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Abstract

"Synthesis and structural characterisation of SnMo2O8"

PhD Thesis Luiza Rosa de Araujo 2018

Tin molybdate (SnMo2O8) is a member of the well-known cubic AM2O8 family of
materials which are famous for displaying negative thermal expansion. Remarkably,
SnMo2O8 is the only member that shows the opposite behaviour and "normal" pos-
itive thermal expansion. It also shows more complex oxygen-ordering phases than
other cubic AM2O8 materials. In this thesis, we explore its synthesis, phase tran-
sitions and the local structures of each known phase. We hope that studying this
NTE counter-example will help us and others to gain a better understanding of how
the negative thermal expansion phenomenon occurs in this family, and how it might
be exploited in applications.

Chapter 1 reviews the basic ideas and concepts related to thermal expansion and
describes materials that display the counter-intuitive negative thermal expansion
property. Particular emphasis is given on the AM2O8 family of materials which is of
relevance to the materials studied in this thesis.

Chapter 2 describes the characterisation techniques used to investigate the mate-
rials studied in this project.

Chapter 3 discusses the synthesis of SnMo2O8 using a precursor and a gas-solid
method. The precursor method was investigated in detail and optimum conditions
to obtain large samples of SnMo2O8 were found. This allows large quantities of
bulk materials to be prepared for the first time. This in turn enables some of
the experiments to probe and understand its properties described in later chapters.
One significant feature of the work is the difficulty in reproducibility performing
chemically-controlled routes to a metastable phase.

Chapter 4 investigates the conversion of the amorphous precursor obtained via the
precursor method of Chapter 3 into cubic SnMo2O8. Reports on the crystallisation of
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amorphous precursors of SnO2, MoO3, Sn0.5Zr0.5Mo2O8 and ZrMo2O8 are also given.
The amorphous phase is not a simple mixture of its amorphous constituent oxides.
We follow key changes in local coordination from precursor to crystalline material
using PDF methods. Moreover, the conversion is kinetically controlled, and thus
temperature and time are key parameters in order to obtain the cubic phases instead
of other polymorphs in the AM2O8 family. Finally, a methodology for enriching
SnMo2O8 samples with 17O is reported for the first time.

Chapter 5 investigates the kinetics of phase transformation from α to γ-SnMo2O8
for materials prepared via the precursor and gas-solid methods under different tem-
peratures at ambient pressure. Understanding this process helps us understand the
origins of controllable negative, zero and positive thermal expansion in the SnMo2O8
family.

Chapter 6 reports the phase behaviour and thermoelastic properties of SnMo2O8,
derived from variable temperature and pressure synchrotron powder diffraction data.
The bulk modulus and the pressure dependence of the thermal expansion for each
known phase of SnMo2O8 are reported. We report the counter-intuitive property of
warm hardening for the high-temperature β phase.

Chapter 7 investigates the differences in the local structures of the different phases
of SnMo2O8 by means of total scattering analysis using the reverse Monte Carlo
method. The difference in the local structures of each phase is used to explain and
rationalise the behaviour of all SnMo2O8 phases. Overall, SnMo2O8 behaves as a
quasi-rigid unit structure with highly rigid MoO4 tetrahedra and less rigid SnO6
octahedra. The local structure of room-temperature phase deviates heavily from its
average structure.

Chapter 8 summarises the work discussed in the previous chapters.
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Chapter 1

Literature review

1.1 Introduction

Thermal expansion is an important physical property of functional materials. The
vast majority of materials have a positive thermal expansion coefficient, meaning that
they expand on heating. There are, however, a number of materials that present the
counter-intuitive phenomenon of negative thermal expansion (NTE), shrinking in
size as they are heated. This intriguing effect has led to significant scientific interest,
partially because of the scientific challenge of understanding the mechanism behind
it, but mainly due to potential technological applications.

Perhaps the most obvious application of NTE materials is in tailoring the thermal
expansion of composite materials to a specific value which can vary from negative to
positive including zero expansion. Optical mirrors, fibre optic systems and high per-
formance catalysts are examples of applications where controlled thermal expansion is
critical in order to have high efficiency or precision and long-life lasting properties1–5.
Everyday applications such as low expansion ceramics for oven-to-table cookware or
dental fillings also rely on controlled thermal expansion1. This illustrates the broad
range of possible applications, highlighting the relevance of this class of materials.

Low/negative thermal expansion is not a new phenomenon in the sense that one
of the earliest reports dates back to 1897 with the discovery of the low-thermal
expansion behaviour of the alloy Invar (Fe65Ni35)6. In ∼1907 Scheel reported low-
expansion behaviour in quartz and glass between 83 and 298 K7,8. Lithium alu-
minium silicates (Li2O–Al2O3 –SiO2) - the LAS family - were reported to display
NTE above room-temperature up to ∼1273 K in the 1950s9,10. There have been
reports of low or negative thermal expansion for compounds in the sodium zirconate
phosphate (NZP) family dating from 197911–13. Some of these materials such as

13



Chapter 1. Literature Review

Invar alloys (Fe-Ni), cordierite (Mg2Al4Si5O18), LAS family members β-eucryptite
(LiAlSiO4) and β-spodumene (Li2Al2SixO4+2x) and members of the NZP family are
currently in use in practical applications.

Reports on the thermal behaviour of the most well-known NTE material -
ZrW2O8, date back to 1968, when Martinek and Hummel reported for the first time
that zirconium tungstate displays negative thermal expansion from 273 to 973 K14.
However, attention to this unusual behaviour was only appropriately given when
Sleight and co-workers reported the NTE phenomenon in a series of materials such
as ZrV2-xPxO7

15,16, Sc2W3O12 and Sc2Mo3O12
17, including ZrW2O8

18 and related it
to its crystal structures19–21, making negative thermal expansion a research field on
its own.

In this chapter, a review of the basic features of negative thermal expansion is
given. Particular emphasis is placed on the AM2O8 (A = Zr, Hf; M = W, Mo) family
of materials that are structurally related to the materials studied in this thesis. The
NTE area has been superbly reviewed by a number of authors in recent years. We
refer to Evans1, Barrera22 and Miller23 for excellent discussions of the basics of
thermal expansion and negative thermal expansion; Takenaka4 and Chen5 for an
overview of the different mechanisms and classes of materials that exhibit negative
thermal expansion as well as zero thermal expansion; Dove24 for lattice dynamics
calculations and an in-depth discussion over other anomalous behaviour that arise in
conjunction with NTE; Mittal25 for neutron inelastic scattering in addition to lattice
dynamics calculations to probe phonon distributions in NTE materials; and Lind3

for a more specific description of materials where only vibrational mechanisms lead
to NTE and their applications.

1.2 Thermal expansion

Thermal expansion is the term used to describe the change in size of a material
that is caused by a change in temperature.

The phenomenon of positive thermal expansion (PTE) is usually explained from
the shape of the potential curve of a typical chemical bond (Figure 1.1) as a function
of interatomic distances. The steep slope at shorter distances represents the fact
that it becomes increasingly harder to push two atoms together due to repulsive
forces, whereas the gradual fall from r = 0 represents long range attractive forces.
The shallower part of the curve at longer distances shows that the energy eventually
tends to zero if the atoms are far apart from each other. When a material is heated
from T1 → T2 → T3, higher vibrational energy levels start to become populated,
resulting in an increase of the average values of the interatomic distances from r1 to
r2, r3 and onwards. Thus, the simplest picture is that atomic vibrations and the fact
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Chapter 1. Literature Review

that the potential curve is asymmetric is what gives rise to the thermal expansion
phenomenon1,24.

The shape of the potential is dependent on the strength of the bond. For stronger
bonds, the potential well will be narrower, steeper and more symmetric leading
to a lower increase in the bond separation and consequently to a smaller thermal
expansion of the material.

P
ot

en
tia

l E
ne

rg
y

Interatomic distance

T1

T2

T3

r1

r2
r3

0

Figure 1.1: Schematic diagram of the potential energy and interatomic distance for
a typical diatomic molecule.

Thermal expansion of crystalline materials is usually quoted in terms of the coeffi-
cient of thermal expansion, α, which describes the change in dimension of a material
for a given change in temperature (T ). For materials in which the expansion is depen-
dent on direction (anisotropic expansion), the linear coefficient of thermal expansion
(αl) is usually given along different crystallographic directions, and is defined as:

αa/b/c = 1
a/b/c

(
∂l

∂T

)
P

(1.1)

Where a/b/c correspond to the cell axes of the structure and l is the change in length
along the axis. In addition, the volume coefficient of thermal expansion (αV) can
also be quoted and is defined as:
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αV = 1
V

(
∂V

∂T

)
P

(1.2)

For materials that expand identically along all directions, for example, materials
with cubic symmetry, equations 1.1 and 1.2 can be related by αV = 3×αl. It is also
common to approximate αl ≈ 1

3αV for anisotropic materials. Both coefficients have
units of K−1 and are dependent on the temperature range in which the coefficient is
calculated. Materials that expand isotropically are mostly desired for the majority
of technological applications in order to prevent microcracking due to the differences
in the expansion along the different directions. This lowers the mechanical strength
of materials, therefore lowering the duration over which they can be used.

Most materials have a positive coefficient of thermal expansion. Typically, they
are classified as high expansion if αl > 8× 10−6 K−1, intermediate if 2 < αl <
8× 10−6 K−1 or very low expansion group if 0 ≤ αl < 2× 10−6 K−1 26. Examples of
this classification are Cu with αl = 16.64× 10−6 K−1, Si with αl = 2.45× 10−6 K−1

and the alloy Invar with αl = 0.07× 10−6 K−1 1.

The thermal expansion coefficient can be also defined as a function of the specific
heat at constant volume (CV) - which describes the energy gained in the material as
temperature is raised; the isothermal compressibility (KT) - a measure of a change
in volume of a material as pressure is applied; and the average Grüneisen parameter
(γ)27–29:

αV = γCVKT

V
(1.3)

The γ parameter relates the frequency of the vibrational modes (ω) and the change
in volume (V ) of a material and is a dimensionless parameter which can be defined
as:

γ = − ∂ lnω
∂ ln V (1.4)

Because CV, KT and V have positive values, it is the Gruüneisen parameter
which will determine whether the thermal expansion (Equation 1.3) will be positive
or negative. Thus, if γ has a positive value it implies that the material will have a
positive thermal expansion coefficient.

For a complex crystal structure with many vibrational modes, the whole popula-
tion of phonon modes should be considered, as different vibrational modes will give
different contributions to the mean value of γ at a given temperature. It is therefore
necessary to define the average Grüneisen parameter (Equation 1.5), in which each
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individual γ mode gives a weighted (cj) contribution to the overall specific heat at
constant volume, CV:

γ = 1
CV

∑
j

cjγj (1.5)

From Equations 1.3 and 1.5, we see that if γ has a negative value, it means that
the modes which give a negative contribution to the value of γ outweigh those which
give a positive contribution, resulting in overall NTE.

1.3 Mechanisms leading to negative thermal ex-
pansion

There are different mechanisms which give rise to negative thermal expansion
in different classes of materials and not all materials that display NTE have their
mechanism fully understood. It is, however, clear that the mechanism behind the
NTE phenomenon is closely related to the crystal or to the electronic structure of
the materials5,24.

There are at least four categories in which NTEmechanisms can be divided1,2,4,5,24:
(a) changes in symmetry or bond length; (b) magnetostriction; (c) electronic effects;
and (d) vibrational effects. The first three are briefly discussed below, whereas
greater attention is given to vibrational mechanisms in this and the next sections.

The first mechanism is usually associated with the regularization of bonds on
warming. The classical example is PbTiO3

30,31, where at room temperature the
structure is tetragonal with highly distorted TiO6 octahedra (Ti-O 1.766, 4×1.979
and 2.390 Å). Once the temperature is close to its ferroelectric-paraelectric phase
transition the six bonds become essentially identical and shorter on average (from
2.012 to 1.983 Å) and the symmetry increases to cubic. This causes a pronounced
contraction along the c axis of the tetragonal structure, leading to uniaxial and
volume NTE.

Similarly, magnetic transitions can also lead to NTE behaviour resulting from a
change in the magnetic ordering of a structure which compensates for the thermal
expansion of the bonds1. Upon heating these materials display a change in their
magnetic structure from ordered spins at low temperatures to a partially disordered
state which is accompanied by a volume reduction. The most well known example is
the alloy Invar (Fe65Ni35), which shows low thermal expansion approaching its Curie
temperature (∼500 K)2,4,22,32.
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Changes in electronic configuration can also give rise to negative thermal expan-
sion. In this mechanism, NTE occurs because the electron-accepting atom expands
whilst the electron-donating atom contracts. However, volume contraction only oc-
curs if the contraction of the donating atom outweighs the expansion of the accepting
atom4. Sm2.75C60 displays NTE from 4.2 up to 32 K due to a change in the electronic
distribution of Sm33. LaCu3Fe4O12 also shows strong NTE as a result of a charge
transfer from Fe to Cu on warming34.

In the context of the work contained in this thesis, the NTE behaviour is a con-
sequence of specific vibrational modes in the framework structures. Framework ma-
terials are extended solids made up of corner-sharing polyhedra (often in octa- and
tetrahedral environments) where cations usually lie at the centre of the polyhedra.
These are linked together forming networks. In these materials, the cation-anion
bonds are usually strong and hence, rigid. Thus, the bond lengths in these materials
remains largely unchanged upon heating and their vibrations play a significant role
in the mechanism of NTE. High rigidity of the intrapolyhedral bonds is one of the
requirements for a NTE vibrational mechanism to occur21,24,35.

Other conditions that are necessary for these vibrational modes to occur are that
the structure must have the right topology and display the highest volume phase at
low-temperatures. Secondly, it must not display phase transitions which lead to the
collapse of the structure into a denser material causing changes in the bond angles.
Finally, anions must be in a two-fold coordination environment21,35. These specific
conditions can lead to a high degree of flexibility within the structure, allowing certain
vibrational modes which are described in further details in the following section.

Even though there are several mechanisms which lead to NTE, it is the overall
anharmonicity in the crystal structure generated by these mechanisms that will cause
NTE in solids5,24.

1.3.1 Vibrational mechanisms

For materials containing linear M-X-M linkages (where X is typically, but not lim-
ited to, O), we can consider two extreme types of vibrations that influence to thermal
expansion. Figure 1.3 depicts longitudinal, and transverse vibrations. Longitudinal
vibrations are accompanied by an increase in bond length due to anharmonicity (Fig-
ure 1.1) and consequently give a positive contribution to γ resulting in PTE. These
vibrations are typically of higher frequency and, as such, are only populated at high
temperatures.

Transverse modes, in contrast, shorten the distances between M-M (considering
that the M-O length remains unchanged) and give rise to NTE behaviour. These
often have lower frequencies, and hence, tend to be active at lower temperatures. This
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transverse vibrational mechanism is also called the "Tension"22 or "Guitar String"1
effect and is used to explain low and negative thermal expansion behaviour in simple
systems such as CuO2

24,36, Zn(CN)2 37, ScF3
38,39 and others materials1,22,24.

Temperature

Longitudinal Transverse

Temperature

Figure 1.2: Schematic of longitudinal (giving positive expansion) and transverse
(resulting in negative expansion) vibrations. Purple/blue represent metal cations
and red anions. Figure adapted from Evans1.

In open framework materials containing corner-shared near-rigid polyhedra con-
nected via flexible M-X-M linkages, transverse thermal motion often occur via these
linkages coupled with rotations of polyhedra.

In the Rigid Unit Mode (RUM) model, the polyhedra are treated as rigid units and
are able to rotate without distortions. Via correlated motion these movements give
rise locally to transverse vibrations40,41. In a bigger picture, these rotations occur as
a cooperative movement throughout the whole crystal structure. These vibrations
are illustrated in Figure 1.3. As the intrapolyhedra distances remain unchanged, the
M-M distances become shorter due to these collective polyhedral rotations, giving
rise to NTE.

RUMs are typically low energy phonon modes and in NTE materials their effect
usually outweighs vibrational modes which would cause the material to expand.
These low frequency modes occur in materials that have relatively strong M-X bonds,
where the energy penalty for stretching bonds or cause internal distortions within the
polyhedra is much higher than the bending of the linkages between the polyhedra.

For a material to support RUMs, its structure should have the right number
of linkages for these correlated vibrations to occur, for example, the structure of
ZrW2O8 supports RUMs42–49. In materials that have higher structural constraints
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(e.g. ZrV2O7), small polyhedral distortions will occur simultaneously to RUMs. This
mechanism is then termed Quasi-Rigid Unit Mode (QRUMs)1,22,24,42. Evidence for
RUMs in other NTE materials such as Ag3Co(CN)6 50, β-quartz51, the A2M3O12
family52,53 and in the ultra-low thermal expansion TaO2F54,55 material has also been
found.

The RUMmodel gives a simple and practical overview of how vibrational modes in
3D structures can give rise to negative thermal expansion, especially in the ZrW2O8
family which relates to the materials studied in this thesis. It has, however, recently
been pointed out that this explanation does not give a fully detailed description
of NTE behaviour56,57. The picture that emerges from the work of Sanson56 and
Rimmer57 is that the mechanism behind the NTE behaviour in ZrW2O8 involves
contributions from a broad range of phonon frequencies enabled by the bending
of bond angles within Zr-O octahedra in addition to near-rigid rotations of WO4
tetrahedra. This means that there are intrapolyhedral distortions which contribute
to the NTE behaviour and they find that the octahedral groups are more flexible than
tetrahedral groups. This suggests that the NTE mechanism in ZrW2O8 is a lot more
complex than initially supposed. The RUM model is, however, still a convenient
and useful approximation due to its simple description of the NTE phenomenon in
framework materials.

Temperature

Figure 1.3: Schematic of Rigid Unit Modes. Purple and red balls represent cation
and anion, respectively. Figure adapted from Evans1 and Barrera22.

1.4 AM2O8 family

ZrW2O8 is still the most well-known NTE material. Its NTE behaviour ranges
from 0.3 to 1050 K18 and its thermal expansion coefficient (αl ∼−9.07× 10−6 K−1

from 2 to 350 K58,59) is on the same order of magnitude as the so-called high ex-
pansion ceramics (where +αl ≥ 8× 10−6 K−1)26. This was the first material to be
discovered with NTE over such a broad temperature range. Figure 1.4 shows the cell
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parameter of ZrW2O8 as a function of temperature together with other members of
the AM2O8 family which are discussed below.

It is worth noting that most of the cubic phases in the AM2O8 (A = Zr, Hf, Sn; M
= W, Mo;) family are metastable with respect to other polymorphs or to their binary
oxides. Therefore, synthetic challenges have to be overcome in order to prepare these
materials and are often a subject of study itself. We give details of their metastability
and synthesis methodology in Chapter 3. Detailed description of previous studies
performed under pressure for AM2O8 phases are reviewed in Chapter 6.

Figure 1.4: Thermal expansion data as a-a298 K as a function of temperature for cubic
phases of members of the AM2O8 family. Values of a298 K are: 8.956 Å - SnMo2O8

60,
9.050 Å - Zr0.5Sn0.5Mo2O8

60, 9.129 Å - ZrMo2O8
61, 9.155 Å - ZrW2O8

59.

Room-temperature α-ZrW2O8 crystallises in space group P213 and its structure
consists of ZrO6 octahedra linked to WO4 tetrahedra via Zr-O-W linkages. Each
ZrO6 is connected to six WO4 groups and each WO4 shares three of its corners
with ZrO6, leading to an oxygen that is one-coordinated and has the shortest W-
O distance in the structure. Because of this unusual feature, the structure of this
cubic material is extremely flexible. In addition, fully A-site substituted HfW2O8 has
also been prepared. Hafnium tungstate is isostructural and its thermal expansion
behaviour is very similar to that of ZrW2O8

18,58.

On heating α-ZrW2O8 phase to ∼430 K, the material goes through an order-
disorder transition to another cubic phase - β-ZrW2O8. The structure of the β phase
is essentially identical to that of α, however, in the low-temperature phase the pairs
of WO4 tetrahedra are ordered in specific directions relative to the 3-fold axis of the
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cubic cell, whereas in the β structure they are dynamically disordered59,62,63. This
means that in the average structure of the β phase, half of the W2O8 groups point
in opposite direction to each other, i.e. half along [111] and half along [111] direc-
tions. This change in the WO4 ordering increases the symmetry to Pa3 and causes
a discontinuity in the thermal expansion behaviour lowering the thermal expansion
coefficient to αl = −5.0× 10−6 K−1 (see Figure 1.4 orange data points above ∼400
K)21,58. Figure 1.5a shows the cubic structure of α-AW2O8 (A = Zr,Hf) and Figure
1.5b illustrates the M2O8 arrangements. In HfW2O8, this order-disorder transition
occurs at a slightly higher temperature (∼470 K)64. The difference in temperature
was attributed to Hf-O being slightly stronger than Zr-O bonds64.

(a) (b)

Figure 1.5: a) Structure of cubic α-AW2O8. b) Schematic of W2O8 groups during the
order-disorder transition in ZrW2O8 where the tetrahedra point along the [111] or
the [111] directions. Orange: ZrO6 octahedra; Yellow (W1) and pink (W2) represent
the W2O8 tetrahedral pairs. b) Red and dark/light blue spheres represent oxygens
(O1 and/or O2 and O3/O4, respectively). In β-AW2O8 the tungstens and oxygens
represented in blue (O3 and O4) become 50 % occupied.

Similar thermal expansion behaviour was reported by Clossmann et al.65 for a
partially Mo-substituted ZrW2-xMoxO8. They found that the temperature of the
phase transition (from α → β) was strongly dependent on the level of Mo substi-
tution, and that with higher amounts of Mo (∼35 to 75 %) the β structure was
found for these compounds at room temperature. A sample with 20 % of Mo had
the α → β transition at ∼373 K. The 50 % Mo substituted, ZrWMoO8, was later
reported to also have the β-ZrW2O8 structure at room-temperature and to undergo
the disorder-order transition from β to α at ∼270 K on slow cooling66,67.

Lind and co-workers reported the synthesis and the room temperature structure
of the end member, ZrMo2O8

68. Its structure is identical to β-ZrW2O8 and no phase
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transition occurs in this material upon heating. The coefficient of thermal expansion
of ZrMo2O8 from 11 to 573 K, αl = −5.0× 10−6 K−1, is essentially identical to β-
ZrW2O8.

In addition, Allen and collaborators carefully investigated the thermal expansion
of cubic γ-ZrMo2O8 over a lower temperature range (2-200 K) than Lind and sug-
gested that cubic ZrMo2O8 undergoes a phase transition from dynamic to static oxy-
gen disorder at 200 K and below associated with an increase in the NTE behaviour
- αl = −8× 10−6 K−1 below 200 K69.

In addition to M-site substitutions in ZrW2O8, there are also reports on A-site
substitutions. These are key in understanding the nature of the order-disorder phase
transition in AM2O8 materials. Substitution with Sn4+ in ZrW2O8 showed that
compositions up to Zr0.7Sn0.3W2O8 can be prepared. The authors also found that the
order-disorder phase transition was dependent on the Sn content: higher contents of
Sn gave lower temperatures for the phase transition (with the 30 % Sn-doped sample
transforming to the β phase at 400 K). This was attributed to the lower strength
of the Sn-O bonds in comparison to Zr-O. Furthermore, unit cell parameters were
found to decrease with increasing Sn substitution due to the lower ionic radii of Sn4+
(0.69 Å) in comparison to Zr4+ (0.72 Å)70.

Similar results were found when the A site was substituted with Ti4+, with a
substitution limit of only 5 % Ti (Zr0.95Ti0.05W2O8) and with the α to β transition
temperature decreasing with increasing the amounts of Ti (∼405 K for sample with
5 % Ti)71,72.

A series of A-site substitutions with trivalent cations (M = Sc, Y, In, Lu) in
ZrW2O8 have also been reported73–78. It was found that for all substitutions, the
lattice parameter decreased with increasing the doping levels, despite the larger ionic
radii of the M3+ cations and that surprisingly, the order-disorder transition decreased
significantly even with small amounts of M3+. For example, for 4 % doping the T trs
was found to be 390 K for Y, 380 K for In and 360 K for Sc76 suggesting that trivalent
cations introduce a greater degree of disorder in the ZrW2O8 structure.

Furthermore, only partial ordering of MO4 groups was observed even at low tem-
peratures. This partial ordering was described in terms of nanoscale domains where
MO4 groups are fully disordered. It was estimated that a Sc cation prevents ten
tetrahedral groups from becoming ordered. This was related to the larger size of the
M3+ cations which could presumably increase the size of the octahedral groups and
therefore hinder the movements of the WO4 groups which are forced to be closer to
each other. Alternatively, and perhaps more likely, it was suggested that because of
the 3+ charge, an oxygen vacancy is created for each two trivalent cations leading
to distortions in the AO6 groups which would prevent the WO4 groups becoming
fully ordered. Partial disorder is one potential explanation for the lower volume of
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M3+-doped systems since the α→ β transition has ∆V = negative in ZrW2O8. All
M3+ doped materials exhibited negative thermal expansion.

Tallentire et al.60 reported for the first time the thermal expansion behaviour
of a fully A-doped AMo2O8 system with Sn, SnMo2O8. In stark contrast to other
AM2O8 compositions, tin molybdate displays positive thermal expansion throughout
its whole stability range (αl = 1× 10−5 K−1 from 173 to 373 K, αl = 1× 10−6 K−1

from ∼500 to ∼770 K, Figure 1.4)60. In addition, the synthetic methodology devel-
oped by the group allowed the synthesis of a Zr1-xSnxMo2O8 family where samples
with ∼50 % Zr-doped show essentially zero-thermal expansion (see Figure 1.4), with
αl = −6(20)× 10−8 K−1 from 12 to 600 K.

Moreover, the authors reported a series of unique phase transitions at low-
temperatures for pure SnMo2O8. On heating the room-temperature α phase to
∼500 K the structure transforms to the β phase. The structure of β-SnMo2O8 ap-
pears identical to β-ZrW2O8, with Mo2O8 pairs disordered along the 3-fold axis of
the cubic structure (shown in Figure 1.6a). On slow-cooling the high-temperature β
phase, or if the room-temperature α phase is held at ∼390 K for several hours, the
structure goes through a phase transition to a rhombohedral γ phase that is unique
among AM2O8 materials (green area in Figure 1.6c).

The structure of the γ phase also consists of SnO6 and MoO4 corner shared polyhe-
dra, however, the tetrahedral groups adopt a specific ordering pattern. The 2×MoO4
along the 3-fold axes of the original cubic structure become ordered occupying the
yellow sites shown in Figure 1.6b. Thus, half of the Mo2O8 groups are reversed
relative to the ordering arrangement in α-ZrW2O8 as indicated by the black arrows
in Figure 1.6b. This ordering reduces the symmetry to space group R3 and causes
the volume to approximately double relative to the cubic cell in a rhombohedral
cell setting (a = ∼12.5 Å, α = 59.3◦). The γ structure is presumably the locally
thermodynamically stable phase in SnMo2O8 system.

Heating this γ structure to ∼450 K back-transforms the structure to the cubic
β phase. Quench-cooling the high-temperature phase is able to "freeze" in the β
structure, forming what we call the α’ phase. α’ continuously evolves towards the
room-temperature α phase as shown by yellow region in Figure 1.6c.

The structure of the room-temperature α-phase is somewhat complex. It appears
to be metrically cubic and identical to the high-temperature β-phase but with signif-
icantly lower volume. However, the authors reported that single-crystal data showed
extra reflections similar to γ-ordering, although powder diffraction data did not show
marked changes consistent with the single-crystal observations. This phase is formed
on normal cooling of the high-temperature β-SnMo2O8.
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Figure 1.6: (a, b) Cubic (α/β) and rhombohedral (γ) structures of SnMo2O8. Oc-
tahedral groups (SnO6) are shown in green and tetrahedral groups (MoO4) in yel-
low/pink; small red spheres represent oxygen atoms. In the rhombohedral phase,
the tetrahedral groups are ordered along the <111> axes of the original cubic cell
occupying the yellow sites in (b). Upper arrowed occupied site points in opposite
direction relative to the α-ZrW2O8 cubic structure. (c) Phase-existence regions of
SnMo2O8 derived from unit cell parameters. Figure adapted from Tallentire60 and
Araujo79.
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1.5 Thesis overview

This thesis focuses on the synthesis and structural characterisation of the
Zr1-xSnxMo2O8 family where x = 0.5 and 1, though mainly for x = 1. We start by
optimising the synthesis of these materials in order to obtain large batches of samples
to perform the experiments described in the following chapters. The optimisation
of the synthetic methodology is described in Chapter 3. One of the synthetic ap-
proaches involves the crystallisation of an amorphous precursor into cubic SnMo2O8.
We show how this amorphous precursor transforms into the cubic phase and how the
crystallisation of different polymorphs in the AMo2O8 family is strongly dependent
on heating conditions in Chapter 4. In addition, we explored in further detail the
kinetics of the α to γ-SnMo2O8 in Chapter 5 in order to prove the initial suggestion
of the metastability of the α phase. In Chapter 6 we investigate this phase transition
under variable pressure and temperature. We also investigate the phase stability,
compressibility and thermal behaviour of the different phases of SnMo2O8. Finally,
by means of total scattering measurements, we investigate the local structure of
each different phase (α, α’, β and γ of Figure 1.6c) to help understand the thermal
expansion properties of SnMo2O8 in Chapter 7.
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Chapter 2

Characterisation Methods

2.1 Introduction

This chapter describes some of the general theory behind the characterisation
techniques and the instrumentation used to collect the data presented in this thesis.
Synthetic details not included in individual chapters are also reported.

2.2 Powder diffraction

Diffraction is the phenomenon that occurs when a wave encounters an object or
a grating causing it to "bend" around the object if the object and the wavelength
have the same order of magnitude. In a classic diffraction grating experiment, we
can consider each open point of the grating as a source of emanating spherical waves
which can interfere with each other. If the scattered waves are "in phase", the waves
will give constructive interference and the resulting amplitude will be the sum of the
two individual amplitudes. If the waves have a 180◦ phase shift (i.e. are "out of
phase"), destructive interference will occur causing the waves to cancel each other
out.

A crystalline structure contains a regular array of atoms in 3 dimensions that can
act as a diffraction grating due to its regular repeated structure. Because X-rays have
similar wavelength to the interatomic distances in crystals (∼0.5 - 2.5 Å) they can
be used to probe their structure. In a diffraction experiment, the radiation scattered
cancels out in most directions due to destructive interferences. In certain directions,
the radiation combines with a constructive interference to give a diffraction pattern.

Even though diffraction is an interference phenomenon, considering the diffraction
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as reflections from lattice planes, provides an easier geometrical interpretation of the
phenomenon. The lattice planes can be labelled using Miller indices, hkl, which
intercept the unit cell axes (a, b, c) at a/h, b/k, c/l. A set of hkl planes defines a
family of planes separated by a constant distance, known as the interplanar spacing,
dhkl. For crystal structures in which the symmetry of the unit cell has the cell angles
α, β and γ = 90◦ (orthorhombic, tetragonal or cubic crystal systems), dhkl is related
to the unit cell dimensions by:

1
d2

= h2

a2
+ k2

b2
+ l2

c2
(2.1)

In crystallography, a far-field approximation is used to describe the interference
phenomenon with the waves scattered from the lattice planes1. In the simplest
description, this means that the spherical scattered waves can be thought of plane
waves. Figure 2.1 shows the representation of the incoming and outgoing plane waves
reflected by two planes. The waves will travel different distances within the crystal
structure (in Figure 2.1 this is represented by the blue lines). Because constructive
interference occurs when waves are in phase, this means that the path length differ-
ence between the scattered waves (MN + NO = δ in Figure 2.1) will have to be an
integer multiple of the wavelength (λ) for constructive interference.

M

N

O

P

1

2

1'

2'

Figure 2.1: Schematic representation of Bragg’s law.

From Figure 2.1 we see that the incoming wave 2 has to travel MN and the
scattered wave 2’ has to travel an extra NO distance in comparison to wave 1. This
means that in total, wave 2 has to travel 2×MN or 2×NO, where MN (or NO) =
dsin θ. Thus, Equation 2.2 gives the condition for constructive interference in crystal
structures. This condition is known as Bragg’s law or Bragg’s equation.

nλ = 2dhkl sin θ (2.2)
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When Bragg’s law is satisfied, a peak is observed in the diffraction pattern. The
peak intensities give information about the atom positions in the structure and are
closely related to the structure factor (Fhkl) given in Equation 2.3. The structure
factor relates the fractional coordinates of individual atoms (xyz), the Miller indices
and the atomic scattering factor (f ). The intensity observed in the diffraction pattern
is proportional to |F|2 and is the sum of all scattered waves by individual atoms.

Fhkl =
∑
j

fj exp[2πi(hxj + kyj + lzj)] (2.3)

In addition, the scattering factor (f ) in Equation 2.3 varies linearly with the
atomic number (Z ) for X-rays, hence, heavy atoms tend to give a larger contribution
to the pattern than lighter atoms. The scattering factor is also θ-dependent and
decreases as sinθ/λ increases1,2.

In powder diffraction the information is compressed into one dimension: cones
of diffracted intensity are observed instead of the isolated spots as in single crystal
diffraction due to the large number of randomly orientated crystallites present in
the powder. A powder pattern contains three main pieces of information about the
structure of the material: the peak positions are directly related to the size and
symmetry ("shape") of the unit cell; the peak intensities are closely related to the
atomic positions and the width and peak shape are related to the size and strain
of the crystallites, along with contributions from the instrument. In a typical data
analysis of a powder pattern, the background is usually ignored, however, it often
contains valuable information regarding the local structure of the crystal. This is
discussed in the next section.

Due to their dual wave-particle nature, neutrons can also behave as waves. If
accelerated at certain speeds, they can have wavelengths (∼1-3 Å) with the same
length scale as interatomic distances and can therefore undergo diffraction by crys-
talline structures1,2. Their wavelength can be calculated according to the De Broglie
relationship given in Equation 2.4, where h is the Planck’s constant, the m is the
mass of a neutron and ν is the velocity of the particles.

λ = h

mν
(2.4)

There are three main differences between neutron and X-ray diffraction exper-
iments1: the first is that neutrons are scattered by the atomic nuclei and X-rays
by the electron cloud that surrounds each atom; the second is that the neutron
scattering factors of atoms (b, also called scattering length) do not decay with the
diffracted angle like the X-rays scattering factor (f ) given in Equation 2.3, but they
rather remain constant; the third is that the neutron scattering factors of atoms are
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not proportional to the atomic number of elements and they are also different for
different isotopes.

Thus, the contribution of each atom to the intensity in the neutron powder pattern
will be different than in an X-ray pattern allowing, for example, light atoms to
contribute more in a neutron pattern than in an X-ray pattern.

2.2.1 Total scattering and pair distribution function analysis

Much of the commonly-used information in a powder diffraction experiment is
contained within the positions and the intensities of the peaks. Combined, these give
the information about the average crystal structure. The background of a diffraction
pattern contains, however, information about deviations from the average structure3.
This information arises from diffuse scattering and, if correctly interpreted, can pro-
vide valuable information about the local structure of a material. Hence, the term
total scattering arises from the fact that both Bragg and diffuse scattering are anal-
ysed simultaneously. This type of experiment can be performed either with X-rays
or neutron sources.

For glassy (or amorphous) materials which lack long range order the analysis of
diffuse scattering can reveal a great deal of information about atomic correlations
and nearest neighbours.

In a typical total scattering data collection, only the scattering arising from the
sample is of interest. Because diffuse scattering has a much lower intensity compared
to Bragg scattering, several corrections must be applied to the data in order to obtain
reliable diffuse scattering information. Thus, contributions from sample container,
instrument and even from air must be eliminated. Once all corrections are applied,
the total scattering factor distribution, F(Q), is obtained (Equation 2.5)4. We note
that there are different definitions for the same functions in the total scattering
field4,5 and we chose to adopt the formalism given by Keen4.

F (Q) = ρ0

∫ ∞
0

4πr2G(r)sinQr
Qr

dr (2.5)

Where ρ0 is the average density of the material, Q the magnitude of the scattering
vector, G(r) the total radial distribution function, and r the interatomic distances
in real space (typically in Å).

The scattering vector Q has dimensions of reciprocal length (Å−1) and is defined
as the difference between the incident (ki) and the scattered (kf) wavevectors, Q =
ki - kf. When considering elastic scattering only, the magnitude of Q is given by
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Equation 2.6, where θ is the scattered angle and λ is the wavelength of the radiation
used.

|Q| = Q = 4π sin θ
λ

(2.6)

The total radial distribution function [G(r)] and total scattering structure factor
[(F(Q)] are related by a Fourier transform and the definition of G(r) is given by
Equation 2.7.

G(r) = 1
(2π)3ρ0

∫ ∞
0

4πQ2F (Q)sinQr
Qr

dQ (2.7)

Ideally, to obtain good quality G(r) data, high values of Q should be collected
due to the nature of the Fourier transformation. This leads to higher resolution at
low-r values and fewer terminations ripples due to truncation effects after the Fourier
transform.

The G(r) function gives information in real space and is also called the correlation
function. In simple words, correlation functions give information about distances of
pairs of atoms (i.e. the "pair distribution function" or "PDF") or the probability of
finding an atom at a given r distance from another atom.

Like in a diffraction pattern, each feature in a PDF pattern provides different
pieces of information about the material. Peak positions give information about bond
lengths or distances between pairs of atoms, areas below peaks provide information
about coordination numbers, the width of the peaks give information about thermal
motion and atomic displacements and the decay in intensities with r can provide
information on particle size1.

In addition to the G(r) function, there are two other correlation functions that are
widely used in total scattering analysis. These are named the differential correlation
function [D(r)] (Equation 2.8) and the total correlation function [T(r)] (Equation
2.9)4.

D(r) = 4πrρ0G(r) (2.8)

T (r) = D(r) + 4πrρ0(
∑
m

cmbm)2 (2.9)

Where cm is the proportion and bm is the neutron scattering length of species m in
the material.
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The difference between the three functions is basically how r oscillates: G(r)→0
when r→ ∞; D(r) oscillates around 0 when r→ ∞; and T(r)→ ∞ when r→ ∞3.
Because of these slight differences, analysing the three correlation functions simulta-
neously can give a fuller picture during data analysis. In this thesis, each correlation
function was used for analysis of neutron data.

The formalism presented above is mainly given for neutron total scattering. In
X-rays, the neutron scattering length (b) is exchanged by the Q-dependent X-ray
scattering factors [fi(Q)]. This substitution, however, changes the equations in a more
complex manner as described by Keen4 and will be not expanded here. Overall,
the same type of information can also be extracted from an XPDF (X-ray Pair
Distribution Function) pattern and the biggest difference is the contributions of the
different atoms to an XPDF: heavy atoms will have a much bigger contribution like
in a Bragg pattern. In this thesis, only the D(r) function was obtained from X-ray
total scattering data.

2.3 Instrumentation

2.3.1 Laboratory powder diffraction

Three Bruker d8 Advance diffractometers have been used in this work, which have
been named in the group as the ’d7’, ’d8’ and the ’d9’. The three diffractometers
operate at 40 kV and 40 mA in Bragg-Brentano geometry. Routine and high-quality
scans were collected on the d7, whilst the variable temperature experiments were
undertaken either on the d8 or d9.

The d7, d8 and d9 use a Cu tube to provide CuKα1 (1.5406 Å) and CuKα2
(1.5444 Å) radiation and a Ni filter is used to remove Kβ radiation. In the d7 and d9
diffractometers, the X-rays generated from the tube pass through a Soller slit before
reaching the sample and the diffracted beam is then detected by the high resolution
Lynx Eye semiconductor strip detector (SSD). In the d8, the diffracted X-rays pass
through Soller and fixed divergence slits before being detected by a Vantec linear
position sensitive detector (PSD).

An Anton Paar HTK1200 furnace was used for all laboratory the in situ variable
temperature studies in this work. This furnace can operate at temperatures between
room temperature and 1373 K under different atmospheres. However, all in situ vari-
able temperature experiments in this report were carried out in air. Measurements
were taken either with the d8 or d9 diffractometers.

For variable-temperature powder X-ray diffraction (VT-PXRD) experiments, tem-
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perature corrections were applied according to Equation 2.10 given by Allen6:

Tcorr = Tset + (aT 3
set + bT 2

set + cTset + d) (2.10)

Where a = 1.61× 10−7 K−2 b = −5.86× 10−4 K−1, c = 0.565 and d = 134 K.

The samples prepared for each diffractometer have gone through the same proce-
dure: grinding with a pestle and mortar before sieving onto a thin layer of petroleum
jelly on the sample holder (either silicon for high-quality scans or glass for routine
scans). Samples prepared for the variable temperature experiments were sieved onto
an amorphous silica glass slide covered with vacuum grease and then mounted in an
alumina sample holder inside the Anton-Paar furnace.

2.3.2 Synchrotron sources

Synchrotron X-rays sources can also be used for diffraction. Their wavelength can
be tuned allowing different types of experiments to be performed. In comparison to
laboratory X-ray sources, synchrotron light is much more intense and provides higher
instrumental precision and resolution. As such, synchrotrons are an excellent choice
for obtaining accurate cell parameters and increased peak resolution.

Synchrotron light is produced when beams of accelerated electrons travelling close
to the speed of light and are forced to change direction (and therefore velocity) by a
magnetic field. An X-ray beam is then emitted tangentially to the circular path.

In a typical synchrotron source, a beam of electrons is initially generated and
injected into a linear accelerator prior to being transferred to a booster ring, where
it is accelerated close to the speed of light. The electrons are then moved to a storage
ring in which they travel in a circular trajectory. In the storage ring, the electron
beam is kept under high vacuum to prevent energy loss. The emitted radiation
generated from the change in trajectory is then directed to the instruments where
monochromators, slits and mirrors are used to tune the incident wavelength in the
instrument.

I-15-1 beamline

The I-15-1 beamline is located at Diamond Synchrotron Source, UK and is ded-
icated to total scattering measurements. A wavelength of 0.162 Å (76.7 keV, Qmax

= 41.2 Å−1) was used during the data collection, though other two wavelengths are
available: 0.310 and 0.190 Å. These are selected by using a Si monochromator.
Two large area detectors are available: one is placed closer to the sample to provide
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larger Q values, whereas the other is placed further from the sample for Bragg data
collection.

Variable temperature measurements were carried out using a hot air blower that
can operate from 350 to 1100 K. Temperature calibration of the hot air blower was
carried out using a 3:1 mixture of Al2O3:Si standards which have well-known thermal
expansion behaviour7,8. The difference between the T set and T real values was found
to be ∼2 K. However, we estimate a more realistic error to be ±5 K.

The capillary preparation to perform the variable-temperature experiments at
beamline I-15-1 involved loading the samples into 0.7 mm quartz capillaries and
pressing them with another capillary to make sure the samples were fully packed.
Then, a quartz capillary of 0.5 mm was glued in the 0.7 mm capillary in order to
prevent the formation of air bubbles due to water evaporation disrupting the sample
during the crystallisation experiments described in Chapter 4. For the data shown
in Chapter 7, samples were simply loaded into 0.7 mm quartz capillaries as for an
usual data collected.

The Bragg data was processed using the software DAWN9. To produce the subse-
quent PDF data (using Qmax= 30 Å−1), the software GudrunX10,11 was used. Data
was corrected for background scatter (such as capillary and air scattering) and for
the contributions of Compton scattering (inelastic scattering). The majority of data
processing and corrections were performed by Dr. Philip Chater (beamline scientist
at I-15-1) and Prof. John S. O. Evans (PhD supervisor).

11-ID-B beamline

The 11-ID-B beamline is located at the Advanced Photon Source (APS), Argonne
National Laboratory, US. This beamline can also be used for collection of pair dis-
tribution function data or Bragg diffraction studies. In this work, a wavelength of
0.2114 Å (58.65 keV) was used for data collection. This beamline operates using an
amorphous silicon detector which can be moved further or closer to the sample in
order to collect either Bragg or total scattering data.

Variable pressure and variable temperature measurements were performed on this
beamline (discussed in Chapter 6). A hand-driven syringe pump was used in or-
der to control the pressure. For temperature control, an aluminium heater block
equipped with four cartridge heaters was attached to the pressure vessel. Details
of the full arrangement including pressure and temperature calibration are given by
Wilkinson12.

The samples were mixed with silicone oil, loaded into Kapton capillaries and
placed inside a background-reducing internal mask (BRIM) to prevent parasitic scat-
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tering from the pressure vessels. Details of this apparatus are also given by Wilkinson
and collaborators12. Bragg data was processed using the software FIT2D13 and con-
verted to a specific format with CMPR14 software. All data processing was performed
by Dr. Leighanne C. Gallington (previously a PhD student in the Wilkinson group)
and Prof. Angus P. Wilkinson (Georgia Institute of Technology), whereas the data
analysis was performed in collaboration between the two research groups in Durham
and Georgia Tech.

Australian powder diffraction beamline

The Powder Diffraction Beamline is located at the Australian synchrotron and
operates over an energy range of 5-30 keV with the required wavelength selected by
using an Si monochromator. An energy of 19.51 keV (λ = 0.6354462 Å) was used
to collect the data presented in this thesis. A Mythen detector was used for data
collection. This detector collects data from 2θ = 1 - 80◦. Two datasets were collected
with 0.5◦ offset and combined to a single dataset using in-house software for data
processing, PDViPeR.

Samples were loaded into 0.3 mm borosilicate capillaries and data was collected
at room temperature. These are discussed in Chapter 7.

2.3.3 Neutron sources

All neutron experiments presented in this thesis were performed at the ISIS spalla-
tion neutron source, located in the UK. At a spallation source, neutrons are produced
by bombarding a heavy metal target with protons. Hydride ions are accelerated and
then have their electrons removed to form H+ before entering a synchrotron ring.
They are then accelerated and guided to a tungsten target in pulses. The impact re-
leases neutrons from the W target. Moderators are then used to tune the wavelength
of neutrons for their use in the instruments.

At a time of flight (TOF) neutron source such as ISIS, Bragg’s law is followed
by varying the wavelength of the neutrons. The instrument’s detectors are located
at a fixed 2θ position and record the intensity as a function of time of flight of the
neutrons. The wavelength and time of flight are related as given in Equation 2.11,
where h is Planck’s constant, m is the mass of a neutron, L is the path length of the
diffractometer and t is the time of flight.

λ = ht

mL
(2.11)
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One can then calculate the d-spacing by substituting the wavelength and the 2θ
values of the detector into Bragg’s law (Equation 2.2) and rearrange, to give:

dhkl = ht

2mL sin θ = t

505.554L sin θ (2.12)

Polaris instrument

The Polaris diffractometer was used for the collection of TOF neutron diffraction
data. The four detector banks on Polaris are comprised of ZnS strips or 3He gas
tubes, arranged from 2θ = 6 - 168◦ (d range = 0.2 - 21 Å) with a path length of 14
m and an incident wavelength between 0.1 and 6.0 Å, allowing for large values of Q
(Qmax ∼50 Å−1) to be recorded.

Total scattering and Bragg data were collected on this instrument. Prior to ob-
taining the total scattering functions, the data were corrected, normalised and com-
bined using the Mantid software15. The total scattering functions were subsequently
obtained using GudrunN10. For consistency, the data for each phase were processed
using Qmax = 36 Å−1. These are discussed in Chapter 7.

2.4 Data analysis

To analyse diffraction patterns of powder data, the Rietveld method16 was used
throughout this work. For the analysis of total scattering data, we primarily used a
big-box reverse Monte Carlo17,18 modelling approach. These will be briefly described
in the sections below.

2.4.1 Bragg data: Rietveld refinement

Rietveld analysis is a least squares technique that minimises the difference (Sy),
between the observed and the calculated powder diffraction patterns of a crystalline
structure16. This difference is given by Equation 2.13, where wi is the weighting
factor

(
typically, 1

Y i(obs)

)
, Yi(obs) is the observed intensity at 2θ point i, and Yi(calc)

is the calculated intensity at 2θ point i.

Sy =
∑
i

wi(Y i(obs) − Y i(calc))2 (2.13)
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The success of the refinement depends on the quality of the initial model so that
it converges into a global minimum instead of becoming stuck in a local minimum.
It is therefore usually necessary to know approximate information about the crystal
structure such as space group, lattice parameters, atomic coordinates, fractional
occupancies and the diffractometer used to collect the data so that instrumental
corrections that can affect peak intensities or shapes can be appropriately applied.
An advantage of the method is that if more than one phase is present in the sample
(or impurities), it is possible to obtain the relative percentage of each phase.

The fit quality between calculated and observed patterns is measured in the form
of residual R-factors. The most common is the weighted R-factor, wRp or Rwp,
given in Equation 2.14. The Rwp provides the best indication of the quality of the
refinement, since its numerator is the residual, Sy.

Rwp =

√√√√∑wi(Y i(obs) − Y i(calc))2∑
wi[Y i(obs)]2

(2.14)

The expected R-factor from an ideal model is given by Rexp, described in Equation
2.15, where M is the number of data points and P the number of refined parameters.
The number of data points should always be larger than the number of refined
parameters, so that Rexp is a real value.

Rexp =

√√√√ ∑(M − P )∑
wi[Y i(obs)2] (2.15)

Another important indicator of quality is the Goodness of Fit (GOF) or χ2, defined
in Equation 2.16, which relates the ratio of Rwp to Rexp. The χ2 value should ideally
be close to 1, and it should never be smaller than one.

GOF =
√
χ2 = Rwp

Rexp

(2.16)

All refinements presented in this thesis were carried out using the academic version
of the Total Pattern Analysis System (TOPAS Academic) software19,20, hereafter
referred to as TOPAS. The GSAS (General Structure Analysis System) software21
was briefly used in order to extract the Bragg information as part of the simulations
run in RMCProfile.
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2.4.2 Total scattering data: Reverse Monte Carlo modelling

The Reverse Monte Carlo (RMC) method is a structural modelling approach
based on minimising the difference between observed and simulated data. The sim-
ulated data is calculated for a given model configuration. For crystalline materials,
for example, the configuration is typically the average crystal structure. The ulti-
mate aim is to produce a chemically sensible configuration which is consistent with
experimental data22.

In this method, a randomly selected atom is moved arbitrarily and the difference
between the simulated and experimental datasets is then calculated. The level of
agreement is given by the agreement factor, χ2, given in Equation 2.17, where yi
are the experimental and the calculated quantities and σ can either be the standard
error in the experimental data or can be set to give specific weightings in order to
favour a selected dataset over others3,23.

χ2 =
∑
i

yobsi − ycalci

σ2
i

(2.17)

Each move is accepted accordingly to whether it lowers the value of χ2 or not. If
the move lowers the initial value of χ2, the move is accepted and the old configuration
is replaced by the new configuration and used to generate the next move. If the move
increases the value of χ2, the move is accepted with a probability (Equation 2.18),
otherwise the move is rejected. This is to ensure that the simulation does not get
trapped in a local minimum. Thousands of cycles of iterations, where in each cycle
a different atom is moved, are then repeated in order to achieve convergence.

P = e−(∆χ2/2) (2.18)

In this work, RMC simulations were carried out using the RMCProfile package24
v.6.5.2. In RMCProfile, many datasets can be fitted simultaneously, such as F(Q),
G(r), T(r) and the Bragg data allowing for a large amount of information to be
analysed simultaneously. The software also allows restraints to be applied such as
bond lengths and bond angles in order to take into account the averaged structure for
crystalline materials and avoid unphysical models. An agreement factor, χ2

Restraints

(Equation 2.20), is calculated separately and added to the overall χ2
RMC .

χ2
RMC = χ2

Data + χ2
Restraints (2.19)

Where χ2
Data is the sum of all selected experimental datasets included in the mod-

elling. The definition of χ2 for each dataset is as given in Equation 2.17, and the
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χ2
Restraints is:

χ2
Restraints = ωbond

∑
bonds

(rbond −Rbond)2 + ωangle
∑
angles

(θpoly −Θpoly)2 (2.20)

Where w are the weighting of bond and angle restraints, r and θ the bond distances
and angles in the configuration and R and Θ are the ideal polyhedral distances and
angles.

Specific details about the generation of model configurations, together with the
selection of which functions were fitted and polyhedral restraints and weighting are
given in Chapter 7.

2.5 Solid state nuclear magnetic resonance

In NMR, nuclear spins of a material interact with an external magnetic field (B0).
The different local environments of atoms then allow the local structure of a material
to be investigated. Moreover, because it is a technique that does not rely on long-
range order, it can be used to probe the local structure of amorphous materials. In
this thesis, this technique was used in conjunction with total scattering methods.
These are discussed in Chapter 4.

The Magic-Angle Spinning (MAS) method was used to probe the local environ-
ments of oxygen (17O) atoms. This technique consists of spinning the sample at a
"magic" angle of 54.74◦ with respect to the applied magnetic field in order to aver-
age anisotropic interactions and record sharp lineshapes. Samples were submitted
to Dr. David Apperley at the NMR Service at the Chemistry Department. Room
temperature data was collected using a 400 MHz Varian VNMRS spectrometer.

2.6 Thermogravimetric analysis

Thermogravimetric analysis (TGA) is used in order to observe mass changes in
materials on heating. For example, to monitor desorption of solvents or to measure
the temperature of decomposition of a compound. All thermogravimetric measure-
ments were performed in air and the samples were warmed from 303 to 873 K at
5 K min−1. A Perkin Elmer TGA 8000 was used.
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2.7 Elemental analysis

In order to quantify atomic ratios in several different samples, three types of
elemental analyses were carried out. Those were interpreted alongside phase fractions
obtained from TOPAS for the crystalline phases and used particularly to understand
the amorphous compounds discussed in Chapter 3.

2.7.1 Inductive coupled plasma optical emission and mass
spectroscopy

To perform ICP-OES (Inductively Coupled Plasma Optical Emission Spectrom-
etry) measurements, an investigation on the solubility of the amorphous and crys-
talline phases of SnMo2O8 was carried out. Within the concentrations of acid and
alkaline solutions investigated, it was found that a ∼9.0 M H2SO4 solution was the
most suitable to dissolve the solid amorphous samples (∼0.07 g). For the crystalline
phases, all digestion attempts proved to be unsuccessful and the composition of these
were investigated by ICP-MS instead.

ICP-OES measurements were carried out on a Jobin Yvon Horiba Ultima 2 ICP
spectrometer. Both metals were determined at two wavelengths: Sn at 242.170 and
283.999 nm; and Mo at 202.030 and 284.823 nm on dissolved (9.0 M H2SO4) samples.
The average result at both wavelengths for each metal were then used to calculate
the amounts of Sn and Mo.

For ICP-MS (Inductively Coupled Plasma Mass Spectrometry), samples were
digested in concentrated HF and submitted to Dr. Chris Ottley and Dr. Emily
Unsworth from the Earth Science department at Durham University.

2.7.2 Energy dispersive X-ray spectroscopy - EDX

Samples were pelletized in a 8 mm diameter pellet holder and mounted onto a
carbon disc fixed to a glass slide. The pellets were coated with a ∼50 nm layer
of carbon. Data was collected on a Hitachi SU-70 Field Emission Gun Scanning
Electron Microscope (FEG SEM) with an operating voltage of 15 kV. Approximately
6 sites were analysed on each sample with 15 spectra (∼11 seconds of data collection
for each spectra) acquired on each selected site.
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2.8 Preparation of amorphous MoO3 and SnO2

Amorphous MoO3 and SnO2 were prepared in order to perform the studies de-
scribed in Chapter 4.

To prepare the amorphous precursor of MoO3, 2.1390 g of (NH4)6Mo7O24 · 4H2O
were dissolved in 12 ml of water followed by dropwise addition of HCl. A white
material precipitated immediately. HCl addition was carried out until no further
precipitation was observed. The precipitate was then filtered and dried overnight at
323 K. PXRD confirmed this material to be amorphous.

To prepare amorphous SnO2, 2.1090 g of SnCl4 · 5H2O were dissolved in 12 ml
water. A solution of NH4OH was then added dropwise where a white material pre-
cipitated. The alkaline solution was continuously added dropwise until no further
precipitation was observed. The white material was then filtered and dried at 323 K
overnight. PXRD confirmed this material to be amorphous.
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Chapter 3

Optimising the synthesis of
SnMo2O8

3.1 Introduction

The cubic AM2O8 family is among the most promising materials to control the
thermal expansion in composites because they display isotropic negative thermal ex-
pansion. However, most of the cubic members of the AM2O8 family are metastable
with respect to their binary oxides or to different polymorphs at room temperature1.
The high temperature phase diagrams of ZrO2-WO3 and ZrO2-MoO3 systems are il-
lustrated in Figure 3.1. For the Zr-W-O system, binary oxides are the stable phases
at room temperature, whereas for the Zr-Mo-O system, the α (trigonal) and β (mon-
oclinic) polymorphs, which have positive thermal expansion, are the stable phases
at high and low temperatures, respectively2. The cubic phases of these two systems
are only thermodynamically stable above ∼1378-1530 K (for ZrW2O8)3 and above
∼1400 K (for ZrMo2O8)4. The phase diagrams show that their synthesis requires
precise control in order to obtain the cubic polymorph.

In 1959, Graham et al.6 first described the synthesis of ZrW2O8. The synthesis
was an attempt to stabilise ZrO2 by adding W6+ ions to its structure. The procedure
consisted of using a solid state reaction at temperatures from 1273-1673 K to obtain
the ternary phase of ZrO2+2WO3, ZrW2O8. The product typically contained ZrO2
and WO3 as impurities and the authors reported that pure ZrW2O8 could only
be obtained if the reaction was rapidly cooled in water or air from 1423 K and
above, suggesting that ZrW2O8 was metastable at room temperature and that 1423
K was the lower limit of its stability. Chang et al.3 investigated the phase-relations
for ZrO2-WO2-WO3 systems using a quenching technique and sealed tubes. The
temperatures investigated ranged from 1273 to 1973 K. They reported the presence
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of a 1:2 ZrO2WO3 ternary phase (ZrW2O8), being thermodynamically stable from
1378 K with a melting point of 1530 K.

Due to its metastability, procedures to obtain cubic ZrW2O8 were restrained to
synthetic routes with high temperatures, long heating periods and quench cooling
to room temperature until Closmann7 reported in 1998 a low-temperature route to
obtain cubic ZrW2O8, HfW2O8 and the ZrW2-xMoxO8 (x ≥ 1.5) family, although,
without the end member, ZrMo2O8. The procedure was a modification initially based
on the synthesis of ZrMo2O7(OH)2 · 2 (H2O)8 and involved heating the crystalline
precursors to 873 K for 10 hours.

The preparation of ZrMo2O8 via solid state methods at high temperatures is more
complicated due to evaporation of MoO3 above 1023 K, making it difficult to prepare
the cubic phase at high temperatures. Until 1998, there were only reports describing
synthetic routes via solid state methods to obtain the thermodynamically stable
trigonal9 or monoclinic10 phases of ZrMo2O8.

The synthesis of cubic ZrMo2O8 was published in 1998 by Lind et al.11 via con-
trolled dehydration of the crystalline precursor, ZrMo2O7(OH)2 · 2H2O12 made by
a similar low-temperature synthetic procedure to that of Clearfield and Blessing8.
However, phase-pure cubic ZrMo2O8 could not be obtained due to co-crystallisation
of the thermodynamically stable trigonal phase in trace amounts. They also found
that the cubic phase would eventually fully convert to the trigonal phase if it was
heated at 663 K for long periods or to higher temperatures, reinforcing the idea of
metastability of the cubic phase.

A systematic study to optimise the conditions in which only the cubic phase
of ZrMo2O8 could be obtained was reported in 2001 by Lind and co-workers13.
In this paper, the following variables were investigated: 1) different Zr precursors
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[ZrO(ClO4)2 · xH2O, ZrO(NO3)2 · xH2O, (CH3CO2)xZr(OH)y, Zr(SO4)2 · xH2O and
ZrOCl2 · xH2O]; 2) Zr:Mo ratio (varying from 1:2 to 2.5:2) and, 3) the type of acid
used in the preparation of the precursor (HCl, H2SO4, CH3CO2H, HNO3 and HClO4).
The synthesis consisted of dissolving appropriate ammounts of ammonium molyb-
date tetrahydrate [(NH4)6Mo7O24 · 4H2O] and the zirconium precursors in water,
dropping the solutions simultaneously into water, stirring the resulting solution for
several hours until addition of the acidic solution, which would then be refluxed for
3 days. The anion of the Zr precursor and of the corresponding acidic medium were
matched. For all precursors and acids investigated, only perchlorate, nitrate and
chloride were successful in giving cubic ZrMo2O8.

The authors highlighted that reproducibility issues meant that many samples had
to be synthesised and investigated in order to give representative results. They
found that the preparation of pure cubic ZrMo2O8 is strongly dependent on the con-
ditions used and that the cubic phase could only be obtained from dehydration of
ZrMo2O7(OH)2 · 2H2O via LT-ZrMo2O8. Most of the samples prepared using 1:2
Zr:Mo stoichiometry were richer in Mo and an excess of Zr was necessary to obtain
products with a 1:2 Zr:Mo ratio. Crystalline ZrMo2O8 prepared from the chloride
starting materials contained 5-10 % amorphous content and a mixture of cubic and
trigonal phases, whereas samples prepared using a perchlorate reagent were fully
crystalline and only contained cubic ZrMo2O8 or a mixture of cubic and MoO3.
They also found that using a 63% Zr excess in the perchlorate route would give cu-
bic ZrMo2O8 without any amorphous material and MoO3. Their investigation also
showed that using a 1:2 Zr:Mo ratio in the starting mixtures lowered the crystallisa-
tion temperature of the cubic phase when compared to mixtures that contained Zr
excess, increasing the temperature range where the cubic phase could form. In con-
clusion, the authors suggested that the perchlorate route with a 63 % excess of the
Zr precursor was the most appropriate to obtain pure highly crystalline ZrMo2O8.

The structure of the so-called LT-ZrMo2O8 and its importance in the prepa-
ration of cubic ZrMo2O8 was investigated by Allen et al.14. Its structure is or-
thorhombic and resembles that of the cubic structures of the AM2O8 family with
ZrO6 and MoO4 sharing corners with tetrahedral pairs where one of the pairs con-
tains one-coordinate oxygen. The authors suggested a topotactic mechanism where
ZrMo2O7(OH)2 · 2H2O dehydrates forming the LT polymorph in 3 steps. The first
step consists of H2O being lost from MoO6 groups followed by the loss of OH+H
from ZrO7 and MoO5 polyhedra with Mo-O bond-breaking giving ZrO6 and MoO4.
The last step of the mechanism is a coupled-twist of the polyhedra leading to the
formation of the orthorhombic phase. This is the only known pathway where cubic
ZrMo2O8 can be obtained via dehydration of the ZrMo2O7(OH)2 · 2H2O precursor.
In addition, they also found that the crystallisation process to obtain cubic instead
of trigonal ZrMo2O8 is extremely dependent on time and temperature.
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In stark contrast to the careful and controlled dehydration of
ZrMo2O7(OH)2 · 2H2O reported by Lind, Readman and collaborators4 reported the
direct synthesis of cubic ZrMo2O8 from the binary oxides at very high temperatures
(∼1360-1400 K) followed by rapid quenching. The reaction was reported to reach
completion in a timescale of seconds (∼5 s). This was the first report of the synthesis
of cubic ZrMo2O8 via its oxide precursors at such high temperatures. The studies
suggested that the cubic phase is thermodynamically stable at ∼1400 K, a similar
temperature to isostructural ZrW2O8 (∼1378-1530 K) and led to the proposed
phase diagram in Figure 3.1b.

In 2013, Tallentire et al.15 described the thermal expansion of cubic SnMo2O8,
which has positive thermal expansion as described in Chapter 1. To date, there are
only two known synthetic procedures to obtain cubic SnMo2O8. We call the first
the gas-solid route 16 and the second the precursor route 15. The gas-solid route was
reported by Buiten in 1988. The procedure, which is described in details in section
3.2.1, takes a significant time to reach completion (∼7 hours) and is difficult to
control, mainly because of the difficulties in controlling the flow of O2 and, therefore,
the amount of SnCl4 delivered to react with MoO3. This results in considerable
amounts of impurities. In addition, the yield of SnMo2O8 obtained per reaction is
limited by the small amount of MoO3 that can be used, not giving more than ∼1.0
g of product17,18 per reaction. For these reasons, this method is not an optimal
procedure to obtain pure cubic SnMo2O8.

The second methodology to prepare cubic SnMo2O8 was developed and described
by Tallentire et al.15. The preparation, which is described in section 3.2.2, has advan-
tages over the gas-solid method as it does not require long times at high temperatures
and it also allows the doping of the A site in AM2O8 materials, making it possible to
synthesise the Sn1-xZrxMo2O8 (0 ≤ x ≤ 1) family with tunable coefficient of thermal
expansion, as described in Chapter 1. Surprisingly, in this method, cubic SnMo2O8
can be obtained via an amorphous instead of a fully crystalline precursor in marked
contrast to the synthesis of the Zr member reported by Lind. Despite the work
by Tallentire and co-workers, reproducible synthesis of 100 % pure cubic crystalline
SnMo2O8 could not be achieved.

This chapter describes the optimisation of synthetic routes to obtain pure cubic
SnMo2O8 mainly via the precursor method. The samples prepared were used to in-
vestigate the crystallisation of the amorphous phase into the cubic material (Chapter
4), understand the kinetics of the α → γ transition (Chapter 5), perform the high-
pressure measurements described in Chapter 6, and to study the difference in the
local structure of the different phases of SnMo2O8 using total scattering data analysis
(described in Chapter 7). Each of these aims required large samples of pure material.
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3.2 Overview of experimental procedure

This section describes the two experimental procedures adopted in this thesis to
prepare pure SnMo2O8. In each case, many attempts were needed to optimise the
procedure. We therefore describe the methods in overview before detailing (in section
3.3) the influences of different experimental factors on the reaction outcome.

3.2.1 Gas-solid method

The methodology described by Buiten16 and adopted in this work to obtain
SnMo2O8 consisted of placing ∼1.50 g of MoO3 (Alfa Aesar, 99.95 %, 0.010 mol)
in a boat crucible inside an amorphous silica tube in a tube furnace at 773 K. Sul-
furic acid was used to dry O2 which was used as a carrier gas to flow SnCl4 (Acros
Organics, 99 % Anhydrous) heated at 60◦C over MoO3 for a period of 7 hours. Figure
3.2 shows a schematic of the apparatus used for the experiments.

This methodology was adopted in order to obtain large samples (∼6.0 g) for the
experiments described in later chapters. Several attempts were necessary to obtain
a final product with reasonable high purity. The multi-gram samples needed were
prepared by combining several small batches. Experimental details of each individual
sample and sample codes are given in Table A.1 in Appendix A. A representative
Rietveld refinement for a single sample is shown in Figure 3.3. Since it was only
possible to prepare small samples of SnMo2O8 by this route, and it was very difficult
to control impurities, the bulk of this chapter focuses on optimising the precursor
route.

O2

H2SO4 SnCl4

Oil bath 
at 60 °C

MoO3

Furnace
H2O

Crystalline phase

Figure 3.2: Schematic of experimental procedure used for the synthesis of SnMo2O8
via the gas-solid route. Colour scheme does not represent the real colours of the
materials.
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Figure 3.3: Rietveld refinement of SnMo2O8 obtained via the gas-solid route (sample
LRA036d, d7_06587). Calculated pattern is shown in red, observed data is shown
in blue and the difference in grey. Tick marks show allowed hkl peak positions for
each phase, blue - SnMo2O8 (∼96 % by weight), green - SnO2 (∼2 % by weight)
and pink - MoO3 (∼2 % by weight). Weight percentages indicated in this and later
figures are estimated to be accurate to within ±2 %.

3.2.2 Precursor route method

A typical synthesis using the precursor method consisted of separately dis-
solving 2.1036 g of SnCl4 · 5H2O (6.0 mmol, Sigma-Aldrich) and 2.1390 g of
(NH4)6Mo7O24 · 4H2O (1.73 mmol, Sigma-Aldrich) in 12 ml of distilled water. The
molar ratio between the metals was Sn:Mo ∼1:2.02. Both solutions were then si-
multaneously added drop-wise to 6 ml of distilled water with continuous stirring.
After mixing the two solutions, a white precipitate would form immediately. The
white precipitate was separated by filtration and washed with distilled water. The
water used for washing the amorphous solid and the solution containing the solid
residue were then kept separately for further studies. This amorphous material was
then dried in the oven at 323 K overnight, annealed at 863 K for 30 minutes with
a heating rate of 5 K min−1 and left to cool in the furnace to room temperature. A
schematic of the synthetic procedure with the nomenclature adopted throughout this
thesis is shown in Figure 3.4.
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Dry overnight at 50 °C

Amorphous precursor

Filtrate + solid residue 

Crystalline phase

Amorphous precursor

Figure 3.4: Schematic of experimental procedure used for the synthesis of SnMo2O8
via the precursor route. Colour scheme does not represent the real colours of the
materials.

3.2.3 Rietveld refinements

The purity of all the materials prepared was evaluated by Rietveld analysis. For
consistency, a single model for the refinement of each dataset was adopted even if
the model was not optimal for that sample. The model contained a total of 33 pa-
rameters. 20 global variables were refined: 15 terms of a background Chebyshev
polynomial, a specimen displacement and 4 terms of an overall pseudo-Voigt peak-
shape. An axial divergence parameter was kept fixed at 8 mm. To describe the
structural parameters, 13 variables were refined: for SnMo2O8 1 lattice parameter,
one scale parameter and one isotropic atomic displacement. The crystallographic
information for the cubic phase was taken from Tallentire et al.15. For the impuri-
ties, 2 lattice parameters, one scale parameter and one isotropic atomic displacement
were refined for the SnO2 phase; and for MoO3 3 lattice parameters, one scale pa-
rameter and one isotropic atomic displacement were refined. A preferred orientation
correction along the <010> direction was refined if the MoO3 phase presented severe
texture.

For variable temperature (VT) experiments, a crystallite size was refined for each
phase and convoluted with the overall pseudo-Voigt peak shape. Al2O3 (25 % by
mass) was often used as an internal standard to allow quantification of the amor-
phous content and 2 cell parameters and 1 scale factor were refined for this phase. A
Brindley absorption correction with a particle size of 20 µm was applied to VT ex-
periments due to the different absorption coefficients between the internal standard
and other phases19. Initial crystallisation experiments without a Brindley correction
would indicate a high percentage (> 45 %) of the amorphous phase after the crys-
tallisation occurred. Later tests (discussed in section 3.4.4), which were specifically
designed to quantify amorphous material in crystalline samples, showed that the
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material contains < 5 % of amorphous impurities for successful experiments.

3.2.4 In situ diffraction experiments

LRA002 was synthesised as described in section 3.2.2 with overnight stirring and
24h drying at 323 K. The crystallisation behaviour of this sample was followed by in
situ variable temperature powder diffraction to confirm it would crystallise to cubic
SnMo2O8. The material was heated in 10 K steps from 302 K to 1164 K using the
’d9’ diffractometer equipped with the 1200 HTK furnace and each diffraction pattern
was collected over 30 minutes from 5-70◦ 2θ.

Figure 3.5 shows the surface plot of the variable temperature data with 2θ as the
x axis and temperature on y axis. Visual inspection of the initial datasets shows
sharp peaks due to the Al2O3 internal standard (35◦, 37.5◦, 44◦ 2θ, marked with a
star) confirming the precursor is amorphous (region highlighted in purple in Figure
3.5).

On heating to ∼690 K (range 36) new peaks appear consistent with the forma-
tion of cubic SnMo2O8 and at ∼771 K (range 44), SnMo2O8 appears to be fully
crystallised, this corresponds to the region highlighted in blue in Figure 3.5. At
higher temperatures (∼819 K, range 49) extra peaks due to MoO3 appear shortly
before decomposition of cubic SnMo2O8 at ∼874 K (range 55). Above ∼956 K (range
64) the only crystalline phase present is SnO2. Based on these preliminary results,
a temperature of 863 K was chosen as the crystallisation temperature for all ex situ
experiments described in sections 3.2.5 and 3.3.
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Figure 3.5: Variable temperature experiment to follow crystallisation of SnMo2O8,
sample LRA002 (d9_07239). Different regions of data are highlighted for the ease
of visualising the different crystallisation events.
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3.2.5 Ex situ experiments

An equivalent sample (LRA003a, Figure 3.6a) as the one used for in situ exper-
iments, was studied by annealing in a furnace followed by ex situ diffraction. The
amorphous phase was heated to 863 K for 30 minutes at 5 K min−1 (LRA003a) and
to 863 K and held for 24 hours at this temperature before cooling to room temper-
ature (sample LRA003b). Sample 3a gave a higher percentage of the cubic phase
(∼30 %) in comparison to only ∼19 % of sample 3b (shown in Appendix A, Figure
A.1), suggesting that shorter times of annealing were more suitable to obtain the
cubic material. Based on these preliminary results, a holding time of 30 minutes
during the annealing process was chosen to perform the majority of the experiments
described in the next sections.

Figure 3.6a shows a Rietveld fit of this sample (LRA003a), prepared by a non-
optimised route. For comparison, Figure 3.6b shows the sample prepared via the
final optimised route, discussed in section 3.3. The improvement in sample quantity
is significant.
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a)

b)

Figure 3.6: (a) Rietveld refinement of an initial attempt to obtain SnMo2O8 via the
precursor route (LRA003a, d7_04906). SnMo2O8 (∼29 % by weight), SnO2 (∼11
% by weight) and MoO3 (∼60 % by weight). (b) Rietveld refinement of a sample
after synthetic optimisation to obtain SnMo2O8 via the precursor route (LRA020a,
d7_05903). SnMo2O8 (∼94 % by weight) and MoO3 (∼6 % by weight) Calculated
pattern is shown in red, observed data is shown in blue and the difference in grey.
MoO3 impurity peaks are marked with a star.
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3.3 Optimising the precursor-route to SnMo2O8

To try and optimise the precursor-route to prepare large samples of SnMo2O8,
the following variables were investigated:

• stirring time;

• the temperature of stirring;

• volume of water used during the washing step;

• pH control of solution during the precipitation of amorphous phase;

• Sn:Mo ratio;

• the heating rate during the crystallisation process;

These experiments are described in the following sections and were not performed
in chronological order. Instead we choose to discuss them in sections containing
information about the main variable in question. Experiments were usually repeated
due to differences in samples obtained using identical preparations, showing that
reproducibility was difficult to achieve. The main synthetic procedure has been
described in section 3.2.2; in the subsequent sections only the main changes in the
procedure are described. More details of the samples mentioned in each of the
following sections and the conditions in which they were prepared are given in Table
A.2 in Appendix A.

3.3.1 Effect of stirring time

One factor that is known to influence both hydrothermal and low temperature
precipitation/crystallisation chimie douce syntheses is the ageing of amorphous pre-
cursors. This has been investigated by reducing the stirring time following mixing
the solutions in a series of related syntheses. Table 3.1 summarises the experiments
carried out to evaluate the influence of the stirring time. As these experiments were
performed in parallel to the investigation of the temperature of stirring (described
in the next section), the temperatures are also given in the table.

In all cases, cubic SnMo2O8 could be prepared, suggesting that precipitate ageing
is not a major factor. These series of experiments enabled us to greatly reduce the
amount of time spent on each synthesis and therefore carry out a large number of
tests on other experimental variables. Calculated weight percentages of crystalline
cubic-SnMo2O8 extracted from Rietveld analyses were used as a semi-quantitative
indicator of the success of the synthesis. For this type of measurement these are
typically within approximately ±2 % of the true values.
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Table 3.1: Summary of experiments to study the effect of stirring time

Sample code Stirring time SnMo2O8 weight % of Scan number
crystalline phase

LRA006a 5 hours at 298 K 72 d7_05077
LRA017a 5 hours at 278 K 96 d7_05657
LRA020a 15 minutes at 278 K 94 d7_05903

3.3.2 Effect of mixing and stirring temperature

These experiments were performed in combination with the investigation on the
time of stirring described in the previous section. Experiments performed above
room temperature had either the solution containing the amorphous precursor being
completely evaporated with controlled heating at 373 K (LRA013a) or gently warmed
for one hour at 323 K before filtration (LRA021a). For the experiments performed at
278 K, the 6 ml of water was cooled to 278 K before dropping the two solutions into
it and after finishing dropping the solutions, stirring was carried out continuously
at 278 K until filtration of the amorphous precipitate. All samples were calcined
identically using the heating rate and temperature pre-determined in section 3.2.4.

A summary of weight percentages of crystalline SnMo2O8 obtained for each exper-
iment is presented in Table 3.2. Samples that were prepared using high temperatures
did not convert to the cubic material, but instead, gave crystalline MoO3 or a mix-
ture of an amorphous phase and MoO3 + SnO2. These results have shown that cubic
SnMo2O8 can only be formed from precursors prepared at lower temperatures. If the
solution containing the amorphous precipitate is heated, it probably dissolves the Sn
from the amorphous precursor, leading mainly to precipitation of MoO3.

Table 3.2: Summary of experiments to study the effect of stirring temperature

Sample code Stirring temperature (K) SnMo2O8 weight % of Scan number
crystalline phase

LRA013a 373 0 d7_05451
LRA021a 323 0 d7_05971
LRA018a1 298 85 d7_05696
LRA017a 278 95 d7_05657
LRA018b1 278 93 d7_05697
LRA020a 278 94 d7_05903
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3.3.3 Effect of washing

This step is thought to remove residual anions in the amorphous phase and was
also investigated in parallel with stirring time and temperature. In this step, the
amorphous precursor was washed with water before being dried at 323 K overnight.
The results obtained for these experiments are summarized in Table 3.3.

It is clear that washing the amorphous precursor is a crucial step during the syn-
thesis. Whereas small volumes of water did not seem to affect the product obtained,
a volume of water larger than 20 ml seems to alter the Sn:Mo ratio by dissolving the
Sn species in the amorphous phase. As a result, the main phase present following
calcination of samples that were washed with large volumes of water was MoO3.

Table 3.3: Summary of experiments to study the effect of washing

Sample code Total volume of water (ml) SnMo2O8 weight % of Scan number
crystalline phase

LRA015e1 0 92 d7_05577
LRA050c1 0 61 d7_08006
LRA015b1 4 86 d7_05574
LRA015c1 8 88 d7_05575
LRA015d1 16 90 d7_05576
LRA009a 20 94 d7_05336
LRA008a 30 56 d7_05266
LRA050a1 50 36 d7_08004
LRA011a 100 0 d7_05413

3.3.4 Effect of dropping time

Experiments to investigate the influence of the time over which reagent solutions
were mixed were performed after optimisation of the stirring time, stirring tem-
perature and volume of water used during the wash of the amorphous phase. All
experiments described in this section were, therefore, performed at 278 K with a
total stirring time of 15 minutes and with a total of 16 ml of water used during the
washing step. The summary of results is presented in Table 3.4.

All samples showed an identical SnMo2O8 yield within error and also only con-
tained MoO3 as impurity (∼13 %). These results also corroborate our findings that
once the amorphous phase is formed, it remains stable in composition regardless of
the ageing process or whether it has been mixed over longer periods of time.
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Table 3.4: Summary of experiments to study the effect of dropping time

Sample code Dropping time (minutes) SnMo2O8 weight % of Scan number
crystalline phase

LRA060c1 1 85 d7_08898
LRA060b1 15 85 d7_08897
LRA060d1 30 83 d7_08903
LRA060a1 60 87 d7_08896

3.3.5 Effect of pH control

Preliminary measurements were taken to determine the pH of the Sn & Mo solu-
tions and the liquid following the amorphous precursor formation. As expected, the
pH of the Sn solution was very acidic (< 1), while the pH of the Mo solution was
slightly acidic (∼5-6). As a consequence, the pH of the solution containing the amor-
phous precursor remained strongly acid (pH ∼1). In addition, experiments to verify
the approximate pH at which each species (Sn and Mo) precipitates were performed.
These confirmed that Sn species precipitate when the pH becomes higher and that
Mo species precipitate when the pH is lowered, indicating that pH control could be
an important variable to control the composition of the amorphous precursor.

To control the pH in the experiment of sample LRA029a, NH4OH was added to the
solution of Mo, the pH of the solution was constantly checked until it reached ∼10.
This solution was then added simultaneously with the Sn solution into water and
stirred for 40 minutes. The resulting pH of the solution containing the amorphous
precursor was ∼3-4.

For samples LRA059 and LRA063, the pH was directly altered in the solution
containing the amorphous precursor. Acid or alkaline solutions were added slowly
with constant checking of pH values to confirm that it was changing, especially
for the experiments performed using alkaline solutions. All samples were annealed
according to the standard procedure described in section 3.2.5. The summary of
results obtained is shown in Table 3.5.

The results of the first experiment(LRA029a) and the alkaline/neutral investiga-
tions suggested that the cubic phase could only be obtained in a very acidic pH. This
led us to investigate whether using an excess of acid would increase the purity of the
samples. The experiment with HCl excess showed redissolution of the amorphous
precursor, favouring only the precipitation of MoO3. In contrast, for the sample
synthesised using an excess of H2SO4, cubic SnMo2O8 could be obtained at similar
purities as the one obtained without any extra addition of acid, although visual in-
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spection of its PXRD pattern showed that the reflections of the cubic phase were
broader suggesting a lower degree of crystallinity.

Table 3.5: Summary of experiments to study the effect of pH media

Sample code pH condition SnMo2O8 weight % of Scan number
crystalline phase

LRA029a Mo solution with pH 10 9 d7_06397
LRA063a1 H2SO4 with pH < 1 72 d7_09172
LRA063b1 NH4OH with pH 7 0 d7_09173
LRA063c1 NH4OH with pH > 12 4 d7_09174
LRA059a1 HCl with pH < 1 0 d7_08609
LRA059c1 NH4OH with pH 7 0 d7_08611

3.3.6 Effect of reagent excess

The majority of the samples prepared during the course of this report had MoO3
as the main impurity. This suggests that Sn species have higher solubility in solution,
and that increasing the amount of Sn in the preparation could lead to purer cubic
SnMo2O8. This, together with the observations from Child18 that SnMo2O8 samples
prepared via the amorphous precursor route prior to optimisation were Sn deficient
led us to perform a series of experiments to investigate the influence of Sn:Mo ratio
in the amorphous precursor. Table 3.6 summarises all the experiments and repeats
carried out. Figure 3.7 shows the results of Table 3.6 graphically.

We see that there is a significant scatter in the results but that a ∼1:2 ratio does
yield the highest amount of SnMo2O8. Whereas using a large excess of either Sn
or Mo does not produce the cubic phase, it seems that a small excess of Mo does
not reduce the yield. In contrast, with a small excess of Sn, the product outcome
seems to be a lot more complex. Even for the samples synthesised with an excess of
Sn, the main impurity obtained was MoO3. None of the samples obtained presented
SnO2 as an impurity with a weight percentage higher than ∼9 % suggesting that the
solubility of Sn species formed in solution is higher than the molybdenum species.
This could possibly be related to the increase of acid concentration in the reaction
media increasing the solubility of the Sn species formed in the amorphous precursor
solution.
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Table 3.6: Summary of experiments to study the effect of Sn:Mo ratio

Sample code Nominal % of Mo:Sn ratio SnMo2O8 weight % of Scan number
reagent excess crystalline phase

LRA022a1 0, Sn 2.02 94 d7_05994
LRA025a1 0, Sn 2.02 88 d7_06182
LRA028a 0, Sn 2.02 75 d7_06342
LRA030a1 0, Sn 2.02 88 d7_06404
LRA031a1 0, Sn 2.02 84 d7_06407
LRA062a1 0, Sn 2.00 68 d7_09123
LRA064a1 0, Sn 2.00 69 d7_09230
LRA070b1 0, Sn 2.02 86 d7_09886
LRA072b1 0, Sn 2.02 82 d7_09931
LRA074a 0, Sn 2.00 79 d7_09976
LRA031b1 0, Sn 2.00 74 d7_06408
LRA048a 0, Sn 2.00 84 d7_07965
LRA053c1 0, Sn 2.00 74 d7_08030
LRA025b1 2, Sn 1.98 78 d7_06183
LRA062b1 2, Sn 1.96 59 d7_09124
LRA064b1 2, Sn 1.96 63 d7_09225
LRA075a1 2, Sn 1.96 89 d7_09999
LRA075b1 3, Sn 1.94 79 d7_10000
LRA062c1 4, Sn 1.92 63 d7_09125
LRA064c1 4, Sn 1.92 68 d7_09226
LRA022b1 5, Sn 1.92 82 d7_05995
LRA031c1 5, Sn 1.92 75 d7_06409
LRA062d1 6, Sn 1.89 76 d7_09120
LRA064d1 6, Sn 1.89 63 d7_09227
LRA025d1 6, Sn 1.90 88 d7_06185
LRA062e1 8, Sn 1.85 69 d7_09121
LRA064e1 8, Sn 1.85 54 d7_09228
LRA022c1 10, Sn 1.84 88 d7_05996
LRA031d1 10, Sn 1.84 65 d7_06410
LRA062f1 10, Sn 1.82 70 d7_09122
LRA064f1 10, Sn 1.82 59 d7_09229
LRA022d1 15, Sn 1.76 85 d7_05997
LRA049a1 50, Sn 1.32 67 d7_07981
LRA049c1 50, Sn 1.35 52 d7_07983
LRA047a 100, Sn 1.01 0 n/a
LRA030b1 5, Mo 1.89 84 d7_06405
LRA030c1 10, Mo 2.24 88 d7_06406
LRA049b1 50, Mo 2.97 22 d7_07982
LRA049d1 50, Mo 3.03 21 d7_07984
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Figure 3.7: Scatter plot of the weight % of the crystalline phase as a function of
Mo:Sn molar ratio.

3.3.7 Crystallisation of SnMo2O8 and the effect of heating
rate

Early ex situ and in situ experiments carried out to investigate the crystallisation
of the amorphous precursor showed that heating at 5 K min−1 to 863 K for 30 minutes
was a good method to obtain cubic SnMo2O8. In order to confirm that this was still
the case after optimisation of the synthesis, in situ PXRD variable temperature
experiments were performed.

A VT-XRPD was performed on sample LRA070b with a continuous slow heating
rate of ∼1.12 K min−1 from 290 K to 885 K and holding at 885 K for 55 minutes. A
PXRD pattern was collected every ∼5 minutes. Figure 3.8a shows the surface plot
of the VT-PXRD and Figure 3.8b the phase quantification using Rietveld analysis.
From 290 to ∼666 K the sample is amorphous. At 666 K (range 111) cubic SnMo2O8
starts to crystallise and the amorphous content starts to decrease. At ∼717 K (range
132) cubic SnMo2O8 appears to be fully crystallised and is the only crystalline phase
present, with an amorphous content of ∼18 %, however, careful inspection of its
diffraction pattern shows that the material has rather very broad peaks suggesting
that the degree of crystallinity is still low. Further heating to 764 K (range 147),
starts to induce crystallisation of MoO3 albeit in low amounts. At this temperature
SnMo2O8 peaks are still broad. At ∼835 K (range 171) they become sharper with a
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small increase to ∼5 % in MoO3 content. This temperature is slightly lower than ex
situ experiments. At range 184 (873 K), broad peaks consistent with crystallisation
of SnO2 start to appear. Holding the temperature at 885 K did not seem to decrease
the content of amorphous material but only to induce further crystallisation of SnO2.
The starting crystallisation temperature of SnMo2O8 is consistent with the findings
in the initial in situ experiment, where SnMo2O8 starts to crystallise at ∼690 K,
against ∼717 K.

The weight percentage of the amorphous content calculated by Rietveld analysis
did not decrease to a value close to zero suggesting that there was ∼15 % of amor-
phous material in the crystalline phase. This result should be treated with caution as
the experiments are not optimised for quantitative analysis. In particular, samples
were recorded as powders lightly sprinkled on an amorphous SiO2 disk. Exposure
of different amounts of this sample holder as a function of temperature could affect
the results. More detailed analysis quantification of amorphous content is therefore
given in section 3.4.4.
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Figure 3.8: Variable temperature experiment to follow crystallisation of SnMo2O8,
sample LRA070b (d9_07650). (a) Surface plot of VT-PXRD on warming the amor-
phous precursor mixed with 25 % Al2O3 by weight. (b) Weight percentages of each
phase from Rietveld analysis. Al2O3 reflections are marked with a star. Error bars
are from Rietveld analysis. Sample was warmed from 290 to 885 K at 1.12 K min−1.
The temperature was held at 885 K for 55 minutes, then cooled to room temperature.

A second experiment was performed with the amorphous precursor being initially
warmed from room temperature to ∼650 K in 10 minutes. From 650 to 940 K,
the temperature was slowly increased in 10 K steps and held for 1 hour at each
temperature. An XRD pattern was collected every 5 minutes. The overall heating
time was ∼30 h.

The results are shown in Figure 3.9. SnMo2O8 starts to crystallise after being
heated for ∼20 minutes to 650 K (range 8) and apart from the amorphous phase,
it remains the only phase present up to 692 K (range 64) when MoO3 begins to
crystallise. At this stage, both SnMo2O8 and MoO3 still have very broad peaks and
the amorphous content decreases to 19 %. SnMo2O8 peaks start to sharpen on further
heat to 741 K (range 133), although the peaks are still very broad in comparison
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to samples annealed offline. At 847 K (range 291), crystallisation of SnO2 starts
in parallel with slow decomposition of the cubic phase and with further heating
inducing full decomposition of SnMo2O8 into MoO3 and SnO2. Under the heating
conditions investigated in this particular experiment, SnO2 starts to crystallise at a
lower temperature (∼847 K) than for the previous experiment (∼873 K), suggesting
that slow heat induces crystallisation of this phase.

As for the previous experiment, the minimum amount of amorphous content cal-
culated for this experiment is ∼10 %, which, again, could possibly be related to the
thin layer of material in the sample holder. The apparent increase in amorphous
content above 850 K could be due to the slow evaporation of MoO3, which melts at
∼1060 K. One consistent observation found for the two "slow"-heat experiments was
that SnMo2O8 peaks remain broader using a slower annealing process than the stan-
dard procedure described in section 3.2.2. This suggests that faster heating rates
are better for obtaining crystalline SnMo2O8 supporting the choice of our initial
annealing conditions.
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Figure 3.9: Variable temperature experiment to follow crystallisation of SnMo2O8,
sample LRA070b (d9_07652). (a) Surface plot of VT-PXRD on warming the amor-
phous precursor mixed with 25 % Al2O3 by weight. (b) Weight percentages of each
phase from Rietveld analysis. Al2O3 reflections are marked with a star. Error bars
are from Rietveld analysis. Sample was rapidly warmed to 650 K, then from 650 to
940 K the temperature was increased in 10 K steps and held for 1 hour at each T,
then cooled to room temperature.

3.4 Composition of amorphous and crystalline
phases

3.4.1 Thermogravimetric analysis

Thermogravimetric analysis was carried out to investigate the presence of water
in the amorphous precursors. The TGA curve in Figure 3.10 shows a sample that
was synthesised using fully optimised conditions and with the standard Sn:Mo ratio
(LRA070b).
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The curve shows an overall mass loss of ∼15 % with the major part of the loss
(∼10 %) occurring between 300 and 490 K, and the secondary 5 % of the mass
loss occurring between 500 and 700 K. This suggests that there are two types of
water molecules in the structure of the amorphous precursor. These mass losses
can be assigned to water in a ∼3:1 ratio, where the first one is possibly related to
the loss of water of crystallisation and the second one to the transformation 2OH-

→ H2O + O2-. A plausible composition of the amorphous precursor is possibly
SnMo2O7(OH)2(H2O)3 or SnMo2O8(H2O)(H2O)3 which contain ∼14 % of H2O. We
note that the second mass loss occurs at the temperature where cubic SnMo2O8
crystallises.
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Figure 3.10: Thermal analysis data for the amorphous precursor of a standard sam-
ple, LRA070b. The material was heated at 5 K min−1 from 300 to 873 K.

3.4.2 Elemental analysis

To confirm the ratio between the two metals in the amorphous precursor and
in the final crystalline cubic phase, elemental analysis via ICP-OES and ICP-MS
were carried out on selected samples. The results obtained for both techniques
are practically identical with an averaged difference of ∼0.09 in the Mo:Sn ratio
between OES and MS values, giving us confidence in the results obtained for our
ICP-OES measurements. Table 3.7 shows the results obtained for selected samples.
For completion, we have also included the Sn:Mo ratio calculated from Rietveld
analyses of the crystalline phases.
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Overall, the results show that almost all amorphous precursors analysed are∼20 %
richer in molybdenum than expected from the usual 2.02 ratio with the exception of
samples LRA016b and LRA018c, which have a ratio of 2.08. Similar results were also
found for the crystalline phases, where samples also showed slightly higher amounts
of Mo than Sn in their composition. This is not surprising as MoO3 was always
found as an impurity, at least in trace amounts, for all samples prepared during
the course of this report. The Mo:Sn values obtained for the samples investigated
are still higher than expected even for crystalline samples. Furthermore, the ratio
calculated using Rietveld analysis is slightly lower but close to the calculated values
from ICP-MS measurements, suggesting that amorphous MoO3 could still be present
in the crystalline phases. This is not in full agreement with the observations found for
the amorphous quantification using PXRD, where the results suggested that there is
only a small amount of amorphous material present in the crystalline phase (∼5 %).
However since sample composition varies slightly from batch to batch, it is difficult
to make more specific conclusions.

Attempts to analyse samples synthesised using different Sn:Mo ratios, a solid
reference mixture of 1:2 crystalline SnO2:MoO3 (sample LRA067), or the filtrate plus
the solid residue from the synthesis by both ICP techniques were unsuccessful. This
was due to difficulties in either dissolving the solids in acidic media or to instrument
limitations on acceptable acid concentrations when performing the measurements.
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Table 3.7: Elemental analysis of amorphous precursor and crystalline SnMo2O8.
Values are given as Mo:Sn ratios

Amorphous precursor Crystalline phase
Sample Mo:Sn Mo:Sn Mo:Sn Mo:Sn

(ICP-OES) (ICP-MS) (ICP-MS) (Rietveld analysis)
LRA020 2.63(3) 2.52(1) 2.59(6) 2.19(2)
LRA018b 2.43(7) - 2.43(2) 2.21(1)
LRA025c 2.54(5) - 2.33(1) 2.24(1)
LRA022a 2.59(3) 2.54(2) 2.32(2) 2.19(1)
LRA025a 2.43(3) 2.35(3) 2.51(2) 2.30(2)
LRA031a 2.45(5) - 2.43(3) 2.46(2)
LRA048 2.71(5) 2.58(2) 2.42(2) 2.52(2)
LRA045b 2.54(4) - - 4.17(7)
LRA016b 2.08(2) - - 2.07(1)
LRA018c 2.08(3) - - 2.08(2)
LRA019c 2.25(5) - - 2.11(1)
LRA022c 2.52(4) - - 2.39(2)
LRA031d 2.44(6) - - 3.22(3)
LRA060a 2.64(3) - - 2.43(2)
LRA060b 2.54(5) - - 2.44(2)
LRA060c 2.58(7) - - 2.53(2)
LRA060d 2.64(4) - 2.35(3) 2.56(2)

3.4.3 Energy dispersive X-ray analysis

To address the presence of chlorine in amorphous and crystalline materials, ele-
mental analysis using the EDX technique was performed on selected samples. To
calibrate between ICP and EDX techniques, sample LRA020 and a mixture of 1:2
SnO2:MoO3 (LRA067) were used as references. The results are in good accordance
within error. The Sn:Mo and Sn:Cl ratios are shown in Table 3.8.

For the quantification of chlorine, an intermediate sample (LRA070b4) heated to
623 K (near the temperature where SnMo2O8 starts to crystallise) was analysed to
confirm the loss of chlorine during the heating treatment. The results obtained for
chlorine quantification show that only a small amount of Cl- is present in the amor-
phous precursor. On heating the sample to 623 K approximately the same amount
of Cl- is still present, suggesting that the loss could occur at a higher temperature
or after complete crystallisation of the amorphous phase, as after full crystallisa-
tion Cl- is present only in trace amounts. If we take into account the presence of
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Cl in the amorphous precursor in a ∼1:1 Sn:Cl ratio and the ∼15 % weight loss
from TGA analysis, a plausible composition for the amorphous phase is possibly
SnMo2O8(H2O)2Cl or SnMo2O7(H2O)2(OH)Cl.

Table 3.8: Elemental analysis of amorphous precursor and crystalline SnMo2O8 from
EDX. Values are given as Sn:Mox and Sn:Clx ratios

Amorphous precursor Crystalline phase
Sample Mo : Sn : Cl Mo : Sn : Cl
LRA020 2.54(1) : 1 : 0.21(3) 2.47(2) : 1 : 0.005(3)
LRA070b 2.36(2) : 1 : 0.23(6) 2.36(3) : 1 : 0.003(2)
LRA070b4 2.30(4) : 1 : 0.19(1) - : 1 : -
LRA042a - : 1 : - 2.18(3) : 1 : 0.003(2)
LRA067 - : 1 : - 1.9(2) : 1 : -

3.4.4 Amorphous quantification

In order to quantify amorphous material in crystalline samples of SnMo2O8, a
preliminary investigation on appropriate slit sizes and type of sample holder was
undertaken on a standard sample of SnO2+2MoO3 mixed with 40 % ZrO2 by mass.
ZrO2 was chosen as internal standard due to the small differences in mass absorption
coefficient to the phases present in our samples. From these preliminary experiments,
it was found that a fixed illumination length of 6.0 mm on the sample and a Si low
background holder with the sample being sprinkled onto a layer of petroleum jelly
covering the Si disc were suitable.

For the quantification experiments, samples were prepared by varying the mass
of the internal standard from 20, 40, 60 to 80 %. A PXRD pattern was col-
lected for each sample and Rietveld analysis was carried out using the keyword
weight_percent_amorphous in TOPAS to calculate the percentages of each phase.
The results obtained for the amorphous quantification in sample LRA060a1 are
shown in Table 3.9. Figure 3.11 shows the calculated weight percentage of ZrO2
as a function of added mass percentage. The good agreement between the measured
and weighed percentages of ZrO2 show that the amorphous quantity in the sample
is small.

Although there is some scatter on the data points, the amorphous content obtained
are fairly close to zero. We therefore estimate the amorphous content to be < 5 %.
The scatter on the data points and the negative values obtained for the ∼20 % ZrO2
sample are possibly due to the absorption differences between the materials. This
sample was prepared and measured twice to exclude any error in sample preparation.
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Table 3.9: Calculated weight percentages and amorphous content in SnMo2O8 (sam-
ple LRA060a1)

Weight % from TOPAS

Weight ZrO2 SnMo2O8 Amorphous
% of ZrO2 content
80.0 % 80.5(2) 17.3(2) 0.5(2)
60.2 % 61.8(2) 33.2(2) 2.7(3)
40.5 % 42.7(2) 48.9(4) 5.1(4)
38.9 % 39.1(2) 54.1(4) 0.7(5)
18.3 % 17.6(2) 77.3(10) -4.2(11)
18.3 % 17.9(2) 75.4(9) -2.5(10)
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Figure 3.11: Refined weight percentages of ZrO2 against actual weight. Error bars
are taken from Rietveld analyses and are smaller than data points.

3.4.5 Metal loss in solid residue in filtrate and wash solutions

As elemental analysis on both the amorphous and crystalline phases showed that
samples were slightly Sn deficient, an investigation on the filtrate and wash solutions
and materials precipitated from them was carried out for a selected sample.

The filtrates and the water used during the wash step of sample LRA072b were
dried in a furnace at 323 K and pale-green powders were obtained. The total mass of
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dry solid obtained was ∼1.0 g. From the overall reaction, we predict ∼0.55 g NH4Cl
would form, meaning that only ∼0.44 g of this material is of interest.

X-ray diffraction was performed on the three solids obtained after drying the first
filtrate and the two wash-solutions, revealing crystalline materials in each sample.
Investigation using the search-match function in EVA revealed the composition of
the crystalline part of each solid residue to be ammonium tin chloride [(NH4)2SnCl6]
and/or ammonium chloride (NH4Cl), as confirmed by the Rietveld analyses shown
in Figures 3.12a-c.

These results show that Sn species partially remain in the filtrate or solid residue,
corroborating the results obtained from ICP and EDX measurements. Furthermore,
analysis of solid residue from the wash step shows that Sn is also lost during the
washing. This shows that a low volume of wash water is needed to avoid loss of Sn.

In addition, ICP-MS analysis was carried out on the solids to quantify the total
amount of Sn and Mo present. Weight percentages are shown in Table 3.10. In total,
0.18 g of Sn and 0.12 g of Mo are present in the solid residue and filtrate. As no
Mo-containing crystalline compounds were identified using PXRD, Mo species lost
are in an amorphous form.

From the mass of each metal lost, it is possible to calculate the amounts of Sn and
Mo that are expected to be in the amorphous precursor, giving a Mo:Sn molar ratio
of ∼2.45, which is in good agreement with the values of Table 3.7. We can therefore
achieve an overall mass balance for the reaction.
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a)

b)

c)

Figure 3.12: Rietveld refinement of a) precipitate from first filtrate confirming the
presence of (NH4)2SnCl6 as the only crystalline phase. b) residue obtained after the
first wash, showing the presence of mainly NH4Cl (∼97 % by weight), and c) residue
obtained after the second wash, showing a mixture of crystalline (NH4)2SnCl6 (∼48
% by weight) and NH4Cl (∼52 % by weight).
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Table 3.10: Mass of solid residue obtained from sample LRA072b and weight per-
centages from ICP-MS analysis

Weight % Mass (g)
Sample mass (g) Sn Mo Sn Mo

of dry solid
Filtrate + 0.4766 28.4(2) 15.36(4) 0.135 0.073
solid residue

Water of 0.2854 12.17(5) 9.25(7) 0.035 0.026
1st wash (8 ml)

Water of 0.2230 6.88(3) 9.48(6) 0.015 0.021
2nd wash (8 ml)

3.5 Failed syntheses

Due to the difficulties in fully controlling the reproducibility of the preparation of
SnMo2O8 using the precursor route, attempts to synthesise SnMo2O8 using different
methodologies were investigated. Those included a reflux, hydrothermal and solid-
state methods.

The hydrothermal method used was a slight modification of the precursor method,
where the amorphous material was prepared identically. NH4OH was added to the
solution containing the amorphous precursor and the solution was stirred overnight.
The solution was then added to a Parr bomb and heated for 15 hours at 433 K. The
solution was removed by centrifugation and the wet precursor was dried at 323 K.
PXRD showed the precursor to be amorphous (LRA004) and the annealed material
(LRA004a) to be SnO2. This is in agreement with the observations found during the
pH investigation on the standard procedure, where a pH towards alkaline values led
to precipitation of SnO2 only.

A synthesis attempt using reflux was also prepared similarly to the standard
procedure. The solution containing the amorphous precursor was refluxed at 373 K
for 24 hours. The resulting precipitate was filtered and dried at 323 K. PXRD of
the precursor (LRA010) and the annealed sample (LRA010a) showed the precursor
to be amorphous and the annealed sample to be a mixture of SnO2 and MoO3.

An attempt to prepare the cubic material was also performed using a conventional
solid state method. A mixture of SnO2 (Sigma-Aldrich, 99.9 %) and MoO3(Alfa
Aesar, 99.95 %) in a 1:2 molar ratio was ground with an agate mortar and pestle.
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The mixture was placed in an alumina crucible and heated in a furnace at 863 K for
48 hours. PXRD of the resulting solid (LRA058a) showed it to be only SnO2 and
MoO3. A second heating cycle was conducted for 24 hours at 973 K but the sample
(LRA058c) still presented only MoO3 and SnO2, giving no indication that SnMo2O8
could be prepared via solid-state synthesis under the conditions investigated.

3.6 Conclusions

The optimisation of the precursor method to obtain pure cubic SnMo2O8 can be
deemed successful and it is now routinely possible to prepare cubic SnMo2O8 samples
with a purity of ∼95 % using the optimised conditions described in this chapter (see
Figure 3.6). These consist of using a low temperature route, with careful dropping of
the two solutions simultaneously, a stirring time of 15 minutes once the amorphous
precursor has formed and a total volume of water used during the wash step of 16 ml.
For the crystallisation step, ideal annealing conditions are a heating rate of 5 K min−1

up to 863 K and a hold at this temperature for 30 minutes. Under these conditions,
highly pure crystalline SnMo2O8 can be obtained with low amounts of amorphous
content and impurities.

Whilst it has been shown that some variables do not influence on the synthesis
(for example, the dropping time of the two reagent solutions), the influence on the
reaction outcome of different Sn:Mo molar ratios remains unclear and it has been
proved difficult to obtain a full understanding of this variable.

From the investigation on the composition of the precursor and crystalline phases,
all materials presented a Mo:Sn ratio slightly higher than 2:1, suggesting that some
Sn remains in solution. Analysis of the filtrate and wash solutions have confirmed this
and lead to a sensible mass balance for the overall synthesis. The main crystalline
impurity found for the majority of the samples prepared throughout the course of
this thesis was of MoO3, which is consistent with some Sn remaining in solution. The
amorphous precursor contains ∼4 molecules of H2O and small amounts of Cl ions.
These are completely eliminated once the amorphous precursor has crystallised.

In conclusion, highly crystalline and pure cubic SnMo2O8 can be obtained via
the precursor method using the conditions optimised during the course of this thesis.
This method can be considered appropriate to obtain large batches of pure SnMo2O8.
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Chapter 4

Qualitative studies of amorphous
and crystalline phases in the
(Sn,Zr)Mo2O8 family

4.1 Introduction

The synthesis of the x = 0 member of the Sn1-xZrxMo2O8 family via the pre-
cursor route was investigated and described in Chapter 3. Cubic SnMo2O8 can be
prepared via dehydration of a completely amorphous phase. This method also al-
lows the preparation of almost the whole cubic family, with exception of x = 1,
ZrMo2O8, which forms a trigonal phase by this route. To date, nothing is known
about the structure of the amorphous precursor or about the mechanism behind the
dehydration and how it allows the formation of cubic Sn1-xZrxMo2O8.

Structural characterisation of amorphous materials is often difficult because the
lack of long-range order, restricting the range of techniques that can be used. There
are, however, two well-known techniques that can be used to probe the local structure
of amorphous materials, these are the Pair Distribution Function or PDF method
(using X-ray or Neutron Total Scattering) and Nuclear Magnetic Resonance. In
addition, these techniques can potentially be performed in situ, which is extremely
valuable to follow and probe the mechanism of structural transformations.

In order to try and understand the pathway of the transformation from amorphous
precursor to crystalline product in the Sn1-xZrxMo2O8 family, X-ray PDF and 17O
nuclear magnetic resonance studies were performed. Three members of the family
with x = 0, 0.5 and 1 were chosen to be investigated with the aim of understanding
how the transformation occurs and how different the precursors are that lead to
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either the cubic or the trigonal phases of this family.

4.2 Synthesis of Sn1-xZrxMo2O8, x = 0.5, 1

The syntheses of Sn1-xZrxMo2O8, x = 0.5, 1 were performed using the conditions
for the synthesis of SnMo2O8 described in Chapter 3 and according to the schematic
shown in Figure 3.4. The optimal conditions included: low-temperature during stir-
ring step with a stirring time of 15 minutes and a total of 16 ml of water during
the wash step. Offline annealing conditions to obtain the crystalline phases for the
x = 0.5 and 1 compositions were based on the work of Tallentire1 (heat to 853 K at
2 K min−1 for 30 minutes) whilst for x = 0 the conditions were based on the work
described in Chapter 3.

For the Zr-members, zirconyl chloride (ZrOCl2 · 8H2O) was used as Zr source. For
x = 0.5 (LRA072a), 0.9660 g (3.0 mmol) of ZrOCl2 · 8H2O and 1.0523 g (3.0 mmol) of
SnCl4 · 5H2O were dissolved together in 12 ml of water, whilst 2.1375 g (1.73 mmol)
of (NH4)6Mo7O24 · 4H2O was dissolved separately. For x = 1 (LRA073), 1.950 g (6.1
mmol) of ZrOCl2 · 8H2O, and 2.1375 g (1.73 mmol) of (NH4)6Mo7O24 · 4H2O were
used. The precipitates were then dried at 323 K overnight and an off-white powder
was obtained for both materials. PXRD measurements confirmed both precursors
to be amorphous.

Representative Rietveld refinements for x = 0.5 and x = 1 samples are shown in
Figures 4.1a and 4.1b to illustrate phase purity and crystallinity. For x = 0.5, the
main phase obtained was the cubic phase with < 1 % of a trigonal impurity and for
x = 1, the only phase obtained was the trigonal α phase, as expected from previous
work2–4. In addition, the trigonal ZrMo2O8 exhibited broad peaks suggesting a lower
degree of crystallinity.
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a)

b)

Figure 4.1: Rietveld refinements of Sn1-xZrxMo2O8 prepared via the precursor route.
(a) x = 0.5 (LRA072a2, d7_09991). Tick marks are shown in blue for cubic and
green for trigonal phases. (b) x = 1 (LRA073b, d7_10098). Calculated pattern is
shown in red, observed data is shown in blue and the difference in grey.

In preparation for in situ XPDF experiments, the amorphous precursors for x =
0, 0.5 and 1 were also loaded into 0.7 mm quartz capillaries and their transformation
behaviour investigated by heating in a furnace.

For SnMo2O8 and ZrMo2O8 it was found that the amount of the crystalline phases
(cubic and trigonal, respectively) obtained are not affected by the use of a capillary
to transform the amorphous precursor. In contrast, the synthesis of Sn0.5Zr0.5Mo2O8
was strongly dependent on the heating rate used when annealed in a capillary with
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a tendency to form the trigonal phase. Heating the amorphous precursor to 853
K at 2 K min−1 produced only 22 % of the cubic phase and 78 % of the trigonal
phase. Using a slower heating rate of 0.5 K min−1 produced 47 % of cubic and 53 %
of the trigonal phases. However, this means that the total amount of time to obtain
the cubic phase of Sn0.5Zr0.5Mo2O8 is ∼19 hours. These conditions are too long for
convenient in situ studies at the synchrotron facility and were not followed during
the XPDF measurements.

4.2.1 Thermogravimetric Analysis

To investigate the temperature at which the water is lost during the crystallisa-
tion step, thermogravimetric analysis was performed on x = 0, 0.5 and 1 materials
(samples LRA070b, LRA072a and LRA073, respectively) and are shown in Figure
4.2. It should be noted that the data shown for x = 0 has been already discussed in
the Chapter 3.

From visual inspection, the curves show very similar mass loss profiles: for all
samples, a total mass loss of ∼14 % was observed between 300 and 700 K. The first
10 % occurred between 300 and ∼450 K and the second loss (4 %) occurred between
∼500 and 700 K. However, careful inspection shows that the second mass loss for
cubic SnMo2O8 is perhaps more abrupt than for ZrMo2O8. This suggests that the
mechanism by which the water is lost could be a key aspect in determining whether
the AMo2O8 family crystallises with cubic or trigonal symmetry.

The total mass loss corresponds to ∼4 water molecules for each material. This
indicates that there are two types of water within the structure of the precursor
materials and they can be roughly assigned to a ∼3:1 ratio. The initial mass loss
could be related to water of crystallisation and the second one to more strongly
bonded hydroxyl groups. As discussed in Chapter 3, plausible compositions are
AMo2O8(H2O)3(H2O) or AMo2O7(OH)2(H2O)3. It is worth emphasising that the
second stage of the mass loss takes place at the temperature where cubic (x = 0 and
0.5) or trigonal (x = 1) phases crystallise (∼700 K).

82



Chapter 4. Qualitative studies of amorphous and crystalline phases in the
(Sn,Zr)Mo2O8 family

80

85

90

95

100

 300  400  500  600  700  800

Tcrystallisation

W
ei

gh
t (

%
)

Temperature (K)

SnMo2O8
Sn0.5Zr0.5Mo2O8

ZrMo2O8

Figure 4.2: Thermogravimetric analysis of Sn1-xZrxMo2O8, x = 0, 0.5, 1. Samples
were heated from 300 to 873 K at 5 K min−1.

4.3 The structure of amorphous SnMo2O8

To gain insight into the structure of amorphous SnMo2O8, the pair distribution
function [in this case, D(r)] was extracted from high quality diffraction data col-
lected at I-15-1 at Diamond and appropriately corrected for background scatter and
Compton scatter (described in detail in Chapter 2). For comparison, samples of
amorphous SnO2 and MoO3 were also prepared under similar conditions and their
D(r) functions extracted. The description of their syntheses is given in Chapter 2.

Each material showed the absence of Bragg peaks in its diffraction data indicating
an amorphous sample. In the D(r) plots shown in Figure 4.3a, this is echoed by the
absence of intense peaks above ∼10 Å. Short-range order is, however, observed
in each material and it can be seen that MoO3 presents a slightly higher degree of
crystallinity as indicated by the presence of low intensity peaks throughout the whole
r region.
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Figure 4.3: X-ray pair distribution functions [D(r)]. (a, b) Comparison between the
precursor phases of SnMo2O8, MoO3 and SnO2 (all amorphous) before heating at
high and low r regions, respectively.

In the MoO3 precursor, there are at least 3 strong peaks at ∼1.75, 3.34 and 3.80
Å. Those presumably correspond to Mo-O and to Mo-Mo distances. The peak
centred at ∼1.75Å shows an asymmetric shape, suggesting that Mo(VI) probably
has a variable coordination number with Mo-O bonds varying from ∼1.6 to ∼2.6 Å
in length. This is not dissimilar to crystalline MoO3 which contains 6 coordinate
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Mo with bonds from ∼1.67 to ∼2.25 Å5. In the low r region, amorphous SnO2 has
at least 3 peaks centred at ∼2.05, 3.19 and 3.73 Å. These can be assigned to Sn-O
and also presumably to two different metal distances in the structure. The first peak
has a sharp and well-defined shape suggesting a regular and uniform coordination
environment. The amorphous precursor contains atom-pair distances that could be
assigned to Mo-O (∼1.74 Å), Sn-O (∼2.04 Å) and, presumably, two M-M (M = Sn
and/or Mo) distances at ∼3.30 and ∼3.73 Å. This can be best visualised in Figure
4.3b, which shows the low r region in the PDFs.

One extreme model for the structure of the amorphous precursor is that it could
be a physical mixture of amorphous SnO2 and MoO3. Its PDF would therefore be
expected to resemble the sum of those of the two binary oxides. A comparison of
the simulated PDF (performed in TOPAS) of the two binary oxides scaled in a 1:2
ratio to give amorphous "SnO2Mo2O6" is shown in Figure 4.4a in red. It is clear
that the first two peaks are in the same position for both PDFs, however, whilst the
intensity of the peak corresponding mainly to Mo contacts is reasonably described
by the summed datasets, the intensity of the Sn-O peak is not correct. In addition,
the peaks above ∼3 Å in the simulated PDF do not have the same intensity nor give
the same peak positions as in the PDF of the amorphous precursor. Although this is
a crude procedure, it suggests that the amorphous precursor is not simply a physical
mixture of SnO2 and MoO3.

Other possibilities are that the local structure of amorphous SnMo2O8 could re-
semble the precursor used in the synthesis of ZrMo2O8, ZrMo2O7(OH)2 · 2H2O, or
the intermediate LT-ZrMo2O8 phase it subsequently forms2–4. Simulations of the
PDFs of these two structures were also performed in TOPAS and compared to the
amorphous precursor of SnMo2O8. These are shown in Figures 4.4b and 4.4c.

The calculated PDF of SnMo2O7(OH)2 · 2H2O has similar intensities for the Mo-
O and Sn-O coordination environments, but has shorter Mo-O bonds. The structure
also does not account for the peaks in D(r) at ∼3.30 and ∼3.73 Å. From Figure 4.4c,
it can be seen that the orthorhombic polymorph of ZrMo2O8 is even more different
locally.

It is noticeable, however, that the M-O region of D(r) for the amor-
phous precursor shows reasonable agreement to that calculated for hypotheti-
cal SnMo2O7(OH)2 · 2H2O, with peaks at ∼1.79 and ∼2.02 Å in a ∼2:3 ratio.
SnMo2O7(OH)2 · 2H2O would contain Sn in a 7-coordinate environment and Mo in
6-coordinate environment with Mo-O bonds of ∼1.76 to ∼1.94 Å and Sn-O bonds
of ∼2.04 to ∼2.1 Å (assuming strictly two-coordinate O2-)6. It is therefore plausi-
ble that the amorphous precursor contains a similar mix of weakly held H2O and
more strongly held OH- groups leading to higher MOn (M = Sn or Mo) coordination
numbers.
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(a)

(b)

(c)

(d)

Figure 4.4: Simulated D(r) using the structures of: (a) SnO2 + MoO3; (b)
SnMo2O7(OH)2 · 2H2O; (c) LT-SnMo2O8 and (d) SnO2 + MoO3 + SnMo2O8. Sim-
ulated patterns are shown in red, D(r) of amorphous precursor is shown in blue and
the difference in grey.
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A final extreme model for the amorphous precursor is that it could consist of a
mixture of local environments similar to those in the amorphous SnO2 and MoO3
material discussed above and cubic SnMo2O8. Figure 4.4d shows a simulation based
on a 3 phase mixture of these three structures. This was done by least squares fitting
of the experimental PDFs of each phase to the experimental data of the amorphous
precursor. Overall, this simulation also gives a reasonable description of the structure
of the amorphous precursor up to ∼5 Å. However, the calculated PDF still shows
significant discrepancies. It has an interatomic distance at∼2.83 Å that is not present
in the structure of the amorphous precursor. In addition, the experimental peak at
∼3.30 Å is not present in the calculated pattern, suggesting that the structure of the
amorphous precursor does not simply resemble the structure of crystalline SnMo2O8
+ amorphous SnO2 and MoO3.

It is also interesting to note that in this simulated pattern, the longer Sn-O bonds
are not accounted for, possibly suggesting a higher coordination number for the SnOx
polyhedra.

Whilst we cannot be definitive about the structure of the amorphous precursor, it
is evident that the material is not composed of only its binary oxides in their amor-
phous form, nor does it fully resemble the structure of the two well-known precursors
of the related material, ZrMo2O8. However, some similarities within the calculated
D(r) patterns of SnMo2O7(OH)2 · 2H2O and a mixture of crystalline SnMo2O8 +
amorphous 1:2 SnO2:MoO3 suggest that its structure has possibly a topology that
resembles SnO7 [e.g. SnO5(OH)2] in a pentagonal bipyramid geometry and MoO6
[e.g. MoO4(H2O)2] in octahedra arrangements, in addition to the expected SnO6
and MoO4 with octahedral and tetrahedral geometries, respectively.

4.4 Crystallisation of SnMo2O8, SnO2 and MoO3
at "fast" heating rates

Laboratory variable temperature powder diffraction experiments described in
Chapter 3 showed that the formation of cubic SnMo2O8 is dependent on the heat
treatment. Hence, for x = 0, two in situ experiments with different heating rates
were carried out at beamline I-15-1. The first was performed with the standard labo-
ratory heating rate used to obtain cubic SnMo2O8, which is called fast for comparison
purposes. For this experiment, samples were heated from room temperature (∼303
K) to 880 K at ∼6 K min−1 and held at this temperature for ∼20 minutes. The total
heating time was ∼2 hours. Data were collected every ∼4 minutes for 3 minutes and
every 36th pattern omitted to allow detector recovery. The second experiment was
carried out with a slower heating rate of ∼0.8 K min−1 and is discussed in detail in
the next section.
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Figure 4.5 shows the D(r) of the 37 datasets obtained during the variable temper-
ature experiment. In Figure 4.5a, the pattern highlighted in blue shows the D(r) of
the amorphous precursor and it is clear, as already discussed, that the material does
not have long range order due to the absence of peaks above ∼10 Å. As the sample
is heated, peaks consistent with long-range ordering start to appear at 632 K (grey
pattern before the pattern highlighted in green) and at 653 K (dataset in green in
Figures 4.5a and 4.5b) the sample crystallises. The pattern shown in pink highlights
the PDF of the crystalline sample back at room temperature. Visual inspection of
the datasets confirms that no changes in the PDFs occur once the material has crys-
tallised other than broadening expected from thermal motion. It is also clear that
there are no remarkable changes prior to crystallisation, suggesting that there is no
real evidence of a gradual evolution of the structure along the synthetic pathway. To
confirm the composition of the crystalline phase, Rietveld analysis (Figure 4.6) in
2θ space was performed and showed it to be ∼76 % cubic SnMo2O8 in addition to
MoO3 (∼21 %) and SnO2 (∼3 %) as impurities.

Detailed inspection at the low-r region shown in Figures 4.5b and 4.5c shows that
the pair-distance at ∼3.30 Å disappears when the material crystallises at 653 K.
This temperature is close to the temperature in TGA experiments, where the second
mass loss (∼500-700 K) occurs presumably due to water loss and is consistent with
our variable temperature experiments (described in section 3.3.7 of Chapter 3) where
SnMo2O8 crystallises at ∼700 K. The temperature discrepancy is not surprising given
that there are significant differences in how these experiments where performed, i.e.
in an Anton Paar HTK furnace and in capillary mode.
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Figure 4.5: X-ray pair distribution functions [D(r)]. (a) Crystallisation of SnMo2O8
using a fast heating rate (6 K min−1). (b), (c) Zoomed low-r region. Different colours
in (a) and (b) highlight the amorphous precursor (blue), the first dataset after crys-
tallisation (green), and a final dataset at room temperature (pink), respectively. (c)
Surface plot of (b) for better visualisation of disappearance of peak at ∼3.30 Å.
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Figure 4.6: Rietveld refinement of dataset collected at room temperature after crys-
tallisation of cubic SnMo2O8. The dominant contribution of SnMo2O8 (∼76 % by
weight) to the pattern is highlighted.

Figure 4.7 shows a direct comparison between the PDFs of the amorphous pre-
cursor and the crystalline phase. There are significant changes in the intensities
of the three main peaks once the material crystallises. At first glance, there is a
small shift of the peak initially at ∼1.74 Å to higher r values and a shift to shorter
distances of the second peak initially at ∼2.04 Å. However, a careful inspection of
the zoomed 1.4-2.5 Å region (inset in Figure 4.7) shows that although the overall
bond distances that contribute to the position of the first peak have increased in
length, the crystalline phase has an increase in the number of shorter Mo-O dis-
tances. Further changes in both patterns are related to the peak at ∼3.29 Å present
in the amorphous precursor which completely disappears in the crystalline phase. In
addition, there is a clear shift in the peak at ∼3.73 to ∼3.68 Å and an increase in
its intensity due to formation of further M-M contacts.
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Figure 4.7: X-ray pair distribution functions [D(r)] of amorphous precursor and cubic
SnMo2O8. Inset: zoomed r region from 1.4 to 2.5 Å.

These overall changes strongly suggest that there are changes in the coordina-
tion spheres of both Mo and Sn, possibly from initially a 6- and 7- to a 4- and
6-coordination number in the crystalline phase. Similar effects were observed in the
pressure-induced amorphous phase of ZrMo2O8

7, where an increase in the coordina-
tion number of Mo was associated with a decrease in the total number of short Mo-O
bonds and an increase in intensity of the peak at ∼2.1 Å (arising mainly from Zr-O
distances), which was associated with the presence of either longer Zr-O or Mo-O
bonds with a Mo-coordination number higher than 4. These observations lend some
support to our conclusions.

In order to investigate whether the crystallisation of amorphous SnMo2O8 had
any similarities to the crystallisation of amorphous MoO3 and SnO2, the binary
amorphous oxides discussed above were also heated in an identical process.
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Figure 4.8: X-ray pair distribution functions [D(r)]. (a) Crystallisation of MoO3
using a fast heating rate of 6 K min−1. (b) Zoomed low r region. Different colours in
(a) and (b) highlight the precursor (pink), start of crystallisation (light blue), fully
crystallised MoO3 (orange), crystallisation of secondary phase (purple) and final
dataset at room temperature (green).

The results obtained during the crystallisation of amorphous MoO3 are shown in
Figure 4.8. Visual inspection of the PDF data indicates that the sample is initially
amorphous. On heating, it starts to have long-range order at ∼505 K (pattern
highlighted in light blue). At 632 K, the distance at∼3.33 Å that was initially present
in the amorphous phase, completely disappears and the material continuously evolves
up to ∼757 K (pattern highlighted in orange), where the sample fully crystallises to
pure MoO3 as confirmed by Rietveld analysis of the Bragg data (shown in Figure
4.9a).

Further heating to ∼821 K induces the formation of a second phase indicated
by visual inspection of the Bragg data, however, the PDF shows minimal changes
(pattern highlighted in dark blue) at this stage. On heating to ∼880 K and holding
at this temperature this phase further crystallises. Rietveld analysis in 2θ space of
the final product confirms that the sample presents extra reflections of an as yet

92



Chapter 4. Qualitative studies of amorphous and crystalline phases in the
(Sn,Zr)Mo2O8 family

unidentified phase, as shown in Figure 4.9b.

It is worth noting that whereas the crystallisation of SnMo2O8 seems to happen
sharply at one specific temperature, multiple changes in the PDFs of MoO3 are
observed. In addition, the temperature of the crystallisation of MoO3 is higher than
that of SnMo2O8, suggesting that the crystallisation events in these two systems are
very different.

(a)
(b)

Figure 4.9: Rietveld analysis of selected patterns during the crystallisation of amor-
phous MoO3: a) at 757 K; b) Final product after cooling from 880 K.

For SnO2, the results obtained during its crystallisation are shown in Figure 4.10.
A smooth evolution of the atom-pair distances as the sample is heated and starts
to develop long-range order can be observed. In contrast to the crystallisation of
MoO3, no sudden changes in the PDFs are observed during the crystallisation of
SnO2. Initially, amorphous SnO2 is formed with particles of ∼10 Å diameter which
smoothly grow in size as the sample is heated to higher temperatures.

By ∼651 K, significant peaks are present at high r (pattern highlighted in orange
in Figure 4.10a), indicating the sample is crystallising. The intensity of these peaks
increases smoothly on heating to ∼797 K (pattern highlighted in purple), where SnO2
appears to be fully crystalline. Only one noticeable change in the PDFs is observed,
where the peak initially at ∼3.22 Å in the amorphous form shifts to ∼3.17 Å in the
crystalline phase. To confirm the composition of the crystallised product, Rietveld
analysis of the Bragg data was carried out for the dataset at room temperature after
the crystallisation process, confirming it to be SnO2, as shown in Figure 4.11.

In comparison to the results obtained for the crystallisation SnMo2O8, it is again
clear that the mechanism by which SnO2 crystallises is different to that of SnMo2O8.
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Figure 4.10: X-ray pair distribution functions [D(r)]. (a) Crystallisation of SnO2
using a fast heating rate of 6 K min−1. (b) Surface plot of low-r region to illustrate
smooth growth of peaks on heating. Colours in (a) highlight the precursor (dark
green), partially crystallised sample (orange), fully crystallised SnO2 (purple) and
final dataset at room temperature (magenta).
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Figure 4.11: Rietveld analysis of final product during the crystallisation of amorphous
SnO2.

4.5 Crystallisation of amorphous precursor at
slow heating rate

A second experiment with a slow heating rate (∼0.8 K min−1) was also performed
to follow the crystallisation of SnMo2O8. In this experiment, data were collected
every 5 minutes for 3 minutes and every ∼20th pattern was omitted to allow detector
recovery. The total heating time of the experiment was ∼12 hours.

Figure 4.12a shows the 124 datasets collected during this experiment. The ma-
terial starts to crystallise at ∼612 K and at ∼617 K appears to be fully crystalline
(pattern highlighted in purple). Rietveld analysis of the dataset at 617 K confirms
the composition to be mainly cubic SnMo2O8 with MoO3 and SnO2 impurities, as
shown in Figure 4.13a. At this stage, the peak initially at ∼3.30 Å completely dis-
appears (shown in Figure 4.12b). However, on further heating to 667 K a peak at
∼3.20 Å starts to appear and the peak increases in intensity as the sample is heated
to higher temperatures (dataset highlighted in dark blue). This is in contrast to
the experiment with the fast heating rate, where no peaks around this region are
observed after cubic SnMo2O8 is formed.

Rietveld analyses of the patterns at 667 K and the final product at room tem-
perature (shown in Figure 4.13b) indicate that cubic SnMo2O8 starts to decompose
into its binary oxides and is fully decomposed into SnO2 and MoO3 by 880 K. It is
worth noting that during the laboratory in situ experiments discussed in Chapter 3,
SnMo2O8 decomposed at ∼874 K.
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Figure 4.12: X-ray pair distribution functions [D(r)]. (a) Crystallisation of SnMo2O8
using a slow heating rate of 0.8 K min−1. (b) Zoomed low-r region. Different colours
in (a) highlight the amorphous precursor (red), the first dataset after crystallisation
(purple), start of decomposition (dark blue) and last dataset at room temperature
(green), respectively.
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(a) (b)

Figure 4.13: Rietveld analysis of selected patterns during the slow crystallisation of
amorphous SnMo2O8: a) 617 K; b) Final product after cooling from 880 K. Calcu-
lated weight % of SnMo2O8, SnO2 and MoO3 in a) & b) are 71 %, 6 %, 23 % & 6
%, 32 % and 62 %, respectively.

A comparison of the PDFs of the amorphous precursor and the final product
(Figure 4.14a) show that the peak at ∼3.20 Å is not in the same position after crys-
tallisation, indicating that the interatomic distances contributing to its appearance
do not come from the same atom-pairs. In addition, this peak is also not present in
the exact same position in the PDFs of the pure oxides (shown in Figure 4.14b).

It is also clear from these experiments with slow and fast heating rates that the
formation of the cubic phase is only kinetically stable, with slow heating producing
the two thermodynamically stable binary oxides. This is in agreement with the
literature on the related materials ZrMo2O8 and ZrW2O8, where it has been shown
that synthetic conditions such as time and temperature are key features in order to
obtain the metastable cubic polymorphs of these materials2,8,9.

97



Chapter 4. Qualitative studies of amorphous and crystalline phases in the
(Sn,Zr)Mo2O8 family

2 4 6 8 10 12

(a)

D
(r

)

r (Å)

Precursor
Product

1.5 2 2.5 3 3.5 4 4.5 5

(b)

D
(r

)

r (Å)

Product
MoO3
SnO2

Figure 4.14: X-ray pair distribution functions of amorphous precursor and final
product during the crystallisation of the amorphous precursor of SnMo2O8 with a
slow heating rate.

4.6 Comparison with Sn/Zr and Zr precursors

In order to observe any differences in the local structure of the amorphous pre-
cursor in a material that crystallises to cubic from a precursor that crystallises to
trigonal phase, the other two members (x = 0.5 and 1) of the Sn1-xZrxMo2O8 family
were also investigated at the I-15-1 beamline at Diamond. Data was collected for
their amorphous phases and their crystallisation was followed using a heating rate
of 6 K min−1. Each sample was warmed from ∼303 K to 880 K and held at this
temperature for ∼20 minutes before cooling back to room temperature. A 3-minute
pattern was collected every ∼4 minutes and every 36th pattern was omitted to allow

98



Chapter 4. Qualitative studies of amorphous and crystalline phases in the
(Sn,Zr)Mo2O8 family

detector recovery.

Figure 4.15 shows the pair distribution functions obtained for precursors of
Sn0.5Zr0.5Mo2O8 and ZrMo2O8 compared to SnMo2O8. Firstly, the two materials
are also amorphous (no peaks above ∼8 Å), and have a similar PDF with four well-
defined peaks at ∼1.7 (Mo-O), ∼2.1 (Sn/Zr-O), ∼3.3 (M-M) and ∼3.7 (M-M) Å to
that of amorphous SnMo2O8. Secondly, the low-r peak at ∼2.1 Å related to M-O (M
= Sn and/or Zr) is much more pronounced in the pure-Sn compound presumably due
to the higher atomic number (Z ) and is shifted to slightly lower r values as expected
for the shorter Sn-O bonds in comparison to Zr-O. It can also be seen that x = 0.5
has a mixture of presumably slightly shorter Sn-O and slightly longer Zr-O bonds as
its peak at ∼2.1 Å is centred half-way between Sn-pure and Zr-pure samples.
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Figure 4.15: X-ray pair distribution functions [D(r)] for: (a) amorphous precursors
of: SnMo2O8, Sn0.5Zr0.5Mo2O8 and ZrMo2O8; (b) Magnified low-r region of (a).

Figure 4.16 shows the results of the 37 PDFs obtained during the crystallisation
of Sn0.5Zr0.5Mo2O8. No changes are observed up to ∼696 K (grey pattern before red
pattern), where peaks consistent with long-range ordering start to appear. At ∼738
K (pattern highlighted in red), the crystallisation appears to be complete and no
further changes are observed in the PDFs. The peak initially at ∼3.35 Å starts to
disappear gradually on heating and vanishes when the sample crystallises at ∼738
K. In addition, similar changes in the intensities of the first two peaks to those in
SnMo2O8 are observed. These relate to the coordination environments of Mo and
Sn/Zr, indicating that the two metals also undergo changes in their coordination
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environment.

Rietveld analysis (shown in Figure 4.17) of the crystalline phase confirmed the
composition of the final product to be 61 % trigonal and 33 % cubic with 6 % SnO2
impurity. This is unsurprising as ex situ experiments in capillaries have shown that
the formation of the trigonal phase is favoured at these rates.
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Figure 4.16: X-ray pair distribution function of the crystallisation of Sn0.5Zr0.5Mo2O8.
a) At r = 50 Å. b) Magnified low-r region of (a). Different colours in (a) and (b)
highlight the precursor (green), fully crystallised (red) and final dataset at room
temperature (purple).
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(a) (b)

Figure 4.17: Rietveld analysis of selected patterns during the crystallisation of amor-
phous Sn0.5Zr0.5Mo2O8. Highlighting the contributions of (a) cubic (blue) and (b)
trigonal (green) phases. Calculated pattern is shown in red, observed in blue and
difference in grey.

Figure 4.18 shows the 37 PDFs obtained following the crystallisation of amorphous
ZrMo2O8. Heating to ∼653 K starts to induce the crystallisation of ZrMo2O8 and
at ∼695 K, the material undergoes full crystallisation (pattern highlighted in pink).
The peak at ∼3.40 Å initially present in the amorphous phase starts to gradually
decrease in intensity and disappears once the sample crystallises, similar to the x =
0.5 material. Marked changes in the width and intensity of the first two peaks are
also observed. These can be better visualised in Figure 4.18b.

As expected, for x = 1 the only phase present was trigonal α-ZrMo2O8, confirmed
by Rietveld analysis of the Bragg data (shown in Figure 4.19) on the cooled product.
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Figure 4.18: X-ray pair distribution function of the crystallisation of ZrMo2O8. a)
At r = 50 Å. b) Magnified low-r region of (a). Different colours in (a) and (b)
highlight the precursor (orange), fully crystallised (pink) and final dataset at room
temperature (blue).
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Figure 4.19: Rietveld analysis of final product during the crystallisation of amorphous
ZrMo2O8. The material fully crystallised to α-ZrMo2O8. Calculated pattern is shown
in red, observed in blue and difference in grey.

Examination of the datasets of each phase (x = 0, 0.5 and 1) shows overall that
the materials undergo a very similar crystallisation process. They show marked
changes in the peaks related to Mo-O and Sn/Zr-O bonds which indicate that there
are changes in their coordination environment, presumably going from a higher co-
ordination number to the expected 4 and 6, respectively. The peak at ∼3.2 Å is also
present in the three precursors, and similarly disappears when the materials fully
crystallise. This is presumably due to the water loss observed in the TGA analysis
and consequent changes in local structure.

The most notable difference between the three samples (shown in Figure 4.20) is
that ZrMo2O8 displays a more gradual crystallisation than SnMo2O8. For SnMo2O8,
the material goes from amorphous to crystalline over the time/temperature scale of
a single dataset whereas it occurs over ∼2 and ∼3 datasets for x = 0.5 and x = 1,
respectively. This is shown in the stackplots of Figure 4.20.

104



Chapter 4. Qualitative studies of amorphous and crystalline phases in the
(Sn,Zr)Mo2O8 family

D
(r
)

(d) (e) (f)

(b)
D
(r
)

(a)
(c)

Figure 4.20: Comparison between PDFs (31st datasets of each sample) plotted on
same scale to follow the crystallisation of: (a,d) SnMo2O8; (b,e) Sn0.5Zr0.5Mo2O8 and
(c,f) ZrMo2O8. Black arrows indicate the gradual increase in intensity in the PDF
patterns as samples start to have long range order.

4.7 17O enrichment and NMR studies on
SnMo2O8

A complementary technique to PDF analysis is Nuclear Magnetic Resonance,
which can also be used to probe the local environment surrounding an specific atom-
type even in amorphous materials. As an example, this technique was used to confirm
that the pressure-induced amorphous phase of ZrW2O8 is not a physical mixture of
ZrO2 and WO3, but consists of Zr polyhedra in a pseudo-ordered arrangement and
W atoms with a coordination number higher than 4. This was done by confirming
the lack of peaks in the region where WO3 and ZrO2 would present resonances. The
single broad peak observed was consistent with a large number of different Zr-O-W
and W-O-W sites10.

Another example is the work performed by Hampson et al.11–13 where the oxygen
dynamics in ZrW2O8 was investigated using 17O NMR. Using variable temperature
measurements (shown in Figure 4.21a), they showed that the disorder is dynamic,

105



Chapter 4. Qualitative studies of amorphous and crystalline phases in the
(Sn,Zr)Mo2O8 family

with all oxygen sites being in exchange (shown by the coalescence of all peaks that
are present initially in the room temperature α phase) meaning that all of them take
part in the order-disorder α to β-ZrW2O8 phase transition. It was also suggested that
even in the room-temperature structure there was a certain level of oxygen mobility,
evidenced by peak broadening. From their studies, it was possible to fully derive
a mechanism that describes the order-disorder phase transition in ZrW2O8. This
was found to be a "ratcheting" model, which involves the rotation of WO4 groups as
shown in Figure 4.21b.
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Figure 4.21: (a) Variable temperature 17O studies of ZrW2O8. (b) Ball and stick
model of W2O8 groups in ZrW2O8 showing the ratcheting mechanism proposed by
Hampson et al.13 . Tungsten atoms are represented in yellow and oxygens are repre-
sented by red and white balls. Figure was adapted from Hampson11.

These studies inspired to investigate whether 17O NMR could provide further
insight into the various phases encountered during the synthesis of SnMo2O8. There
are, however, drawbacks in using 17O as an NMR probe. These relate to the fact that
17O is the only stable oxygen isotope that is NMR active, with a nuclear spin magnetic
moment of I = 5/2, but has a low natural abundance (0.037 %), and the broadening
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of its resonances make it a difficult nucleus to probe. Sample enrichment is therefore
required in order to perform NMR studies. Due to its low abundance, reagents
containing 17O are usually expensive. Hence, large volumes of samples containing
17O become impracticable and small scale procedures are required in order to avoid
unreasonable synthetic costs.

4.7.1 Preparation of SnMo2
17O8

To perform 17O enrichment, the synthetic route described in Chapter 3 was scaled
down in order to use the minimum possible amount of enriched H2

17O. The minimum
volume of H2O that was found practicable was 5 ml in total, with only 2 ml being
40 % 17O enriched water. The amount of reagents were reduced to 2.88 mmol of
(NH4)6Mo7O24 · 4H2O and 1.00 mmol of SnCl4 · 5H2O in the preparation and the
sample was prepared using the optimised conditions described in Chapter 3.

To prevent 17O exchange with 16O from air on heating, test annealing experi-
ments were performed in an evacuated amorphous silica tube in a tube furnace. It
was found that under dynamic vacuum, higher amounts of MoO3 than in samples
annealed under standard conditions were always formed. To overcome this problem,
the amorphous sample (LRA083) was annealed in a closed quartz tube attached
to a gas bubbler to allow H2O to escape in a tube furnace, heated to 863 K at
10 K min−1 and held at this temperature for 10 minutes. It was found that under
these conditions, the sample was still impure (∼61 % SnMo2O8 by weight) and the
MoO3 impurity (∼39 % by weight) presented an unusual peak shape as shown by
the Rietveld analysis in Figure 4.22. Despite several attempts to improve sample
purity, this was the purest cubic sample obtained. The amorphous precursor was
annealed in two small batches separately (samples LRA083a and LRA083b) and
these were mixed and ground together to give sample LRA083c, on which the MAS
NMR studies described in the next section were performed. It is worth noting that
sample LRA082a used for the studies described in Chapter 5 was prepared using the
methodology described here.
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Figure 4.22: Rietveld refinement of SnMo217O8 (sample LRA083a, d7_10944) pre-
pared using the precursor route on a small-scale.

4.7.2 Room temperature solid state 17O NMR

In order to confirm the presence of 17O, an initial spectrum was recorded on the
amorphous precursor, shown in Figure 4.23a. The spectrum clearly shows at least
one broad signal at ∼200 ppm, suggesting that the enrichment was successful. Due to
its broadness, it is not possible to confirm the type of oxygen environment, however,
it suggests that the signal arises from at least 2 distinct environments. This is as
expected for an amorphous SnMo2O7(OH)2 · 3H2O material of the type suggested
by PDF measurements. The available literature on Mo17O3 and Sn17O2 is scarce.
Only one study on Sn17O2 has been reported in which a single signal with a chemical
shift at 105 ppm was reported14. It is not clear, however, whether the observation
was obtained experimentally or theoretically. Since a peak centred at this value was
not observed, it seems unlikely that the amorphous precursor contains significant
amorphous SnO2.

An initial measurement with the crystalline majority-cubic sample (LRA083c)
was performed under the same conditions as for the amorphous precursor but gave a
weaker signal. To investigate whether the decrease in signal was a relaxation problem
or due to a low level of enrichment, three measurements varying the recycle delay
during the data collection were performed. It was found that the low signal arises
in part from a slow relaxation in the samples. Within the recycle delays tested (0.2,
10 and 120 seconds), we found that optimum conditions could possibly be between
10 and 120 seconds, which lead to long data collection times. Since the sample
also appeared to have low enrichment, it was difficult to significantly improve data
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quality.

The spectrum in Figure 4.23b was acquired with a 10 second recycle delay over
18 hours. There is at least one peak with chemical shift centred at ∼377 ppm. In
addition, there are perhaps two weaker peaks at ∼550 and ∼800 ppm. By analogy to
β-ZrW2O8 and given that the spectrum shown in Figure 4.23b was collected at room
temperature, it is expected that SnMo2O8 would present at least 3 different oxygen
environments, related to O1 at ∼430 ppm, and peaks at ∼560 and ∼730 ppm for
O3 and O4 types, respectively. These are expected to have ∼1/6 of the intensity of
the O1 peak. Whilst the observations are consistent with the spectrum expected for
SnMo2O8 it is hard to be more definitive with the current data. Moreover, further
measurements are also necessary to confirm the position of possible spinning side-
bands, which can only be identified by collecting data as a function of different
spinning frequencies. To illustrate the poor quality of the spectrum of the crystalline
phase, Figure 4.23c compares the amorphous and crystalline spectra with normalised
intensities. There is a clear lowering in the signal-to-noise ratio for the spectrum of
the crystalline sample.
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Figure 4.23: 17O MAS NMR spectrum using a 10 kHz MAS rate: a) amorphous pre-
cursor; b) α-SnMo2O8 prepared via the amorphous precursor route; c) Superimposed
amorphous precursor and α-SnMo2O8 spectra. Data in a)/b) was collected over 4
and 18 hours, respectively. Chemical shifts were referenced to water. Measurements
were performed at room temperature.

4.8 Conclusions

In conclusion, total scattering measurements have shown that the structure of the
amorphous precursor of SnMo2O8 does not consist of a simple physical mixture of its
constituent oxides. Support for this was also found by following the crystallisation of
the two amorphous binary oxides, which show a completely different crystallisation
pathway to cubic SnMo2O8. It has also been shown that the amorphous precursor
has a different local structure to the polymorphs of related materials, such as the
crystalline precursor and LT- phases of ZrMo2O8.

It is likely that the amorphous precursor contains polyhedra with higher coordi-
nation numbers than the final 6 and 4 for Sn and Mo. This became clear during the
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crystallisation experiments, where marked changes in the width and intensity of the
peaks related to Mo-O and Sn-O distances were observed.

Comparison between the crystallisation processes with structurally related
Sn0.5Zr0.5Mo2O8 and ZrMo2O8 have shown that the way in which water is elimi-
nated from these structures may play an important role in whether the members of
the AMo2O8 family crystallise in cubic or trigonal symmetry. This is in agreement
with the literature available on ZrMo2O8.

17O NMR studies support the conclusion that the structure of the amorphous
precursor of SnMo2O8 is not a mixture of SnO2 and MoO3. However, experiments
with a more enriched sample are necessary to further confirm these observations and
variable temperature measurements could also be performed in order to investigate
the oxygen mobility in this system and how it transforms to the ordered γ struc-
ture. Nevertheless, the success of the small-scale procedure and enrichment of the
amorphous phase are encouraging and can be used as an starting point for further
investigations.
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Chapter 5

Kinetic studies of the α to γ
transition in SnMo2O8

5.1 Introduction

Tallentire et al.1 reported a series of phase transitions for SnMo2O8 at low temper-
atures that are strongly time-dependent as summarised in Figure 1.6c. Firstly, the
cell parameter of room-temperature cubic α-SnMo2O8 seemed to show a dependence
on the thermal history of the sample. Secondly, on heating α-SnMo2O8 to ∼390 K,
the material goes through a structural phase transition to the γ-rhombohedral form.
The γ phase was found to remain stable on cooling to room temperature, suggesting
that this could be the thermodynamically stable phase of SnMo2O8. Continuous
heating from room-temperature to ∼500 K leads to a second transition to the cubic,
β form. Quench-cooling the β-form "freezes" in the high-temperature phase. The α
and α’ structures were found to evolve over time, presumably towards the γ phase.

Tallentire’s investigation of the α → γ transition used a sample prepared by the
gas-solid method in its α form which was gradually heated from 360 to 450 K in 10
K steps for 6 hours at each temperature and followed using powder X-ray diffraction
data. Upon holding at 370 K, they observed the broadening of a few reflections after
6 hours. On further heating to 390 K, peak splitting of these broadened reflections
was observed, clearly indicating a transition to a rhombohedral structure.

To probe the metastable behaviour of α and α’ phases, Tallentire et al. performed
an experiment using variable time and temperature diffraction measurements. α-
SnMo2O8 was heated to 500 K followed by quench-cooling in liquid nitrogen. α’ was
then heated from 250 to 370 K for 12 hour periods at each T. From the temperature
dependence of the rate of cell change with time, an apparent activation energy of

113



Chapter 5. Kinetic studies of the α to γ transition in SnMo2O8

33 kJ mol−1 for the transformation was estimated.

The next two chapters of this thesis (6 and 7) probe in detail the structural
relationship between α and γ and how it depends on pressure and temperature. The
work described in this Chapter was to learn exactly how to convert α-SnMo2O8 to
γ in a short period of time to perform structural studies, investigate if the gas-solid
and precursor samples showed the same behaviour (i.e. if the precursor sample also
transforms into the γ form) and perform a long-term investigation on the α structure
in order to investigate its metastability.

5.2 α to γ phase transitions of SnMo2O8

5.2.1 SnMo2O8 prepared via gas-solid method

In order to confirm similar behaviour for our samples of SnMo2O8 prepared via the
gas-solid route and to investigate the time-scale of the α → γ transition, a variable
temperature powder X-ray diffraction experiment similar to the one reported by
Tallentire et al.1 was performed on α-SnMo2O8 (sample LRA042a). The material
was directly heated to 397 K and held at this temperature for ∼48 hours.

Figure 5.1a shows a surface plot of the 82 diffraction patterns recorded. There
is clear evidence of the α to γ transition. Regions enclosed in red and yellow boxes
denote the approximate start of the phase transition and the point where the γ
structure appears to stop evolving. Figure 5.1b shows a zoomed region of Figure
5.1a from 16 to 34◦ 2θ to emphasize the peak splitting characteristic of the transition
at 2θ ∼17, 22, 24, 28 and 33◦. Figure 5.1c shows selected datasets to illustrate the
differences in the PXRD patterns during the phase transition. After 2 hours clear
broadening of the majority the peaks can be seen. After 6 hours, peaks at 17, 24,
28 and 33◦ 2θ are clearly split, with the material continuously changing towards to
the γ phase. After ∼21 hours, the material seems to stop evolving and there are no
obvious further changes in the diffraction patterns.
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Figure 5.1: a) Surface plot of VT-PXRD of SnMo2O8. Sample was prepared via the
gas-solid route (LRA042a, d9_07702). The material was rapidly warmed from room
temperature to 397 K and held at this temperature for 45 hours. Red box highlights
the beginning of the transition to the γ form and the yellow box highlights when the
structure appears to stop evolving. b) Zoomed region denoted by black lines in a)
to emphasize the marked changes in the patterns during the phase transition with
peak splitting at ∼17, 22, 24, 28 and 33◦ 2θ. c) Selected patterns to illustrate the
changes over time during the α to γ transition.
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To gain further understanding into the time-dependence of the transformation,
sequential Rietveld analysis was carried out on all datasets. The fits for the α
and γ phases are shown in Figure 5.2. A total of 23 parameters were refined for
each of the 82 datasets, giving a total of 1886 refined parameters. 6 background
parameters, a height displacement and an axial broadening parameter were refined.
For the cubic structure, 1 lattice parameter and 1 scale factor were refined. For
the gamma structure, 1 cell parameter, 1 cell angle, a scale factor and a fractional
occupancy to describe the ordering of the Mo2O8 groups were refined. For SnO2 and
MoO3 impurities, lattice parameters, and a scale factor were refined. Minimum and
maximum limits were imposed to the cell parameters of all phases to avoid divergence.
An overall isotropic atomic displacement, a strain parameter and pseudo-Voigt peak
shape were refined for all phases.

The R-factor and phase fractions obtained for each individual refinement are
shown in Figures 5.3a and 5.3b as a function of time. The wRp shows an overall
good agreement throughout the datasets, with an average of 7.06 %. It is, however,
clear that the weight % of the γ phase (∼24 %) is significantly overestimated at the
start of the process. This occurs as the cell parameters of the γ phase can distort to
fit the peaks from the cubic phase. The γ phase then helps improve the Rietveld fit
by essentially "mopping up" minor issues in describing the experimental peak shape.
This can be seen in Figure 5.2a.
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a)

b)

Figure 5.2: Plots of the fit of VT-PXRD of SnMo2O8 prepared via the gas-solid
route, (sample LRA042a, d9_07702) using sequential refinement. a) Sample initially
in the α phase. Fit of γ form is highlighted to emphasize the broadening of its peaks,
fitting the tails of peaks from the α structure. b) Sample transformed to the γ phase.
Experimental data is shown in blue, calculated pattern in red and the difference in
grey.
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Figure 5.3: Sequential refinement key results. (a) Plot of R-factor variation with
respect to time. (b) Calculated phase fractions of α, SnO2, MoO3 and γ with respect
to time.
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To overcome the problem of overestimating the calculated weight percentage of
the γ phase in the initial datasets, a parametric Rietveld refinement was performed2.
The parametric approach consists of simultaneously fitting a collection of patterns
enabling the description of a parameter by a single overall value or by a physically
meaningful equation. The name parametric arises from the idea that this approach
fits a full three-dimensional surface that consists of the diffraction angle (2θ), peak
intensity and an external variable or parameter (e.g. temperature, time, pressure).

The main advantages of the method that are relevant here is that the parametric
approach can reduce correlations among variables and also enable the direct extrac-
tion of information about the kinetics of the system. It also allows atomic coordi-
nates of different phases during a phase transition to be refined even if they are in
low abundance in some datasets. This is often difficult to achieve during individual
refinements. Essentially, datasets where the phase is in high abundance control the
structural refinement and propagate this information to other datasets.

In the example presented here, we can make the reasonable assumption that
there is no gamma phase present at time = 0 and that the weight percentage of the
cubic phase is 100 % (or 100 % minus the amount of unchanging SnO2 and MoO3
impurities). We can then express the weight percentage by the equation:

perc_cubic = perc_start× e(-kt) (5.1)

Where perc_cubic is the weight fraction of the cubic form at each time, perc_start
is the phase fraction of the cubic phase at time 0, k is a refinable parameter (i.e.
the rate constant) and t is the time during the experiment. The weight % is then
converted to an effective scale factor for the cubic phase and the value of k is refined
from all data simultaneously. For this example, the summed weight percentages of
SnO2 and MoO3 extracted from sequential refinements was ∼4 % and perc_start was
therefore set at 96 %.

During the surface fitting, a total of 1385 parameters were refined to simulta-
neously fit all 82 datasets. Those included a height correction, an axial divergence
correction, 4 terms of a pseudo-Voigt peak-shape and 6 background terms. For the
structural models, 1 lattice parameter 1 scale factor and 6 atomic coordinates were
refined for the cubic structure. For the gamma model, 1 lattice parameter, 1 cell
angle, 1 scale factor, 56 atomic coordinates, a fractional occupancy and a strain
parameter were refined. Bond length and angle restraints were applied to maintain
sensible coordination geometries. For MoO3 and SnO2, 5 cell parameters and 2 scale
factors were refined.

The R-factor and phase fractions obtained for the surface refinement are shown
in Figure 5.4. Overall, the parametric approach gives a lower R-factor compared
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to the sequential refinement, with an average of 5.84 %. This is because γ phase
coordinates can be refined using the parametric approach. The variation of phase
fractions with respect to time shows a smooth variation in the initial datasets. The
time-dependence of the phase evolution also shows that the transition from α to γ
reaches completion after∼22 hours, which is in good agreement with our observations
by visual inspection of the PXRD data shown in Figure 5.1. Note that only the α
phase fraction is parametrised and γ and impurities phase fractions are in principle
free to refine to any values. From our assumption of first order kinetics, we can
extract the rate constant (kt) for the transformation of 4.88× 10−5 s−1 and a half-life
(t1/2) of ∼3.9 hours for the phase fraction of the cubic phase to lower to half of its
initial value.
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Figure 5.4: Surface refinement key results. (a) Plot of Rwp variation with respect to
time. (b) Calculated phase fractions of α, SnO2, MoO3 and γ with respect to time.

Figure 5.5 shows the comparison between the calculated phase fractions from both
methods. Whilst the refinements calculate identical phase fractions after ∼5 hours
of experiment, during the initial hours they show clear differences. In particular the
amount of γ is overestimated by independent refinements early in the experiment.
This clearly illustrates the advantages of the parametric surface in comparison to the
standard individual fitting.
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Figure 5.5: Time-dependence of α → γ phase transition on α-SnMo2O8 sample
prepared via the gas-solid route, sample LRA042a (d9_07702) comparing the results
obtained for the sequential and surface refinements.

The transition from α to γ was also investigated using Synchrotron radiation at
the I-15-1 beamline located at Diamond Light Source using low resolution (image
plate) data. A sample of α-SnMo2O8 (LRA042a) was rapidly heated to ∼392 K
in a capillary and held at this temperature for 10 hours. Sequential and paramet-
ric Rietveld analyses were performed on the 99 datasets recorded using the models
previously described in this section. Selected results obtained for both analyses are
shown in Figures 5.6a and 5.6b.

In this case, the use of the parametric approach is crucial to extract realistic values
of phase fractions during the initial hours of experiment. With independent fitting
the broad experimental peakshapes makes the two phases indistinguishable. It is
also clear from Figure 5.6b that the transition is not complete within the duration
of the experiment and that it occurs at a slower rate in comparison to the exper-
iments performed in the laboratory (kt = 2.05× 10−5 s−1) and t1/2 = ∼9.4 hours.
This is emphasised in Figure 5.6c, which compares the calculated phase fractions in
the parametric approach for the experiments performed in the laboratory and at the
Synchrotron source. Although the half-life of the transition using this experimental
setup is almost twice as long as that in the laboratory, this is not particularly surpris-
ing as the rate constant is strongly temperature dependent. We estimate the error
in the temperature calibration at Diamond to be ±5 K, meaning that there could
possible be a ∼10 K difference between the Synchrotron and laboratory experiments
(∼392 vs. 397 K).
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Figure 5.6: Key results from sequential and surface Rietveld analyses plotted with
respect to time. (a) Plot of R-factor variation. (b) Calculated phase fractions of α,
SnO2, MoO3 and γ. (c) Comparison of calculated phase fractions from the surface
approach for laboratory (Lab) and synchrotron (XPDF) data plotted on the same
time-scale.

5.2.2 SnMo2O8 prepared via precursor method

To confirm if samples prepared by our two synthetic routes showed similar be-
haviour, the α to γ transition was also investigated in the precursor samples. A
variable temperature PXRD experiment was performed on sample LRA018b1. The
material was warmed from 312 K to 490 K in 10 K steps. The temperature was held
for 6 hours at each step and a total of 208 diffraction patterns of 30 minutes each
were collected.
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Rietveld analysis was performed in order to investigate the behaviour of the cell
parameters of the α form with respect to temperature and time. A total of 34
parameters were refined. For the phase-specific parameters, 1 cell parameter and
1 scale factor were refined for the cubic phase. For SnO2 and MoO3 impurities, 2
and 3 cell parameters and 1 scale factor were refined for each phase, respectively.
25 % of Al2O3 by mass was used as internal standard and 2 cell parameters and
1 scale factor were refined for this phase. An overall Lorentzian peak shape was
convoluted with a refined particle size for each phase to allow for individual peak
broadening between the phases and one overall isotropic atomic displacement was
refined. To model the background, 15 terms of a Chebyshev polynomial were refined.
To avoid correlation between the lattice parameters and the sample height parameter,
due to the expansion of the alumina sample holder in the HTK furnace, the height
was constrained to have a linear dependence on temperature. The intercept and
gradient values were calculated by initially freely refining the height and fitting a
linear equation to the data points, giving the form:

prm !height = −0.00026313× T + 0.0808752; (mm) (5.2)

Where T is temperature in Kelvin and the height is in millimetres.

Figure 5.7a shows a surface plot of the 208 PXRD patterns as a function of
temperature. Visual inspection of the data shows that there are no major changes in
the patterns to indicate a major structural change. Figure 5.7b shows the evolution
of cell parameters with respect to temperature. There is a clear decrease in the
lattice parameters with time at each temperature below ∼400 K where the α phase
might be expected to transform to γ. This is shown by the connecting line between
temperatures linking the lowest point at Tn with the highest point at Tn+1. From
∼400 K to 420 K the cell edge shows the opposite behaviour, with the cell parameter
increasing over time presumably as it slowly transforms into the larger volume β
form. The lowest cell edge value found is ∼8.953 Å at 370 K. This corresponds to
a volume decrease of 0.20 % from the initial 310 K cell parameter, significantly less
than the 1.7 % volume decrease expected for the α to γ transition1. The smaller
volume decrease and the absence of peak splitting in the powder patterns suggests
that the kinetics of the phase transition in the precursor route material is hindered
in comparison to the gas-solid samples. In addition, the variation of the cell edge
with temperature for this sample shows normal positive thermal expansion as the
sample is heated to each subsequent temperatures, which is expected for the thermal
expansion behaviour of SnMo2O8.
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Figure 5.7: a) Surface plot of VT-PXRD of α-SnMo2O8 prepared using the precursor
method (LRA018b1, d8_04166). Sample was warmed from 312 to 490 K in 10 K
steps and held at each temperature for 6 hours. b) Variation of cell parameter as a
function of temperature. Error bars were obtained from Rietveld analyses and are
smaller than data points.

The observed slow decrease in the cell parameters in the 360-400 K temperature
region led us to investigate whether a longer period of time would induce the α
→ γ phase transition in the precursor route samples. Therefore, a second in situ
experiment was performed where the crystalline sample was warmed rapidly to 397
K and kept at this temperature for a period of 220 hours.
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Figure 5.8a shows the film plot for the 448 datasets collected. Visual inspection
of the data clearly shows no peak splitting as expected when lowering the symmetry
from cubic to rhombohedral structure, indicating that the sample did not undergo
the phase transition. Figure 5.8b shows selected patterns over different time-scales
to illustrate the unchanged patterns.
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Figure 5.8: a) Surface plot of VT-PXRD of α-SnMo2O8 prepared using the precursor
method (LRA070b1, d9_07656). Sample was rapidly warmed to 397 K and kept at
this temperature for 220 hours. b) Selected datasets to illustrate the unchanged
patterns.

Similar experiments were performed on a range of samples prepared under similar
conditions. These showed (as Figure 5.7 suggests) that the kinetics of the phase
transition are such that precursor-samples are "on the edge" of transforming. Most
samples failed to transform (though, it is worth noting that they transform under
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applied pressure; this is discussed in detail in Chapter 6), but some do transform.
As an example, Figure 5.9 shows equivalent diffraction data on a sample (LRA082a)
that was prepared using a small-scale route (previously described in section 4.7 of
Chapter 4).

The crystalline material was rapidly heated to 397 K and kept at this tempera-
ture for a period of ∼166 hours. The region boxed in red in Figure 5.9 marks the
approximate beginning and the region in yellow denotes where the material appears
to stop evolving, marking the end of the phase transition. Visual inspection of the
data clearly shows the peak splitting in the PXRD patterns. The splitting of the
peaks can be easily seen in Figure 5.9b, which shows the zoomed region of ∼16-34◦
2θ highlighted in black in Figure 5.9a. Figure 5.9c shows selected datasets with a
time scale to illustrate the marked differences in the patterns. After 6 hours at 397
K, the peaks of the cubic phase start to continuously broaden up to 12 hours, where
a more pronounced change can be seen by the starting of the splitting of the peaks
at ∼17 and 28◦ 2θ. After holding at 397 K for 77 hours, the phase transition seems
to be complete as there are no obvious further changes in the following datasets.
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Figure 5.9: VT-PXRD of α-SnMo2O8 prepared using the precursor method
(LRA082a, d9_07705). Sample was warmed from room temperature to 397 K for
166 hours. a) Surface plot of diffraction patterns. Red box highlights the beginning
of the transition to the γ form and the yellow box highlights when the structure
appears to stop evolving. b) Zoomed region emphasizing the peak splitting at ∼17,
22, 24, 28 and 33◦ 2θ. c) Selected datasets to illustrate the differences in the pat-
terns as the material evolves from the α into the γ form. MoO3 impurity peaks are
marked with a star. Broad peak at 2θ ∼23◦ illustrates the complexity of the MoO3
impurity’s peak shape.
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Rietveld analyses were performed on all 300 datasets using the sequential and
parametric methods. The model used was described in detail in section 5.2.1. Figure
5.10 shows the results of calculated R-factors and phase fractions for both analyses.
From Figure 5.10a we see that the overall Rwp for both analyses are slightly high, this
is presumably due to the peaks of the MoO3 impurity phase which has a relatively
more complex shape due to the broadening of some reflections (for example, the peak
at 2θ ∼23◦, marked with a star in Figure 5.9c). The broadening of the peaks is not
systematic and no attempt was made to model this.

The surface approach had a lower Rwp than the sequential refinements, which also
seemed to diverge during the fitting of a few datasets. This is again presumably due
to the complexity of the peak shape of the MoO3 impurity. Figure 5.10b shows the
calculated phase fractions for each phase during both analyses. The phase transition
appears to reach completion after ∼40-45 hours of experiment. During the initial
hours of the experiment, unrealistic phase fractions of the γ form are calculated in the
sequential method, whereas a smooth trend in datapoints is seen for the parametric
approach. The calculated constant rate (kt) for this transition was 3.68× 10−5 s−1,
and hence, a half-life of ∼5.2 hours.

Therefore, the differences in the calculated half-lives of all experiments and sam-
ples show the sensitivity of the α to γ transition in terms of temperature discrepancies
or differences in their local structure. This becomes clear when we directly compare
the t1/2 values: 3.9 h (gas-solid lab data) / 9.4 h (gas-solid synchrotron) / 5.2 h
(precursor lab data).
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Figure 5.10: Key results from Sequential and Surface Rietveld analyses plotted with
respect to time. (a) Plot of R-factor variation. (b) Calculated phase fractions of α,
SnO2, MoO3 and γ.

5.3 Time-dependence of cell parameters at room
temperature

The experiments in section 5.2 probe the kinetics of the α → γ transformation
in different samples mostly at ∼397 K. We know that structural changes which are
presumably very similar lead to different cell parameters in the pseudo-cubic forms of
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SnMo2O8 at lower temperatures depending on their thermal histories. The extreme
forms that can be isolated at room temperature are the quenched-high T form α’, the
"normal" α form and, one might predict, a room T γ form after infinite time (Figure
1.6c). To gain further information about the room temperature time-dependence of
the cell parameters of samples prepared using both synthesis methodologies, a long-
term cell parameter monitoring experiment was carried out over a total time of 800
days.

Sample LRA043 (prepared via the amorphous precursor method) and sample
LRA042a (prepared using the gas-solid route) were separately mixed with 25 % Si
(by mass) to use as internal standard for 2θ calibration, heated to 500 K for 20
minutes and quench-cooled in liquid nitrogen. The samples were then removed from
the liquid nitrogen and sprinkled onto a thin layer of petroleum-jelly on a Si low-
background sample holder. Powder diffraction data were then recorded over a 30
hour period for each sample. The approximate time between removing the samples
from liquid nitrogen and the first data set was 10 minutes. Subsequent measurements
were then taken monthly or at slightly longer periods of time for a further 800 days.
Between measurements, the sample was stored in a normal laboratory environment
at around ∼290 K and will have experienced small temperature fluctuations. The
experiments were started on 20/03/2015.

Rietveld analyses were performed to extract the cubic cell parameters from each
of the 53 datasets. For the Si standard, a scale factor was refined and the cell param-
eter was set to the National Institute of Standards and Technology (NIST) 640c cell
parameter3 of 5.431195 Å. The Si peak positions were used to derive a 2θ correction
polynomial to account for errors such as sample height or diffractometer alignment.
Accurate cell parameters were therefore obtained for the SnMo2O8 structure by ap-
plying this 2θ correction. For each phase, an overall isotropic atomic displacement
factor and 4 terms of a pseudo-Voigt peakshape were refined. The dependence of
cell parameters for both samples with time is shown in Figure 5.11. Due to the long
experimental time, we show data on both linear and logarithmic time scale.
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Figure 5.11: (a) Time-dependence of unit cell parameters of α-SnMo2O8 prepared via
the gas-solid and precursor route. Rietveld error bars are smaller than data points.
(b) Data on time-axis plotted on a logarithmic scale as time = t+1 to emphasize the
initial 30 hours of experiment. Lattice parameters of α’ (yellow) at 270 K, α (blue)
at 300 K, and γ (green) at 370 K are included for reference. Values were taken from
Tallentire1.

At the start of the experiments the cell parameter of the precursor sample is 0.12
% smaller than the gas-solid sample [8.97100(5) Å & 8.9605(1) Å at t = 0]. We also
see that quench-cooling enabled us to obtain the frozen version of the high temper-
ature form, the so-called α’ phase (acubic = 8.9698 Å) with an almost identical cell
parameter at t = 0 for the gas-solid phase as that reported by Tallentire1 (yellow
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point in Figure 5.11). In addition, it is clear that during the first hours of measure-
ments, both samples evolve towards the room temperature α form as we see a steep
decrease in cell parameters. Furthermore, whilst the gas-solid material continuously
contracts at an almost constant rate up to 600 days, the rate of decrease in cell pa-
rameters of the precursor sample seems to drop after ∼300 days, with the gradient of
cell vs. time becoming closer to zero. We note that visual inspection and comparison
of datasets show a shift in peak positions but no significant changes in intensities
of the reflections associated with the changes from α to γ occur within the quality
of our data. Furthermore, we do not observe any significant changes in peak width.
This suggests that there is no significant strain broadening or peak splitting that
would be expected to accompany a cubic to rhombohedral transition. To perform
the comparison, we used the (111) reflection of the Si standard at 28◦ 2θ to normalise
the patterns. See Figure B.1 in Appendix B.

To extract kinetic information, the Avrami model4–6 was used. This approach has
been widely used to describe solid-state transformations ranging from crystallisation
of amorphous materials to crystalline-to-crystalline transformations, for example,
the cubic to trigonal phase transition in ZrMo2O8 by Lind and collaborators7. The
original model assumes that: the system is of infinite size; the nucleation process
is assumed to be random and independent and the growth of particles terminates
when there is mutual contact between the two particles (impingement). Under these
conditions mechanistic insight into reaction processes can be inferred from the fitting
parameters. Here we use the equation predominantly as its form allows description
of a variety of kinetic behaviours. The isothermal transformation is described by
Equation 5.3:

α = 1− e−(kt)n (5.3)

Where α is the transformed fraction and is defined according to Equation 5.4, t the
elapsed time, k the rate constant and n the so-called order of the reaction.

α = at − at=0

at − aγ-abs
(5.4)

Where at is the refined cell parameter of the cubic phase shown in Figure 5.11, and
aγ-abs is the pseudo-cubic cell edge of the γ phase [aγ-abs = (1407.756/2)1/3 = 8.8954
Å] from a combined refinement which is described in detail in Chapter 7. α therefore
varies from 0 to 1, where 0 implies the α’ phase and 1 the rhombohedral phase. Note
that this assumes a linear or Vegard-like dependence of cell parameter between α’
and γ phases according to their degree of "γ character". A more complex relationship
could exist (see below).
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Linearized forms of this equation can be obtained by applying a double natural
logarithm to Equation 5.3, giving Equation 5.5.

ln[− ln(1− α)] = n ln(k) + n ln(t) (5.5)

Hence, the rate constant (k) is derived from the intercept and the order of the reaction
transformation (n) is the slope of the linear equation.

Figure 5.12 shows the time-dependence of α and the fit to the Avrami equation.
In Figure 5.12a, the variation of the α parameter with time clearly shows that there
is a rapid evolution of the cubic phase during the initial hours of the experiment and
that the sample continuously evolves throughout the whole period of the experiment.
Figure 5.12b shows a zoomed region of 0 to 2.5 days. Figure 5.12c shows the Avrami
fit over the whole period of the experiment. The coloured regions denote different
broad time periods of the experiments. We see that n (derived from the slope) is
not constant throughout the experiment. When n is not constant throughout the
transformation, it is often suggested that there are changes in the nucleation and
growth mechanisms during the transformation8,9.

Figure 5.12d shows a representative fit of the initial data, where k =
5.83× 10−8 s−1 and n = 0.71. If we make a crude approximation that the trans-
formations at room temperature and 397 K (section 5.2) show an Arrhenius like
behaviour [k = A× exp(−EA/RT )], we extract an apparent activation energy from
our observations of ∼69 kJ mol−1. This value is higher than estimates of tetrahedral
reorientation transition by other methods in related materials such as α-ZrW2O8
(24.5 kJ mol−1)10, β-ZrW2O8 (42 kJ mol−1)10 and ZrWMoO8 (34 kJ mol−1)11 and the
estimated activation energy by Tallentire (33 kJ mol−1)1 of the α → γ transition in
SnMo2O8. With this activation energy, a 10 K difference between laboratory and
synchrotron studies for the α → γ experiments discussed in section 5.2.1 would be
expected to cause a increase in t1/2 from ∼4 to ∼7 hours (∼1.7 fold), we observed
∼4 to ∼9 hours.

We note that this activation energy should be treated with caution, particularly
as the material is undergoing a slow order-disorder transition which never reaches
completion. It is well known, for example, that transitions in glassy materials, which
are a good analogue to this system, often shown marked deviations from Arrhenius
behaviour (so-called fragile as opposed to strong glasses)12.
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Figure 5.12: Curves describing the α → γ transition using the Avrami model for the
gas-solid sample (LRA042a). (a) Time-dependence of the α parameter. (b) Zoomed
region between 0 and 2.5 days of (a). (c), (d) Avrami plots for the conversion of α to
γ. Coloured points in (c) emphasize the different regions with different slopes. (d)
Fit to the Avrami equation between 0 and 2.5 days.

As we have used only two data points to estimate the apparent activation energy
of the α’ to γ transition on our samples, it is not surprising that our estimate differs
from that estimated previously. A more sensible approach might be to directly
compare our data to Tallentire’s. We therefore extracted the rate constant for the
initial 12 hours of experiments at 290 (kt = 2.63× 10−8 Å s−1) and 397 K (kt =
9.80× 10−7 Å s−1), using the slope of a linear fit to the time-dependence of the α’ cell
parameter as performed previously. We find that our kt at 290 K is twice the value
of Tallentire (1.21× 10−8 Å s−1). The difference is unsurprising since the thermal
history of our sample and Tallentire’s was different. Their material had already been
held for 24 hours at 250 and 270 K and it is likely that many of the energetically most
accessible and most rapid changes in local ordering occurred during those periods.

If we extract our rate constant over the 12 hours period from t = 24 to 36 h (an
equivalent time to Tallentire’s experiment), we find the our kt at 290 K is practically
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identical (1.13× 10−8 Å s−1). Because at 397 K the transformation is rather fast
and the refinements were performed using two structural models, two corrections
were applied in order to obtain a single lattice parameter value to calculate the rate
constant. The first was to scale the calculated phase fractions of the cubic and the
rhombohedral phases excluding the weight % of the impurities in order to have a sum
of 100 % between for the two phases. An effective cell vs. time was then calculated
from a weighted (by phase fraction) average of the cubic and rhombohedral cells.
This approach gave a kt = 1.02× 10−6 Å s−1.

To estimate a more sensible activation energy, we included our data points to Tal-
lentire’s data. The Arrhenius plot is shown in Figure 5.13 and we find an activation
energy of 36(2) kJ mol−1 from 270 to 397 K. This value is essentially identical to the
one calculated by Tallentire [33(2) kJ mol−1]1.
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Figure 5.13: Arrhenius plot for the conversion of α’ to γ for the gas-solid sample
(LRA042a). k values are given in Å h−1. Square data points are extracted from
Tallentire1.

Nevertheless, the smooth gradual change in cell parameters with time occurs on
a large time-scale of months to years for both materials, with the ordering evolution
of the precursor sample being slower than the gas-solid material. It appears that the
gas-solid sample might eventually reach the cell value of the γ-phase but this would
take several years to occur. This is strong evidence of the metastability of the α
structure.

For completeness, Figure 5.14 shows the fit of the Avrami model over different
time-intervals. For 0 to 800 days, k = 8.11× 10−9 s−1, n = 0.52; for 11-74 days, k
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= 4.08× 10−9 s−1, n = 0.49; for 293-800 days, k = 1.21× 10−8 s−1, n = 0.76. The
origin of this unusual rate change is not clear, but it is apparent even in the raw data
of Figure 5.11 that there was a speed-up of ordering at long times. It is possible that
when the proportion of the γ type ordering exceeds a critical value, a more rapid
reduction in cell volume occurs, i.e. the linearity relationship assumed by Equation
5.5 does not hold.
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Figure 5.14: Avrami plots for the conversion of α’ to γ for the gas-solid sample
(LRA042a).

5.4 Conclusions

In conclusion, we have described qualitative and quantitative studies on the α
to γ evolution in SnMo2O8 on materials synthesised using either the gas-solid or
amorphous precursor methods. It has been shown that the transition is strongly time-
and temperature-dependent, occurring on the time-scale of hours to years depending
on the temperature.

The transition in the amorphous precursor samples is somewhat hindered, sug-
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gesting that although it has the same cubic averaged structure as of the gas-solid
samples, it presumably has differences in its local structure or defect chemistry.

The experiments performed at room temperature over the course of 800 days
provided strong evidence on the metastability of the room temperature forms, α’
and α, where the cell parameters of these phases continued evolving throughout the
whole period of the experiment. A crude estimate of the apparent activation energy
of ∼36 kJ mol−1 for the transition was obtained, although, evidence that SnMo2O8
deviates from the Arrhenius behaviour and instead has a fragile glass behaviour has
been shown.
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Chapter 6

High pressure studies on
compressibility, thermal expansion
and phase stability of SnMo2O81

6.1 Introduction

One application of materials that display negative thermal expansion is to re-
place other materials in order to tune and control thermal expansion in a number
of different technological applications. As such, these materials are often exposed to
different pressure regimes. It is therefore important to understand pressure induced
phase transitions, which change their thermal expansion properties. These changes
in physical properties will typically be detrimental to the use of NTE materials in
composites.

In addition, because of the relationship between the coefficient of thermal ex-
pansion (αV), the volume (V ), specific heat at constant volume (CV), the isothermal
compressibility (KT) and the Grüneisen parameter (γ) (αV = γCVKT/V ), high pres-
sure studies are also key to determine the sign of the Grüneisen mode, and hence,
understand the mechanism of thermal expansion in materials2–4. For these reasons, it
is important to understand the behaviour of these materials under applied pressure.

As an example of a detrimental phase transition in NTE materials, at ∼0.2 GPa,
polycrystalline ZrW2O8 transforms into an orthorhombic γ structure5,6. This phase

1The work presented in this chapter has been previously published in collaboration with Prof.
Angus P. Wilkinson and Dr. Leighanne C. Gallington1 and, as such, has been only slightly modified
to fit the context of this thesis. LRA prepared samples. LCG, APW and LRA collected the data.
LRA, LCG, APW and JSOE contributed to the data analysis.
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transition is irreversible on decompression and is accompanied by a ∼5 % volume
reduction per formula unit with respect to the original cubic cell. On heating to
∼390 K, γ back transforms into α-ZrW2O8. It displays weak negative thermal ex-
pansion at low temperatures, though, an order of magnitude smaller than for α and
β polymorphs. However, close to room temperature, γ shows a small positive ther-
mal expansion before reverting back to the α structure7. The phase transition in a
ZrW2O8 single crystal was found to occur at higher pressures (0.5 GPa)8. The au-
thors also found that on compression, the sample became softer before transforming
to the γ phase.

The structure of γ-ZrW2O8 is closely related to a 1×3×1 supercell of the original
cubic structure. In this arrangement, one third of the W2O8 groups are inverted
relative to the original W2O8 pairs along the 3-fold axis in the original α structure.
As a result, the unit cell symmetry is lowered to orthorhombic (P212121 space group).
Additionally, due to compression of the structure and partial inversion of the W2O8
pairs, there is an increase in the overall coordination number of W6,7. A similar
phase transition is also observed for isostructural HfW2O8, though at a slightly higher
pressure (∼0.6 GPa). Its γ structure also displays positive thermal expansion above
∼200 K before reforming to the cubic phase at 360 K9.

Further compression of ZrW2O8 to 1.5 GPa induces continuous amorphisation
of the crystalline phase up to 3.5 GPa. This amorphous phase remains stable on
decompression and reverts back to the cubic phase on heating to 923 K10. Due to
the high temperature, partial decomposition of ZrW2O8 into WO3 is also observed.
In this pressure-induced transition, the amorphisation is also accompanied by an
increase in the coordination number of W11–13. In contrast, HfW2O8 amorphises
on compression above 3 GPa and partially decomposes to its binary oxides under
nonhydrostatic conditions on compression to 5 GPa14.

On increasing both pressure and temperature, the amorphous phase of ZrW2O8
transforms to a high density phase similar to hexagonal U3O8 (space group P62m),
where Zr and W are 6-fold coordinated and statistically disordered in the lattice. On
heating to higher pressures, it then decomposes into its binary oxides15.

The phase behaviour of cubic molybdate AMo2O8 (A = Zr; Hf) systems is different
to ZrW2O8. Focusing on ZrMo2O8, on compression below 0.6 GPa at room temper-
atures it does not convert to an analagous γ-ZrW2O8 phase16. Instead, it undergoes
a phase transformation to an undetermined - presumed monoclinic - phase under
compression to pressures above 0.7 GPa17. This transformation is reversible upon
decompression. Under nonhydrostatic conditions, the molybdate members start to
amorphise above 0.3 GPa. This amorphous phase is accompanied by an increase in
the Mo coordination number18.

On heating the amorphous phases of AMo2O8 (A = Zr; Hf) under pressure, they
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convert to a monoclinic structure17. On compression to 1.3 GPa and heating to
673 K, ZrMo2O8 converts to a mixture of non-cubic α and β-ZrMo2O8. Further
compression to pressures above 4.0 GPa leads to decomposition into the two binary
oxides19.

Recently, Gallington and collaborators studied the role of pressure and tem-
perature on orientational disorder of MO4 tetrahedra in ZrW2O8, HfW2O8 and
ZrMo2O8

20,21. They found that for materials that show the order-disorder phase
transition (α-ZrW2O8 and α-HfW2O8) under compression, there is a substantial re-
duction of the bulk modulus on increasing the temperature which was accompanied
by an increase in the negative coefficient of thermal expansion. In contrast, no order-
disorder phase transition was observed for ZrMo2O8 and its bulk modulus did not
show any dependence on temperature. Hence, no dependence of the coefficient of
thermal expansion with pressure was also found. The same was found for β-AW2O8
(A = Zr, Hf), which have a disordered arrangement of the WO4 tetrahedra20,21.

Because SnMo2O8 shows opposite thermal expansion behaviour to the AM2O8 (A
= Zr, Hf; M = W, Mo;) family, it is expected that its bulk modulus and coefficient
of thermal expansion under pressure will show different behaviour than the other
members of the same family. Hence, this chapter describes studies performed under
variable pressure and variable temperature on SnMo2O8 prepared by the precursor
and gas-solid methods described in Chapter 3.

6.2 Methods

6.2.1 Experimental setup and data collection

Variable temperature and pressure powder X-ray diffraction data were collected
at beamline 11-ID-B of the Advanced Photon Source (APS), Argonne National Lab-
oratory. Using the experimental set up described in Chapter 2, each sample was
heated between 298 and 513 K and the pressure was varied between 52 to 310 MPa.
For each set temperature, datasets were recorded on compression at 103, 207 and 310
MPa then decompression at 259, 155, 52 MPa. The different temperature intervals
investigated in each experiment are specified in Figure 6.4a-d and a summary of each
experiment is given in Table 6.1.

For the gas-solid route, the phase behaviours of samples initially in the α phase
(experiment 1, LRA042a) and γ phase (experiment 2, LRA042b) were investigated,
whilst for the precursor route sample, the phase behaviour of the α phase (experi-
ments 4 and 5, LRA017d) and the kinetics of the β → γ transition were explored (at
422 K and 310 MPa for 6.5 h, experiment 3, LRA017d).
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Table 6.1: Summary of samples studied and experiments performed under variable
pressure and temperature measurements

Expt Sample & Phase Descriptionab

number methodology
01 LRA042a α Compression and decompression

Solid state between 298 and 513 K in ∼ 25 K steps
02 LRA042b γ Compression and decompression

Solid state between 298 and 513 K in ∼ 15 K steps
03 LRA017d β → γ Sample was held at

Precursor route 422 K and 310 MPa for 6.5 hours
04 LRA017d α Compression and decompression

Precursor route between 298 and 513 K in ∼ 25 K steps
05 LRA017d α Compression and decompression

Precursor route between 298 and 513 K in ∼ 20 K steps

aCompression measurements were taken at 103, 207 and 310 MPa.
bDecompression measurements were taken at 259, 155 and 52 MPa.

6.2.2 Rietveld refinement

To allow systematic Rietveld analyses of all the data, a single model was used
to fit datasets containing either the cubic or rhombohedral phases. A rhombohedral
cell of the γ structure in space group R3 was used with cell parameters of a ∼12.60
Å and α ∼59.3◦. To allow either cubic or rhombohedral phases to be described,
α was allowed to refine between 59.3 and 60.0◦. In order to describe the different
ordering of the Mo2O8 groups in the cubic and gamma structures, a fractional site
occupancy was refined for the tetrahedral pairs. The sensitivity of this parameter to
the experimental data is discussed in section 6.3.1.

To account for the peak broadening arising from compression and decompression,
a single Lorentzian strain parameter was convoluted with an empirical pseudo-Voigt
instrumental profile peak shape determined using a CaF2 standard. A small re-
gion (2θ ∼9.45 to 9.65◦) containing parasitic scattering from the pressure vessel was
excluded from the analyses.

12 terms of a Chebyshev polynomial were used to model the background, one
scale factor and one isotropic atomic displacement for all atoms were refined. For
the structural model, one lattice parameter and one cell angle were refined in addition
to 56 atomic coordinates which were taken from the model described in Chapter 7.
To make sure polyhedral connectivity was maintained without major distortions,
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polyhedral restraints were applied on bond distances and angles of the SnO6 and
MoO4 groups.

This model gave a stable refinement and excellent fit for most datasets. Addi-
tionally, we note that there were no significant changes in scale factors during the
refinements to indicate significant amorphisation. A small number of datasets close
to phase boundaries showed the presence of two phases. These were analysed with a
two phase model (which included the rhombohedral and cubic models) and are dis-
cussed in section 6.3.3. Because of the relatively low resolution of the experimental
set up it is possible to extract high quality information on the phases present under
any conditions, but detailed structural information is not available. Tables of refined
cell parameters under the different experimental conditions are given in Appendix
C.

6.3 Results and discussion

6.3.1 Rietveld refinement and Mo2O8 ordering evolution:
overall observations

Figure 6.1a shows a typical film plot of diffraction patterns obtained in experiment
1 displayed in the order that they were measured; temperature therefore increases
then decreases from bottom to top and pressure rises then falls at each T (similar
plots for other experiments are given in Appendix C, Figure C.1). The zig-zag of
the peak positions is related to the compression and decompression steps, where the
peaks either shift to the right when the material is being compressed, or to the left,
when it is being decompressed.

In the initial low P, T regions of the experiments, sharp single diffraction peaks
are observed consistent with the cubic phase. It is clear from the plot that a phase
transition to the gamma structure occurs in intermediate regions of P, T space as
seen from the splitting of 2θ ∼7.6, 10.2 or 10.4◦ peaks, followed by reversion to
the cubic structure at the highest temperatures. Figure 6.1b shows typical Rietveld
refinements obtained for the α, γ and an intermediate γ’ phase. These are discussed
in details in section 6.3.2.
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Figure 6.1: (a) Surface plot of X-ray patterns under compression (peaks shift to
the right) and decompression (peaks shift to the left) in experiment 1. Data were
collected on warming (first 72 of 96 sets) and cooling (last 24 sets). Data at specific
temperature are shown with brackets and labelled as, for example, T1 or T3. (b)
Rietveld fits to selected datasets of α, γ’ and γ patterns, from bottom to top, respec-
tively. Observed data is shown in blue, calculated in red, difference in grey and tick
marks indicating reflection positions in blue. The grey bars indicate the excluded
region containing parasitic scattering from the pressure vessel.
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The results from Rietveld analysis of the 96 datasets shown in Figure 6.1 are
summarised in Figure 6.2, along with a further 375 datasets from other experiments
(shown in Figure C.1). In Figure 6.2a two key structural parameters are shown as
a function of temperature: the ordering of Mo2O8 groups and the rhombohedral cell
angle α. The Mo2O8 ordering is expressed as 2×(fractional occupancy – 0.5) and can
be thought of as an order parameter expressing the degree of cubic (0.0) or gamma
(1.0) ordering. We see that the Mo2O8 ordering shows a smooth evolution from the
disordered cubic α phase at low T to ordered γ at intermediate T before reverting to
cubic β at high temperatures. It is clear that there is a strong correlation between the
refined cell angle α (60.0◦ in cubic phases; 59.3◦ in γ) and the degree of orientational
ordering.

This correlation is also shown in Figure 6.2b which plots cell angle against Mo2O8
fractional occupancy for all 375 datasets recorded. There is a smooth trend between
the fractional occupancy and the α angle. This suggests that the structural model
used in the Rietveld refinements is able to describe the phase behaviour of SnMo2O8
over the different experiments. As there is a smooth evolution from cubic disordered
Mo2O8 phases towards fully ordered γ-SnMo2O8, we describe the intermediate phase
between cubic and rhombohedral as γ’ for distinction.
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Figure 6.2: (a) Dependence of Mo2O8 group ordering on pressure and temperature in
experiment 1 for data collected on warming. The gradual reduction in cell angle, α, as
Mo2O8 groups start to order at intermediate temperatures can be seen, highlighting
the correlations summarised in (b). (b) Scatter plot of cell angle α and fractional
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alongside the values obtained from all other experiments. The Mo2O8 ordering in the
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parameter refined. Given the data quality, a refined fractional occupancy of ∼0.94
represents essentially full order.
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6.3.2 Intermediate phase: the partial ordering of the gamma
structure

The results shown in Chapter 5 suggested that the β → γ phase transition was
kinetically sluggish under ambient pressure, particularly in the samples prepared via
the precursor method. To investigate the behaviour of these samples under pressure,
a sample prepared by the precursor method in the high temperature β phase was
kept at 422 K and 310 MPa for ∼6.5 hours (experiment 3).

Figure 6.3a shows the variation of the rhombohedral lattice parameter and cell
angle with time. For comparison purposes, we converted the primitive rhombohedral
cell into the equivalent hexagonal setting (aH and cH, according to Equations 6.1 and
6.2). These are shown in Figure 6.3b.

aH = 2aR sin (αR2 ) (6.1)

cH = αR
√

3 + 6 cos (αR) (6.2)

It is clear from the plots shown in Figure 6.3 that the structure evolves over the
6.5 hours of the experiment. In Figure 6.2b, the points for experiment 3 (black) show
a fractional occupancy of ∼0.9 instead of ∼0.94, suggesting that the ordering is not
fully complete even after 6.5 hours. In addition, the dependence of the fractional
occupancy on time for experiment 3 is given in Figure C.2 of Appendix C and also
shows that the ordering continues to evolve, although at a much slower rate, after
∼3.5 hours. These results are in agreement with the findings shown in Chapter 5,
where it has been shown that kinetics of the α→ γ (or the reverse β → γ) transition
in precursor samples are somewhat hindered.
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Figure 6.3: (a) Variation of cell parameters a and α in rhombohedral setting as a
function of time during experiment 3. (b) Data replotted to show the variation of
a and c parameters in an equivalent hexagonal cell setting as a function of time.
Standard deviations from the Rietveld analyses were omitted for clarity. Values are
estimated to be 0.0006 Å, 0.003◦ and 0.001 Å for a, α and c, respectively

.

6.3.3 Phase behaviour and entropy changes: experiments 1,
2, 4, 5

As previously mentioned, the Rietveld analyses using a single structural model
allowed the stability of each phase to be mapped out for each experiment. These are
summarised in Figure 6.4, where red squares indicate the presence of a cubic phase
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(α at low and β at high temperatures), green diamonds represent the partially γ’
(light green) or fully ordered (dark green) γ phases, and orange triangles represent
two-phase coexistence (cubic and rhombohedral). From these plots, a number of
general conclusions about phase stability can be made.

As might be expected from the sluggish nature of the cubic to rhombohedral phase
transition, there is some hysteresis in the phase compositions of Figure 6.4, particu-
larly in the sequence in which isothermal measurements were recorded (compression
to 103, 207, 310 MPa followed by decompression to 259, 155, 52 MPa). Addition-
ally, the positive slope of the γ → β boundary means that γ phase formed at high
pressure may be retained on decompression. Because of that, slight differences in
phase composition on cooling (open points) relative to heating (closed points) are
also observed.

147



Chapter 6. High pressure studies on compressibility, thermal expansion and phase
stability of SnMo2O8

 298

 323

 348

 373
 393

 417
 432
 445
 459
 474

 513

 52  103  155  207  259  310

(a)
T

em
pe

ra
tu

re
 (

K
)

Pressure (MPa)

 298
 313
 329
 343
 358
 373
 388
 402
 417
 432
 445
 459
 474
 492

 513

 52  103  155  207  259  310

(b)

T
em

pe
ra

tu
re

 (
K

)

Pressure (MPa)

 298

 343

 383

 422
 432
 445

 469

 492

 513

 52  103  155  207  259  310

(c)

T
em

pe
ra

tu
re

 (
K

)

Pressure (MPa)

 298

 343

 373
 388
 402
 417
 432
 445

 469

 492

 513

 52  103  155  207  259  310

(d)

T
em

pe
ra

tu
re

 (
K

)

Pressure (MPa)

Figure 6.4: Experimentally observed phase regions for SnMo2O8 derived from vari-
able P-T diffraction experiments. Red symbols represent the cubic phases (α at low
T and β at high T ), light and dark green the rhombohedral γ’ and γ phases respec-
tively, and orange triangles a mixture of cubic and rhombohedral phases. Filled
and open symbols represent data collected on heating and cooling, respectively.
Data points on warming and cooling have been slightly offset in pressure for clarity
(right/left respectively). (a) experiment 1, (b) experiment 2, (c) experiment 4 and
(d) experiment 5. Dashed lines denote an approximate phase boundary for γ → β
under compression.

We also note that there are differences between samples prepared by gas-solid
and precursor routes. In general, the degree of ordering in γ’/γ phases is signifi-
cantly lower for precursor samples and, thus, two phase behaviour is more likely.
This is in agreement with the data shown in Figure 6.2b, where the cell angle and
fractional occupancy values from experiments 4 and 5 (red/purple open points) are
clustered more towards the top left of the figure (cubic, disordered) than bottom
right (rhombohedral, ordered) than other experiments.

Furthermore, all samples retain their as-synthesised phase composition at low
temperatures: α phases (experiments 1, 4 and 5) remain cubic below ∼370 K and
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the γ phase (experiment 2) remains rhombohedral below ∼450 K. For the α phases, a
pressure induced transition to the γ’ or γ structures occurs at∼400 K at all pressures.
The degree of ordering is, in general, higher for the samples prepared via the gas-
solid method (experiment 1) than the precursor route (experiments 4 and 5). At the
highest temperature studied (513 K), the γ’/γ phases transform to the cubic β phase
at all pressures, though there is a clear positive slope to the phase boundary. This is
consistent with the smaller volume of the γ phase relative to β giving a positive sign
to (∂∆Gdisorder/∂P )T = ∆Vdisorder making the free energy changes less favourable at
high pressures.

Finally, support for the diffraction-derived conclusions of Mo2O8 ordering comes
from the temperature dependence of the phase boundary between the disordered β
phase and ordered γ. Whilst this is somewhat influenced by kinetic factors under
the experimental conditions used, the “best estimate” boundary is indicated with a
dashed line on each of Figure 6.4a-d.

For a 1st order transition of a pure substance, the Clapeyron equation can be used
to estimate the slope on a phase diagram and is defined as:

∂P

∂T
= ∆Stransition

∆Vtransition
(6.3)

Where ∆S and ∆V are the changes in molar entropy and molar volume. If we assume
that the relationship given in Equation 6.3 can be applied to our experiments and
using the data points close to the phase boundaries from experiment 1, we have a
calculated slope of 3.16 MPa K−1 and a volume change of −2.37 cm3 mol−1 which can
then be used to estimate ∆Stransition = −7.5 J mol−1 K−1.

One definition of entropy (S) is:

S = NAkB lnW (6.4)

Where NA is the Avogadro’s constant, kB is the Boltzmann’s constant and W the
number of possible microstates or configurations in the system. If the MoO4 groups
reorient as pairs, the number of microstates can therefore be considered as the two
possible orientations ([111] and [111] along the 3-fold axis of the original cubic cell
for the ease of visualisation) of the Mo2O8 giving W = 2, the configurational entropy
expected for the β to γ transition is given as S = −NAkB ln(2) = −5.76 J mol−1 K−1.
It is reassuring that our experimental value (∼−7.5 J mol−1 K−1) is close to this sug-
gesting that the entropy change is dominated by MoO4 ordering. In comparison, the
minimum estimate of ∆Stransition derived by calorimetry for the equivalent ordering
transition in cubic ZrW2O8 is −4.1 J mol−1 K−1 22.
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6.4 Thermal expansion behaviour and thermoe-
lastic properties

The definition of isothermal bulk modulus (BT) and the volumetric coefficient of
thermal expansion (αV ) are given as in Equations 6.5 and 6.6:

BT = −
(
∂P

∂ln V

)
T

(6.5)

αV =
(
∂ln V
∂T

)
P

(6.6)

This means that it is possible to take isothermal cuts through the points of Figure
6.4 to extract the temperature dependence of the bulk modulus. Equally, isobaric
cuts can be taken to derive the pressure dependence of the coefficient of thermal
expansion from the unit cell parameters extracted from experiments 1 to 5. In
addition, the isothermal bulk modulus and the coefficient of thermal expansion are
directly related by the following expression23,24:

1
B2

(
∂B

∂T

)
P

=
(
∂αV
∂P

)
T

(6.7)

We see from the equation above that for a normal material (which softens on
heating [(∂B/∂T)P<0]), the positive sign of B implies a decrease of the coefficient of
thermal expansion under applied pressure.

Experimental values of BT extracted from linear regression of appropriately trans-
formed data for all phases are shown in Figure 6.5 (plots of lnV vs. P are shown
in Figure C.3 of Appendix C). Figure 6.5a combines data for the samples prepared
by the gas-solid route initially in the α (experiment 1) or γ (experiment 2) phases.
Both the α and γ phases are relatively soft materials (B298K = 29 and 26 GPa, re-
spectively) and both soften on heating as expected for a material that has positive
thermal expansion. These values compare to room temperature values of 64 – 75
GPa for ZrW2O8

20,21,25 and HfW2O8
9,21 and 43.5 GPa for ZrMo2O8

20.

Where there is experimental overlap, good agreement is found between values
derived for the γ phase in experiment 1 (where γ is formed in situ), and experiment
2 (where it was pre-prepared by annealing at ambient pressure). The larger-volume
β phase is significantly stiffer than α or γ (BT ∼36 GPa) and becomes stiffer still
with increasing temperature.
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Figure 6.5: Dependence of isothermal bulk moduli, BT, of SnMo2O8 on temperature.
(a) Data for experiments 1 and 2. (b) Data for experiments 4 and 5. The large
error bars for some data points are related to the hysteresis between compression
and decompression around the temperature region where the phase transition from
the α to γ structure occurs (∼370 – 417 K). (c) Values of bulk modulus for cubic
AM2O8 materials and ZrV2O7 extracted from Gallington20,21,26.

For precursor route samples (experiments 4 and 5, Figure 6.5b), the α phase
displays a similar temperature dependence of BT within experimental error. The
β phase again shows a significant increase in BT with temperature. Values are
slightly lower than those derived in experiments 1 and 2 (e.g. 36 and 33 GPa at
490 K for experiment 2 and experiments 4-5, respectively). Increase in BT with T
("warm hardening") is in contrast with the results expected for a material that shows
positive thermal expansion. Presumably, this change in stiffness is related to the
slight differences in the γ → β phase boundary and slightly different partial ordering
of MoO4 groups.

We have also calculated compressibilities along the a and c axes in the hexag-
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onal cell setting for the γ phase (shown in C.4a-c in Appendix C). Whilst the c
axis remains practically unchanged, the compressibility of the a axis increases with
temperature, and at high T, it is almost twice that of the c axis.

The bulk modulus of the γ’ phase in the precursor route samples (Figure 6.5b)
is significantly lower than the γ phase (Figure 6.5a). This is caused by the different
kinetics of the phase transition in the materials. For precursor-derived samples a
significant component of the compressibility is associated with the negative ∆V order
of the cubic to rhombohedral orientational-ordering phase transition that is induced
by pressure. Interestingly, the bulk modulus of the γ’ is essentially an extrapolation
of the behaviour of the α phase suggesting (as in Figure 6.2) that the γ’ phase can
be viewed as an evolution pathway between the α and γ phases.

To put these results in context with the available literature, Figure 6.5c compares
experimental data for all cubic AM2O8 materials studied to date. For comparison,
we also include the structurally related material ZrV2O7 which undergoes a volume-
reducing phase transition (∆V ∼0.3 %) where the crystallographically determined
V-O-V angle deviates from 180◦ on either reduction of temperature or increase of
pressure26,27. SnMo2O8 is significantly softer than other AM2O8 materials despite
the reduction in cell dimension from ZrW2O8 (∼9.16 Å) to ZrMo2O8 (∼9.13 Å) to
SnMo2O8 (8.96 Å).

The phenomenon of temperature-induced softening followed by hardening is
clearly influenced by the accessibility of volume-reducing phase transitions for all
these materials. For the tungstates, this is either cubic P213 to cubic Pa3 (for
ZrW2O8, ∆V disorder ∼–0.1 %)28 or cubic to orthorhombic P212121 (∆V ∼–5 %)6
depending on temperature and pressure. For SnMo2O8, the transition involves stat-
ically disordered to ordered 2×MoO4 tetrahedral groups and an accompanying vol-
ume change caused by coupled rotations of polyhedra as the symmetry is lowered.
ZrMo2O8 is unusual amongst these materials in that there is little evidence of MoO4
orientational order developing on the timescale of experimental studies performed to
date29. Consequently, its bulk modulus shows only minor pressure dependence20.

Given the similarity between the thermoelastic properties and the fact that
SnMo2O8 shows positive expansion at all temperatures, the origin of warm hard-
ening is unlikely to be caused by the high anharmonicity mechanism proposed by
Dove and co-workers23. The most likely explanation is that it is related to the vol-
ume dependence of the order-disorder transition. At the lowest temperatures in the
stability field of the disordered β phase, compression will lead to partial ordering of
Mo2O8 tetrahedral pairs with the accompanying volume reduction giving an addi-
tional component to the compressibility. The tendency to local order will be reduced
at higher temperatures due to the increased T∆S term, leading to a stiffening of the
material.
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Values of the thermal expansion coefficient (αV ) as a function of pressure, are
plotted for each phase in Figure 6.6. Given the limited stability field of some phases
the uncertainties associated with these values are relatively large. We also observe
some “zig-zag” behaviour in values close to phase boundaries where the kinetics of
transitions are slow and there is hysteresis caused by the order in which pressure
points were recorded (at each T in sequence: 103, 207, 310, 259, 155, 52 MPa). The
linear coefficients of thermal expansion for the γ phase have also been calculated
(shown in Figure C.4d in Appendix C) for the a and c axes in a hexagonal cell
setting and, as expected from the results obtained for the compressibilities, the c
axis remains constant with increasing pressure, and there is a decrease in the αl with
pressure for the a axis.
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Figure 6.6: Variation of average volumetric thermal expansion coefficients, αV , for
SnMo2O8 as a function of pressure. (a) Data for α-SnMo2O8, (b) Data for γ-
SnMo2O8, and (c) Data for β-SnMo2O8. Error bars are not included in (a) where
only two data points are available for extracting αV .

Nevertheless we observe that α and γ phases show the “normal” behaviour of a
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decrease in thermal expansion under pressure. The β phase (as expected from its
warm hardening behaviour) shows an increase in αV with pressure.

6.5 Conclusions

In conclusion, in situ x-ray diffraction studies have revealed the behaviour of
the kinetically stable phases of SnMo2O8 at temperatures and pressures relevant for
applications; T = 298 K to 513 K and P = ambient to 310 MPa.

The α, γ’, γ and β phases are found in this regime with β at high T and either
α, γ’, or the most stable γ at the lower temperatures or higher pressures depending
on the thermal and pressure history of the sample. Diffraction data suggest that
an essentially continuous evolution from disordered Mo2O8 groups in α-SnMo2O8 to
ordered groups in γ-SnMo2O8 is possible. At temperatures and pressures close to the
α → γ and γ → β boundaries, phase transitions can be relatively sluggish occurring
over timescales of minutes to days.

In general, precursor-route samples have slower transformation kinetics than gas-
solid samples, suggesting that there are differences in their local structure or defect
chemistry. All SnMo2O8 phases are relatively soft with bulk moduli of β (∼36 GPa)
> α (∼29 GPa) > γ (∼26 GPa) > γ’ (∼15 GPa).

Overall, bulk moduli values decrease as samples are warmed towards the tem-
perature at which the kinetics of Mo2O8 ordering to give the γ polymorph become
favourable. This implies that the softening is linked to local fluctuations towards the
lower-volume ordered Mo2O8 structure and later hardening due to these fluctuations
becoming less prevalent. The γ phase shows anisotropy in compressibility: when us-
ing a hexagonal description, the a-axis is ∼30 % more compressible than the c-axis
close to room temperature and increases its compressibility with increasing T. The
α and γ phases show a reduction in thermal expansion coefficient with pressure as
found for most materials. The β phase shows a less common increase in thermal
expansion with pressure, consistent with it becoming stiffer on heating. Moreover,
no amorphisation was observed within the P-T space of our experiments.
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Chapter 7

Local and average structure of the
different phases of SnMo2O8

7.1 Introduction

In previous chapters, we have shown that the room-temperature α phase of
SnMo2O8 is metastable and that it appears to slowly evolve towards the presum-
ably more thermodynamically stable γ structure. It is somewhat remarkable and
counter-intuitive that all SnMo2O8 phases (including cubic phases) show only posi-
tive thermal expansion given that all other members of the AM2O8 (A = Zr, Hf; M
= W, Mo) family show negative thermal expansion.

In fact, the thermal expansion behaviour of SnMo2O8 is more reminiscent of
AM2O7 materials, where many of the family undergo a structural phase transition
to a high temperature cubic (Pa3) phase on initial heating which is closely related to
the β-ZrW2O8 structure. The specifics of the room-temperature structure of these
materials is in general strongly dependent on the size of A and M cations1–3. As
such, the thermal expansion behaviour varies from positive to negative. Smaller M
cations such as the phosphates (e.g. ZrP2O7) have positive thermal expansion at all
temperatures (see Figure 7.1a), whereas vanadates (e.g. ZrV2O7, Figure 7.1b) show
an initial positive expansion followed by strong negative thermal expansion4–7.
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Figure 7.1: Cell parameter dependence with temperature of a) ZrP2O7 and b)
ZrV2O7. Data taken from Withers7 and Evans8.

The room-temperature structure of ZrP2O7 was initially thought to be a cubic
3×3×3 supercell distortion of the high temperature structure with several P-O-P
bonds constrained to be 180◦ on average as they would lie on the 3-fold axis of the
cubic cell. However, it has been demonstrated that the real symmetry of this phase
is orthorhombic (space group Pbca). The unit cell contains 136 atoms with most of
P2O7 groups having P-O-P angles between 141-149◦ and only one 180◦ bond angle9,10.
Similarly to SnMo2O8, ZrP2O7 only shows positive thermal expansion. Below the
phase transition at 566 K to the cubic phase, the expansion is large, whereas above
it, the isotropic thermal expansion is very low7,11.

The positive thermal expansion in ZrP2O7 has been associated mainly with the
P-O-P bond angles which are bent away from 180◦ and lower the symmetry of the
material. On warming, these are thought to "unwind" leading to an initial positive
expansion, followed by low expansion above the phase transition in the simple cubic
structure9,10. In contrast, the reason why SnMo2O8 only shows positive thermal
expansion remains unclear. It has been speculated that there could be partial local
γ-like ordering in α-SnMo2O8. The structure could them behave like ZrP2O7 and
"unwind" on heating.

The aim of this chapter is to try and understand why SnMo2O8 shows positive
thermal expansion by investigating the local structural distortions associated with
each known phase. Section 7.2 uses Rietveld refinement of X-ray and neutron diffrac-
tion data to provide high quality average structures for each phase. In section 7.3,
neutron and X-ray total scattering measurements are used to qualitatively compare
the local structures of each phase via their pair distribution function (PDF). Finally,
sections 7.4, 7.5 and 7.6 describe RMC modelling of the PDFs to provide detailed
quantitative comparison of the different phases.
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7.2 Average structures and Rietveld refinement
analyses

Powder neutron diffraction data of the four different phases of SnMo2O8 were
collected on the Polaris instrument located at ISIS. Data collection was performed
on a sample initially in the α form (sample LRA042a, prepared via the gas-solid
method described in Chapter 3). γ, β and α’ phases were formed in situ from this
sample. Data for α, γ and α’ were collected at ∼300 K whilst data for the β structure
was collected at ∼503 K.

In addition to neutron diffraction data, synchrotron X-ray data were collected
for the α and γ structures at the Powder Diffraction Beamline at the Australian
Synchrotron. The time gap between the neutron and synchrotron data collection
was ∼7 months. A sample converted ex situ (LRA042b, prepared via the gas-solid
method described in Chapter 3) was used for the γ structure. Data were collected
at room temperature for both samples.

7.2.1 α, β and α’ phases

To perform the Rietveld analyses on neutron data of the α, β and α’ phases of
SnMo2O8 a total of 188 parameters were refined. Those included background terms,
absorption corrections, peak shapes and scale parameters for each of the 5 banks.
Cell parameters, atomic coordinates and scale factors were refined for SnMo2O8 and
the two minor impurity phases (SnO2 and MoO3). Atomic coordinates for SnMo2O8
were taken from Tallentire12 and firstly refined against the β data. The refined
values were then used as starting fractional coordinates for the subsequent α and α’
refinements. Anisotropic thermal parameters were refined for SnMo2O8, whilst one
isotropic thermal parameter was refined for SnO2 and two (one for Mo and one for
O) for MoO3.

An extra 32 parameters were needed for the combined refinement of the α phase
using synchrotron data. Those included background parameters, a zero error and
an absorption correction. Because the neutron and synchrotron data were collected
with a time gap of ∼7 months, the lattice parameters were refined separately for
each source using the same set of atomic coordinates. A strain and a crystallite size
term were refined for each phase to describe peak shapes in the synchrotron data.

The results of the Rietveld analyses for α, β and α’-SnMo2O8 are shown in Fig-
ures 7.2, 7.3 and 7.4, respectively. A good fit was obtained for each phase. Closer
inspection of Bank 4 neutron data shows, however, that the 220 and 302 reflections
(d-spacing = ∼3.16 and ∼2.48 Å) have a slightly higher observed intensity than cal-
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culated for α. This is presumably due to the fact that the synchrotron data will have
a significant contribution from Sn and Mo, while oxygen will contribute weakly due
to its low Z whereas in the neutron data Sn, Mo and O have close atomic scattering
and hence will contribute approximately equally to the pattern. Thus, its not sur-
prising that there are small discrepancies for the different datasets. When the model
is refined solely against the neutron data an improvement in fit is observed (wRp =
3.052 % vs. wRp = 3.328 %). From the discussion in the following sections on Mo
ordering, this small discrepancy is understandable.

Refined values of atomic coordinates are given in Tables 7.1, 7.2 and 7.3.
Anisotropic atomic displacements are given in Appendix D for each structure and
are discussed in section 7.6. Selected bond lengths and angles are given in Table 7.4
for the three phases.

bank 3 bank 4

bank 5 Synchrotron

Figure 7.2: Rietveld refinement fits of neutron (pol73117_summed) and synchrotron
data (JSOE_0028_p12_ns_0.xye) for α-SnMo2O8 in space group Pa3 at 295 K. Tick
marks indicate calculated reflection positions for SnMo2O8 (blue), SnO2 (green) and
MoO3 (pink) which have calculated weight % of ∼2 and ∼3 %. aneutron = 8.95329(5)
Å; asynchrotron = 8.94855(1) Å; wRp = 3.328 %, χ2 = 5.071.
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bank 3 bank 4

bank 5

Figure 7.3: Rietveld fits of neutron data (pol73267_summed) for β-SnMo2O8 in
space group Pa3 at 503 K. a = 8.97124(4) Å; wRp = 2.052 %, χ2 = 4.199.

bank 3 bank 4

bank 5

Figure 7.4: Rietveld fits of neutron data (pol73283_summed) for α’-SnMo2O8 in
space group Pa3 at 300 K. a = 8.96872(5) Å; wRp = 2.579 %, χ2 = 5.587.
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Table 7.1: Structural parameters from combined refinement using synchrotron and
neutron powder diffraction data of α-SnMo2O8

Atom Wyckoff site x y z occ
Sn1 4a 0.0 0.0 0.0 1
Mo1 8c 0.33897(6) 0.33897(6) 0.33897(6) 0.5
Mo2 8c 0.61513(7) 0.61513(7) 0.61513(7) 0.5
O1 24d 0.20392(7) 0.42721(9) 0.44464(7) 1
O3 4b 0.5 0.5 0.5 1
O4 8c 0.2312(2) 0.2312(2) 0.2312(2) 0.5

Table 7.2: Structural parameters from refinement of neutron powder diffraction data
of β-SnMo2O8

Atom Wyckoff site x y z occ
Sn1 4a 0.0 0.0 0.0 1
Mo1 8c 0.33556(8) 0.33556(8) 0.33556(8) 0.5
Mo2 8c 0.6146(1) 0.6146(1) 0.6146(1) 0.5
O1 24d 0.20409(6) 0.42688(7) 0.44331(6) 1
O3 4b 0.5 0.5 0.5 1
O4 8c 0.2282(1) 0.2282(1) 0.2282(1) 0.5

Table 7.3: Structural parameters from refinement of neutron powder diffraction data
of α’-SnMo2O8

Atom Wyckoff site x y z occ
Sn1 4a 0.0 0.0 0.0 1
Mo1 8c 0.33770(9) 0.33770(9) 0.33770(9) 0.5
Mo2 8c 0.6140(1) 0.6140(1) 0.6140(1) 0.5
O1 24d 0.20431(6) 0.42754(8) 0.44403(7) 1
O3 4b 0.5 0.5 0.5 1
O4 8c 0.2296(1) 0.2296(1) 0.2296(1) 0.5
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Table 7.4: Selected bond lengths (Å) and angles (◦) from Rietveld analyses of α, β
and α’ phases

α-SnMo2O8 Sn1 Mo1 Mo2
O1 (6×) 2.0009(6) (3×) 1.7266(7) (3×) 1.7478(7)
O3 - (1×) 2.4972(10) (1×) 1.7854(11)
O4 - (1×) 1.671(3) -

O1-Sn1-O1 90.54(3) O1-Sn1-O1 89.46(3)
O1-Mo1-O1 116.96(2) O4-Mo1-O1 100.15(4)
O1-Mo2-O1 114.74(3) O3-Mo2-O1 103.48(4)
Sn1-O1-Mo1 157.48(5) Sn1-O1-Mo2 172.87(4)

β-SnMo2O8 Sn1 Mo1 Mo2
O1 (6×) 2.0103(5) (3×) 1.7311(6) (3×) 1.7478(6)
O3 - (1×) 2.5552(13) (1×) 1.7801(16)
O4 - (1×) 1.668(2) -

O1-Sn1-O1 90.90(2) O1-Sn1-O1 89.10(2)
O1-Mo1-O1 116.02(3) O4-Mo1-O1 101.67(5)
O1-Mo2-O1 114.29(4) O3-Mo2-O1 104.07(5)
Sn1-O1-Mo1 156.38(5) Sn1-O1-Mo2 172.92(4)

α’-SnMo2O8 Sn1 Mo1 Mo2
O1 (6×) 2.0080(6) (3×) 1.7291(7) (3×) 1.7506(7)
O3 - (1×) 2.5212(14) (1×) 1.7712(17)
O4 - (1×) 1.679(3) -

O1-Sn1-O1 90.78(3) O1-Sn1-O1 89.22(3)
O1-Mo1-O1 116.55(3) O4-Mo1-O1 100.84(5)
O1-Mo2-O1 114.31(4) O3-Mo2-O1 104.05(6)
Sn1-O1-Mo1 156.94(6) Sn1-O1-Mo2 173.02(4)

Similarly to isostructural β-ZrW2O8
13, we see that major distortions occur within

the MoO4 groups, specially for Mo1-O1, where bond angles deviate from the ideal
109.5◦ value. A small distortion from ideal 90◦ angle is observed for the SnO6 groups.
Bond lengths of Sn and Mo polyhedra do not show major deviations from expected
values of ∼2.04 and ∼1.76 Å14.

7.2.2 γ-SnMo2O8

To perform Rietveld analysis on the neutron and synchrotron data of the γ sam-
ple (LRA042a and LRA042b, respectively), a total of 263 parameters were refined.
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Those included background terms, scale factors, peak shapes (for each phase) and
absorption corrections for each of the 5 banks. For the synchrotron data, background
terms, scale factors and a zero error were refined. The α to γ transition occurs at low
temperature and leads to both hkl-dependent strain broadening and, for reflections
influenced by MoO4 ordering, size broadening in the diffraction data. We therefore
applied an equated hkl-dependent strain broadening to the synchrotron and high
resolution neutron data using a 4th order spherical harmonic function. An isotropic
size broadening was applied to h,k,l 6=2n reflections.

The γ-SnMo2O8 model was refined in a rhombohedral cell setting (space group
R3). The initial atomic coordinates for the model were taken from the approximate
model of Tallentire12 and transformed from the hexagonal to the rhombohedral set-
ting (basis = {(2/3, 1/3, 1/3), (-1/3, 1/3, 1/3), (-1/3, -2/3, 1/3)}) using ISOCIF, a
feature of ISOTROPY Software Suite15. All atomic coordinates and lattice param-
eters were refined for SnMo2O8 and the two impurities (SnO2 and MoO3). Isotropic
thermal displacements were refined separately for each metal and for each oxygen
type (O1, O3, O4) for SnMo2O8. For the impurities, one isotropic thermal displace-
ment was refined for SnO2 and two for MoO3 (Mo and O). A few cycles of iterations
were then run to confirm orientations of the MoO4 pairs by refining the occupancies
of the tetrahedral groups. Polyhedral restraints were subsequently applied to prevent
the low-occupied Mo2O8 groups from distorting.

A good fit to the data was obtained with this model and the Rietveld plots are
shown in Figure 7.5 while refined atomic coordinates are given in Table 7.5. To
illustrate the nomenclature of the results from the Rietveld analysis, we show firstly
the labelling of the atomic sites for high occupancy sites only in Figure 7.6, where
terminal oxygens are shown in yellow, grey, dark green or red. MoO4 groups lying
on the 3-fold axis (2c sites) are shown in pink and the ones lying on general sites are
shown in bright and pale yellow for distinction.

Bond distances and angles are given in Table 7.6. All are close to anticipated
values and we see strong similarities between crystallographically unique but chem-
ically related polyhedra (e.g. all Mo1_, all Mo2_) suggesting a high quality and
reliable structural model. We also see that the tetrahedra adopt an essentially per-
fect γ-order, with just 1.8(3) and 3.0(2) % of tetrahedral pairs adopting the alternate
orientation for groups on the 3-fold (2c) and general (6f) sites, respectively. This is
the first reliable structural model for the γ phase.
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bank 3 bank 4

bank 5 Synchrotron

Figure 7.5: Rietveld fits of neutron (pol73236_summed) and synchrotron data
(JSOE_0029_p12_ns_0.xye) for γ-SnMo2O8 in space group R3 at 320 K. Tick
marks indicate calculated reflection positions for SnMo2O8 (blue), SnO2 (green) and
MoO3 (pink) which have calculated weight % of ∼2 and ∼5 %. a = 12.64576(8) Å;
α = 59.3128(3)◦; wRp = 3.147 %, χ2 = 4.816.
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Figure 7.6: Structure of γ-SnMo2O8 in a rhombohedral setting. Octahedra (SnO6)
are shown in green and tetrahedra (MoO4 shown in pink/yellow). a) Structure is
shown in polyhedral mode and b) Ball and stick mode; c) Shows SnO6 groups and
labels; d) labelled MoO4 groups to illustrate different orientation: groups in pink are
ordered along the 3-fold axis; yellow lie on pseudo 3-fold axes that were lost at the
phase transition. Oxygens are shown in different colours.
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Table 7.5: Structural parameters from a combined refinement using synchrotron and
neutron powder diffraction data of γ-SnMo2O8 in space group R3 in a rhombohedral
setting at 320 K. a = 12.64576(8) Å; α = 59.3128(3)◦; wRp = 3.147 %, χ2 = 4.816

Atom Wyckoff site x y z occ Biso (Å2)
Sn1_1 1a 0.0 0.0 0.0 1 0.57(1)
Sn1_2 1b 0.5 0.5 0.5 1 0.57(1)
Sn1_3 3d 0.5 0.0 0.5 1 0.57(1)
Sn1_4 3e 0.0 0.5 0.5 1 0.57(1)
O01_1 6f 0.3474(4) 0.1062(4) 0.1141(4) 1 1.15(2)
O01_2 6f 0.8211(3) 0.6317(3) 0.5590(3) 1 1.15(2)
O01_3 6f 0.4653(3) 0.0896(3) 0.6116(4) 1 1.15(2)
O01_4 6f -0.0653(3) 0.6033(4) 0.1163(4) 1 1.15(2)
O01_5 6f 0.6056(3) 0.4287(3) 0.3505(4) 1 1.15(2)
O01_6 6f 0.0697(3) 0.0072(3) 0.8150(4) 1 1.15(2)
O01_7 6f 0.1136(3) 0.8506(4) 0.4266(4) 1 1.15(2)
O01_8 6f 0.5863(3) 0.3117(3) 0.0049(4) 1 1.15(2)
Mo1_2 2c 0.652(5) 0.652(5) 0.652(5) 0.018(3) 0.72(2)
O04_2 2c 0.60(1) 0.60(1) 0.60(1) 0.018(3) 2.43(5)
Mo2_2 2c 0.3128(1) 0.3128(1) 0.3128(1) 0.982(3) 0.72(2)
O31_1 2c 0.2570(4) 0.2570(4) 0.2570(4) 0.982(3) 2.42(8)
Mo2_1 2c 0.792(5) 0.792(5) 0.792(5) 0.018(3) 0.72(2)
O03_1 2c 0.26(2) 0.26(2) 0.26(2) 0.018(3) 2.42(8)
Mo1_1 2c 0.17434(9) 0.17434(9) 0.17434(9) 0.982(3) 0.72(2)
O04_1 2c 0.1203(2) 0.1203(2) 0.1203(2) 0.982(3) 2.43(5)
Mo1_3 6f 0.4816(1) 0.1749(2) 0.6765(3) 0.970(2) 0.72(2)
O04_3 6f 0.6442(3) 0.1307(6) 0.6310(5) 0.970(2) 2.43(5)
Mo2_3 6f 0.618(5) 0.801(8) 0.294(8) 0.030(2) 0.72(2)
O31_2 6f 0.22(2) 0.24(4) 0.75(4) 0.030(2) 2.42(8)
Mo2_4 6f 0.0698(2) 0.3062(2) 0.8120(2) 0.970(2) 0.72(2)
O03_2 6f 0.2339(7) 0.232(1) 0.737(1) 0.970(2) 2.42(8)
Mo1_4 6f 0.038(4) 0.640(8) 0.141(8) 0.030(2) 0.72(2)
O04_4 6f 0.20(1) 0.56(2) 0.07(2) 0.030(2) 2.43(5)
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Table 7.6: Selected bond lengths from a combined refinement using synchrotron and
neutron powder diffraction data of γ-SnMo2O8 in space group R3 in rhombohedral
setting at 320 K. Values given are for essentially fully occupied MoO4 groups only

Sn1_1 Sn1_2 Sn1_3 Sn1_4
O01_1 - - (2×)2.025(4)
O01_2 - - - (2×)2.037(3)
O01_3 - - - (2×)1.990(5)
O01_4 - - (2×)2.042(5)
O01_5 - (6×)2.026(4) -
O01_6 (6×)2.004(4) - -
O01_7 - - (2×)2.038(4)
O01_8 - - - (2×)2.033(4)

Mo2_2 Mo1_1 Mo1_3 Mo2_4
O01_1 - (3×)1.776(4) - -
O01_2 (3×)1.770(3) - - -
O01_3 - - (1×)1.785(7) -
O01_4 - - - (1×)1.754(7)
O01_5 - (1×)1.801(4) -
O01_6 - - - (1×)1.798(5)
O01_7 - - (1×)1.783(4) -
O01_8 - - - (1×)1.793(5)
O31_1 (1×)1.739(8) - -
O04_1 - (1×)1.683(7) - -
O04_3 - - (1×)1.679(4) -
O03_2 - - - (1×)1.735(4)

O01_6-Sn1_1-O01_6 91.7(2) O01_6-Sn1_1-O01_6 88.3(2)
O01_5-Sn1_2-O01_5 91.3(2) O01_5-Sn1_2-O01_5 88.7(2)
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O01_7-Sn1_3-O01_1 91.60(16) O01_7-Sn1_3-O01_1 88.40(16)
O04_4-Sn1_3-O01_7 92.36(17) O04_4-Sn1_3-O01_7 87.64(17)
O01_4-Sn1_3-O01_1 89.99(17) O01_4-Sn1_3-O01_1 90.01(17)
O01_8-Sn1_4-O01_3 90.28(18) O01_8-Sn1_4-O01_3 89.72(18)
O01_2-Sn1_4-O01_8 88.02(13) O01_2-Sn1_4-O01_8 91.98(13)
O01_2-Sn1_4-O01_3 88.51(16) O01_2-Sn1_4-O01_3 91.49(16)
O31_1-Mo2_2-O01_2 106.9(2) O01_2-Mo2_2-O01_2 111.87(16)
O41_1-Mo1_1-O01_1 105.1(2) O01_1-Mo1_1-O01_1 113.43(18)
O04_3-Mo1_3-O01_7 104.8(3) O01_3-Mo1_3-O01_7 111.9(2)
O01_3-Mo1_3-O04_3 103.0(3) O01_5-Mo1_3-O01_3 116.8(2)
O01_5-Mo1_3-O01_7 114.7(2) O01_5-Mo1_3-O04_3 103.8(3)
O03_2-Mo2_4-O01_4 106.0(3) O01_8-Mo2_4-O01_4 110.0(2)
O01_8-Mo2_4-O03_2 108.0(2) O01_6-Mo2_4-O01_8 110.4(3)
O01_6-Mo2_4-O01_4 112.3(3) O01_6-Mo2_4-O03_2 110.0(2)
Sn1_3-O01_1-Mo1_1 144.5(4) Sn1_4-O01_2-Mo2_2 148.94(19)
Sn1_4-O01_3-Mo1_3 162.37(17) Sn1_3-O01_4-Mo2_4 161.4(2)
Sn1_2-O01_5-Mo1_3 140.9(2) Sn1_1-O01_6-Mo2_4 148.21(19)
Sn1_3-O01_7-Mo1_3 139.9(2) Sn1_4-O01_8-Mo2_4 152.81(19)

7.2.3 Cell parameter comparison

For comparison purposes, we included the lattice parameters obtained during this
work and those reported by Tallentire12 in Figure 7.7. We have also included the
lattice parameters of the γ phase at room temperature from the work of Tallentire
converted to a cubic setting (last data point in legend). Good agreement between
the cell parameters is seen. Although the cell parameter of the γ phase obtained in
this work is slightly higher than the one obtained from previous work, we note that
this could be due to thermal expansion (295 K vs. 320 K) or a very small residual
Mo2O8 disorder.
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Figure 7.7: Comparison between pseudo-cubic lattice parameters from this work and
the work of Tallentire12 showing good agreement between the obtained values. First
9 data points in the legend are reported by Tallentire and the 5 subsequent data
points are derived from the work reported in this thesis.

7.3 Pair distribution functions: Visual inspection
of experimental data

The neutron data shown in the previous section were collected over a wide Q
range and with high signal to noise to allow PDF analysis. In addition, X-ray total
scattering measurements were performed at beamline I-15-1 located at Diamond.
For the synchrotron measurements, we collected the data using sample LRA042a
for α, α’ and β phases. For γ, sample LRA042b, which was converted ex situ was
measured. Details of data reduction and Fourier transforms to produce PDF plots
are given in Chapter 2.

It is expected that the short range structure of each phase will be similar because
they have the same connectivity based on corner-sharing SnO6 and MoO4 polyhedra.
Figures 7.8 and 7.9 show the PDFs for the four phases from neutron and synchrotron
data, respectively. We see the shortest correlation peak at ∼1.8 Å which can be
assigned to Mo-O and the subsequent peak at ∼2.1 Å assigned to Sn-O. The O-O
correlations are then present in the neutron data at ∼2.8 Å. The equivalent peak has
a very low intensity in the synchrotron data due to the low scattering contribution
of oxygen to the pattern. The next peak at ∼3.9 Å is related to M-M distances. The
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small difference between γ and the other structures at ∼2.2 Å in the neutron data,
is a termination ripple arising from the Fourier transform of the total diffraction to
real-space data. This was confirmed by processing the data with different values of
Qmax.

A more detailed comparison of the short range features in each dataset does show
subtle differences between γ/α/α′ and β. In Figure 7.8b it is clear that in the β
pattern the first three peaks have lower intensity and are broader than the other
phases. This is presumably a consequence of the fact that the measurement was
taken at high temperature, where greater structural disorder and broadening due to
thermal motion are expected. The same is observed for the Synchrotron data shown
in Figure 7.9b. This is discussed further in section 7.6.2.

There are more significant differences in the PDF data at larger r values, which
relate to interpolyhedral distances. It is evident from each plot that the PDFs of
the α phase are intermediate between those of γ and α’. This can be easily seen,
for example, at ∼3.8, ∼4.2, ∼8.3 Å where the peaks gradually shift towards slightly
lower r values in the following order: β → α’ → α → γ. In contrast to this overall
observation, evidence for the different local ordering of the Mo2O8 groups in the γ
structure can be seen in the low-r region of 4 - 6 Å which has a large contribution
from the correlations between MoO4 pairs, here the γ peaks are shifted towards
higher r values, despite γ having a smaller volume. We again see that the α PDF is
intermediate between α′/β and γ.
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Figure 7.8: Pair distribution functions D(r) from neutron data of the different phases
of SnMo2O8 prepared via the gas-solid route. α, α’ and γ data were collected at ∼300
K. β measurement was taken at ∼503 K.
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Figure 7.9: Pair distribution functions D(r) from synchrotron data of the different
phases of SnMo2O8 prepared via the gas-solid route. α, α’ and γ data were collected
at ∼300 K. β measurement was taken at ∼503 K.
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7.4 RMCProfile modelling

To extract quantitative information from the PDF data, we chose to use a large-
box approach (reverse Monte Carlos modelling16,17). This allows a proper description
of different patterns of ordered and disordered MoO4 groups across the different
phases of SnMo2O8 which would not be possible with a small box. This section
describes the models used and preliminary data fitting. In section 7.5 we discuss
detailed results of fitting data from each phase, and in section 7.6 the analyses of the
atomic configurations generated.

7.4.1 Structural description and generation of models used

We start by describing structural models to probe the possibility that α-SnMo2O8
has short range γ-like ordering of MoO4 groups.

In order to allow direct comparison between the different phases and for atoms to
move freely without symmetry constraints, initial configurations for RMC modelling
were generated in space group P1 in a 6×6×2 hexagonal cell with a=b ∼75.94 and
c ∼62.01 Å based on the unit cell of the γ structure (∼12.65 and ∼31.01 Å). The
size of the box was corrected according to the unit cell of each of the cubic phases
transformed to this hexagonal setting. In total, the box contained 19008 atoms with
a Sn1728Mo3456O13824 or Sn1728(Mo2O8)1728 formula.

To generate the starting coordinates, a cubic cell containing the γ Mo2O8 order-
ing was converted to P1 and subsequently to an hexagonal box using ISOCIF15.
This structure was then converted into a 6×6×2 box using a mathematica routine
(hex_expander.nb) provided by Prof. Branton J. Campbell from Brigham Young
University. The matrices used for conversion are given in Equation 7.1.

Cub =


0 1 1
1 0 1
1 1 0

→ Hex =


1 −1 0
0 3

2 −3
2

1 1
2

3
2

→ 6× 6× 2 =


6 0 0
0 6 0
0 0 2

 (7.1)

There are two extreme models of how in the α-SnMo2O8 the Mo2O8 groups could
be described as far as the disordered average structure (revealed by Bragg scattering)
is concerned. Firstly, there could be no correlation between the ordering of neigh-
bouring Mo2O8 groups - we call this the "fully disordered" model. Secondly, one
could have local small domains of γ-like ordering, but with no correlation between
the ordering of different domains - we call this the "cluster" model.
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To generate the different cofigurations of this type, a fortran routine (cluster.exe)
was written by Prof. John S. O. Evans to perform the following functions:

a) read a γ configuration and randomly flip the orientation of Mo2O8 groups to
simulate a fully disordered β structure;

b) place local clusters of γ-like ordering within a disordered β structure with
different domain orientations;

c) vary the average spherical radius of ordered domains and their number in the
simulation cell;

To illustrate these ordered domains, Figure 7.10 shows polyhedral representations
of different cluster configurations. In each panel, the number of ordered domains
increases from 2 to 12 clusters each with a 25 Å radius. The different arrangements
are colour coded as follows: SnO6 octahedra are represented in green; blue and
magenta represent Mo2O8 groups in γ-like domains with opposite orientation relative
to each other; and yellow represents randomly ordered Mo2O8 groups. The increase
in the number of ordered regions can be seen by the increase of groups with blue or
magenta colours and by the decrease in the yellow regions.
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a) b)

c) d)

e) f)

Figure 7.10: Polyhedral representation of the cluster model. Green represents SnO6;
Blue/Magenta represent γ-like Mo2O8 groups with opposite directions relative to
each other; Yellow represents regions with fully disordered Mo2O8 groups. Clusters
were generated with 25 Å radius and have an increasing number of ordered domains
as follows: a) 2; b) 4; c) 6; d) 8; e) 10; f) 12.

7.4.2 PDF simulations of different structural models

To evaluate the sensitivity of the PDF data to different ordered configurations,
simulations of different models were performed prior to RMCProfile fitting. Neu-
tron pair distribution functions [D(r)] were calculated for the disordered and cluster
models using the same box size of 6×6×2 as for the simulations in TOPAS. It is
anticipated that the these PDFs will be very similar in the low r region, with the
first four main peaks having the same intensity, but that more noticeable differences
will be present at larger r values.
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Figure 7.11a shows the simulated PDF patterns of models containing 6 clusters
with different radii and Figure 7.11b shows the simulated PDF patterns of models
containing different number of clusters of 25 Å radius (i.e. Figure 7.10c and 7.10f).
They are indeed very similar though subtle differences can be seen. To emphasize
these, we plot the difference between the model containing 6 clusters with 10 Å radii
and the others in Figure 7.11c and the difference between the 0 cluster model and
the others in Figure 7.11d.

From Figure 7.11c, we see that the differences are, as expected, essentially zero
below ∼7 Å. However, above ∼7 Å, the differences start to become more pronounced
with the intensities of the peaks increasing smoothly with increasing radius of the
clusters. These observations give an indication that PDF data should be sensitive
to short range γ-order. They should, however, be treated with caution as they do
not fully account for thermal vibrations and assume a perfectly crystalline sample
with no polyhedral rotation on Mo2O8 ordering. Similarly, from Figure 7.11d we see
small but observable differences above ∼7 Å.

In addition, the experimental PDFs shown in Figures 7.8 and 7.9 suggest that
the local ordering of MoO4 groups in the γ structure also causes changes in the
PDF at shorter distances due to polyhedral rotations (see below). These various
considerations suggest that PDF data will be a useful probe of short range γ-order.
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Figure 7.11: Simulated neutron pair distribution functions of the cluster model: a)
model containing 6 clusters with different radius size and b) difference between 10 Å
model and the others; c) different numbers of clusters of 25 Å radius and d) difference
between 0 cluster and the other simulated patterns.

7.4.3 RMCProfile Fitting description

To perform the RMC simulations, each structural model was refined simultane-
ously against G(r), F(Q) and Bragg data from bank 4 of Polaris. For the Bragg data,
the contributions of SnO2 and MoO3 impurities were subtracted from the powder
pattern. This was performed in TOPAS by Rietveld fitting each phase to the ex-
perimental data then subtracting the contribution of the impurity phases from the
experimental data such that the final pattern contained only the contribution from
SnMo2O8.

In addition, G(r) data was also fitted as D(r) and T(r) functions in order to give
different weighting to the different r regions in the simulations. Minimum distances
for atom-pairs together with polyhedral restraints were used in order to keep the
network of octahedra and tetrahedra and to maintain chemically sensible atomic
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distances. The distance constraints were set for each of the following atom-pairs, Sn-
Sn, Sn-Mo, Sn-O, Mo-Mo, Mo-O, O-O, as 5.0, 3.0, 1.7, 3.0, 1.5 and 2.0 Å, respectively.
Within the polyhedral restraints Sn-O and Mo-O bond lengths were set to ideal
values of 2.019 and 1.770 Å. These values were taken based on the maximum height
of the first two peaks in the experimental pair distribution functions. Bond angles
were allowed to distort from ideal 90 and 109.5◦ geometries with a weight which was
optimised during initial tests.

For statistical purposes, 10 repeat runs of equivalent models were run for each
phase. For each of these runs, a new random initial configuration of Mo2O8 groups
was generated. The calculations were run until no further improvement of the fit was
observed as discussed in section 7.4.4. This time was then used for all subsequent
runs. The final simulations were run on the high performance computing service
machine, Hamilton, located at Durham University.

7.4.4 Investigation of convergence

To investigate the time needed for convergence, we performed a test simulation
with a total run time of 17500 minutes (∼12 days) on the α’ data with the fully
disordered model. Figure 7.12 shows the variation of χ2 with time. After ∼100
minutes, χ2 drops to ∼100 (Figure 7.12b), after 2000 minutes, to ∼2.4 (Figure 7.12c),
and it reaches a plateau at ∼1.70 after ∼12000 minutes (∼8 days, Figure 7.12d). At
this stage, the number of moves accepted/generated/tested are: 5108114 / 19282001
/ 19237332. At the end of 12 days, the number of moves accepted/generated/tested
was: 7431703 / 28134002 / 28074870. Thus, to ensure that convergence would be
achieved for every run, the simulations were run for ∼17000 minutes (∼12 days) or
until they reached an equivalent number of moves accepted.
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Figure 7.12: Variation of χ2 with time for a RMC simulation for a total run time of
17500 minutes. a) Variation of χ2 up to 12000 minutes. b), c) and d) show different
regions of the variation of χ2 with time in order to emphasize the smooth decay after
the initial hours.

7.4.5 Initial considerations of model choice

In order to examine the sensitivity of RMC towards different ordering models and
to select appropriate numbers of clusters and their radius size, initial test runs were
performed using α and α’ data. For the RMC modelling, G(r) data was included
twice as T(r) with different weights on different r regions. For the short-range region
(r = 1.5-10 Å), T(r) was fitted with a heavier weight and for high r region (r
= 1.5-30 Å), T(r) was fitted with a lower weight. The different weightings were
imposed in order to evaluate the quality of the fits in the different regions. All
runs presented in this section used a number of moves accepted/tested/generated
of ∼1200000/∼4530000/∼4560000, and hence, they have a higher χ2 than the final
runs. This was chosen as a good number of moves in order to test different models.

To investigate the sensitivity of the RMCProfile modelling towards small changes
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in the ordering pattern of the α structure, configurations containing 0 to 100 % of
the Mo2O8 groups flipped (i.e. from fully disordered - 50 % - to fully ordered - 0
or 100 %) were generated and the quality of each fit evaluated. The results of these
runs are shown in Figure 7.13 and Table 7.7.

There is a clear minimum in the χ2 values shown in Figure 7.13 that shows an
improved fit for the disordered models. The graph is approximately symmetric with
a mirror at 50 %. This is because the orientations present in, for example, a 60 or
40 % disordered models are equivalent. There is some indication that χ2 becomes
slightly higher for a fully disordered model and the minimum is actually at ∼40 or
60 %. This would suggest that there is partial γ-ordering in the α structure. From
Table 7.7 we see that the improvement comes largely from the fitting of the T(r)
and F(Q) functions rather than the Bragg data, which has the best fit with a fully
disordered model, as expected from the PXRD analysis of the average structure.
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Figure 7.13: Variation of χ2 with disordered models for α data with RMCProfile.
PDF data was processed with Qmax = 37 Å−1.
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Table 7.7: R-factors for disordered model varying the number of Mo2O8 groups
flipped for α-SnMo2O8

% of groups χ2 Bragg T(r) T(r) F(Q)
flipped high-r low-r

0 12.58 39.44 5.533 11.33 1.684
10 7.676 21.40 4.675 8.335 1.268
20 5.156 11.10 4.701 7.409 1.146
30 4.014 6.365 4.716 6.990 1.133
40 3.715 4.631 4.918 7.277 1.168
50 3.730 4.153 5.157 7.661 1.212
60 3.653 4.575 4.888 6.940 1.154
80 5.146 11.29 4.628 7.063 1.155
90 7.697 21.83 4.583 7.901 1.250
100 12.41 39.71 5.228 10.19 1.617

These results suggest that there may be local order in the α phase over short length
scales. In order to choose an appropriate number and size of ordered domains within
the α structure, we performed a RMC fitting as these quantities were systematically
varied.

Figure 7.14 and Tables 7.8 and 7.9 show the results obtained for both analyses.
There is a slight improvement of the overall fit using a cluster instead of the fully
disordered model, regardless of the number of domains or their sizes. When varying
the size of the clusters with a fixed number of clusters (6) we see an improvement
of the fit with clusters above 20 Å in size (Table 7.8 and Figure 7.14a). There is a
clear decrease in χ2 when varying the number of cluster with a fixed radius of 25 Å
shown in Figure 7.14b. Note that the size of the simulation box limits the cluster
sizes that can be tested.
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Figure 7.14: (a) Variation of χ2 with cluster model from RMCProfile modelling of
α data. a) Six clusters with different radius size. (b) With varying the number of
clusters of 25 Å radius size. In b) error bars are derived from averaging the values
of four different runs. PDF data was processed with Qmax = 37 Å−1.

From the results shown in Table 7.9, there is an improvement in the Bragg fit and
low-r T(r) fits following the overall χ2 with a minimum for 10 clusters. However,
the other fitted functions with lower weight [T(r) high-r and F(Q)] do not show
an obvious trend. This could be due to the lower weighting assigned to these two
functions or could indicate that the short range order of the domains means there is
no change on the high-r T(r) [and the F(Q) function].

Table 7.8: R-factors for cluster model containing 6 clusters with different radius size
for α-SnMo2O8

Radius χ2 Bragg T(r) T(r) F(Q)
size (Å) high-r low-r

10 3.739 4.078 5.296 7.448 1.228
15 3.678 4.068 5.334 6.784 1.218
20 3.337 3.769 4.794 5.881 1.169
25 3.245 3.653 4.726 5.568 1.131
30 3.334 3.780 4.900 5.558 1.156
35 3.273 3.685 4.833 5.418 1.141
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Table 7.9: R-factors for cluster models with 25 Å radius for α-SnMo2O8

Number of χ2 Bragg T(r) T(r) F(Q)
clusters high-r low-r

0 3.759 4.114 5.256 7.707 1.224
0 3.729 4.056 5.308 7.461 1.201
0 3.730 4.153 5.157 7.661 1.212
0 3.771 4.192 5.299 7.459 1.236
Av 3.747 4.129 5.255 7.572 1.218
2 3.377 3.918 4.759 6.048 1.167
2 3.343 3.825 4.825 5.801 1.145
2 3.423 3.895 4.882 6.231 1.154
2 3.410 3.912 4.844 6.170 1.159
Av 3.388 3.888 4.828 6.063 1.156
4 3.147 3.696 4.411 5.722 1.055
4 3.256 3.764 4.624 5.827 1.105
4 3.386 3.749 4.963 5.826 1.190
4 3.329 3.726 4.936 5.491 1.164
Av 3.280 3.734 4.734 5.717 1.129
6 3.200 3.696 4.629 5.463 1.091
6 3.245 3.653 4.726 5.568 1.131
6 3.355 3.674 5.008 5.594 1.180
6 3.304 3.648 4.835 5.714 1.167
Av 3.276 3.668 4.800 5.585 1.142
8 3.324 3.582 4.999 5.400 1.217
8 3.224 3.593 4.732 5.452 1.141
8 3.203 3.726 4.690 5.100 1.129
8 3.308 3.570 4.982 5.458 1.178
Av 3.265 3.618 4.851 5.353 1.166
10 3.154 3.577 4.603 5.409 1.077
10 3.286 3.608 4.838 5.677 1.152
10 3.051 3.605 4.377 5.292 0.996
10 3.184 3.647 4.658 5.234 1.119
Av 3.169 3.609 4.619 5.403 1.086
12 3.435 3.729 5.123 5.905 1.185
12 3.320 3.680 4.989 5.324 1.170
12 3.268 3.550 4.932 5.364 1.146
12 3.269 3.640 4.799 5.499 1.164
Av 3.323 3.650 4.961 5.523 1.166

We can gain more insight by comparing the fits of a fully disordered and clus-
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ter (6×25 Å) model. Figure 7.15 shows the difference between the calculated and
observed patterns of the cluster (in blue) and the disordered models (in red) in ad-
dition to the difference between the difference of both fits (in grey). We see that the
red line is further away from zero than the blue line. This is most obvious above
∼8 Å, where the grey line (difference of differences) can be clearly seen to oscillate
away from zero. For clarity, we excluded the region below 3 Å as these regions are
identical.
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Figure 7.15: Differences in T(r) at low-r for the fully disordered and cluster (with 6
clusters of 25 Å) models.

The improvement, as anticipated, is subtle but shows similarities with the findings
for the simulated patterns shown in section 7.4.2, where we see that the changes start
at similar values of r. Whilst there is a clear improvement of the fit using a cluster
model, there are no strong trends with respect to the number of clusters nor their
size. Nevertheless, with a high number of clusters (above 6) or with a large radius
(above 25 Å), clusters will overlap (as shown in Figure 7.10). Thus, the number of
domains within the configurations is no longer reliable. Therefore, we have selected
the model containing 6 clusters with 25 Å radius size for our final fitting of the α
data.

To further test the sensitivity of the RMC models to local ordering, we repeated
the simulations with different cluster models using the α’ data. Unit cell parameters
(Figure 7.7) suggest that α’ has a "frozen" fully disordered array of Mo2O8 groups.
We therefore do not expect any significant improvement in fit for a cluster model
over a fully disordered model.
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The results of fitting when varying the number of 25 Å cluster are shown in Figure
7.16 and Table 7.10. The values of χ2 remain practically unchanged. Examination
of the data shown in Table 7.10 also does not show any obvious trends on individual
χ2 values with the cluster model. This is in agreement with our expectation and
gives us confidence that the calculations using RMCProfile will show a small but
measurable difference between the disordered and cluster models on investigating
short-range ordering in the α phase.
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Figure 7.16: Variation of χ2 with cluster models of 25 Å radius for α’ data with
RMCProfile. PDF data was processed with Qmax = 37 Å−1.
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Table 7.10: R-factors for cluster models with 25 Å radius for α’-SnMo2O8

Number of χ2 Bragg T(r) T(r) F(Q)
clusters high-r low-r

0 2.742 2.607 3.983 6.219 0.855
0 2.723 2.557 4.014 6.130 0.832
0 2.754 2.645 4.013 6.169 0.853
0 2.654 2.539 3.883 5.886 0.831
Av 2.740 2.603 4.003 6.173 0.847
2 2.563 2.451 3.806 5.507 0.805
2 2.652 2.661 3.914 5.552 0.813
2 2.611 2.543 3.857 5.472 0.847
2 2.631 2.470 3.930 5.621 0.847
Av 2.614 2.531 3.877 5.538 0.828
4 2.503 2.516 3.631 5.489 0.751
4 2.521 2.496 3.712 5.307 0.765
4 2.640 2.519 3.972 5.437 0.854
4 2.604 2.558 3.894 5.278 0.840
Av 2.567 2.522 3.802 5.378 0.802
6 2.585 2.536 3.839 5.378 0.820
6 2.722 2.734 4.027 5.618 0.848
6 2.633 2.464 3.994 5.473 0.845
6 2.572 2.647 3.820 5.155 0.791
Av 2.628 2.595 3.920 5.406 0.826
8 2.699 2.581 4.073 5.354 0.918
8 2.581 2.571 3.849 5.197 0.828
8 2.754 2.677 4.140 5.621 0.879
8 2.641 2.541 3.960 5.400 0.864
Av 2.669 2.593 4.006 5.393 0.872
10 2.560 2.530 3.859 5.149 0.803
10 2.690 2.594 4.090 5.347 0.873
10 2.459 2.465 3.655 5.199 0.723
10 2.675 2.742 3.655 5.396 0.836
Av 2.596 2.583 3.815 5.273 0.809
12 2.633 2.567 3.950 5.327 0.853
12 2.664 2.411 4.187 5.256 0.863
12 2.640 2.497 4.090 5.197 0.839
12 2.675 2.553 4.050 5.354 0.889
Av 2.653 2.507 4.069 5.284 0.861

For comparison, we show an equivalent plot (Figure 7.17) of the differences be-
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tween a cluster and a disordered model for the α’ data. We see that the differences
are smaller than the fits of α especially above 7 Å.
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Figure 7.17: Differences in T(r) at low-r for the fully disordered and cluster (with 6
clusters of 25 Å) models.

7.5 Final simulations

7.5.1 α-phase: Disordered vs. Cluster model

Trial runs on the cluster and disordered models have suggested that it is possible to
differentiate between the two models. Hence, our final simulations were performed
using a 50 % disordered model and a cluster model containing 6 clusters of 25 Å
radius. We call these α-disordered and α-cluster in later discussion.

Figures 7.18 and 7.19 show the results of the RMC fits using the disordered and
cluster model, respectively. Both models show an excellent fit to the data. However,
closer inspection shows that the Bragg data has a small improvement in the intensity
of the peak at∼13500 µs for the cluster model. It is worth noting that this is the same
reflection that showed a slightly lower calculated intensity in the averaged structural
refinement discussed in section 7.2.1. The same is observed when comparing the
fits of the D(r) data, there is a slight improvement when using the cluster rather
than the disordered model for the distances above ∼5 Å. Table 7.11 shows the final
agreement factors for each fitted function in RMCProfile. The cluster model had a
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lower χ2 for every function, including the Bragg data. This is in agreement with our
initial findings, which suggest that there is local ordering in the α phase.
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Figure 7.18: Results of RMCProfile fits against α data using the fully disordered
model. a) Bragg data; b) F(Q) data; c) T(r) data; d) D(r) data; e) G(r) data; f)
Partial distribution functions of each atom-pair.
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Figure 7.19: Results of RMCProfile fits against α data using the cluster model
containing 6 cluster of 25 Å radius size. a) Bragg data; b) F(Q) data; c) T(r) data;
d) D(r) data; e) G(r) data; f) Partial distribution functions of each atom-pair.
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Table 7.11: Calculated RMCProfile agreement factors for disordered and cluster
models of α-SnMo2O8

Disordered Cluster
Run χ2 Bragg T(r)\D(r) G(r) F(Q) χ2 Bragg T(r)\D(r) G(r) F(Q)
1 2.234 4.542 3.201 0.166 0.847 1.990 3.983 2.851 0.173 0.777
2 2.200 4.565 3.113 0.166 0.840 1.928 3.917 2.731 0.160 0.775
3 2.187 4.508 3.118 0.151 0.825 1.938 3.920 2.772 0.164 0.739
4 2.182 4.599 3.072 0.152 0.825 1.878 3.781 2.684 0.151 0.742
5 2.218 4.485 3.173 0.164 0.866 1.938 3.791 2.779 0.154 0.820
6 2.240 4.624 3.176 0.170 0.862 2.003 3.935 2.886 0.159 0.813
7 2.162 4.437 3.076 0.158 0.836 1.961 3.980 2.795 0.151 0.771
8 2.224 4.567 3.166 0.162 0.853 1.988 3.902 2.874 0.153 0.798
9 2.219 4.582 3.151 0.164 0.845 1.921 3.892 2.739 0.153 0.754
10 2.212 4.647 3.112 0.157 0.849 2.013 4.116 2.869 0.159 0.767

Av 2.207 4.556 3.136 0.161 0.845 1.956 3.922 2.798 0.158 0.776

7.5.2 Fits to α’, β and γ phases

For comparison purposes, we have also fitted the data of α’, β using the fully
disordered model in addition to a fully ordered model of γ. Similarly to α phase,
excellent fits were obtained with the initial models for α’, β and γ. These are shown
in Figures 7.20, 7.21 and 7.22. A small discrepancy in the D(r) fit of the γ data can
be seen at ∼2.2 Å. This can be ignored as it arises from the Fourier transformation
and it is not a real structural feature.
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Figure 7.20: Results of RMCProfile fits against α’ data using fully disordered model.
a) Bragg data; b) F(Q) data; c) T(r) data; d) D(r) data; e) G(r) data; f) Partial
distribution functions for each atom-pair.
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Figure 7.21: Results of RMCProfile fits against β data using fully disordered model.
a) Bragg data; b) F(Q) data; c) T(r) data; d) D(r) data; e) G(r) data; f) Partial
distribution functions of each atom-pair.
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Figure 7.22: Results of RMCProfile fits against γ data using fully ordered model.
a) Bragg data; b) F(Q) data; c) T(r) data; d) D(r) data; e) G(r) data; f) Partial
distribution functions for each atom-pair.

7.6 Results and discussion

The simulation boxes used for RMC modelling contain an enormous amount of po-
tentially significant structural information and analysing them to extract important
quantities is a significant challenge. We break our discussion down into 3 sections: the
average structure, distortions within polyhedra and the relative rearrangements/tilts
of polyhedra. In each section we have chosen to produce a numbered list of key
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conclusions for clarity.

7.6.1 Collapsed unit cells

By collapsing the RMC supercell onto a single unit cell (shown in Figure 7.24),
one can visualise the average structure of the supercell and the range of polyhedral
tilts and twists needed to be consistent with the diffraction data. The RMC unit
cells can also be averaged over several configurations to give an atomic density map
of the structure. These are shown in Figure 7.24 and were averaged over the final 10
configurations for each SnMo2O8 phase using a python script written by Dr. Philip
Chater in collaboration with Matthew Chambers (PhD student in the group). For
the ease of following the nomenclature convention, we include the ball and stick
representation of the tetrahedral pairs in SnMo2O8 in Figure 7.25.

The collapsed unit cells and atomic density maps show that:

1.a For the γ structure, the collapsed unit cells and the atomic density maps show
that there is a smaller spread of the atoms from their mean positions in com-
parison to the cubic phases. This is in agreement with the isotropic atomic
displacements extracted by Rietveld refinement.

1.b There is a larger spread of atomic positions in the β model in comparison to the
α’ and α-disordered structures consistent with higher thermal motion at high
temperature.

1.c α-disordered shows a larger spread of atoms in comparison to the α-cluster
model.

1.d Oxygen atoms are clearly more spread in the following order: β → α-dis →
α’ → γ. These indicate that there is a difference in how these structures are
distorted in comparison to each other. We quantify these distortions in terms
of polyhedral distortions and tilts in the next sections.

1.e The observations are consistent with the calculated anisotropic atomic displace-
ment parameters (ADPs) extracted from the Rietveld analyses for the three
cubic phases. For Sn and Mo, the ADPs and clouds are practically spherical,
suggesting there is isotropic displacement of the atoms.

1.f There is a slightly larger spread of Mo positions in the α’ and β structures along
the 3-fold axes of the cubic parent cell.

1.g There is a larger spread of the O1’s transverse to the Sn-O-Mo bonds for all
cubic phases.
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1.h The larger spread of the O1’s transverse to the Sn-O-Mo bonds is consistent
with the RUM or guitar string model.

1.i The ADPs of the O3’s appear to show a larger and symmetrical spread in α
whereas in the β and α’ structures, these seem to vibrate more transverse to
the 3-fold axes of the parent cubic cell.

Figure 7.23: Selected RMC 6×6×2 configuration collapsed onto a single unit cell.
Sn = green, Mo = yellow, O = red.
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Figure 7.24: (a) Atomic density maps (grey clouds) averaged over 10 different config-
urations for: α-disordered, α’, β and γ. Data is plotted using the software VESTA18

with a surface level of 5. This means that surfaces plotted enclose voxels with a
minimum of 5 atoms in their 0.2×0.2×0.2 Å volume; (b) Atomic displacements from
average crystal structures obtained from Rietveld analyses. Thermal ellipsoids are
drawn at 50 % probability level. Sn = green, Mo = yellow, O1 = red, O3 = brown,
O4 = blue.

Figure 7.25: Ball and stick representation of MoO4 pairs in β-SnMo2O8. Mo1 =
pink; Mo2 = yellow; O1 = red; O3 = brown; O4 = blue.
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7.6.2 Intrapolyhedral flexibility

The results shown in section 7.4.5 suggest that there is a certain level of gamma
ordering in the α phase and that the cluster model is most appropriate to describe
this local ordering. Nonetheless, in this section we choose to discuss the results of the
final simulations using the disordered model to allow us to make direct comparisons
between all cubic phases. This approach means that any deviations between α, α’
and β configurations are data driven rather than due to the different configurations
in the model. The equivalent results presented in the next sections for the cluster
model are given in Appendix D.

In these conclusions we quote average and full width at half maximum (fwhm)
values from a Gaussian fit to the distributions. For distributions which were asym-
metric, average values and standard deviations are quoted unless it is stated that
the maximum of the distribution is given. The data shown in the histograms have
been all extracted with the sofware GASP19–21.

The histograms of intrapolyhedral distances and angles (Figure 7.26) show:

2.a The intrapolyhedral bond distances (Mo-O and Sn-O) show no significant
changes in their average values for the four phases; α/α’/β/γ: Mo-O: 1.7734(9)
Å, 1.775(1) Å, 1.7731(6) Å, 1.7745(7) Å & Sn-O: 2.027(1) Å, 2.028(1) Å,
2.030(1) Å, 2.0300(8) Å.

2.b These distances are slightly longer in the local structure compared to the Ri-
etveld models of the average structures (∼1.74 and ∼2.01 Å, Table 7.4), pre-
sumably due to fluctuations related to local vibration. The values obtained from
RMC are also comparable to the values obtained for the average structure of
the more ordered γ phase (∼1.76 and ∼2.02 Å).

2.c Although the bond lengths show no significant changes in average values, it
is noticeable that there is a larger spread of Sn-O and Mo-O values for β in
comparison to the other phases. This increase shows local distortions in the
polyhedra at high T which are discussed in the following section.

2.d The bond length distributions also suggest that there is a larger increase in the
spread of the Sn-O distances in comparison to the Mo-O distances from α/α’/γ
→ β. The increase in the width is ∼14 % for SnO6 and only ∼10 % for the
MoO4.

2.e For the Mo...O3 inter tetrahedra distance, there are distinct differences in the
γ phase in comparison to the others. The distribution is narrower and more
symmetrical. This is unsurprising given that this phase allows a specific ordering
of the Mo2O8 groups.

2.f The centre of the distribution of Mo...O3 distances is identical for α [2.665(7)
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Å] and γ [2.661(3) Å] models and shifts to shorter distances in the α’ model
[2.652(2) Å], despite α’ having a larger volume.

2.g It appears that these distances become smaller in the (higher volume) β phase,
as the maximum is shifted towards lower values. Values of the peak maximum
are changed α/β: [2.665(7) Å]/[2.627(9) Å].

2.h The change in local distance is in contrast with the results obtained from Ri-
etveld analysis, where the Mo...O3 distance increases significantly: α [2.4972(10)
Å], α’ [2.5212(14) Å], β [2.5552(13) Å]. This is again due to Rietveld analysis
not taking into account correlated local motion.

2.i For β, there is a clear second peak in the Mo...O3 distribution centred at ∼3.0
Å which is not yet understood. The number of distances involved is relatively
small (as seen in the calculated partials shown in Figures 7.18f, 7.20f and 7.21f)
and there is a large number of other contributing distances in this region.

2.j The Mo-Mo pair distances decreases from the cubic to the rhombohedral phase
on average. Examination of the maximum of each histogram gives values: α
[4.319(6) Å], α’ [4.327(4) Å], β [4.314(5) Å] and γ [4.278(2) Å].

2.k There is a small extra shoulder at ∼4.8 Å in the β phase, which increases the
overall average Mo-Mo distance to ∼4.38(28) Å.

2.l For the O4-Mo...O3-Mo angle distribution, γ has a different distribution in
comparison to the cubic phases. Symmetry lowering and the coupled rotation
of polyhedra leads to a bending of this angle.

2.m For the cubic phases the departure from linearity of O4-Mo...O3-Mo is α > β >
α’. β > α’ is due to increased thermal motion in β. α > β occurs as α becomes
locally γ-like and "folds in" on itself due to a lowering of local symmetry.

2.n The angle distribution in the octahedral groups is centred at ∼90◦ and in the
tetrahedral groups at ∼109.5◦. These values are in agreement with the expected
values for octahedra and tetrahedra.

2.o We observe a marked change in the width of the SnO6 bond angle distribution
in β.

2.p Examination of the changes in the width of the O-Sn-O 90◦ distributions from
γ to β shows a ∼9 % increase.

2.q We see a smaller increase of only ∼2 % in the O-Mo-O angle distribution.

2.r The SnO6 groups appear more flexible and possibly distort more than the MoO4
groups at high temperatures. This is in agreement with the most recent work
of Rimmer and collaborators, which revised the mechanism of NTE in ZrW2O8
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and suggested that it is composed of more flexible ZrO6 and near-rigid WO4
groups22.
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Figure 7.26: Selected intrapolyhedral distances and angles. α-disordered data is
shown with grey bars as well as blue data points as a guide to the eye.
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We can also quantify polyhedral distortions between the phases using the program
GASP19–21. This first minimises the distances between starting and final polyhedra
by rotation of rigid polyhedra. Any remaining differences between atom positions
are then quantified as polyhedral distortions (see Figure 7.27). The key observations
from these analyses are as follows:

3.a The mismatches before any minimisation are largest for the γ phase showing
that its structure differs most from the pseudo-cubic starting configuration.

3.b The fact that we can consistently fit experimental data for γ shows that the
RMC modelling is not sensitive to the starting configurations but rather to the
data itself, as we can start from a configuration that is significantly different to
the final structure and still achieve convergence.

3.c SnO6 are more distorted than MoO4 groups and show larger mismatches.

3.d This suggests that the distortions of octahedra play an important role in the
local structure of the different phases.

3.e The mismatch for the β structure in both environments (SnO6 and MoO4) is
largest, i.e. they are most distorted in the β phase, showing higher polyhedral
distortion at high T. This suggests non-rigid-mode distortions are important.
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Figure 7.27: Mismatch scores obtained using GASP. Top/Bottom: before/after fit-
ting with GASP. Middle: polyhedral rotation angles. α-disordered data is shown
with grey bars as well as blue data points as a guide to the eye.
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We have also studied intrapolyhedral distortion through the α→ β transformation
using X-ray total scattering data collected at beamline I-15-1 at Diamond. A sample
initially in the α phase, was heated in 10 K steps from room temperature to 773 K.
The temperature was then held for ∼1 hour prior to cooling.

From visual inspection of the D(r) data shown in Figure 7.28, we conclude that:

4.a The larger r peaks shift towards higher r values and there is a clear broadening
of most peaks due to the positive thermal expansion and increasing thermal
motion.

4.b Figure 7.28b shows the well-resolved Mo-O and Sn-O distances in the PDF. We
see a small but significant broadening of the Sn-O peak at ∼2.1 Å. Careful
inspection also shows that there appears to be a smaller broadening of the Mo-
O peak at ∼1.75 Å. This is in agreement with the neutron total scattering
analyses.

4.c The peak initially at ∼4.63 shifts to ∼4.58 Å, i.e. the local pair distance de-
creases despite overall positive thermal expansion. In this region, there are
strong contributions from Sn-O, Mo-Mo, Mo-O and also from O-O pairs, though
M-M will dominate the XPDF. This is consistent with the observation from our
neutron data (see, for example, Figures 7.8 and 7.29 first panel), where there is
a decrease in the distances between the Mo-Mo pairs.

4.d The peaks initially at ∼5.32 and ∼5.67 Å in α coalesce in the β structure to a
broad distribution with a maximum at ∼5.61 Å.

4.e Figure 7.28c shows the r values and the fwhm of Gaussian fits to the Mo-O
and Sn-O peaks in XPDF data. The distances remain practically unchanged
throughout the transition.

4.f The width of the Sn-O and Mo-O peaks change during the phase transition.
The broadening is much more pronounced for Sn-O. In contrast, the fwhm for
the Mo-O distances is essentially unchanged. This again suggests SnO6 are more
flexible than MoO4.
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Figure 7.28: X-ray pair distribution functions (D(r)). An α sample was heated to
773 K in 10 K steps and held at this temperature for ∼1 hour. Pattern in blue
highlights the first dataset at room temperature and pattern in red highlights the
first dataset at 773 K. (a) Patterns shown up to 20 Å; (b) Zoomed low-r region to
emphasize the first two peaks and their evolution with temperature. (c) Shows the
results of Gaussian peak fitting of data in (b).
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7.6.3 Interpolyhedral flexibility

We can examine longer-range structural changes in the SnMo2O8 framework by
examining metal-metal distances, M-O-M angle changes and the overall rotations of
SnO6 and MoO4 polyhedra (shown in Figure 7.29). The key conclusions are:

5.a The histograms of Mo-Mo distances show that there are three distinct Mo-Mo
distances in the γ structure and that the distribution is different from the cubic
phases.

5.b For the α, α’ and β phases, there are three main Mo-Mo distance groups centred
at ∼4.5, ∼5.5 and at ∼6.0 Å.

5.c The first two are consistent with the average structure and are related to the
disordered Mo2O8 pairs and to nearest neighbours that are not part of the pairs.

5.d The distances above ∼6.0 Å are present in the initial configuration (as shown
in Figure 7.30a). These are absent in the γ structure suggesting that these are
real and not only an artefact from the modelling.

5.e The smaller Mo-Mo distributions at ∼4.3 Å are related to the Mo2O8 pairs
shown in Figure 7.26.

5.f The Sn-O-Mo angle distributions are different for the γ structure showing how
the rhombohedral ordering reduces Sn-O-Mo angles as the structure "folds"
down.

5.g The distribution of the Sn-O1-Mo angles in the γ phase are consistent with
the average structure. Figure 7.30b compares the Sn-O-Mo overall distributions
between the RMC models and the average structures of γ and β for reference.

5.h We observe an overall increase in the interpolyhedral angles as the samples go
from α → α’ → β, though α’ and β have similar distribution. This is caused
by thermal expansion and the "unwinding" of the structure.

5.i Sn-O2-Mo angles are larger than Sn-O1-Mo, which is consistent with the average
structures.

5.j The distribution of both angles in the α model is slightly different than that of
α’ and β. The distribution is more γ-like.

5.k There appears to be an increase in the spread of the Sn-O1-Mo and Sn-O2-Mo
angles in the β structure in comparison to the other phases.

5.l Similarly to the bond angles, the distributions of the metal-metal distances are
distinctly different for the γ structure.
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5.m α has a smaller average value of the Sn-Sn distributions in comparison to the
other cubic phases, 6.3205(6) vs. 6.3361(5)/6.3347(6) Å for α’/β, respectively.

5.n There is an increase in spread of the Sn-Sn distributions from α → α’ → β.

5.o The Sn-Mo distance distributions show similar behaviour to the Sn-Sn. These
increase from α [3.707(1) Å] → α’ [3.7175(8) Å]/β [3.7183(9) Å].

5.p There is an increase in spread in the Sn-Mo distances for the β structure.

5.q The overall increase in spread for Sn-Sn (∼28 %) is larger than for Sn-Mo
distances (∼17 %) from γ → β. This is in agreement with the expectation
that the width of an atom pair distribution is related to the number of bonds
between the pair in the structure and to temperature23,24, meaning that there
is less correlated atomic motion between the pairs25,26.

5.r The metal-metal distances are more spread than any of the intrapolyhedral
distances (largest increase found for Sn-O distances of ∼12 % from γ → β),
suggesting that overall, SnMo2O8 behaves like a network of near-rigid polyhedra.
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Figure 7.29: Selected interpolyhedral distances and angles.
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Figure 7.30: Comparison between average structures and RMC configurations. a)
Mo-Mo distances and initial disordered model (grey vertical bars). b) Sn-O-Mo
overall bond angles for final RMC configurations of γ and β phases and values in β
and γ structures (coloured lines).

We can also gain insight into the spread of polyhedral rotations in the different
phases from the rotation angles extracted from the GASP analysis shown in Figure
7.27. The key conclusions are:

6.a The largest polyhedral rotations occur in the γ structure.

6.b α has larger octahedral rotation angle than α’ and β, showing larger polyhedral
tilts despite the lower temperature. This suggests that α is more γ-like than α’
or β.

6.c The average values of the octahedral rotations are larger than tetrahedra for α
and γ.

7.7 Conclusions

In conclusion, excellent average structural models were obtained for α-, β-, α’ and
γ-SnMo2O8 using neutrons and synchrotron X-rays data. It is the first time that a
reliable structural model is given for the γ phase.

Visual inspection of total scattering analysis of X-rays and neutron data together
with simulated PDF patterns and initial RMCProfile modelling have strongly sug-
gested that the α phase contains local γ-like ordering of MoO4 tetrahedra. We have
explored in detail how this ordering occurs in the α structure and how it differs from
the other structures. In addition, comparison between the local structures of the four
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structures of SnMo2O8 allowed us to gain a better understanding of why SnMo2O8
has positive thermal expansion. Individual conclusions are given as points 1.a to 6.c
in sections 7.6.1 to 7.6.3. We use these to contribute to our overall conclusions on
SnMo2O8 materials in Chapter 8.
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Chapter 8

Summary and future work

In Chapter 3, we described the development of a reproducible and reliable method
to synthesise SnMo2O8 material via a low temperature route giving high purity
samples. The precursor method involves the transformation of an amorphous ma-
terial with the composition SnMo2O8(H2O)3(H2O) or SnMo2O7(OH)2(H2O)3 into
crystalline SnMo2O8 and can be considered a good route for the synthesis of large
amounts of SnMo2O8.

The development of synthetic conditions to obtain large samples of SnMo2O8
allowed us to perform total scattering measurements in order to investigate the lo-
cal structure of the amorphous precursor and understand how it transforms into a
crystalline cubic phase. In Chapter 4, we have shown that the amorphous precur-
sor of SnMo2O8 consists of "SnOx" and "MoOn" polyhedra with higher coordination
numbers than 6 and 4, respectively, and, most importantly, that this amorphous
precursor does not consist of a physical mixture of its amorphous constituent oxides.
Furthermore, we have also shown that the transformation of AMo2O8 (A = Zr, Sn)
materials prepared via the precursor method is strongly kinetically controlled and
that the way in which water is eliminated from the structure plays an important
role in whether the crystalline phase formed will have cubic or trigonal symmetry.
The development of the precursor method also allowed 17O enrichment of samples,
which corroborated total scattering analysis and showed that the structure of the
amorphous precursor of SnMo2O8 is not a mixture of amorphous SnO2 and MoO3.
Further work could involve X-ray absorption near edge structure (XANES) data col-
lection on the amorphous precursor to determine coordination numbers of Sn and
Mo to aid our PDF analysis. For the 17O NMR measurements, if good levels of
17O enrichment can be achieved, multi-quantum magic-angle spinning (MQMAS)
experiments could be perform in order to resolve the broad peaks in the amorphous
precursor.
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Chapter 8. Summary and final conclusions

In Chapter 5 kinetic studies of the α to γ transformation at ambient pressure
showed the evolution of α-SnMo2O8 cell parameters over an essentially infinite pe-
riod of time, confirming the metastability of the α phase. In addition, it has been
shown that the phase transition is strongly time- and temperature-dependent, occur-
ring on the time-scale of hours to years depending on the temperature. The phase
transformation in samples prepared by our precursor method is somewhat hindered
in comparison to those made by a gas-solid route, suggesting that there are differ-
ences in their local structures. A crude estimate of the apparent activation energy
of ∼36 kJ.mol-1 for the transition was obtained, although, evidence that SnMo2O8
deviates from the Arrhenius behaviour and instead has a fragile glass like behaviour
has been shown.

Variable temperature and variable pressure studies discussed in Chapter 6 revealed
that the α → γ transition in precursor samples may not be fully complete even at
high pressures. We call the incompletely transformed phase γ’ for convenience. All
SnMo2O8 phases are relatively soft in comparison to other members of the AM2O8
family with bulk moduli of β (∼36 GPa) > α (∼29 GPa) > γ (∼26 GPa) > γ’ (∼15
GPa). The α and γ phases show a reduction in thermal expansion coefficient with
pressure as found for most materials. The β phase shows an unusual increase in the
thermal expansion coefficient with pressure. As such, its bulk modulus also shows
an unusual increase on warming. Moreover, no amorphisation was observed within
the P-T space of our experiments.

In Chapter 7, good models were obtained for the average structures of the four
different phases of SnMo2O8 through Rietveld analysis of neutron and X-ray data.
Inspection of total scattering data together with RMCProfile models revealed the
differences in the local structure of each SnMo2O8 phase. Firstly, it has been shown
that there is strong evidence of local γ ordering in the room-temperature α phase.
This was evidenced by the improvement on the fit using the cluster model.

Similarly to ZrP2O7 (where in the room-temperature structure most P-O-P angles
are bent from linear 180 to ∼150◦), SnMo2O8 also goes through a volume-increasing
transition on warming which is related to the unwinding of Sn-O-Mo bond angles in
the low-T α phase. Local γ order in the α phase means that polyhedra "rotate in on
themselves" leading to lower volume and smaller average Sn-O-Mo angles. Thus, on
heating, the structure "unwinds" and shows PTE.

The low positive expansion observed in the β phase arises from transverse (M-O-
M) vibrations and is presumably correlated to local distortions in the SnO6 groups
observed in the neutrons and X-ray total scattering data. The thermal expansion
coefficient αl = 1× 10−6 K−1 from ∼500 to ∼770 K is higher than in β-ZrW2O8 (αl =
−5× 10−6 K−1 above ∼450 K). This is presumably caused by the smaller size of SnO6
octahedra in comparison to ZrO6 groups meaning that the minor AO6 distortions
needed in the quasi-RUM-like modes driving NTE are less dominant.
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Chapter 8. Summary and final conclusions

It can be hypothesized, however, that if the structure of the room temperature
phase of SnMo2O8 contained Mo2O8 groups ordered as in α-ZrW2O8, where cubic
symmetry is retained, it might possibly display NTE or have only low positive expan-
sion before a transition to its β form. Future work could involve collecting neutron
inelastic scattering data in order to investigate the lattice dynamics in SnMo2O8 and
calculate its phonon density of states.
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Appendix A

Supplementary data for Chapter 3

Table A.1: Table of sample codes and experimental conditions using the gas-solid
procedure

Sample Starting Reactiona O2
b Weight % of Scan

code mass of time (h) flow rate crystalline number
MoO3 (g) phase

LRA036ac 1.5000 7 17 s 82 d7_06560
LRA036dc 1.5018 7 17 s 93 d7_06587
LRA036gc 1.5005 7 17 s 85 d7_06601
LRA037gc 1.4795 7 22 s 91 d7_06663
LRA037fc 1.5045 7 17 s 80 d7_06662
LRA038ac 1.5038 8 17 s 84 d7_06672
LRA037ad 1.5003 7 18 s 90 d7_06629
LRA035ed 1.5019 7 17 s 87 d7_06542
LRA038ed 1.5055 7 17 s 86 d7_06704
LRA041cd 1.5086 7 17 s 80 d7_06757
LRA041dd 1.5013 7 17 s 86 d7_06758

continues on next page . . .
aAll experiments were performed at 773 K.
bApproximate time for 50 bubbles in seconds.
cSamples were combined to give 5.80 g of sample, LRA042a. LRA042a was warmed to 600 K

for 6 hours.
dSamples were combined to give 4.30 g of sample, LRA042b. LRA042b was heated for 2 hours

at each temperature: 360, 370, 380 K. Then heated to 390 K for 32 hours.
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Sample Starting Reactiona O2
b Weight % of Scan

code mass of time (h) flow rate crystalline number
MoO3 (g) phase

LRA035ac 1.0008 5 19 s 82 d7_06519
LRA036bc 1.5024 6 17 s 85 d7_06571
LRA038dc 1.0609 - 19 s 80 d7_06689
LRA041ec 1.4979 - 17 s 91 d7_06783

aAll experiments were performed at 773 K.
bApproximate time for 50 bubbles in seconds.
cSamples were combined to give 3.10 g of sample, LRA042c. LRA042c was warmed to 600 K

for 6 hours.

Figure A.1: Rietveld refinement of sample LRA003b (d7_04907). Sample was heated
to 863 K at 5 K min−1 and held at this temperature for 24 hours.
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Table A.2: Table of sample codes and experimental conditions using the precursor
method

Sample Stirring Temperature Mo:Sn Wash
code time of stirring ratio

LRA006a 5 hours 298 K 2.02 20 ml
LRA008a 5 hours 298 K 2.02 30 ml
LRA009a 5 hours 298 K 2.03 20 ml
LRA011a 5 hours 298 K 2.02 100 ml
LRA013a 10 hours 373 K 2.03 No wash
LRA015e1 5 hours 298 K 2.02 0 ml
LRA015b1 5 hours 298 K 2.02 4 ml
LRA015c1 5 hours 298 K 2.02 8 ml
LRA015d1 5 hours 298 K 2.02 16 ml
LRA016a1a 5 hours 298 K 2.02 16 ml
LRA016b1a 5 hours 298 K 1.92 16 ml
LRA016c1a 5 hours 298 K 1.76 16 ml
LRA017a 5 hours 278 K 2.02 16 ml
LRA018a1 5 hours 298 K 2.02 16 ml
LRA018b1b 5 hours 278 K 2.02 16 ml
LRA018c1a,b 5 hours 298 K 1.92 16 ml
LRA019a1a 5 hours 278 K 2.02 16 ml
LRA019b1a 5 hours 278 K 1.92 16 ml
LRA019c1a 5 hours 278 K 1.84 16 ml
LRA019d1a 5 hours 278 K 1.76 16 ml
LRA020a 15 minutes 278 K 2.02 16 ml
LRA021a 1 hour 323 K 2.02 16 ml
LRA022a1b 15 minutes 278 K 2.02 16 ml
LRA022b1 15 minutes 278 K 1.92 16 ml
LRA022c1 15 minutes 278 K 1.84 16 ml
LRA022d1 15 minutes 278 K 1.76 16 ml

continues on next page . . .
aNot discussed in Chapter 3.
bSamples were combined to give 1.95 g of sample, LRA043. LRA043 was warmed to 600 K for

6 hours.
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Sample Stirring Temperature Mo:Sn Wash
code time of stirring ratio

LRA025a1 15 minutes 278 K 2.02 16 ml
LRA025b1 15 minutes 278 K 1.98 16 ml
LRA025d1 15 minutes 278 K 1.90 16 ml
LRA028a 15 minutes 278 K 2.02 16 ml
LRA029a 40 minutes 278 K 2.02 16 ml
LRA030a1 15 minutes 278 K 2.02 16 ml
LRA030b1 15 minutes 278 K 1.89 16 ml
LRA030c1 15 minutes 278 K 2.24 16 ml
LRA031a1 15 minutes 278 K 2.02 16 ml
LRA031b1 15 minutes 278 K 2.00 16 ml
LRA031c1 15 minutes 278 K 1.92 16 ml
LRA031d1 15 minutes 278 K 1.84 16 ml
LRA047a 15 minutes 278 K 1.01 n/a
LRA047ba 15 minutes 278 K 2.02 No wash
LRA048a 15 minutes 278 K 2.00 16 ml
LRA049a1 15 minutes 278 K 1.32 No wash
LRA049b1 15 minutes 278 K 2.97 No wash
LRA049c1 15 minutes 278 K 1.35 No wash
LRA049d1 15 minutes 278 K 3.03 No wash
LRA050a1 15 minutes 278 K 2.02 50 ml
LRA050c1 15 minutes 278 K 2.02 No wash
LRA053c1 15 minutes 278 K 2.00 16 ml
LRA059a1 15 minutes 298 K 2.02 16 ml
LRA059c1 15 minutes 298 K 2.02 16 ml
LRA060c1 15 minutes 278 K 2.02 16 ml
LRA060b1 15 minutes 278 K 2.02 16 ml
LRA060d1 15 minutes 278 K 2.02 16 ml
LRA060a1 15 minutes 278 K 2.02 16 ml
LRA062a1 15 minutes 278 K 2.00 16 ml
LRA062b1 15 minutes 278 K 1.96 16 ml

continues on next page . . .
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Sample Stirring Temperature Mo:Sn Wash
code time of stirring ratio

LRA062c1 15 minutes 278 K 1.92 16 ml
LRA062d1 15 minutes 278 K 1.89 16 ml
LRA062e1 15 minutes 278 K 1.85 16 ml
LRA062f1 15 minutes 278 K 1.82 16 ml
LRA063a1 15 minutes 298 K 2.00 16 ml
LRA063b1 15 minutes 298 K 2.00 16 ml
LRA063c1 15 minutes 298 K 2.00 16 ml
LRA064a1 15 minutes 278 K 2.00 16 ml
LRA064b1 15 minutes 278 K 1.96 16 ml
LRA064c1 15 minutes 278 K 1.92 16 ml
LRA064d1 15 minutes 278 K 1.89 16 ml
LRA064e1 15 minutes 278 K 1.85 16 ml
LRA064f1 15 minutes 278 K 1.82 16 ml
LRA070b1 15 minutes 278 K 2.02 16 ml
LRA072b1 15 minutes 278 K 2.02 16 ml
LRA074a 15 minutes 278 K 2.00 16 ml
LRA075a1 15 minutes 278 K 1.96 16 ml
LRA075b1 15 minutes 278 K 1.94 16 ml
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Supplementary data for Chapter 5
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Figure B.1: Normalised intensities of selected reflections of SnMo2O8 during the
room temperature experiment with the gas-solid sample (LRA042a) discussed in
Chapter 5, section 5.3. SnMo2O8 intensities were normalised according to the Si 111
reflection. Dashed lines are a guide to the eye.
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Appendix C

Supplementary data for Chapter 6

Table C.1: Lattice parameters and alpha angle of SnMo2O8 for experiment 1. Values
were determined by Rietveld analyses. Cell parameters of the cubic cell (acubic) are
given for datasets where data was analysed with a two phase model

T (K) P (MPa) aR (Å) αR (◦) acubic (Å)

298 103 12.6620(6) 59.946(5)
298 207 12.6458(6) 59.958(6)
298 310 12.6275(7) 59.988(7)
298 259 12.6363(6) 59.970(6)
298 155 12.6495(7) 59.988(8)
298 52 12.6682(6) 59.946(6)
323 103 12.6620(7) 59.960(7)
323 207 12.6468(7) 59.960(7)
323 310 12.6286(6) 59.983(6)
323 259 12.6375(6) 59.965(6)
323 155 12.6529(6) 59.963(6)
323 52 12.6686(6) 59.957(6)
348 103 12.6626(7) 59.984(8)
348 207 12.6478(7) 59.969(7)

continues on next page . . .
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T (K) P (MPa) aR (Å) αR (◦) acubic (Å)

348 310 12.6289(7) 59.977(7)
348 259 12.6364(6) 59.969(6)
348 155 12.6509(6) 59.979(7)
348 52 12.6686(6) 59.959(6)
373 103 12.6621(9) 59.992(10)
373 207 12.6408(7) 59.973(7)
373 310 12.6120(9) 59.973(9)
373 259 12.6116(9) 59.978(10)
373 155 12.626(1) 59.985(11)
373 52 12.6472(9) 59.952(10)
383 103 12.626(2) 59.997(17)
383 207 12.603(1) 59.966(14)
383 310 12.586(1) 59.899(10)
383 259 12.589(1) 59.949(15)
383 155 12.605(2) 59.974(16)
383 52 12.629(1) 59.930(14)
393 103 12.6301(8) 59.764(7)
393 207 12.6124(8) 59.723(6)
393 310 12.5960(7) 59.679(5)
393 259 12.6053(7) 59.675(5)
393 155 12.6224(7) 59.692(5)
393 52 12.6402(8) 59.717(6)
402 103 12.6397(7) 59.597(4)
402 207 12.6233(6) 59.561(4)
402 310 12.6076(6) 59.525(4)
402 259 12.6152(6) 59.536(4)
402 155 12.6317(6) 59.553(4)
402 52 12.6506(6) 59.563(4)
417 103 12.6510(4) 59.420(3)
417 207 12.6349(4) 59.385(3)

continues on next page . . .
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T (K) P (MPa) aR (Å) αR (◦) acubic (Å)

417 310 12.6204(4) 59.353(3)
417 259 12.6273(4) 59.366(3)
417 155 12.6436(4) 59.384(2)
417 52 12.6604(4) 59.406(3)
432 103 12.6564(3) 59.361(2)
432 207 12.6398(3) 59.333(2)
432 310 12.6242(3) 59.305(2)
432 259 12.6319(3) 59.314(2)
432 155 12.6478(3) 59.340(2)
432 52 12.6647(3) 59.367(2)
459 103 12.6643(3) 59.346(2)
459 207 12.6465(3) 59.312(2)
459 310 12.6300(2) 59.285(2)
459 259 12.6384(2) 59.293(1)
459 155 12.6548(2) 59.325(2)
459 52 12.6729(3) 59.367(2)
474 103 12.6875(7) 59.990(8)
474 207 12.675(1) 59.984(11)
474 310 12.6324(3) 59.327(2)
474 259 12.6409(3) 59.326(2)
474 155 12.6582(3) 59.356(2)
474 52 12.6933(8) 59.989(8)
513 103 12.6896(7) 59.996(8)
513 207 12.6803(6) 59.970(6)
513 310 12.6685(6) 59.967(6)
513 259 12.6723(6) 59.994(6)
513 155 12.6859(5) 59.974(5)
513 52 12.6956(7) 59.989(8)
445 103 12.6856(7) 59.981(7)
445 207 12.653(2) 59.415(12) 8.9569(2)

continues on next page . . .
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T (K) P (MPa) aR (Å) αR (◦) acubic (Å)

445 310 12.6259(4) 59.370(2)
445 259 12.6344(3) 59.357(2)
445 155 12.6512(3) 59.372(2)
445 52 12.6696(3) 59.398(2)
422 103 12.6551(3) 59.342(2)
422 207 12.6390(3) 59.318(2)
422 310 12.6236(3) 59.297(2)
422 259 12.6309(3) 59.306(2)
422 155 12.6468(3) 59.326(2)
422 52 12.6632(3) 59.356(2)
373 103 12.6469(3) 59.310(2)
373 207 12.6313(3) 59.293(2)
373 310 12.6161(3) 59.275(2)
373 259 12.6242(3) 59.280(2)
373 155 12.6396(3) 59.301(2)
373 52 12.6551(3) 59.319(2)
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Table C.2: Lattice parameters and alpha angle of SnMo2O8 for experiment 2. Values
were determined by Rietveld analysis. Cell parameters of the cubic cell (acubic) are
given for datasets where data was analysed with a two phase model

T (K) P (MPa) aR (Å) αR (◦) acubic (Å)

298 0.1 12.6510(3) 59.308(2)
298 103 12.6383(3) 59.289(2)
298 103 12.6381(3) 59.289(2)
298 207 12.6232(3) 59.271(2)
298 207 12.6229(3) 59.272(2)
298 310 12.6079(3) 59.257(2)
298 310 12.6079(3) 59.257(2)
298 259 12.6147(3) 59.268(2)
298 155 12.6300(3) 59.282(2)
298 52 12.6452(3) 59.301(2)
313 103 12.6392(3) 59.294(2)
313 207 12.6247(3) 59.272(2)
313 310 12.6094(3) 59.258(2)
313 259 12.6165(3) 59.273(2)
313 155 12.6312(3) 59.288(2)
313 52 12.6467(3) 59.304(2)
329 103 12.6407(3) 59.301(2)
329 207 12.6256(3) 59.284(2)
329 310 12.6108(3) 59.264(2)
329 259 12.6178(3) 59.277(2)
329 155 12.6330(3) 59.293(2)
329 52 12.6487(3) 59.305(2)
343 103 12.6425(3) 59.304(2)
343 207 12.6275(3) 59.289(2)
343 310 12.6125(3) 59.271(2)
343 259 12.6204(3) 59.275(2)

continues on next page . . .
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T (K) P (MPa) aR (Å) αR (◦) acubic (Å)

343 155 12.6350(3) 59.294(2)
343 52 12.6502(3) 59.313(2)
358 103 12.6448(3) 59.309(2)
358 207 12.6293(3) 59.293(2)
358 310 12.6140(3) 59.276(2)
358 259 12.6220(3) 59.280(2)
358 155 12.6370(3) 59.299(2)
358 52 12.6523(4) 59.321(2)
373 103 12.6465(3) 59.315(2)
373 207 12.6309(3) 59.299(2)
373 310 12.6156(3) 59.280(2)
373 259 12.6236(3) 59.284(2)
373 155 12.6393(3) 59.304(2)
373 52 12.6550(3) 59.324(2)
388 103 12.6489(3) 59.320(2)
388 207 12.6329(3) 59.304(2)
388 310 12.6177(3) 59.282(2)
388 259 12.6255(3) 59.296(2)
388 155 12.6405(3) 59.316(2)
388 52 12.6570(3) 59.334(2)
402 103 12.6512(3) 59.334(2)
402 207 12.6364(3) 59.303(2)
402 310 12.6206(3) 59.285(2)
402 259 12.6281(3) 59.296(2)
402 155 12.6436(3) 59.317(2)
402 52 12.6598(3) 59.340(2)
417 103 12.6542(3) 59.334(2)
417 207 12.6383(3) 59.312(2)
417 310 12.6230(3) 59.284(2)
417 259 12.6302(2) 59.297(2)

continues on next page . . .
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T (K) P (MPa) aR (Å) αR (◦) acubic (Å)

417 155 12.6461(3) 59.320(2)
417 52 12.6626(3) 59.350(2)
432 103 12.6570(3) 59.326(2)
432 207 12.6413(2) 59.300(2)
432 310 12.6254(3) 59.272(2)
432 259 12.6332(3) 59.285(2)
432 155 12.6491(3) 59.311(2)
432 52 12.6653(3) 59.343(2)
445 103 12.6601(3) 59.332(2)
445 207 12.6435(2) 59.299(2)
445 310 12.6282(2) 59.274(2)
445 259 12.6358(2) 59.283(2)
445 155 12.6517(3) 59.313(2)
445 52 12.6695(3) 59.343(2)
459 103 12.6639(3) 59.342(2)
459 207 12.6467(3) 59.303(2)
459 310 12.6308(2) 59.275(2)
459 259 12.6391(3) 59.283(2)
459 155 12.6553(3) 59.319(2)
459 52 12.6737(3) 59.359(2)
474 103 12.688(1) 59.993(12)
474 207 12.674(1) 59.998(13)
474 310 12.6320(3) 59.327(2)
474 259 12.6410(3) 59.320(2)
474 155 12.6588(3) 59.351(2)
474 52 12.693(1) 60.000(10)
492 103 12.689(1) 59.998(11)
492 207 12.6774(9) 59.987(9)
492 310 12.659(4) 59.979(39) 8.9524(2)
492 259 12.666(7) 59.885(63) 8.9577(3)
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T (K) P (MPa) aR (Å) αR (◦) acubic (Å)

492 155 12.6834(10) 59.994(10)
492 52 12.694(1) 60.000(10)
513 103 12.690(1) 59.998(14)
513 207 12.678(1) 59.997(11)
513 310 12.6697(5) 59.959(5)
513 259 12.673(1) 59.987(11)
513 155 12.6854(9) 59.988(9)
513 52 12.696(1) 59.986(11)
488 103 12.690(1) 59.985(11)
488 207 12.6766(9) 59.988(9)
488 310 12.6335(4) 59.352(2)
488 259 12.6430(3) 59.337(2)
488 155 12.6619(3) 59.378(2)
488 52 12.695(1) 59.984(10)
469 103 12.6888(9) 59.983(9)
469 207 12.6744(9) 59.994(9)
469 310 12.6311(3) 59.330(2)
469 259 12.6402(2) 59.325(2)
469 155 12.6572(2) 59.356(2)
469 52 12.693(1) 59.997(13)
456 103 12.686(1) 59.992(10)
456 207 12.672(1) 59.993(12)
456 310 12.6269(3) 59.382(2)
456 259 12.6355(3) 59.359(2)
456 155 12.6532(3) 59.370(2)
456 52 12.6724(3) 59.406(2)
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Table C.3: Lattice parameters in rhombohedral (aR and αR) and hexagonal (ahex
and chex) cell setting of SnMo2O8 for experiment 3 at 422 K and 310 MPa. Values
were determined by Rietveld analyses

Time (h) aR (Å) αR (◦) ahex (Å) chex (Å)

0.00 12.6206(6) 59.472(4) 12.5197(7) 31.037(2)
0.06 12.6208(6) 59.469(4) 12.5193(7) 31.038(2)
0.11 12.6210(6) 59.465(4) 12.5188(7) 31.039(2)
0.17 12.6211(6) 59.463(4) 12.5185(6) 31.040(2)
0.23 12.6211(6) 59.461(4) 12.5181(6) 31.041(2)
0.28 12.6212(6) 59.459(4) 12.5179(6) 31.041(2)
0.34 12.6214(6) 59.457(4) 12.5177(6) 31.042(2)
0.40 12.6214(6) 59.457(3) 12.5176(6) 31.042(2)
0.45 12.6215(5) 59.455(3) 12.5174(6) 31.043(1)
0.51 12.6215(5) 59.453(3) 12.5171(6) 31.043(1)
0.57 12.6218(5) 59.453(3) 12.5173(6) 31.044(1)
0.62 12.6218(5) 59.452(3) 12.5170(6) 31.044(1)
0.68 12.6216(5) 59.451(3) 12.5168(6) 31.044(1)
0.74 12.6218(5) 59.450(3) 12.5167(6) 31.045(1)
0.79 12.6218(5) 59.449(3) 12.5165(6) 31.045(1)
0.85 12.6218(5) 59.447(3) 12.5161(6) 31.046(1)
0.91 12.6218(5) 59.447(3) 12.5161(6) 31.046(1)
0.96 12.6217(5) 59.446(3) 12.5159(6) 31.046(1)
1.02 12.6218(5) 59.445(3) 12.5157(6) 31.046(1)
1.08 12.6218(5) 59.444(3) 12.5155(6) 31.046(1)
1.13 12.6217(5) 59.444(3) 12.5155(6) 31.046(1)
1.19 12.6219(5) 59.442(3) 12.5154(6) 31.047(1)
1.25 12.6217(5) 59.441(3) 12.5150(6) 31.047(1)
1.30 12.6220(5) 59.440(3) 12.5150(6) 31.047(1)
1.36 12.6221(5) 59.440(3) 12.5150(6) 31.048(1)
1.42 12.6223(5) 59.438(3) 12.5149(6) 31.049(1)
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Time (h) aR (Å) αR (◦) ahex (Å) chex (Å)

1.47 12.6224(5) 59.437(3) 12.5148(6) 31.049(1)
1.53 12.6224(5) 59.437(3) 12.5148(6) 31.049(1)
1.59 12.6224(5) 59.436(3) 12.5146(6) 31.050(1)
1.64 12.6224(5) 59.435(3) 12.5145(6) 31.050(1)
1.70 12.6224(5) 59.435(3) 12.5144(6) 31.050(1)
1.76 12.6224(5) 59.434(3) 12.5143(6) 31.050(1)
1.81 12.6224(5) 59.434(3) 12.5142(6) 31.050(1)
1.87 12.6223(5) 59.433(3) 12.5140(6) 31.050(1)
1.93 12.6223(5) 59.433(3) 12.5140(6) 31.050(1)
1.98 12.6224(5) 59.433(3) 12.5140(6) 31.050(1)
2.04 12.6224(5) 59.433(3) 12.5139(5) 31.050(1)
2.10 12.6224(5) 59.432(3) 12.5138(6) 31.051(1)
2.15 12.6223(5) 59.432(3) 12.5138(6) 31.050(1)
2.21 12.6225(5) 59.431(3) 12.5137(6) 31.051(1)
2.27 12.6225(5) 59.430(3) 12.5137(5) 31.051(1)
2.32 12.6226(5) 59.430(3) 12.5136(6) 31.051(1)
2.38 12.6225(5) 59.429(3) 12.5135(6) 31.051(1)
2.44 12.6227(5) 59.429(3) 12.5136(5) 31.052(1)
2.49 12.6227(5) 59.429(3) 12.5136(6) 31.052(1)
2.55 12.6227(5) 59.429(3) 12.5136(6) 31.052(1)
2.61 12.6226(5) 59.429(3) 12.5135(6) 31.051(1)
2.66 12.6225(5) 59.429(3) 12.5134(5) 31.051(1)
2.72 12.6225(5) 59.428(3) 12.5132(5) 31.052(1)
2.78 12.6225(5) 59.428(3) 12.5132(6) 31.052(1)
2.83 12.6224(5) 59.427(3) 12.5130(6) 31.052(1)
2.89 12.6223(5) 59.427(3) 12.5128(5) 31.052(1)
2.95 12.6225(5) 59.426(3) 12.5129(6) 31.052(1)
3.00 12.6226(5) 59.426(3) 12.5130(6) 31.052(1)
3.06 12.6225(5) 59.425(3) 12.5126(6) 31.053(1)
3.12 12.6225(5) 59.426(3) 12.5128(5) 31.052(1)
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Time (h) aR (Å) αR (◦) ahex (Å) chex (Å)

3.17 12.6226(5) 59.426(3) 12.5128(6) 31.052(1)
3.23 12.6225(5) 59.425(3) 12.5127(6) 31.052(1)
3.29 12.6226(5) 59.425(3) 12.5127(5) 31.053(1)
3.34 12.6227(5) 59.425(3) 12.5127(5) 31.053(1)
3.40 12.6228(5) 59.424(3) 12.5128(5) 31.053(1)
3.46 12.6228(5) 59.424(3) 12.5127(5) 31.053(1)
3.51 12.6228(5) 59.423(3) 12.5126(5) 31.053(1)
3.57 12.6229(5) 59.423(3) 12.5127(5) 31.054(1)
3.63 12.6230(5) 59.423(3) 12.5127(5) 31.054(1)
3.68 12.6229(5) 59.422(3) 12.5124(5) 31.054(1)
3.74 12.6229(5) 59.422(3) 12.5124(5) 31.054(1)
3.80 12.6227(5) 59.421(3) 12.5121(5) 31.054(1)
3.85 12.6228(5) 59.422(3) 12.5124(5) 31.054(1)
3.91 12.6228(5) 59.420(3) 12.5119(5) 31.054(1)
3.97 12.6226(5) 59.421(3) 12.5120(5) 31.054(1)
4.02 12.6226(5) 59.420(3) 12.5118(5) 31.054(1)
4.08 12.6228(5) 59.420(3) 12.5120(5) 31.054(1)
4.14 12.6228(5) 59.420(3) 12.5120(5) 31.054(1)
4.19 12.6228(5) 59.421(3) 12.5121(5) 31.054(1)
4.25 12.6228(5) 59.419(3) 12.5119(5) 31.054(1)
4.31 12.6228(5) 59.419(3) 12.5118(5) 31.055(1)
4.36 12.6229(5) 59.419(3) 12.5119(5) 31.055(1)
4.42 12.6229(5) 59.419(3) 12.5118(5) 31.055(1)
4.48 12.6230(5) 59.419(3) 12.5120(5) 31.055(1)
4.53 12.6230(5) 59.419(3) 12.5119(5) 31.055(1)
4.59 12.6229(5) 59.419(3) 12.5119(5) 31.055(1)
4.65 12.6229(5) 59.419(3) 12.5118(5) 31.055(1)
4.70 12.6230(5) 59.418(3) 12.5118(5) 31.055(1)
4.76 12.6230(5) 59.418(3) 12.5117(5) 31.055(1)
4.82 12.6229(5) 59.418(3) 12.5117(5) 31.055(1)
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Time (h) aR (Å) αR (◦) ahex (Å) chex (Å)

4.87 12.6228(5) 59.418(3) 12.5116(5) 31.055(1)
4.93 12.6229(5) 59.417(3) 12.5115(5) 31.055(1)
4.99 12.6229(5) 59.417(3) 12.5116(5) 31.055(1)
5.04 12.6229(5) 59.416(3) 12.5113(5) 31.055(1)
5.10 12.6229(5) 59.417(3) 12.5114(5) 31.055(1)
5.16 12.6228(5) 59.417(3) 12.5113(5) 31.055(1)
5.21 12.6228(5) 59.417(3) 12.5113(5) 31.055(1)
5.27 12.6229(5) 59.416(3) 12.5114(5) 31.055(1)
5.33 12.6229(5) 59.416(3) 12.5114(5) 31.055(1)
5.38 12.6230(5) 59.416(3) 12.5114(5) 31.056(1)
5.44 12.6231(5) 59.416(3) 12.5115(5) 31.056(1)
5.50 12.6231(5) 59.415(3) 12.5113(5) 31.056(1)
5.55 12.6230(5) 59.416(3) 12.5114(5) 31.056(1)
5.61 12.6230(5) 59.415(3) 12.5112(5) 31.056(1)
5.67 12.6229(5) 59.415(3) 12.5112(5) 31.056(1)
5.72 12.6230(5) 59.415(3) 12.5112(5) 31.056(1)
5.78 12.6229(5) 59.415(3) 12.5112(5) 31.056(1)
5.84 12.6229(5) 59.414(3) 12.5110(5) 31.056(1)
5.89 12.6230(5) 59.414(3) 12.5111(5) 31.056(1)
5.95 12.6231(5) 59.415(3) 12.5112(5) 31.056(1)
6.01 12.6231(5) 59.414(3) 12.5110(5) 31.056(1)
6.06 12.6229(5) 59.413(3) 12.5108(5) 31.056(1)
6.12 12.6231(5) 59.414(3) 12.5111(5) 31.056(1)
6.18 12.6229(5) 59.414(3) 12.5109(5) 31.056(1)
6.23 12.6230(5) 59.414(3) 12.5111(5) 31.056(1)
6.29 12.6232(5) 59.412(3) 12.5108(5) 31.057(1)
6.35 12.6232(5) 59.414(3) 12.5112(5) 31.057(1)
6.40 12.6234(5) 59.413(3) 12.5112(5) 31.057(1)
6.46 12.6234(5) 59.412(3) 12.5110(5) 31.058(1)
6.52 12.6233(5) 59.412(3) 12.5110(5) 31.057(1)
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Table C.4: Lattice parameters and alpha angle of SnMo2O8 for experiment 4. Values
were determined by Rietveld analysis

T (K) P (MPa) aR (Å) αR (◦)

298 0.1 12.6853(8) 59.941(8)
298 103 12.6718(8) 59.938(8)
298 207 12.6527(9) 59.982(9)
298 310 12.6396(10) 59.958(9)
298 259 12.6524(7) 59.906(6)
298 155 12.6649(8) 59.928(7)
298 52 12.673(1) 59.990(15)
343 103 12.6736(9) 59.944(8)
343 207 12.6594(8) 59.931(8)
343 310 12.6400(9) 59.952(8)
343 259 12.6473(9) 59.947(9)
343 155 12.6643(8) 59.926(8)
343 52 12.673(1) 59.992(13)
383 103 12.6727(9) 59.940(8)
383 207 12.647(1) 59.953(11)
383 310 12.6216(9) 59.928(9)
383 259 12.6260(10) 59.935(10)
383 155 12.6460(10) 59.926(10)
383 52 12.664(1) 59.956(12)
432 103 12.6830(10) 59.961(10)
432 207 12.650(2) 59.871(16)
432 310 12.6286(9) 59.680(7)
432 259 12.640(1) 59.688(7)
432 155 12.660(2) 59.840(15)
432 52 12.687(1) 59.999(15)
513 103 12.690(1) 59.986(11)
513 207 12.6807(8) 59.958(8)
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T (K) P (MPa) aR (Å) αR (◦)

513 310 12.6709(8) 59.921(8)
513 259 12.6750(8) 59.946(8)
513 155 12.684(1) 59.994(13)
513 52 12.696(1) 59.985(11)
492 103 12.6891(10) 59.988(10)
492 207 12.6771(10) 59.975(10)
492 310 12.651(5) 60.000(47)
492 259 12.6707(9) 59.954(9)
492 155 12.682(1) 59.999(14)
492 52 12.696(1) 59.977(10)
469 103 12.6885(9) 59.973(8)
469 207 12.671(2) 60.000(17)
469 310 12.6355(6) 59.458(4)
469 259 12.6472(8) 59.470(5)
469 155 12.680(1) 59.981(11)
469 52 12.695(1) 59.972(11)
445 103 12.683(1) 59.998(15)
445 207 12.6510(9) 59.545(6)
445 310 12.6275(5) 59.476(3)
445 259 12.6371(6) 59.484(3)
445 155 12.662(1) 59.539(7)
445 52 12.692(1) 59.985(11)
422 103 12.668(2) 59.618(10)
422 207 12.6399(8) 59.530(5)
422 310 12.6203(6) 59.494(4)
422 259 12.6295(6) 59.495(4)
422 155 12.6503(7) 59.521(4)
422 52 12.677(2) 59.706(15)
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Table C.5: Lattice parameters and alpha angle of SnMo2O8 for experiment 5. Values
were determined by Rietveld analysis. Cell parameters of the cubic cell (acubic) are
given for datasets where data was analysed with a two phase model

T (K) P (MPa) aR (Å) αR (◦) acubic (Å)

298 0.1 12.661(1) 59.969(11)
298 103 12.645(1) 59.973(10)
298 207 12.6304(9) 59.962(9)
298 310 12.6147(9) 59.957(9)
298 259 12.6234(8) 59.948(8)
298 155 12.6388(7) 59.951(7)
298 52 12.6521(8) 59.974(8)
343 103 12.6515(8) 59.971(8)
343 207 12.6353(8) 59.969(8)
343 310 12.6208(8) 59.940(8)
343 259 12.6252(10) 59.974(10)
343 155 12.6412(9) 59.975(9)
343 52 12.6611(7) 59.937(7)
373 103 12.658(1) 59.982(11)
373 207 12.6397(9) 59.962(9)
373 310 12.6157(10) 59.963(10)
373 259 12.6231(9) 59.950(9)
373 155 12.6410(9) 59.951(9)
373 52 12.6617(8) 59.935(8)
388 103 12.659(1) 59.949(10)
388 207 12.635(1) 59.932(12)
388 310 12.611(1) 59.903(11)
388 259 12.6205(9) 59.880(8)
388 155 12.6404(9) 59.882(8)
388 52 12.660(1) 59.920(10)
402 103 12.661(1) 59.902(14)
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T (K) P (MPa) aR (Å) αR (◦) acubic (Å)

402 207 12.637(1) 59.853(12)
402 310 12.6168(9) 59.741(7)
402 259 12.6253(9) 59.754(7)
402 155 12.645(1) 59.799(9)
402 52 12.666(1) 59.876(14)
417 103 12.669(2) 59.967(15)
417 207 12.639(2) 59.882(19)
417 310 12.6208(10) 59.673(7)
417 259 12.6328(10) 59.656(7)
417 155 12.651(1) 59.772(12)
417 52 12.671(2) 59.969(19)
432 103 12.676(1) 59.992(12)
432 207 12.649(1) 59.750(11)
432 310 12.6271(8) 59.588(5) 8.9159(6)
432 259 12.6364(9) 59.609(6) 8.9258(6)
432 155 12.659(2) 59.765(14)
432 52 12.684(1) 59.995(14)
445 103 12.6838(9) 59.959(9)
445 207 12.650(4) 59.956(38)
445 310 12.6315(8) 59.550(5) 8.9200(7)
445 259 12.6417(10) 59.573(6) 8.9307(6)
445 155 12.665(3) 59.926(31)
445 52 12.6893(8) 59.980(8)
469 103 12.683(1) 59.996(11)
469 207 12.6735(8) 59.946(8)
469 310 12.639(1) 59.541(7) 8.9321(5)
469 259 12.650(4) 59.801(34) 8.9452(3)
469 155 12.6800(9) 59.962(8)
469 52 12.6912(8) 59.984(9)
492 103 12.6863(10) 59.992(10)
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T (K) P (MPa) aR (Å) αR (◦) acubic (Å)

492 207 12.673(1) 59.993(11)
492 310 12.654(2) 59.992(24)
492 259 12.6720(8) 59.930(7)
492 155 12.6832(8) 59.958(8)
492 52 12.6926(10) 59.989(10)
513 103 12.6890(8) 59.983(8)
513 207 12.6793(9) 59.956(9)
513 310 12.6682(8) 59.934(7)
513 259 12.6737(7) 59.946(7)
513 155 12.682(1) 59.997(12)
513 52 12.694(1) 59.994(12)
513 103 12.6868(7) 59.958(7)
513 207 12.6748(7) 59.952(7)
513 310 12.6640(8) 59.927(7)
513 259 12.6713(8) 59.924(7)
513 155 12.6817(9) 59.952(9)
513 52 12.6915(10) 59.974(10)
445 103 12.677(1) 59.997(12)
445 207 12.649(2) 59.821(23)
445 310 12.6252(8) 59.541(5)
445 259 12.6353(8) 59.534(5)
445 155 12.661(3) 59.771(23)
445 52 12.6866(8) 59.972(8)
422 103 12.674(1) 59.955(11)
422 207 12.635(2) 59.850(17)
422 310 12.6159(8) 59.623(5)
422 259 12.6255(8) 59.605(5)
422 155 12.6481(10) 59.638(6)
422 52 12.667(3) 59.930(31)
398 103 12.652(3) 59.776(25) 8.9466(4)
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T (K) P (MPa) aR (Å) αR (◦) acubic (Å)

398 207 12.635(2) 59.640(10) 8.9293(4)
398 310 12.614(1) 59.613(8) 8.9088(5)
398 259 12.621(1) 59.600(7) 8.9148(5)
398 155 12.639(1) 59.608(7) 8.9292(5)
398 52 12.660(1) 59.653(9) 8.9449(5)
373 103 12.646(1) 59.618(8) 8.9346(5)
373 207 12.628(1) 59.589(7) 8.9205(5)
373 310 12.612(1) 59.570(7) 8.9059(6)
373 259 12.619(1) 59.578(6) 8.9119(6)
373 155 12.6345(10) 59.570(6) 8.9239(6)
373 52 12.6516(10) 59.597(6) 8.9366(6)

237



Appendix C

Figure C.1: Pseudo film plots of X-ray patterns with intensity represented by a colour
scale under compression and decompression for experiments 2, 3, 4 and 5.
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Figure C.2: Dependence of Mo2O8 ordering with time during experiment 3. The
total duration of the measurements was ∼6.5 h. Mo2O8 order is defined as the
refined fractional occupancy of the Mo2O8 groups where 1.0 represents full order and
0.5 full disorder.

239



Appendix C

7.235

7.240

7.245

7.250

7.255

7.260

7.265

7.270

7.275

7.280

 52  103  155  207  259  310

(a)
ln

(V
ol

um
e)

Pressure (MPa)

298 K
323 K
348 K
373 K
383 K
393 K
402 K
417 K
432 K
459 K
474 K
513 K
445 K
422 K
373 K

7.235

7.240

7.245

7.250

7.255

7.260

7.265

7.270

7.275

7.280

 52  103  155  207  259  310

(b)

ln
(V

ol
um

e)

Pressure (MPa)

298 K
313 K
329 K
343 K
358 K
373 K
388 K
402 K
417 K
432 K
445 K
459 K
474 K
492 K
513 K
488 K
469 K
456 K

7.235

7.240

7.245

7.250

7.255

7.260

7.265

7.270

7.275

7.280

 52  103  155  207  259  310

(c)

ln
(V

ol
um

e)

Pressure (MPa)

298 K
343 K
383 K
432 K
513 K
492 K
469 K
445 K
422 K

7.235

7.240

7.245

7.250

7.255

7.260

7.265

7.270

7.275

7.280

 52  103  155  207  259  310

(d)

ln
(V

ol
um

e)

Pressure (MPa)

298 K
343 K
373 K
388 K
402 K
417 K
432 K
445 K
469 K
492 K
513 K
513 K
445 K
422 K
398 K
373 K

Figure C.3: Linear regression plots of ln(Volume) vs pressure for data collected on
warming and cooling for: (a) experiment 1, (b) experiment 2, (c) experiment 4 and
(d) experiment 5.
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Figure C.4: Data of experiment 2 in hexagonal cell setting for γ-SnMo2O8. (a,b) De-
pendence of compressibility with respect to temperature along a and c axes, respec-
tively. (c) Ratio between linear compressibility along a and c axes. (d) Dependence
of linear thermal expansion coefficients, αl , along a and c axes, data also shown for
experiment 1 where the γ phase is present.
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Supplementary data for Chapter 7

Table D.1: Anisotropic displacement parameters from a combined refinement syn-
chrotron and neutron powder diffraction data of α-SnMo2O8 using space group Pa3
at 295 K. Values are given in Å2

Sn1 Mo1 Mo2 O1 O3 O4
U11 0.0128(3) 0.0160(3) 0.0160(3) 0.0310(5) 0.0782(5) 0.0590(8)
U22 0.0128(3) 0.0160(3) 0.0160(3) 0.0706(6) 0.0782(5) 0.0590(8)
U33 0.0128(3) 0.0160(3) 0.0160(3) 0.0537(6) 0.0782(5) 0.0590(8)
U12 0.0016(2) -0.0027(2) -0.0027(2) 0.0278(4) -0.0207(7) -0.0079(8)
U13 0.0016(2) -0.0027(2) -0.0027(2) 0.0255(3) -0.0207(7) -0.0079(8)
U23 0.0016(2) -0.0027(2) -0.0027(2) 0.0226(4) -0.0207(7) -0.0079(8)

Table D.2: Anisotropic displacement parameters from a combined refinement syn-
chrotron and neutron powder diffraction data of β-SnMo2O8 using space group Pa3
at 503 K. Values are given in Å2

Sn1 Mo1 Mo2 O1 O3 O4
U11 0.0111(2) 0.0165(3) 0.0165(3) 0.0266(4) 0.0761(5) 0.0567(7)
U22 0.0111(2) 0.0165(3) 0.0165(3) 0.0596(5) 0.0761(5) 0.0567(7)
U33 0.0111(2) 0.0165(3) 0.0165(3) 0.0564(6) 0.0761(5) 0.0567(7)
U12 0.0011(3) 0.0027(3) 0.0027(3) 0.0205(3) -0.0276(6) -0.0126(6)
U13 0.0011(3) 0.0027(3) 0.0027(3) 0.0229(3) -0.0276(6) -0.0126(6)
U23 0.0011(3) 0.0027(3) 0.0027(3) 0.0132(3) -0.0276(6) -0.0126(6)
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Table D.3: Anisotropic displacement parameters from a refinement using neutron
powder diffraction data of α’-SnMo2O8 using space group Pa3 at 300 K. Values are
given in Å2

Sn1 Mo1 Mo2 O1 O3 O4
U11 0.0079(2) 0.0123(3) 0.0123(3) 0.0247(4) 0.0644(5) 0.0471(7)
U22 0.0079(2) 0.0123(3) 0.0123(3) 0.0544(6) 0.0644(5) 0.0471(7)
U33 0.0079(2) 0.0123(3) 0.0123(3) 0.0493(6) 0.0644(5) 0.0471(7)
U12 0.0006(3) 0.0014(3) 0.0014(3) 0.0214(3) -0.0245(6) -0.0105(6)
U13 0.0006(3) 0.0014(3) 0.0014(3) 0.0229(3) -0.0245(6) -0.0105(6)
U23 0.0006(3) 0.0014(3) 0.0014(3) 0.0156(3) -0.0245(6) -0.0105(6)
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Figure D.1: Intrapolyhedral distances and angles comparing with α-cluster model.
α-cluster data is shown with grey bars as well as blue data points as a guide to the
eye.
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Figure D.2: Mismatch scores obtained using GASP. Top/Bottom: before/after fitting
on GASP comparing with α-cluster model. α-cluster data is shown with grey bars
as well as blue data points as a guide to the eye.
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Figure D.3: Selected interpolyhedral distances and angles comparing with α-cluster
model. α-cluster data is shown with grey bars as well as blue data points as a guide
to the eye.
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Figure D.4: Polyhedral rotational angles comparing with α-cluster model. α-cluster
data is shown with grey bars as well as blue data points as a guide to the eye.

Table D.4: Average values of intrapolyhedral distances extracted from 10 configura-
tions for each phase. Values were extracted from a Gaussian fit to the distributions
and are given in Å

Mo-O Sn-O Mo...O3 Mo-Mo
Model x fwhm x fwhm x fwhm x fwhm
α-clu 1.7737(9) 0.147(2) 2.027(1) 0.126(2) 2.65(1) 0.25(3) 4.307(6) 0.38(2)
α-dis 1.7734(9) 0.147(2) 2.027(1) 0.126(2) 2.665(7) 0.27(1) 4.319(6) 0.39(2)
α’ 1.775(1) 0.147(3) 2.028(1) 0.126(3) 2.652(2) 0.295(9) 4.327(4) 0.35(1)
β 1.7731(6) 0.161(2) 2.030(1) 0.143(3) 2.627(9) 0.29(4) 4.314(5) 0.34(2)
γ 1.7745(7) 0.147(2) 2.0300(8) 0.128(2) 2.661(3) 0.223(10) 4.278(2) 0.305(6)

Table D.5: Average values of intrapolyhedral key angles extracted from 10 configura-
tions for each phase. Values were extracted from a Gaussian fit to the distributions
and are given in ◦

O4-Mo...O3-Mo
Model x fwhm
α-clu 162.53(35) 27.85(85)
α-dis 161.94(22) 25.93(54)
α’ 164.22(15) 25.06(32)
β 163.42(31) 27.58(65)
γ 154.96(23) 22.84(60)
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Table D.6: Average values of intrapolyhedral key angles extracted from 10 configura-
tions for each phase. Values were extracted from a Gaussian fit to the distributions
and are given in ◦

O-Sn-O O-Mo-O
Model x fwhm x fwhm
α-clu 89.90(3) 9.12(7) 109.26(6) 13.02(13)
α-dis 89.90(3) 9.10(7) 109.25(6) 13.27(14)
α’ 89.90(3) 9.21(7) 109.26(5) 12.99(12)
β 89.93(3) 9.94(8) 109.33(5) 13.20(11)
γ 89.93(3) 9.03(7) 109.27(5) 12.88(11)

Table D.7: Average values of interpolyhedral key distances extracted from 10 configu-
rations for each phase. Values were extracted from a Gaussian fit to the distributions
and are given in Å

Sn-Sn Sn-Mo
Model x fwhm x fwhm
α-clu 6.3184(9) 0.286(2) 3.706(1) 0.246(3)
α-dis 6.3205(6) 0.290(1) 3.707(1) 0.252(3)
α’ 6.3361(5) 0.294(1) 3.7175(8) 0.251(2)
β 6.3347(6) 0.330(1) 3.7183(9) 0.267(2)
γ 6.2784(8) 0.258(2) 3.6708(9) 0.229(2)
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