.

8.1.3. Ab initio simulations to determine the equation of state of mirabilite

from 0-62 GPa (Chapter 6)

Chapter 6 reports the results alb initio calculations using density functional theory to
determine the elastic properties of mirabilite, amabtain information on structural trends
caused by the application of high pressure, up tpressure of ~60 GPa. There are
substantial isosymmetric discontinuous structueabmganisations at ~ 7.7 GPa and ~ 20
GPa caused by changes in the manner in which tharaccations are coordinated by water
molecules. The low-pressure and intermediate-pregsuases both have sodium in six—fold
coordination but in the high-pressure phase thedioation changes from six-fold to seven-
fold. These coordination changes force a re-armaege of the hydrogen-bond network in
the crystal. The trend is towards a reduction extimber of hydrogen bonds donated to the
sulfate group (from twelve down to five over thega 0 — 60 GPa, see Figure 8.1) and an
increase in hydrogen bonding amongst the Na-coateithwater molecules and the two
interstitial water molecules. Proton transfers fribra interstitial waters (forming Ohbns)

to two of the Na-coordinated waters (forming a diH;O" ions) are observed at the upper
end of the pressure range examined. The equatistat#f in the athermal limit of the low-
pressure phase of mirabilite, parameterised binditan integrated form of the 3rd-order
Birch Murnaghan expression to the calculated enexgya function of unit-cell volume
yields the zero-pressure unit-cell volume, ¥ 1468.6(9) & the incompressibility K=
22.21(9) GPa and the first pressure derivaii¥d{P), = 5.6(1).
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a)

Nay(H,0)g ribbon interstitial water SO, tetrahedron

b)

Na,(H,0)g ribbon interstitial water SO, tetrahedron

05

o7

06

04

Figure 8.1 a) Connectivity map illustrating theatenship between structural elements in mirabilite
at zero pressure; the hydrogen bond structure tepaorresponds to the full ordering of the '®Bsit
attached to 09/17 and 08/16. b) Connectivity magstilating the relationship between structural
elements in mirabilite at a pressure of 61 GPateNat the order of the sulfate oxygens diffeosrr
a). The hydronium ions are marked with black eiscland the hydroxide ions with white circles.
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8.1.4 Ab initio simulations to determine the equation of state of MS11.

(Chapter 7)

Chapter 7 reports the results aif initio simulations of MgS@11H,0, meridianiite. The
unit-cell volume from these simulations is in goedreement with the published
experimental 4.2 K structure (Fortesal, 2008a). Fitting of a 3BMEOS yields values of:
Vo=723.3(8), K=20 (1), K' =6 (1) and &= -403.665 (2). The energy—volume curve
reveals a second-order phase transition at ~5 GRalysis of the structural elements with
pressure shows this phase transition occurs whagthening of the bifurcated H—bond,
0O14—-H14awith pressure, combined with a rotation of the MgD)s octahedra prompts a
reorganisation of the H-bond network so that andtfdhO4 — H1lawhich waspreviously
donated to a sulfate oxygen is now donated to éleecoxygen atoms which is coordinated

to theMgl octahedron; the new bond®@b — H11la This process is shown in Figure 8.2.
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Mg (H,0)g octahedra Interstitial water Sulphate tetrahedra

bifurcated
H-bond

Figure 8.2 Connectivity map for MS11 at 8.0 GPae Blond highlighted in blue indicates the hydrogendowhich forms at pressures > ~5 GPa and the ashed! line is
theO4 — H11abond which it replaces.
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8.2 Future work

The experiments and calculations carried out heowige a significant amount of new
thermoelastic data for mirabilite. However, thesestill a lack of data available for the other
phases in the N8O, — H,O system, neither are the phase relations of tiseesy fully
understood at non-ambient pressures. It is imperdir the understanding of deposits
containing such material that further phase refatiand properties over a range of
temperatures and pressures are determined. It wbeldnteresting, for example, to
investigate the general structural trends of thghimiressure phases of sodium sulfate
hydrates, namely the trend towards proton transférer than H-bond symmetrisation, the
reduction in H-bonds donated to the .S€trahedron, and towards increasing coordination
of the Na cation, including coordination by sulfaigygens as seen in sodium sulfate
octahydrate (Oswalet al.2008).

The structure of mirabilite is now well establishiadall regards except that of the possible
disorder in the sulfate tetrahedra. The neutrorratifion experiments of Chapter 3,
performed on mirabilite do not find any evidencelwd sulfate disorder described by Levy
and Lisensky (1978) - See section 3.1.1.2 in Chaptét is unclear whether this is a result
of the deuteration of the sample in this experimenthat it is due to the thermal history of
the sample during the diffraction data collectiorsome other aspect of the crystal growth
or sample preparation prior to the start of theeeixpent. In addition, morphologically, the
deuterated crystals seem different from the prdezharystals: the deuterated crystals grow
as lumps with few well defined crystal faces witile protonated crystals have well defined

crystal faces.

A proposal to investigate the disorder in mirabiliturther by single-crystal neutron
diffraction was successfully submitted to the 18amtime panel and was scheduled time
on SXD, the single crystal diffractometer, in Mar2809 (see Appendix.5 for beamtime
application). The proposed experiment was a siogistal study of both a deuterated and a
protonated crystal of mirabilite at 4 temperatusesveen 4.2 and 300 K. This would allow
the temperature evolution of any sulfate disorderbe investigated to determine any
differences between the two isotopomers. Unforelgatl day into the allocated 5 days,
there was a problem with one of the ISIS methanderaiors which was followed by a site
wide power cut which put an end to the experimarthis user cycle and so the experiment

is still outstanding, and scheduled for later gfgar.
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The ab initio calculations of MS11 and mirabilite in this stupisedict new high-pressure
structures for both materials. Generally speakihg,effect of pressure on highly hydrated
crystalline salts is to stabilise lower hydrateg.(&ood & Stager, 1966; Hall & Hamilton,
2008; Hamilton & Hall, 2008; Oswalet al., 2009), so it would be of interest to study MS11
and mirabilite experimentally at these pressuresem if these predicted structures actually
occur, or whether decomposition into lower hydratesurs first. This could be achieved

with a qualitative high pressure diamond anvil gtud

The ab initio calculations performed here have also highlight&dt may well be another
common trait in the high pressure behaviour ofaalfhydrates, namely that the rate of
increase in stiffness of the sulfate tetrahedreelated to the coordination number of the
sulfate tetrahedra, with theyWalue of the sulfate tetrahedra independent ofctlystal
structure. This is seen in Figure 8.3 which shidvesSQ tetrahedral volume for mirabilite
and MS11 (from this work) and for epsomite (Foréesal., 2006b). A wider study of the
variation in tetrahedral volume for other hydratedfates would be of interest in order to

see how universal this effect is.

The NaSQ, — H,O and MgSQ - H,O systems are both extremely important in the stfdy
planetary materials; however, neither of theseesystwill exist in isolation as other cations
are likely to be present. While there is littlerar solid solution between Mg and $&,
there are several ternary systems where solidisoBibetween all end-members do exist,
(e.g. KSO, — HLO — NaSQy), the dynamics and phase relations of which muwest b

investigated.
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Figure 8.3(a) Sulfate tetrahedral volumes withé@asing pressure for epsomite (red crosses, Fairds 2006b), MS11 (green filled diamonds, this waaky for mirabilite
(open circles, this work). The lone point denotgdh® open triangle is the “odd” point where thécakation was not carried out step-wise (see Chiaple The solid lines
are 3BMEOS fits to the S@rolumes in mirabilite for the low-pressure andHjgressure phases, and the dashed line is a 3BMiEf@S$he SQ volumes in epsomite.

(b) Variation of the SQvolume in mirabilite, epsomite and MS11 over tiéire pressure range simulated for mirabilite. Ebéd black line and the dashed line are the

same as in panel (a). The line at higher pressl@@BMEOS fit to the four values above 20 GP& W fixed equal to 1.736 (for details see Chapter 6).
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8.3 Application of thermoelastic properties of salt hydrates to geological structures:

Diapiric modelling.

Once the thermoelastic properties of a materiabHaeen constrained, they can be used to
understand and predict the behaviour of geologitattures and processes. Such properties
can be used in both large, planet-scale, thern@lgon models (e.g. Grindroet al,, 2008)

and in the modelling of small scale geological dea$ such as diapir evolution (Beyral.,
2007). In this final section, a very simple modgttee evolution of a diapir of salt hydrate
material is constructed. It should be noted, howetat such models depend crucially upon
the values adopted for the viscosities of the neltersed; viscosity is a thermoelastic
property that has proved extremely challenging tasore experimentally. This section is
laid out as follows: 8.3.1 describes the methodplbghind the diapir model, before
Sections 8.3.2 — 8.3.4 describe the setup andtsesidll application of this model to

conditions found on Earth, on Mars and on the atgltites of Jupiter.

8.3.1 Diapiric model methodology

One of the most important properties of evaportaterials is their ability to flow relatively
quickly on a geological timescale. The presencaroévaporitic salt hydrate layer may set
up a density inversion leading to a diapiric umgsi The mechanism for forming diapir
structures is well known on the Earth; small RagheTaylor instabilities in the evaporite
layer at the interface between it and the overlydadiment promote flow and may grow to

form structures similar to terrestrial salt diapiféatures.

The model used and described here is taken fromlgeh Turcotte and Olson (2006). This
model describes the speed of ascent and likely safahny surface features produced as a
result. The first, key assumption of the modelhattRayleigh-Taylor instabilities have
already given rise to a diapir; there is no consitien of the conditions necessary for initial
diapir formation. Figure 8.4 shows the initial getaf the model for all environmental
conditions. Initially, there are two layers of méé a buoyant lower layer overlain by a
denser overburden layer. The top surface of thebowvden is a free surface and is assumed
to be unconstrained. In contrast, the lower surfzcihe buoyant layer is assumed to be a
non-slip contact. Both layers are assumed to beouis The properties of the layers, e.qg.
density p), viscosity ), etc. are denoted with subscrift’“and ‘b” for the overburden

and buoyant layers respectively. Thus, the thickméshe layers becomesdnd h.
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Free surface

 Overburden
Ho, Po, Vo

y

Figure 8.4 Initial layer model. The brown layer tiee dense overburden layer denoted by the
subscripto and the blue layer is the buoyant layer denotea kybscripb. The thickness of these
layers is b and k. The top boundary of the overburden is a freeasgrfand the bottom of the

buoyant layer is a non-slip contact.

The diapir formed is taken to be spherical anchgisat a uniform rate through a more

viscous medium (the overburden layer), as seengar& 8.5. It is also assumed that the
diapiric feature has a constant volume and thastlséem is isothermal. The properties of
the system are not considered to vary with depltie model then relates a scale factor R,
involving the ratio of the viscosities of the buayand denser layers and the thickness of

the buoyant layer, to the speed of ascent.

A A

Overburden m

L

Buoyant layer

hp

v

Figure 8.5 Schematic illustration of the model diggmainst the layers from Figure 8.4. The spatial
scale of the diapir is R and the ascent speededditpir is U.
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The first quantity calculated in the model is tpatsal scale of the diapiR, akin to the

radius of the diapir.

n 3
R=|==| [h, Equation 8.1
Ty

Where n is the effective viscosity of the appropriatelybscripted layer andyhis the
thickness of the buoyant layer. This means thasire of the diapir is related to the amount
of material available in the buoyant layer and #dlity of the buoyant layer to move
relative to the overburden layer. It also tellstiiat h, the buoyant layer thickness, is an
important parameter in the determination of the sizthe diapir. Figure 8.6 is a logarithmic
plot of R against layer thickness at a series of viscosiytrasts; it illustrates just how
quickly the size of the diapir increases with oradr magnitude changes in viscosity

contrast. Thus, the values adopted for the visga$ithe layers must be chosen with care.

N.B. It is common in planetary dynamics to speakhefviscosity of a material even though
the term is not fully descriptive of a hon-Newtamigheology. The “effective viscosity”,
New, Of @ material can be used in this way provideat ¢h the stressor £, the strain rate

have been specified, which they will be in thisecaigy can be defined as:

g .
New = — Equation 8.2

3¢

The factor of 3 in the denominator is due to trewvflbeing axisymmetric and divergent

rather than along straight, parallel lines (Durteamd Stern, 2001).
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Figure 8.6 Logarithmic plot of diapir size agaitmioyant layer thickness for different ratios of
viscosity between the overburden and buoyant layers

The rate at which a sphere of material, with a tlersgale R, will rise through a medium

with viscosity ofn, is equal to the Stokes velocity and can be caledlrom:

Equation 8.3

WhereR = initial length scale of diapir, )= Stokes velocityr), = effective viscosity of the

overburden layer, and gan be defined as:

: (dpj .
g =9 — Equation 8.4
Py

With,
do=p, - p, Equation 8.5

(and “g” being the acceleration due to gravity battparticular planetary body)
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For each planetary scenario as described in thewimlg sections, the material properties
have been adjusted for the particular environmeralditions of that planetary body. In
each case, layer thicknesses are varied over tige rh00 — 1000 m for both the buoyant
and overburden layers to explore a parameter sganparable to that found on Earth. The
range of densities and viscosities used in eatheo§cenarios can be seen in Table 8.1. The
viscosities are taken from various sources as ihestin the caption to Table 8.1 and their
values have been adjusted for varying temperatareach planetary body as much as is
possible from available experimental data. The &neoire for each layer is taken as the
temperature at the central depth of the relevasmtrléor a given geotherm. For example, for
the Earth a modest crustal geotherm of 25 K'kras been used (Best, 2003), together with

an average surface temperature of 293 RG20

Table 8.1 Density and viscosity values for the malg used in each of the planetary settings. mfro
Shukurinaet al (1978), # from Durharat al (2005), + from Goldsby and Kohlstedt (2001),rérh
Beyeret al (2000)* from this work.® from Shofieldet al (1996) and from Fortes (2004).

Density (kgm™) Viscosity (Pa Sec)
Earth Mars Ganymede
Gypsum 2317° 1x10%A - -
Mirabilite 1490 & 1x102* 1x10™* 1x10%"*
Ice (1h) 917°¢ 1x102* 1x10"* 1x10%*
Basalt 2800 * 1x 10" * 1x 10" * -

8.3.2 Diapirs on Earth

The first scenario for which this model will betextis a basalt overburden layer overlaying
a salt hydrate buoyant layer composed of gypsumSQa2H,0). Halite and gypsum are
the most common evaporitic minerals on Earth. Berigd salt domes have length scales of
a few hundred meters to a few km and typically hetae surface in times of order*00°
years. Table 8.2 shows the range of values of daater determined for all the different
scenarios. Using this model to create a gypsumirdiegm a layer overlain by basalt on
Earth would give diapirs with a range of lengthlesafrom 0.5 — 10 km, in excellent
agreement with the size of features seen. For ebeaFigure 8.7 shows an image of salt

diapirs in Iran along with circles of radii 10 aB@ km for comparison.
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gypsum - basalt

mirabilite - basalt

R (km)

0.5-10

1-20

Range of ascent times for given buoyant |
layer thickness ratio (million

ayer : overburden
ears)

hy : h, gypsum - basalt | mirabilite - basalt
1:1 3-70 0.7-15

2:1 1.3-16 03-4
5:1 0.7-3 0.15-0.6
10:1 0.3-0.7 0.08 -0.15

Table 8.2 Range of spatial scales and ascent ttak&silated for diapirs on Earth using layer
thicknesses of 100 — 1000m for both the overbusedehthe buoyant layer..

Figure 8.7 Landsat image of salt diapirs in Iragetber with scale bar for comparison with simulated
diapir sizes. Image: USGS/NASA.

It is also interesting to consider the time takend diapir to rise up through the overburden
above it. Diapir ascent time is also reported ibl&@a8.2. For buoyant layer to overburden
thickness ratios of 1, there are a range of asierets from 3 — 70 Ma corresponding to
thicknesses of the buoyant layer of 100 — 1000nr. &duoyant layer to overburden

thickness ratio = 5 the time-of-ascent range isiced to 0.7 — 3 Ma.

However, as we know, gypsum is not the only evadigomaterial which can form in thick
deposits on the Earth. It is not unreasonable tgine that given the right environmental
conditions a thick deposit of mirabilite or othattshydrates could be laid down, buried and
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form a diapiric structure, so the second scenaria mirabilite buoyant layer overlain by

basalt. The results of this are also seen in T&l@eThe range of sizes of feature produced
by a mirabilite diapir on the Earth is slightly d@r than the range for a gypsum feature. A
larger density difference between the mirabilited athe basalt overburden layer has
produced a faster ascent speed for the mirabiiiépid by approximately an order of

magnitude. This may lead to a mirabilite featurenpeexposed to erosion at the surface
earlier in its history, compared to a gypsum baalyd so it may not persist as long in the

geological record.

8.3.3 Diapirs on Mars.

For Mars, the model has been used to simulatdyfiras for Earth, a basalt overburden
overlying a mirabilite buoyant layer, and secon@hjhuoyant ice layer overlain by a basalt
overburden. Mars is unique amongst the terresplmhets as a place where the climate
allows ice layers to persist over geological tinass within the subsurface; currently, ice is
stable in the Martian subsurface to depths of atguim given a crustal geotherm of 12 K

km™ (Montesi and Zuber, 2003) and assuming an avesagace temperature of 220 K.

The viscosities of the layers used have been ajustccordingly from terrestrial
temperature to appropriate Martian values and g, dtavitational constant recalculated.
Values of 1x1&, 1x10° and 1x16*Pa s were used respectively for the viscositiegh@ice
(Goldsby and Kohlstedt, 2001), basalt (Begéeral, 2000) and mirabilite (Durharet al.,
2005). The densities employed for each layer @spactively: 917 kg rhfor ice (Fortes,
2004), 2800 kg i for basalt (Beyeet al, 2000) and 1490 kg frfor mirabilite (this work).

The simulated Martian diapirs have larger lengthles than the terrestrial diapirs (see
Table 8.3) with the mirabilite diapir approximatedpubling in size at Mars compared to
Earth. The model calculates that ice diapirs asaguidkly and so may have a shorter
lifetime in the geological record than their safdhate equivalents. For 1:1 layer
thicknesses the ice diapir ascends in 0.3 — 5 Midewhe mirabilite diapir ascends in 0.6 —
13 Ma. A layer thickness ratio of 2:1 yields asdémes of 10,000 years — 1.3 Ma, and a 5:1
ratio yields ascent times from 50,000 years — 0& Whis is significantly faster than the
halite diapirs modelled by Beyet al (2000), where timescales of 40 — 70 Ma were reglort

for similar conditions.

It is unclear how long the evidence of an ice didpature will persist in the Martian

geological record, but it is possible that there areas of Mars where suitable amounts of
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subsurface ice have existed recently enough faufes to survive to present day. One such

area which has been suggested to contain featuneshvmight be diapiric in origin is

Candor chasma, where Beyatral (2000) describe features of a similar size todiagirs

predicted here.

mirabilite - basalt

Ice - basalt

R (km)

2-46

1-22

Range of ascent times for given buoyant layer : overburden

layer thickness ratio (million

ears)

hy : hg mirabilite - basalt Ice - basalt
1:1 0.6-13 0.3-5
2:1 03-3 0.1-1.3
5:1 0.13-0.5 0.05-0.2
10:1 0.07-0.1 0.02 -0.05

Table 8.3 Range of spatial scales and ascent toaksilated for diapirs on Mars using layer
thicknesses of 100 — 1000m for both the overbuedehthe buoyant layer.

8.3.4 Diapirs on the icy satellites

This modelling can also be extended to the icyligae where evaporite minerals are also
likely to be present. For the diapirs describethim previous sections, the salt hydrate layer
has always formed the buoyant layer; however, @idh satellites of Jupiter, it is possible
that ice may form this buoyant layer, with salt tatds as an overburden layer. For this
exercise the properties have been adjusted to ¥&tweGanymede. It is interesting that on
Ganymede the two layers have the same viscositthessize of the diapir is entirely reliant
on the thickness of the buoyant layer. There ie a# as large a density contrast between
the overburden and buoyant layer in the outer ®ylsiem case (see Table 8.1) so the diapir
will grow more slowly. Table 8.4 shows that thisiigleed the case, and that diapirs on
Ganymede are of the same scale as the buoyantthagikeness and rise at a slower rate than

those on Mars.

Ice - mirabilite

R (km) 0.05-1

Range of ascent times for given buoyant layer : overburden
layer thickness ratio (million years)

hg : h, Ice - mirabilite
1:1 1-20
2:1 0.4-5
5:1 0.2-0.9
10:1 0.1-0.2

Table 8.4 Range of spatial scales and ascent tialesllated for diapirs on Ganymede using layer
thicknesses of 100 — 1000m for both the overbuedehthe buoyant layer.
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8.3.5 Discussion

Although the model discussed above illustratespifoeesses involved in diapir formation
and gives estimates of the size of the resultirmjufes and the timescales required for
ascent of the diaper to the planetary surfaces wedry simplistic and capable of much
improvement. Using this simple model the size effémture produced is very dependent on
the viscosity contrast between the buoyant layer thie overburden. In the absence of
tighter constraints on actual values for materiatesities, to fully investigate the relation
between the composition of the buoyant layer aredsthe of the surface feature, a range of
viscosities for each material will have to be cmpghis would add another dimension to the
parameter space investigated. In contrast to #eedithe feature, which is controlled by the
buoyant layer thickness, the driving forces whicimtcol the speed of ascent of the diapir
are: 1) the differing density contrasts between shenarios, and 2) the ratio of layer

thicknesses within each scenario..

In this simple model it has been assumed that idq@rds initiated solely by compositional

rather then thermal buoyancy. Future work shouldress thermal buoyancy, as well as
accommodating possible phase changes (includinggehaf hydration state) in candidate
materials under the appropriate conditions. Polgmahc diapirs, incorporating, for

example, Mg- and Na-sulfate hydrates, might alsocbesidered. Furthermore, a more
sophisticated linear analysis methodology, whicluld@llow a more complete treatment of
the dynamics governing the interactions of the lambyand overburden layers could be

used.

In the case of most icy satellites, the evaporitgels are likely to form the denser
overburden overlying less dense ice layers, althoug Titan’s surface it is possible that
low-density organic evaporites will exist where hate-ethane lakes have dried up; in this
case the overburden might be dominated by solitylece and ethylene. Thus, due to the
temperature ranges encountered on these satdillitdse outer solar system it is important
to consider also the phase relations of other systéhought to occur on the surfaces of

these icy bodies, such as methane clathrates arahtmonia-water system.
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1. Introduction

Sodium sulfates are important geological and emging materials; on Earth hNaO,
occurs in evaporitic sequences as the mineral t#aeor the hydrated mineral mirabilite
(NaSQ,.10H,0), and often forms in association with dislocasian thrust terrains and as
the metasomatic products of the weathering of elkalgneous rocks Moreover, sodium
sulfates are a major component of the millionsaofstof salts found in the dry valleys of
Antarctica’ Recently the importance of sulfates throughout sotar system has been
recognised; N#&O, is the second most important leachate after MgB&@n chondritic
materials which probably form the rocky cores o tolar system's large icy moohs.
Mirabilite will therefore be a major rock-formingineral in the mantles of these icy moons.
The use of sodium sulphate as an economic rescwasebeen mainly confined to its
inclusion in building concretes and for this reasoformation concerning the long-term
behaviour and weathering of this compound has beswught after.

The dearth of hydrates in the J$&, - H,O system, compared with the Mg$sOH,O
system (one versus eight), the comparative eaggasfing single crystals, and the low
decomposition temperature of mirabilite (30°C), Inasant that anhydrous sodium sulfate
has received more attention than anhydrous magnesiulfate in the literature.
Nonetheless, the structures and phase transitibamtydrous sodium sulphate have not
been studied fully, mainly due to the complexityd anetastability of the phase relations.
The physical properties of this substance have lésn neglected. Several studies have
concentrated on the ionic conduction and electrpraperties of sodium sulphétebut
ignored the thermo-elastic properties. The onlyestigations of the phase diagram of
sodium sulphafewere to 45kbar using a piston-cylinder and an stigation of the elastic
properties of thenardite using interferomeiyhydrous sodium sulphate is thought to have
as many as eight polymorphs up to 4.5 Kig&ig. 1), but to date, only four of these have
been structurally characterised; I, Il, Il and {he latter being the naturally occurring
phase called thenardite). Phase I, which occurvealddOK, is hexagonal, space group
P&/mmc and is characterized by complete orientatiatisbrder of the SQtetrahedra
Phase |f° °rthorhombie. space group Pbiy it j5 only stable over a very small temperatarge (503
— 510K) and has been considered by some to be taelesPhase 1l (orthorhombic, space
group Cmcm) is stable between 473 and 503K at gthes&c pressure, whilst the room P, T
form of NaSQ, is phase V (orthorhombic, space group Fd§d There is still some debate
in the literature as to the existence of a phasbuwrecent studies have failed to report any
evidence of this phase. The higher pressure polyhsrVI, VII, and VIIl, have yet to be

investigated.
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Figure 1. The P,T phase diagram of sodium sulfate from 37Q6-K, 0 — 4.5 GPa. After

Pistorius®

There have been comparatively few computationagstigations of molecular ionic
materials, such as sulfates. Such complex systerasemt a challenge to potential
calculations as both bonded and non-bonded interectmust be accounted for by any
potential model. The models that have been devdlagye adapted versions of models
applied to ionic materials. The earliest invesiigatof the sulfates developed potentials
for potassium sulfate which were then transferredsodium sulfate. However, these
potentials did not discriminate between the bonaled non-bonded interactions present in
the structures. A subsequent study by Allan af>. did distinguish between these
interactions through the inclusion of a Morse pt&drand was successful in simulating a
range of sulfates, including MgS@nd NaSQ,. Most recently, Jackson, (2061jnodified
the results of Allaret al(1993) by including a harmonic potential (in place of terse

potential) to represent the S-O interaction.

IV



Appendices

However, neither Allart al(1993)2 nor Jackson (20015 refitted the sulfate potentials
to reflect a change in cation; only the cation ygen interaction has been modified with
each new sulfate system modelled. This means bwmatrteractions, although generally
adequate for simulating the bulk lattice parametdrshe sulfates as a group, lack the
individual complexities needed to represent acelydhe multiple phases for each different
cation sulfate system which may only differ margiinan their parameters. Another
drawback to their method is that it does not take account the coulombic interactions
associated with the sulfate ion itself.

Our goal is to understand the structure and histbigirge icy moons from the physical
properties of the constituent salts; we have régematrried out detailed neutron diffraction
studies of mirabilit& and of hydrated magnesium sulfate s8ltFhis experimental work is
complemented by a mixture of computationally expensigh-level quantum mechanical
(QM) calculations and cheaper interatomic poter{tR) calculations. The objective of this
paper is to derive Na — O and S — O potentialsh@ut the added complication of bound
water) from empirical data on the structure o68@ polymorphs. In a companion pafer
we present results from the fitting of potentialsstructural data for anhydrous magnesium
sulfate polymorphs. Such potentials will extendaglse our ability to understand the more
structurally complex N&O, decahydrate that is so important on Earth antiérouter solar
system. We then present a comparison of elastipepties from the IP calculations with

experimentally determined elastic stiffness coédfits.
2. Method
2.1 Fitting of interatomic potentials

The basis for the potentials developed here weranpeters calculated by Allagt al
(1993)* Sulfates present a challenge to empirical potefittalg as they consist of a cation
ionically bonded to a molecularly bonded sulfatbe Tmodel employed by Allaet al
(1993) is a rigid ion model which differentiates betweeter- and intra—molecular forces.
This differentiation allows the sulfate ion to bedelled as a molecular system through the
use of Morse and three-body (intramolecular) paéshtvhile the intermolecular forces are

modelled by Buckingham potentials (Table 1).

Intermolecular interactions

r. yo)

1

ucki iU -r C
Buckingham potential | U; ®** ngham_ 495 Aex;{_J -l =
]
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Intramolecular interactions

. U; =D, [1-exp(a(r —ry)))* -1]
Morse potential

Three-body potential | Uy, ™ b°dy:% k,(8-6,)?

Table 1The forms of the interatomic potentials used, the interatomic distance over
which the potential is operating, q is the atontiargef is the angle between the vectors
andry3 while A, pC, D, a, b, K, andPare the coefficients which have been obtained
through empirical fitting.

The potentials derived here have been fitted tstiexj structural data for N8O,
phases Il, lll, and V, ensuring full transferalyillietween polymorphs. To achieve this, the
input coefficients required by a particular potahtivere systematically varied until the
output lattice parameters and unit cell volume edneith the experimental values to within
a suitable range (5% for the lattice parametersf@%he volume).

During the fitting processes it was found that nratevariation in the Buckingham and
Morse potentials and no variation in the three-bpdiential, from the values established by
Allan et al(1993)? were needed to produce an extremely satisfactgngement to
published experimental lattice. The fitting and rgigeminimization calculations reported
here were carried out using GULP, General Utilitiegtice Prograri which calculates

bulk and elastic properties for a given potential.

3. Results

The potential coefficients derived by fitting taethvailable structural data are given in
table 2. The agreement between the calculatdddaiarameters in the athermal limit and
the measured values (at or above room temperatunecpresented in table 3. Structural
relaxations and calculations of the total energyhefcrystal were carried out at a series of
fixed unit cell volumes. An integrated form of tB& order Birch-Murnaghan equation of

state (BMEOS3J was fitted to the E(V) points to determine theozpressure volume, ¢y
the zero-pressure bulk modulus, lénd its first pressure derivativ(@,K /6P)0 or K. The

lattice parameters as a function of the calculme$sure were also fitted with & 8rder
Birch-Murnaghan expression to obtain the axial mpeessibilities and their pressure

derivatives; i.e., K= (1 /a%(da®/ 6P), and K3 = (OKa / OP)r. The parameters resulting
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from these various fits are given in tables 4, andiscussion of how they compare with

experimental values follows in Section 4.

Buckingham potentials

Potential coefficients Cutoffs (A)
Species A (eV) p (A) C (eV A)
Na-—O 550.0 0.296 0.0 18.0
0-0 103585.02 0.2 30.0 18.0
Morse potential

Potential coefficients Cutoffs (A)
Species D (eV) a (A% ro (A)
S-0 5.0 1.2 1.505 1.8
Three-body potential
Species Potential coefficients Cutoffs (A)

9 (°) ko (eVrad®)
0-S-0 109.47 15.0 1.6 1.6 3.2

Table 2.Empirically derived potential coefficients for p&O,.
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Na,SO;,-V (thenardite)

Experimental (Ref. 10)
Lattice parameter IP (293 K)
a () 5.9981 5.85820
b (A) 11.9194 12.29900
c(®) 9.6297 9.81380
V (A% 688.463 707.084
b/a 1.9872 2.0995
cla 1.6055 1.6752
Na,SO,-II

Experimental (Ref. 10)

Lattice parameter IP (493 K)
a(A) 5.2404 5.30991
b () 9.5005 9.46928
c (A 6.8246 7.14360
v (A3 339.772 359.188
b/a 1.8129 1.7833
cla 1.3023 1.3453
Na,SO;,-111

Experimental (Ref. 10)

Lattice parameter IP (463 K)
a () 5.6800 5.63041
b () 8.8361 9.04343
c(R) 6.7681 7.03771
S 339.684 358.348
b/a 1.5557 1.6062
cla 1.1916 1.2499

Table 3. Comparison of calculated (interatomic potential, #hd Density Functional
theory, DFT) athermal lattice parameters to pnesip published experimental data for
three NaSQ, phases.
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N&SO.V (1P) | NSOl (IP) | NaSO-Iil (IP)
Vo (B3 688.2 339.5 339.5
Ko (GPa) 45.7 46.7 478
K’ 6.2 5.8 5.6
K. (GPa) | 49.15(16) 42.8(2) 43.1(3)
K'a 11.278(10) 4.27(4) 6.81(15)
K, (GPa) | 67.12 42.3 42.33(8)
K's 4.7 3.51 3.51(3)
K. (GPa) | 32.45 50.13(15) 61.57(12)
K'e 4.4 7.70(8) 7.97(5)

Table 4. The calculated (IP) values for the bulk elastic pemies of NgSO,.
experimental values exist at present.

No

Na,SO,-V Na,SO,-V Na,SO,-1 Na,SO;,-111

(thenardite) (thenardite)

IP experimental | IP IP
cj (GPa)
Ci1 85.17 (+6.0) 80.35 78.35 139.97
C2 117.82 (+11.8) 105.40 77.51 119.81
Ca3 74.43 (+10.5) 67.36 87.62 136.61
Cas 15.18 (+2.8) 14.77 24.04 31.92
Css 18.84 (+4.6) 18.02 15.92 38.64
Ces 31.97 (+35.5) 23.59 31.85 16.83
Ci2 38.83 (+30.3) 29.81 34.57 24.90
Ci3 23.88 (-6.6) 25.58 29.02 50.42
Ca3 45.89 (+174.0) 16.75 35.85 43.64
Ko (GPa) 50.6 42.6 49.0 69.3
Ky (GPa) 52.8 43.4 49.1 69.9
Gh (GPa) 23.3 22.3 23.3 33.5
E (GPa) 61.0 57.0 60.4 86.7
v 0.308 0.281 0.295 0.293
Ka(GPa) 41.1 48.7 44.3 70.0
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Ky (GPa) 158.8 57.1 49.9 55.3
K:(GPa) 34.9 30.9 53.9 91.7
6p (K) 331 322 331 396

Table 5. Calculated (IP) elastic stiffnesses, for three NaSO, polymorphs, and some
derived quantities: Kis the 'relaxed single crystal isotropic bulk mindy K, and G, are
the Hill average bulk and shear moduli, E is thauYgls modulusy is Poisson's ratio, K
Ky,, and K are the axial incompressibilities, alg is the Debye temperature. See
Ravindraret al (ref. 19) for the derivation of these quantites the elastic stiffnesses and
compliances. The experimental values are from VayhB(ref. 9), and the numbers in
brackets in column one give the percentage diffardretween the calculated and empirical
stiffnesses.

Additionally, the elastic stiffness matrix is rauiy calculated in GULP through the

second derivatives of the energy density with respestrain:

2
C; = A Equation 1
V {0g0d¢g,

where V is the unit cell volume, U the internal &g € the strain and are the elastic
stiffness coefficients. The calculated elasticstants appear in table 5. Using the method
described by Ravindraet al(1998)'° we have also used the elastic stiffnesses (and
compliancess;, calculated by matrix inversion) to obtain a numtsiebulk elastic quantities

for comparison with experimental data, where abddldtable 5).
4. Discussion

Table 3 reveals that the IP calculations yield emélated unit cells (by ~ 3 - 5 %) at
zero pressure in the athermal limit. However, tkpeeimental values are at much higher
temperature (300 - 500 K), so future measuremettiefimiting low temperature unit cell
dimensions will yield much better agreement. As faend with MgSQ,'® the unit cell
shapes lf/a and c/a) are not so well replicated (and this is unlikédy be improved by
making measurements at low-T), which suggests $umbe directional aspect of the
intermolecular interaction is not being correctlpdelled by the potentials, and indicates
that anisotropic properties, such as elastic cotstand thermal expansion, will not be well

reproduced, as discussed below.

Tables 4 presents the bulk elastic properties ffier three polymorphs studies. At
present, there is no high-pressure experimental @ih which to compare our calculated

bulk and axial incompressibilities. However, we gain some insight into how well the
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elasticity is being modelled by comparison of th&ualated elastic stiffness matrix (table 6)
with values determined interferometricallyfhe table indicates the percentage difference
between calculated and measured values (the exgatamuncertainties are 0.5 % on,

Coo, @NdCas, 3 % 0ONCyy, C13, aNdC,3, and 2% 0rtyy, Css, andcgg), and it is clear that there are
some extremely large discrepancies - most notel)ywhich is nearly three times larger
than the measured value. Figure 2 depicts theuleddd (a,b) and experimental (c,d)
elasticity tensorg;), and a slice in thg-z plane which highlights the difference in shape due
to ¢, When we calculate bulk properties from thesestelaconstants we find that the
greatest effect is upon the stiffness of kexis; K, becomes almost three times greater than
expected, whereas,land K agree tolerably well. Indeed a very similar pheaoon is seen

in our calculation of the elastic constantsceMgSQ,, which yields ana-axis stiffness
much larger than observed experimentally. BdgSQ,, by contrast, the elastic constants
yield K,, Ky, and K, which are in reasonable agreement withahenitio calculation, so it

is also possible that the elastic constants foSRg!l and 11l are well determined.

I

. e (GPa) "
| '!

Figure 2.The calculated (a and b) and experimental (c aredag}ic stiffness tensoc;(
surface, units of GPa with a common scale for geatel), with slices in thg-z plane to
illustrate the shape change brought about by tige ldifference irt,; between the two.
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It remains to be seen whether the predicted bult axial incompressibilities of
NaSQOy-Il, Ill, and V agree with future experimental datdoreover, high P,T studies of
phases VI, VII, and VIII will help us to elucidatihe subtleties of the intermolecular
interactions due to minor differences in packinguagements, which present challenges for

the simplistic potential model employed here imtgiof longer-range directional forces.

5. Summary

In this paper we have fitted new interatomic patdnmodels to structural data for
anhydrous sodium sulfate polymorphs. These modal® been used to calculate elastic
properties, which we have compared with experimbntgetermined elastic constants. The
derived potentials are shown to be transferabledyst polymorphs of the same sulfate and
the lattice parameters obtained by these poteragatse very well with empirical data.

The fitting of interatomic potentials provides ama@ost effective means of calculating
structural and elastic properties than quantum w@ngichl simulation (more so at finite
temperatures), allows us to investigate P,T spateammelled by the constraints of
pressure vessels, cryostats or furnaces, and y@ldge-crystal' data for substances where
single crystals of the right size are difficultgow.

Sulfates present a particular challenge to ecwipotential fitting as they consist of a
cation ionically bonded to a covalent sulfate grolipus, any model developed must be able
to accurately represent a mixture of both bondetireon-bonded interactions over a range
of polymorphic phases. The anhydrous sodium sulifiatieratomic potential refinements
have shown that GULP is an effective tool to mirtie behaviour of salts; the lattice
parameters obtained are accurate to within a fewepé of the published values. Further
application of these potentials in the study of dayeld sulfates will be valuable in

supporting existing experimental aal initio data.
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Appendix 2

Experimental unit-cell parameters for mirabilite on
warming and slow-cooling from 4.2 — 300 K from the
ambient pressure thermal expansion experiment of

Chapter 3.
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Warming

Temperature (K) | a-axis (A) | b-axis (A) | c-axis (A) | B-angle ¢) | Unit-cell volume (A
4.2 11.4419(1)| 10.3428(1)12.7532(1) 107.838(1)| 1436.68(1)
10 11.44180(2) 10.3426(1) 12.7533(2)| 107.836(1)| 1436.67(2)
20 11.4419(2) | 10.3428(1)12.7531(2)| 107.838(1)| 1436.67(2)
30 11.4423(2) | 10.3426(1)12.7530(2)] 107.838(2)| 1436.69(2)
40 11.4425(2) | 10.3420(1)12.7525(2)] 107.836(2)| 1436.58(2)
50 11.4434(2) | 10.3418(1)12.7524(2)] 107.835(2)| 1436.66(2)
60 11.4444(2) | 10.3418(1)12.7525(2)| 107.836(2)| 1436.79(3)
70 11.4460(2) | 10.3415(1)12.7533(2)| 107.837(2)| 1437.03(2)
80 11.4476(2) | 10.3421(1)12.7540(2)] 107.836(2)| 1437.41(2)
90 11.4495(2) | 10.3425(1)12.7558(2)] 107.834(2)| 1437.91(3)
100 11.4521(2) | 10.3429(1)12.7575(2) 107.834(2)| 1438.49(2)
110 11.4545(2) | 10.3437(1)12.7592(2)] 107.831(2)| 1439.11(2)
120 11.4569(2) | 10.3443(1)12.7621(2)] 107.833(2)| 1439.80(3)
130 11.4592(2) | 10.3454(])12.7646(2)] 107.829(2)| 1440.57(3)
140 11.4619(2) | 10.3461(])12.7686(2) 107.832(2)| 1441.43(3)
150 11.4645(2) | 10.3467(1)12.7717(2)] 107.829(2)| 1442.22(3)
160 11.4668(2) | 10.3482(1)12.7749(2)] 107.821(2)| 1443.15(3)
170 11.4695(2) | 10.3493(1)12.7781(2)] 107.811(2)| 1444.09(3)
180 11.4717(2)| 10.3511(2)12.7814(2)] 107.804(2)| 1445.03(3)
190 11.4744(2)| 10.3521(2)12.7856(2) 107.794(2)| 1446.07(3)
200 11.4772(2) | 10.3536(2)12.7898(2)] 107.791(2)| 1447.14(3)
210 11.4803(2) | 10.3544(2)12.7944(2)] 107.783(2)| 1448.23(3)
220 11.4832(2) | 10.3562(2)12.7991(2)] 107.777(2)| 1449.42(3)
230 11.4862(2) | 10.3572(2)12.8038(2)] 107.770(2)| 1450.54(3)
240 11.4895(2) | 10.3585(2)12.8092(2) 107.763(2)| 1451.80(3)
250 11.4928(3) | 10.3597(2)12.8148(2)] 107.754(2)| 1453.10(4)
260 11.4965(3) | 10.3606(2)12.8205(3)] 107.750(2)| 1454.36(4)
270 11.5014(3)| 10.3612(2)12.8268(3)] 107.753(3)| 1454.75(4)
280 11.5049(3) | 10.3624(2)12.8333(2)] 107.750(2)| 1457.15(4)
290 11.5097(3)| 10.3637(2)12.8396(2)] 107.754(2)| 1458.61(4)
300 11.5144(3) | 10.3650(2)12.8461(3)] 107.751(3)| 1460.14(4)

Slow Cooling

Temperature (K) | a-axis (&) | b-axis (A) | c-axis (A)| bangle ¢) | Unit-cell volume (A
300 11.5149(2) | 10.365(1) 12.8466(2)07.757(1)| 1460.22(2)
295 11.5123(3) | 10.3643(2)12.8439(3)| 107.756(3)| 1459.49(4)
285 11.5077(3) | 10.3632(2)12.8363(3)] 107.754(2)| 1457.91(4)
275 11.5032(3)| 10.3618(2)12.8304(3)] 107.756(2)| 1456.45(4)
265 11.4991(3) | 10.3609(2)12.8241(2)] 107.754(2)| 1455.12(4)
255 11.4950(2) | 10.3599(2)12.8183(2)] 107.757(2)| 1453.77(3)
245 11.4916(2) | 10.3585(2)12.8127(2)] 107.758(2)| 1452.51(3)
235 11.4879(2)| 10.3573(2)12.8073(2)] 107.762(2)| 1451.21(3)
225 11.4845(2) | 10.3558(2)12.8024(2)] 107.770(2)| 1449.95(3)
215 11.4815(2) | 10.3540(2)12.7973(2) 107.773(2)| 1448.73(3)
205 11.4786(2) | 10.3526(2)12.7931(2)] 107.779(2)| 1447.63(3)
195 11.4757(2)| 10.351(2) 12.7888(2)07.785(2)| 1446.53(3)
185 11.4732(2)| 10.3503(2)12.7847(2) 107.793(2)| 1445.57(3)
175 11.4705(2) | 10.3487(2)12.7809(2)] 107.799(2)| 1444.55(3)
165 11.4682(2) | 10.3480(2)12.7769(2) 107.814(2)| 1443.58(3)
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155 11.4656(2) | 10.3466(2)12.7737(2)] 107.818(2)| 1442.65(3)
145 11.4630(2) | 10.3454(2)12.7711(2)] 107.829(2)| 1441.78(3)
135 11.4603(2) | 10.3447(2)12.7677(2)] 107.835(2)| 1440.92(3)
125 11.4581(2)| 10.3438(2)12.7649(2)| 107.837(2)| 1440.18(3)
115 11.4555(2) | 10.3432(1)12.7624(2)] 107.838(2)| 1439.46(3)
105 11.4532(2)| 10.3425(1)12.7590(2)] 107.842(2)| 1438.73(3)
95 11.4509(2) | 10.3417(1)12.7579(2)| 107.843(2)| 1438.15(3)
85 11.4488(2) | 10.3418(1)12.7565(2)| 107.846(1)| 1437.70(3)
75 11.4471(2) | 10.3413(1)12.7553(2)| 107.848(1)| 1437.28(3)
65 11.4454(2) | 10.3413(1)12.7541(2)| 107.848(1)| 1436.93(3)
55 11.4443(2) | 10.3413(1)12.7541(2)| 107.849(1)| 1436.78(2)
45 11.4433(2) | 10.3416(1)12.7538(2)| 107.849(1)| 1436.67(2)
35 11.4426(2) | 10.3420(1)12.7541(2)| 107.849(1)| 1436.65(2)
25 11.4426(2) | 10.3424(1)12.7542(2)| 107.848(1)| 1436.71(2)
15 11.4422(2) | 10.3424(1)12.7547(2)| 107.847(1)| 1436.75(2)
4.2 11.4423(2) | 10.3425(1)12.7547(1)] 107.849(1)| 1436.77(1)
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Appendix 3.

H-bond lengths from each of the long soaks in Chapter 3
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1. Hydrogen bond lengths and angles in mirabilite at 4.2 K slow cooled.

4.2K Slow cooled O-D D---O 0---0 O-D--
08 - D8B---016 0.9897(21) 1.842(6) 2.748(6) 1577(5
016 - D16C---08 0.9880(22) 1.886(4) 2.748(6) 148).6(
09 - D9C---017 0.9905(22) 1.757(d) 2.730(6) 166.5(9
017 - D17B--09 0.9924(21) 1.753(d) 2.730(6) 163)5(
08 - D8C---016 0.9902(22) 1.766(7) 2.748(6) 170.7(7
016 - D16B---08 0.9886(21) 1.766(d) 2.748(6) 179)6(
09 - D9B---017 0.9899(21) 1.786(6) 2.730(6) 168)8(6
017 - D17C---09 0.9894(22) 1.816(9) 2.730(6) 15B6)(
012 - D12A---010 0.9845(21) 1.863(d) 2.847(6) 17(5)7
013 - D13A---011 0.9842(21) 1.866(d) 2.850(6) 17%)0
014 - D14A---010 0.9876(21) 1.802(d) 2.775(6) 168)1
015 - D15B---011 0.9865(21) 1.829(4) 2.797(6) 1665
08 - D8A---O5 0.9845(21) 1.811(6) 2.775(6) 165.7(4)
010 - D10A---05 0.9864(21) 1.839(5) 2.817(5) 178)4(
012 - D12B---05 0.9813(20) 1.946(4) 2.919(5) 17B)7(
010 - D10B---04" 0.9836(21) 1.849(5) 2.823(5) 11B)2
011 - D11A---04" 0.9856(21) 1.848(5) 2.831(5) 178)8
09 - D9A"---04" 0.9851(21] 1.764(6] 2.747(6) 174.8(
011 - D11B--06" 0.9860(21) 1.855(5) 2.821(5) 165)9
013 - D13B---06" 0.9869(20) 1.938(5) 2.918(5) 174)6
017 - D17A"---06" 0.9847(21) 1.941(6) 2.916(5) 1B)
014 - D14B---O7" 0.9901(21) 1.828(5) 2.805(5) 1€8B)3
015 - D15A---O7" 0.9892(21) 1.825(5) 2.798(5) 1€%)4
016 - D16A"---O7" 0.9850(21) 1.821(5) 2.785(5) 145)
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2. Hydrogen bond lengths and angles in mirabilite at 4.2 K rapidly cooled.

4.2K Quenched O-D D---O 0O---0 O-D--
08 - D8B---016 0.9898(22) 1.846(7) 2.755(6) 157)6(6
016 - D16C---08 0.9877(23) 1.881(4) 2.755(6) 153).1(
09 - D9C---017 0.9900(23) 1.781(d) 2.755(6) 167.2(9
017 - D17B--09 0.9932(22) 1.774(d) 2.755(6) 168)7(
08 - D8C---016 0.9902(23) 1.773(7) 2.755(6) 170.5(7
016 - D16B---08 0.9881(22) 1.772(d) 2.755(6) 17@)6(
09 - D9B---017 0.9886(22) 1.783(7) 2.755(6) 171)1(7
017 - D17C---09 0.9890(23) 1.804(4) 2.755(6) 16P4%(
012 - D12A---010 0.9869(21) 1.859(d) 2.844(6) 17B)6
013 - D13A---011 0.9840(21) 1.862(d) 2.845(6) 1(B)5
014 - D14A---010 0.9865(21) 1.797(d) 2.769(6) 1681
015 - D15B---011 0.9843(21) 1.822(4) 2.789(6) 1665
08 - D8A---0O5 0.9816(22) 1.805(6) 2.767(6) 165.8(5
010 - D10A---05 0.9874(21) 1.847(5) 2.826(5) 178)7(
012 - D12B--05 0.9855(21) 1.935(8) 2.913(5) 178)0(
010 - D10B---04" 0.9856(21) 1.841(5 2.816(5) 1€9)6
011 - D11A---04" 0.9871(21) 1.863(5) 2.848(5) 175)0
09 - D9A"---04" 0.9826(21] 1.763(6] 2.743(6) 174%(
011 - D11B---06" 0.9878(22) 1.846(5) 2.816(5) 166)3
013 - D13B---06" 0.9887(21) 1.944(5) 2.928(5) 118)7
017 - D17A"---06" 0.9855(21) 1.932(6) 2.909(6) 17B)
014 - D14B---O7" 0.9888(22) 1.822(6) 2.799(6) 1€9)3
015 - D15A---O7" 0.9868(21) 1.830(5) 2.802(5) 1€%)4
016 - D16A"---O7" 0.9842(21) 1.819(5) 2.779(6) 1BS)
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3. Hydrogen bond lengths and angles in mirabilite at 150 K.

150K O-D DO 0-0 0-D--G
08 - D8B—016 0.9890(19) 1.868(7) 2.715(7) 1552(7
016 - D16C--08 0.9893(20) 1.888(7) 2.715(7) 153)4(
09 - D9C---017 0.9898(20) 1.748(7) 2.721(7) 16608(1
017 - D17B---09 0.9910(19) 1.752(7) 2.721(7) 16&)9(
08 - D8C---016 0.9893(20) 1.732(d) 2.715(7) 1718(9
016 - D16B---08 0.9871(19) 1.737(7) 2.715(7) 168)8(
09 - D9B---017 0.9913(19) 1.798(8) 2.721(7) 171)4(8
017 - D17C--09 0.9890(20) 1.830(d) 2.721(7) 16D4J(
012 - D12A---010 0.9881(19) 1.869(7) 2.856(7) 176)8
013 - D13A--011 0.9870(19) 1.870(7) 2.856(7) 176)2
014 - D14A---010 0.9883(19) 1.813(7) 2.787(7) 1680
015 - D15B---011 0.9860(19) 1.827(7) 2.790(7) 164)8
08 - D8A---05 0.9850(19) 1.814(7) 2.774(7) 163.9(6
010 - D10A---05 0.9889(19) 1.847(6) 2.829(6) 174)4(
012 - D12B---05 0.9876(19) 1.943() 2.920(6) 168)6(
010 - D10B---04" 0.9878(19) 1.825(6) 2.802(6) 169)2
011 - D11A---04" 0.9895(191: 1.861(6) 2.848(6) 175)9
09 - D9A"---04" 0.9859(19] 1.777(7] 2.757(7) 17BR(
011 - D11B---06" 0.9882(19) 1.842(6) 2.812(6) 166)3
013 - D13B---06" 0.9900(191; 1.946(6) 2.932(6) 1T3)4
017 - D17A"---06" 0.9872(19) 1.974(6) 2.948(6) 1M8)
014 - D14B---07" 0.9897(19) 1.827(6) 2.804(6) 166)7
015 - D15A---07" 0.9883(19t 1.819(6) 2.790(6) 1G8)7
016 - D16A"---O7" 0.9870(19) 1.836(6) 2.798(6) 1H5)
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4 Hydrogen bond lengths and angles in mirabilite at 300 K rapidly cooled

300K O-D D-—O 00 O-D-O0
08 - D8B—016 0.9897(15) 1.851(1p) 2.716(10) 1t9)4
016 - D16C--08 0.9903(15) 1.872(9) 2.716(10) 1BB.0
09 - DIC---017 0.9902(15) 1.813(1p) 2.749(12) 16BIp
017 - D17B---09 0.9907(15) 1.831(1p) 2.749(12) BEED)
08 - D8C---016 0.9895(15) 1.741(1L) 2.716(10) 1615
016 - D16B---08 0.9898(15) 1.750(9) 2.716(10) 1612}
09 - D9B---017 0.9899(15) 1.774(1]) 2.749(12) 1612
017 - D17C---09 0.9905(15) 1.764(1p) 2.749(12) 1fPl)
012 - D12A---010 0.9897(15) 1.919(1p) 2.908(10) .BYP)
013 - D13A--011 0.9892(15) 1.843(1p) 2.827(10) .17B)
014 - D14A---010 0.9896(15) 1.767(1) 2.746(10) .568)
015 - D15B---011 0.9897(15) 1.874(1p) 2.840(11) .E€B)
08 - D8A---05 0.9892(15) 1.818(10) 2.782(10) 16@)1(
010 - D10A---05 0.9888(15) 1.904(1() 2.875(10) T§P)
012 - D12B---05 0.9880(15) 1.961(9) 2.938(9) 168)3(
010 - D10B---04" 0.9883(15) 1.815(8] 2.799(9) 178)4
011 - D11A---04" 0.9883(15) 1.843(9) 2.831(9) 178)9
09 - D9A"---04" 0.9894(15] 1.831(9) 2.816(9) 17BY(
011 - D11B---06" 0.9885(15) 1.838(9] 2.809(10) IT%B)
013 - D13B---06" 0.9886(13: 1.965(10) 2.943(9) B§9)
017 - D17A"---06" 0.9891(15) 2.123(10) 3.058(9) I1HB)
014 - D14B---07" 0.9898(15) 1.823(9] 2.794(10) D48)
015 - D15A---07" 0.9899(15) 1.767(9] 2.740(10) B§B)
016 - D16A"---07" 0.9886(15) 1.988(10) 2.929(10) 81KS)
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Appendix 4.

Unit-cell parameters for mirabilite determined in the

high pressure experiment of Chapter 4.
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Temperaturg ~ Pressure ) ) ) Unit —cell volume
(K) (GPa) a—axisd) | b—axisd) | c—axisd) | B-angle (°) (A%

260 0.048 11.487(3 10.359(2) 12.816(4) 107.77(3) 45211(5)
260 0.048 11.489(3 10.356(2) 12.818(4) 107.78(3) 45211(5)
260 0.103 11.476(3 10.351(2) 12.799(4) 107.75(2) 44811(5)
260 0.152 11.464(4 10.346(2) 12.786(4) 107.72(3) 44417(5)
260 0.2 11.460(3 10.340(2) 12.773(4) 107.70(3) 119¢5)
260 0.248 11.450(3 10.336(2) 12.759(4) 107.67(3) 43817(5)
260 0.3 11.439(3 10.331(2) 12.742(4) 107.61(3) 5133®)
260 0.35 11.425(3 10.322(2) 12.720(5) 107.60(3) 2918(6)
260 0.393 11.416(3 10.315(2) 12.697(4) 107.58(3) 42513(5)
260 0.453 11.408(3 10.312(2) 12.681(4) 107.57(3) 42212(5)
260 0.501 11.399(3 10.305(2) 12.672(4) 107.57(3) 41913(5)
260 0.541 11.393(3 10.305(3) 12.662(4) 107.56(3) 41713(5)
240 0.54 11.389(3 10.300(2) 12.664(4) 107.53(3) 1614(5)
220 0.539 11.386(3 10.299(2) 12.661(4) 107.57(3) 41515(5)
200 0.538 11.385(2 10.296(2) 12.659(4) 107.53(3) 41510(4)
180 0.537 11.382(2 10.292(2) 12.667(4) 107.53(2) 41510(4)
160 0.536 11.380(3 10.289(3) 12.664(4) 107.53(2) 41410(4)
140 0.535 11.379(3 10.290(3) 12.659(4) 107.57(2) 41312(4)
120 0.534 11.379(3 10.287(2) 12.653(4) 107.64(2) 41115(4)
100 0.532 11.373(2 10.290(3) 12.646(4) 107.61(2) 41016(4)
80 0.473 11.378(2 10.294(2) 12.649(4) 107.65(2) 1114(4)
80 0.413 11.384(2 10.297(2) 12.667(4) 107.60(2) 1514(4)
80 0.352 11.394(2 10.308(2) 12.673(3) 107.64(2) 1814(4)
80 0.293 11.405(2 10.316(2) 12.694(3) 107.64(2) 2312(4)
80 0.231 11.416(2 10.322(1) 12.708(3) 107.65(2) 2619(4)
80 0.167 11.423(3 10.329(3) 12.714(1) 107.67(2) 2913(4)
80 0.105 11.437(3 10.337(2) 12.732(3) 107.71(2) 3318(3)
80 0.041 11.445(2 10.344(2) 12.747(5) 107.72(2) 371%(3)
80 0.002 11.452(2 10.347(1) 12.754(3) 107.73(2) 3914(3)
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Appendix 5.

Beamtime application to study protenated and
deuterated mirabilite.
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Measuring the Griineisen and Anderson-Griineisen paraeters of
mirabilite (Na »,S0,.10D,0)

Introduction — scientific rationale

Multiply hydrated salts, such as hydrated sodiuifatel (N&SQO,.10H,0) - the mineral
mirabilite — Epsom salt (MgS(YH,0) and Fritzsche’s salt, MgQQ1H,O are likely to be
major ‘rock-forming’ minerals in the interiors did solar system’s large icy moons (Kargel,
1991). This supposition is supported by observati®vidence from the Near Infrared
Mapping Spectrometer (NIMS) instrument on the @alispace-craft, which orbited Jupiter
from 1995 to 2003; NIMS collected multispectral opa of the surfaces of Jupiter’'s icy
moons, Europa, Ganymede, and Callisto and thestrageve been interpreted as showing
deposits of hydrated alkali salts associated vidfhids erupted onto the surface (Dalten
al., 2005; Orlandcet al, 2005). On Earth, mirabilite occurs in evapotiteften forming
extremely thick deposits which are able to flow afedm diapiric structures within
sedimentary basins (e.g., Colmaral, 2002).

Whether we wish to model the behaviour of deeply kvaporites on Earth, or to
construct geophysical models of icy moons, it isessary to know the phase behaviour and
thermoelastic properties of the constituent materniander the appropriate pressure and
temperature conditions; for the large icy moonsane concerned with pressures up to ~ 5
GPa, and temperatures from 100 — 300 K.

In our previous application (RB610128), we applied four days to measure the
ambient-pressure thermal expansion, and to stuglhitih-pressure behaviour of mirabilite;
we were awarded two days and, therefore, were ahlg to measure the thermal
expansivity from 4.2 — 300 K (see experimental ref®B610128). The purpose of this
continuation is to request the additional two dagsessary to carry out the high-pressure
study. Since the specific heat of mirabilite is Wmo(e.g. Brodale and Giauque 1957),
measurements of its incompressibility at differearhperatures will allow us to determine
both its Griineisen and Anderson-Griineisen paramétee below). The latter quantity has
now been determined for some of the simple inoaoilids, such as magnesio-wistite
(MgyFe,0), that form major components of the Earth’s negrak planetary scientists it is
of similar importance for us to determine it foettrock-forming minerals” of the outer
solar system.

Previous work on mirabilite in the literature.

Sodium sulfate decahydrate is the stable phasquililzium with a saturated solution
at room temperature and is the only confirmed hgdmaf sodium sulfate at ambient
pressure, although there is some evidence for &ahggrate (see below). Mirabilite is
monoclinic, space group P2 (Z = 4,a=11.512(3) Ab = 10.370(3) Ac = 12.847(2) A
and p = 107.789(10) ° at 25.3°C); the structure considtsedge sharing Na @@) ¢
octahedra with orientationally disordered inteiatitvater molecules (Rubegt al, 1960:
Levy and Lisensky, 1978). Measurements of the bapacity as a function of temperature
suggested that the hydrogen bond disorder is frorzeto limiting low temperatures
(<150°K) (Pitter and Coulter, 1938; Brodale and u@iae 1957; Rubest al 1960). The
only high pressure studies have been concernedthdtpressure dependence of the ice-
mirabilite eutectic (Tanakaet al, 1992; Hogenboonet al 1997) and the pressure
dependence of the incongruent melting point (Tamn829). Tanakaet al. (1992)
investigated the system to 5 kbar, between 263 K343 K, and did not observe any high
pressure phases; Hogenboetal (1997), who worked up to 3.5 kbar, saw evidente o
other solid phases which they tentatively identifieith the purported heptahydrate reported
by Hills and Wills (1938).
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Our earlier work on mirabilite.

Our previous experiment (RB 610128), carried ouluty 2006, yielded excellent data
(e.g., Fig. 1) over the range from 4.2 — 300 K. Bl that were cooled quickly or slowly
were observed to behave differently (especiallthiir f angle) and so it was necessary to
collect data both on warming and on cooling. Theata were refined to yield unit-cell
parameters (Fig. 2) and hence determine the fefhtll expansion tensar;, as a function
of temperature. We were also able to measure ckangie occupancy of partially filled
sulfate oxygen sites (observing different behaviapon quenching from that obtained
during slow warming), and to investigate the hy@mdpond disorder at limiting low
temperatures. We have also recently carriedabuinitio simulations of mirabilite from
ambient pressures to 100GPa and these experimemikl vgerve to validate the low
pressure values of K (22(1)GPa) and K'(5(1)) ol#dirirom these simulations and thus
allow determination of thermoelastic cross-termghsas the Griineisen parameter (=
aKV/Cy).
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Fig. 1. Diffraction pattern of mirabilite at 4.2 Kn the Fig 2. The temperature dependence ofahéd- and
backscattering bank of HRPD. GSAS structure refimem c-axes. The symbols are comparable in size to 1
(green); observed data (red); difference plot ([@)rp standard errors.

The proposed experiment

The objective of this continuation is to carry ¢hé high-pressure study of mirabilite,
which will form the final part of the neutron diffiction experiments required for Miss Helen
Brand’s Ph.D. thesis.

Our goals are to, 1) measure the unit cell patarsalong two isotherms from 0 — 5.5
kbar, using a TiZr gas pressure vessel, and 2) unealise unit cell parameters along one or
more isobars from 150 — 300 K. This same stravegy employed by us to characterize the
thermoelastic properties of epsomite (Fortes al, 2006). As well as allowing
determination of the Griineisen parameter (see ahthese measurements will enable us to
obtain the pressure dependence of the thermal sixignand the temperature dependence
of the incompressibility, which are linked by the@mdnsionless quantitygy, called the
Anderson-Griineisen parameter, defined suchdtrat-(oInK+/2lnV) = (8lnap/dlnV).

Moreover, it is quite possible that there will béther a polymorphic phase
transformation or a dehydration reaction at highspure, either of which would have
implications for planetary modelling.

Our earlier experience with deuterated mirabilitgggests that diffraction patterns
suitable for unit-cell refinement may be colleciadhe gas cell on HRPD in around 120
minutes. The new HRPD beam guide should lead torssiderable improvement in
counting statistics compared with our study of epise (Forteset al,, 2006) and improved
precision on the unit cell parameters. This expenimwould be suitable for the
commissioning program of the HRPD upgrade. Inclgdamperature equilibration and cell
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loading, we anticipate that a minimal twenty-twglhhipressure data points will require 72
hours to collect. Thus we request a total of 3 day8IRPD to complete this experiment.
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