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Abstract

Biominerals are key to all life, whether they make up exoskeletons of marine organisms (amorphous
calcium carbonate), human bones (amorphous calcium phosphate) or being signs of extra-terrestrial
life (amorphous iron sulfate) but little is know of their atomistic structures. How they behave could be
determined by this structure and knowledge of this could lead to favouring certain crystallisation
pathways or indeed speeding up the process, ie. If someone breaks their arm, can we induce faster
healing?

In the present study, amorphous biominerals including carbonates, phosphates and sulfates are
synthesised (stabilised where necessary). The proton content is reduced either via heat-treatment or
deuteratation. The deuteration method is the first of its kind and enabled the materials of study to be
examined at central facilities via x-ray and neutron diffraction.

For the first time, neutron diffraction experiments have been conducted on amorphous calcium and
magnesium carbonates. Also, a first synthesis of deuterated amorphous biominerals including
amorphous calcium carbonate (ACC), amorphous magnesium carbonate (AMC) and amorphous
calcium phosphate (ACP).

Diffraction data from these materials are utilised by the empirical potential structure refinement
(EPSR) algorithm to generate atomistic models using Reverse Monte Carlo (RMC). These models
used well defined molecular units and yielded results showing the calcium distribution throughout
ACC to be uniformed, contrary to former reports on the atomistic structure of ACC.
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The most exciting phrase to hear in science, the one that heralds new discoveries, is not 'Eureka!' but
'That's funny...'

- Isaac Asimov
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1. Introduction

1.1 Amorphous vs. Crystalline

Materials and their structures are of, but not limited to, great social, economic and technological
importance throughout our world (and sometimes beyond it) and hence the study of materials is
fundamental in driving our civilisation forward. When we speak of materials science, there are usually
two distinct fundamental classes of materials being studied; crystalline and amorphous materials (see
Figure 1.1 below).

A crystalline material is defined as one which possesses a high degree of structural order in a solid.
Crystals exhibit structural order in the short-range (typically first or second nearest neighbours) and
medium-range as well as long-range. The long-range order in crystalline materials gives rise to the

lattice periodicity or the arrangement of atoms in a repeating unit cell.

Whilst amorphous materials show short-range order and sometimes order in the medium-range, there
is a lack of order in the long-range and hence no periodicity is observed in amorphous materials. The
absence of long-range order in amorphous materials is due to the disordered arrangement of the atoms
within the solid.

Figure 1.1 — Amorphous material (left) displays short-range order by with black-white-black order of atoms but no definable medium-
range or long-range order. The crystalline material (right), on the other hand, which exhibits medium-range and long-range order with the
repeating, highly ordered system.

Many of us are familiar with many crystalline compounds such as calcite (chalk), hydroxyapatite
(bone tissue) and gypsum (plaster of Paris), there exist less common, amorphous forms of such
materials. The amorphous forms of these materials may exist as precursors to the more stable
crystalline material, and biological organisms have utilised these amorphous materials for their own
benefit.

1.2 Biominerals and Biomineralisation

As a necessity of life, organisms rely on minerals to provide structure (bone tissue), protection (exo-
skeletons) and nutrition (feeding). These minerals, referred to as biological minerals or simply
biominerals undergo processes known as biomineralisation which involve mineral production within a
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living organism. In general terms, raw materials are gathered by the organism from the environment
and used to produce a mineral of benefit to the organism. Some organisms choose to produce
biologically inactive forms of biominerals and then “activate” them when that material is needed. A
classic example is tissue growth in the human body where we ingest nutrients and convert them to
“inactive” bone or muscle storage tissue in the bone marrow and when we require more bone when
we break an arm or need to build up muscle strength in our legs the human body “activates” the stored
minerals and they are converted to bone or muscle. These processes despite being ubiquitous
throughout the natural world are generally not well understood due to the transient nature of some
biominerals or because the timescales on which the biomineralisation processes occur make
observation difficult. Biominerals are most commonly iron and calcium carbonates!>*, phosphates!*]
with some silicates!*! and sulfates!® being observed and studied.

1.3.1  Amorphous Carbonates

1.3.1.1 Amorphous Calcium Carbonate

Amorphous calcium carbonate (ACC) is believed to play a key role in biomineralisation processes
within marine organisms, such as sea urchins, crustaceans and sea shells (bivalvia)!, which use the
crystalline calcium carbonate(s) as structural building blocks. Most notably, ACC has been proposed
to be a calcium storage medium which is then crystallised to form new structural elements of the
organism!®., ACC may thus have an analogous role to the mammalian equivalent, amorphous calcium
phosphate (ACP), which is involved in biomineralisation of crystalline calcium phosphates within
human bones!”.

Calcium carbonate exists in six different polymorphs found in nature, below is Table 1.1 detailing
names, structures, composition, approximate density, space group and unit cell dimensions of the
various polymorphs:



Table 1.1 — Polymorphs of calcium carbonate

[13]

(white)

Polymorph of Crystal structuret Compositio | Densit | Space Group | Unit Cell
Calcium n y Dimension
carbonate (g/em’®) s (A)
Calcite CaCOs 27101 | R3¢ a=4.989"
c=17.062
Calcium Trigonal -
(green) Hexagonal
Carbon Scaleno-
(grey) hedral
Oxygen (red)
Aragonite CaCO; 2.9301 | Pmen!!! a=4.95911]
b=7.968
Calcium Orthorhombic | ¢=5.741
(grey) - Dipyramidal
Carbon
(green)
Oxygen (red)
Vaterite CaCOs 2.56['1 | P63/mmcl!! a=4.13011
c=8.490
Calcium Dihexagonal
(green) Dipyramidal
Carbon
(grey)
Oxygen (red)
[12]
Monohydrocalcit CaCO3.H,O | 2.381 | p3,1201 a=10.566!""!
e c=7.573
Calcium Trigonal -
(green) Trapezohedra
Carbon 1
(grey)
Oxygen (red)
Hydrogen




Ikaite CaCO0;.6H,0O | 1.7711 | C 2/cl] a=8.87
b=8.23
Calcium Monoclinic c=11.02
(green)
Carbon
(grey)
Oxygen (red)
Hydrogen
(white)
Anhydrous ACC | - CaCO; - ? ?
Hydrated ACC - CaCO3.H:0 | - ? ?

Greater understanding of biomineralisation processes should include detailed knowledge of the atomic
structure of all calcium carbonate phases (which are currently well understood [8-16]), including ACC
and the relation between ACC and the structures of crystalline calcium carbonate phases. The
composition of ACC has been reported as being CaCO3.nH,O where n = 1-1.6 [!72% The variation in
water content n is related to the process by which ACC is obtained, two common reactants for
carbonate ions being CO, gas and sodium carbonate solutions. The composition of ACC phases is
thus similar to that of the crystalline monohydrocalcite CaCO3.H,O. ACC is less stable than any of
the crystalline polymorphs of calcium carbonate CaCOj3 (being calcite, aragonite, vaterite, and ikaite)
and ACC rapidly crystallises upon dehydration, typically within 1 hour at room temperature, to either
aragonite or calcite!?!??!. Scanning Electron Microscopy (SEM) shows the transformation of ACC
over this hour period via a vaterite phase in figure 1.2.2%

Figure 1.2 — SEM of the transformation of ACC (small spheres in (a)) via vaterite phase (large spheres in (e)) and finally to calcite (large
cubes in (i)) over the period of 1 hour.??!

Although the term amorphous calcium carbonate has been used to classify calcium carbonates for
approximately a century!??) there remains to be presented a comprehensive set of structural data and
corresponding structural model for an ACC phase. Structural characterisation of ACC using infrared
and Raman spectroscopy is frequently reported 2*24 but is difficult to interpret in terms of disordered
atomic structures. X-ray absorption spectroscopy has provided the most direct probe of Ca in ACC
phases, and a Ca-O bond length of 2.40A and coordination number of approximately 6 are typically
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reported [2°!. A key experimental technique for studying the atomic structure of amorphous materials
is diffraction over a large angular range of scattering sufficient to obtain information about the pair
distribution function ®. However, such diffraction studies of ACC have been limited due to its
instability. Notably there was a high energy x-ray diffraction study of two types of ACC reported by
Michel et al in 20087,

The x-ray diffraction data of Michel et al'”! are used for Reverse Monte Carlo (RMC) modelling by
Goodwin et al in 2010127, The RMC study reported that the same results were obtained for two
different starting configurations: a disordered monohydrocalcite (AMHC) model (i.e. n=1), and a
random model containing the same molecular units. The RMC model obtained for ACC was reported
to have a calcium rich network (referring to Ca-O-Ca linkages) and Ca-poor channels (regions more
than 4 A away from a calcium atom). The RMC fits to data for the S(Q) and G(r) for the dIMHC and
the random models can be seen in figure 1.3 and the pictorial representation of the computational
model is figure 1.4.

(a) 9
6 o
SEL!
5t dMHC-2 ]
&) 0F A/‘\/\/\AW
L Random .
3L . . . . ]
0 S 10 15 20 25
o/ A
(b) 15

A o P pcnget™ <20
& gt o) 20
C s ——
dMHC-2

rlA
Figure 1.3 — Goodwin fits to data for d{MHC and Random models of ACC.*")
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Figure 1.4 — Goodwin computational model, with the calcium poor channels in purple and the calcium framework in red.”*”

A recent study of the structure of ACC?*! used a combination of “Ca NMR and molecular dynamics
(MD) modelling. Using the Goodwin et al model as a starting point it was found that the Ca-rich and
Ca-poor channels proposed by Goodwin et al undergo “significant structural reorganization” and
“shrink in size” during the 2 ns MD simulation.

1.3.1.2 Magnesium Stabilised Amorphous Calcium Carbonate

One way to facilitate diffraction studies is to work with more stable forms of ACC which allow more
time-consuming experiments to be performed, such as neutron diffraction. The use of both neutron
and x-ray diffraction provides important complementary information due to the different scattering
powers of elements for neutrons and x-rays. It has been reported that ACC can stabilised with various
additives such as magnesium'®-*!!, phosphatel®”), and poly(aspartic acid)®!l. The present study is
focused on Mg-stabilised ACC. The addition of a very small amount of magnesium greatly increases
the longevity of the sample because interactions between Mg?* and H,O molecules slow down the
dehydration dynamics®®. Another benefit of adding magnesium is the smaller size of the Mg*" ion
compared to other potential additives and thus the Mg?" ions should have a minor effect on the
structure of “pure” ACC. The use of Mg stabilised ACC has made it possible to measure neutron and
x-ray diffraction data which is reported here for the first time.

It has been reported that in many biological organisms that Mg*" ions have been found alongside
ACC which has led some to theorise that the Mg?* ions are present to help stabilise the ACC whilst in
the organism.[*’!

1.3.1.3 Amorphous Magnesium Carbonate
Whilst amorphous magnesium carbonate (AMC) is not a biomineral, its similarity in composition to
both ACC and Mg-ACC was a strong motivation to study this material.

AMC exists as one of five "simple" polymorphs of magnesium carbonate. Other polymorphs exist but
they contain magnesium to hydroxyl bonds (thus making an Mg(OH), molecule for example). These
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were determined to be too far detached from the metal-carbonate systems studied in this work and
were omitted. The three crystalline variations of magnesium carbonate and the amorphous form are:
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Table 1.2 — Polymorphs of magnesium carbonate

Type of Crystal structuret Composition | Density | Space Group | Unit Cell
Magnesium (g/cmd) Dimensions
carbonate A)
Magnesite MgCO; 2.9580351 | R3¢l*) a=4.633]
c=15.150
Magnesium Trigonal —
(green) Hexagonal
Carbon (grey) Scalenohedral
Oxygen (red)
[81(34]
Nesquehonite . - MgCO;.3H0 | 1.83687 | P2;/nl7) a=12.00837)
b=5.39
Magnesium Monoclinic - | ¢=7.68
° y (green) Prismatic
(361 Carbon (grey)
Oxygen (red)
H>O (blue)
Lansfordite MgCO;.5H,0 | 1.7308%1 | P2,/al*"! a=12.481*]
b=7.55
Magnesium Monoclinic - | ¢=7.34
(green) Prismatic
Carbon (grey)
Oxygen (red)
Hydrogen
(white)
Amorphous - MgCO;.nH,O | ? ? ?
Magnesium
Carbonate

Recently, in 2013, it was reported that super high surface area material (approximately 800 m*/g — a
current World Record) magnesium carbonate had been synthesised at the University of Uppsala,
Sweden which was named “Upsalite”. This material gathered much attention in the press as it could
become a competitor to zeolites which can be used to control moisture levels, as ingredients in
laundry detergents and remediate contaminated soils.[*’! The reaction pathway used to produce
Upsalite is shown below in figure 1.5
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Figure 1.5 — Synthesis pathway of Upsalite*”). MgO is added to ethanol and the mixture is stirred in a CO, atmosphere whilst being heated
to 50°C before the atmospheric pressure and temperature are reduced in stage ii the mixture is then left for several days before the Upsalite
has completely formed and settled to the bottom of the reaction liquor.

For this work, the author decided to focus on a ‘traditional” AMC as Upsalite requires specialised
equipment and the Upsalite product still contains some un-reacted starting product (primarily
crystalline MgO — see figure 1.6 below)“0 Swrortinfol which would over-complicate structural
characterisation of the amorphous material beyond the scope of this work.

A

amorphous XRD
) phase
3 LI
Py
‘® 62°
c
2 N

20 40 60
20 (degrees)

Figure 1.6 — XRD pattern taken for Uppsalite sample shows clearly the presence of an amorphous phase but also the presence of a
crystalline phase with sharp peaks at 43° and 62° respectively (these correspond to crystalline MgQ)40 Support Info.]

1.3.2  Amorphous Phosphates

1.3.2.1 Amorphous Calcium Phosphate

While ACC is the metastable storage medium for the shells and exoskeletons of marine organisms,
amorphous calcium phosphate (ACP) is the human analogue. ACP is found within the bones of
humans and other mammals. Thought to be performing a similar role to ACC, ACP is a storage
facility for calcium within the endoskeleton of mammals.

ACP is part of a wide-ranging family of calcium phosphate materials. The most common of these are:
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Table 1.3 — Polymorphs of calcium phosphate

Type of Crystal structuret Composition Density | Space Unit Cell
Calcium (g/cm*®) | Group | Dimesnion
Phosphate s (A)
Monocalciu Ca(H,POq4), 2.22081 | okl a=5.812041
m phosphate Calcium (green) b=15.180
Phosphorous Mono- ¢=6.239
(orange) clinic
Oxygen (red)
Hydrogen
(white)
Dicalcium CaHPO, 2.929[421 | p1i+2 a=6.9104
phosphate Calcium (green) b=6.627
Phosphorous Triclinic | c=6.998
(orange)
Oxygen (red)
Hydrogen
(white)
Tricalcium Ca3(POs), 3.140M | P2y/al®! | a=12.8871%!
phosphate Calcium (green) b=27.280
Phosphorous Mono- | c=15.219
(orange) clinic
Oxygen (red)
Hydroxy- Cas(PO4);(OH) | 3.081) | P63/ml*) | a=9.41046]
apatite Calcium (green) c=6.88
Phosphorous Hexa-
(purple) gonal -
Oxygen (red) Dipyra
Hydrogen midal
(white)
Apatite Caio(POs)s.(x)2 | Various | P63/ml*"! | a=9.3847]
where x = OH, ¢=6.89
F, Cl or Br Hexa-
Calcium (light gonal —
green) Dipyra
Phosphorous midal
(orange)
Oxygen (red)
x (dark green)
Amorphous | -
calcium
phosphate
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Calcium phosphates and ACP have been widely studied due to their suitability within mammalian
organisms. One field where calcium phosphates have been widely applied is dentistry, calcium
phosphates, particularly hydroxyapatite have shown great promise in coatings for teeth and

cements/fillings.[*8-4%!

Previous work on the structural characterisation of ACP was conducted at the University of Kent
using heat treatments to reduce hydrogen content.®™ The reduction of hydrogen content was
beneficial for the neutron scattering experiments that were performed (to reduce inelastic scattering of
neutrons). Heat treatment at 200°C and 450°C were conducted after TGA analysis indicated two
regions of water loss at these temperatures. The data from these experiments were used for Reverse
Monte Carlo (RMC) modelling and the fits to data and pictorial model are figures 1.7 and 1.8
respectively
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Figure 1.7 - RMC fit to experimental i(Q): (top) RMC fit to neutron diffraction data and (bottom) RMC fit to x-ray diffraction data.l>"!
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Figure 1.8 - The RMC model of ACP. (Left) The phosphate units as purple tetrahedra and the green calcium ions as spheres. (Right) The -P-
O-P-O- backbone (purple and red chain) and the calcium clusters (green surface).[>")

Analysis of the data and the RMC model found that the Ca-O correlations had a broad distribution
mostly around 2.35A but some up to 3.0A. In addition the P-O correlation was sharply defined as
1.8A due to heavy restraint within the RMC modelling. It was also stated that the average bond angle
for the P-O-Ca was 127° which agrees with the experimental diffraction data.l>”

The author wishes to extend this work and carry out neutron and x-ray diffraction of ACP before
doing RMC modelling on the data. However, instead of the heat-treated ACP that Wetherall et al>”’
studied, the author will attempt to prepare a deuterated sample of ACP and study that.

1.3.2.2 Amorphous Iron Phosphate

One of the major drawbacks with Amorphous calcium phosphate (ACP) is limited chemical
durability?®!!. Greaves et all®?! attributed this to P-O-P bonds being easily hydrated, in the same work it
was detailed that addition of iron oxides replaces the P-O-P bond with the more stable P-O-Fe bond.
These more stable iron phosphates, which include amorphous iron phosphate (AFP), have shown

promise in being applied to make laser materials and to dispose/contain nuclear waste.[33-

Iron phosphates exist with either Fe** or Fe*" ions. The most common iron phosphates with both ions
are displayed in table 1.3 below.
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Table 1.3 — Polymorphs of iron phosphate

Type of Crystal structuret Composition | Density | Space Unit Cell
Iron (g/em®) | Group | Dimension
Phosphate s (A)
Monoclinic 8 FePO4.2H,O | 2.87061 | P2y/nl | a=7.5600¢]
iron | b=8.081
phosphate P Sy Mono- c=5.012
dihydrate 0@‘ £ ap clinic
gm A)

[56]
Ortho- - FePO4.2H,O | 2.87%% | Pnmal® | a=9.8140¢
rhombic iron [ b=5.789
phosphate Ortho- c=4.782
dihydrate rhombic

[56]
Monoclinic FePO, 3.05656 | P2,/ | a=5.4800%!
iron b=7.480
phosphate Mono- ¢=8.054

clinic
Ortho- FePO4 3.0560%¢ | Pbcal®®! | a=9.1711¢
rhombic iron b=9.456
phosphate Ortho- c=8.675
rhombic

[56]
Amorphous | - FePO4.nH,O | ?
iron
phosphate

It has been documented that some of the polymorphs in table 1.4 are also found in the mineral
kingdom.[36-571

In recent years, work has been conducted on iron phophates as additives to lithium ion batteries, these
new batteries are known as lithium iron phosphate batteries (LFP).[® This work is of great
significance as the lithium ion industry is growing exponentially each year. Benefits of LFP batteries
over conventional lithium cobalt oxide batteries are that the LFP batteries have a greater power

density, longer lifetime (approximately more than 10 years) and are safer.[>%-¢%

At the University of Kent, a previous study was conducted on amorphous iron phosphates using
experimental data and molecular dynamics (MD) simulation.®*!
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A range of iron phosphate glasses were prepared and studied using neutron and x-ray diffraction,
these experimental data were then modelled using the MD software package DL POLY. The results

from these MD simulations can be seen below in figures 1.9 and 1.10.

2.00

7 40Fe,0, (XRD)
/\\Jﬂ\jﬁ_b’f—xhxezojkahx

40Fe,0; (ND)

Q(1/A)

Figure 1.9 - MD fits to neutron and x-ray diffraction S(Q) for iron phosphate glasses of varying compositions.!®3!

000 200 400 600 800 1000 12.00

14.00

Figure 1.10 - Iron phosphate glasses models showing the phosphate tetrahedrals, the larger (blue) spheres are non network oxygen that are

not bonded to a phosphourous.[®*]

The results from Al-Hasani et al'® showed good agreement with the previously reported experimental
results from Hoppe!® and Wright!®*!. These being that the P-O-P bond angle has a broad distribution

around 151° and the Fe-O bond length being approximately 1.90 A.

In the current work, the author will be attempting to recreate the MD simulations from Al-Hasani et

al'®! on AFP using the RMC method and compare results.
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1.3.3  Amorphous Sulfates

1.3.3.1 Amorphous Calcium Sulfate

In 2012, a paper published by Wang et al®®!, detailed a new precipitation pathway for calcium sulfate
dihydrate (commonly known as gypsum) via an amorphous precursor. This was the first evidence of
an amorphous calcium sulfate (ACS) precursor. A tunnelling electron microscope (TEM) image of the
amorphous precursor is figure 1.11.

Figure 1.11 - Tunnelling electron microscope (TEM) images of ACS (a) 1 minute after precipitation, (b) the selected area electron
diffraction pattern of ACS, showing it is amorphous and (c) ACS after irradiation with electron beam showing crystallisation of CaSO4%!

Whilst calcium sulfate is not directly a biomineral, there have been studies that indicate the calcium
sulfate can help with bone growth and defects as illustrated by Orsini et al®”) in their animal testing on
rabbits. Calcium sulfates close resemblance to similar materials such as calcium carbonate and
calcium phosphate was additional reasoning to warrant further study of this material, both in this work
and in the wider scientific community.

Amorphous calcium sulfate is one of four polymorphs currently known and these are detailed in table
1.5 below:

21



Table 1.5 - Polymorphs of calcium sulfate

Type of Crystal structuret Composition | Density | Space | Unit Cell
Calcium (g/em?) Group | Dimens-
Sulfate ions
Calcium CaSO4 2,960 | Amma | a=6.991[]
sulfate (68] b=6.996
anhydrite Calcium c=6.238

(green) Ortho-

Sulfur rhomb

(yellow) ic —

Oxygen (red) Dipyra

-midal

Calcium CaS04.2H,O | 2.32071 | 2ml™ | a=5.6791""]
sulfate b=15.202
dihydrate Calcium Mono- | c=6.522

(green) clinic

Sulfur — Pris-

(yellow) matic

Oxygen (red)

Hydrogen

(white)
Calcium CaS04.0.5H, |2.7001 | B2 | a=12.0311"!
sulfate 0] J
hemi- b=6.296
hydrate Calcium c=12.671

(green)

Sulfur

(yellow)

(72] Oxygen (red)

H,O (blue)
Amorphous | - CaSO4.nH,O | ?
calcium
sulfate

Additionally, Wang et al published a second paper in 2012 on the subject of ACS and proposed that
additives could be added to the precipitation solutions to stabilise the calcium sulfate hemihydrate

(bassanite) phase and the amorphous phase. Without the presence of additives, ACS would fully
crystallise to calcium sulfate dihydrate within 2 hours of synthesis. The additives proposed in this
paper were poly(acrylic acid), poly(styrene-4-sulfonate), sodium triphosphate and magnesium ions.
Results from this work show that all four additives had an effect on calcium sulfate precipitation with
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the most effective being poly(acrylic acid) which could stabilise the hemihydrate and amorphous
phases at lowest concentrations (3000 pg/ml), the triphosphate and magnesium additives were
effective but required higher concentrations in order to achieve the same level of stabilisation as with
poly(acrylic acid).[”!

Whilst, the addition of additives would be beneficial to the stability of ACS, adding large polymers
(full of hydrogen) were deemed to be too much of a detriment to the sample of ACS for neutron
diffraction.

1.3.3.2 Amorphous Iron Sulfate

Amorphous Iron Sulfate (AFS) came to the attention of the research community when a Mars Rover
mission!”# returned analysis of the Martian surface which found areas of gypsum (crystalline calcium
sulfate) and the interesting discovery of amorphous materials such as iron oxides, calcium sulfates and
AFS.

The surface of Mars makes an ideal environment for the propagation and production of AFS as there
is no atmospheric water. This is beneficial because AFS is hygroscopic and atmospheric water would
present complications and retard the growth of AFS and cause the material to appear as a red-yellow
glass like material compared to the yellow powder when AFS is prepared without the presence of
atmospheric water.

Amorphous iron sulfate is one of 4 polymorphs of iron (III) sulfate, however, the anhydrous form is
exceedingly rare, and these are given in Table 1.6:
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Table 1.6 - Polymorphs of iron sulfate
Type of Crystal structuret Composition Density
Iron Sulfate (g/cm?)

Fez(SO4)3.5Hzo 1.8980761

Iron sulfate pentahydrate

[75]

Iron sulfate nonahydrate Fe2(S04)3.9H,0 | 2.11176

Amorphous iron sulfate | - Fex(S04)3.nHO | ?

From the literature, no synthesis of AFS had been published at the time of carrying out this project.
However, after completion of the project in 2014 a study of amorphous iron sulfates was presented at
the American Geophysical Union by Sklute et al’®],

1.4 Project Aims
Using the information presented in sections above, the aims of this work are to investigate the

unknown atomistic structures of the materials presented in the introduction. As an additional line of
enquiry, does ACC (or any of the other minerals in this chapter) exhibit the calcium-rich and calcium-
poor regions as shown by Goodwin et al®®’l, In summary, the aims of this project are;

- Successfully synthesise stable forms of the amorphous materials of study.
- Conduct experimental diffraction (neutron and x-ray) studies of these stable materials.

- Use the data from these experiments to produce atomistic models of the amorphous materials.
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2. Theoretical Background

2.1 Diffraction of non-crystalline solids
2.1.1  Pair correlation function
2.1.1.1 Crystalline materials

Crystals are composed of a regular three-dimensional distribution of atoms that is represented by a
unit cell. A unit cell describes the smallest symmetrical configuration that can be periodically repeated
to form the crystalline structure. The structure of the crystal is provided by the size and shape of the
unit cell and the atomic coordinates inside the unit cell (or “basis”).

In a crystalline solid the positions of atoms follow the crystal lattice. Each atom i has a position R;
which is at a certain point in the lattice

Equation 2.1 Ri=nsa+nyb +n,c

where a, b and ¢ are the lattice vectors of the unit cell, and ny, ny and n, are integers.

2.1.1.2 Non-crystalline materials

The fundamental definition of an amorphous material is that they are non-crystalline. Unlike
crystalline materials, their basis can be described as infinite and therefore statistically have a
randomised structure. An amorphous solid may have a certain degree of local order over a short
length scale. This can include repeated atomic structures such as tetrahedral units. Their structure can
therefore be described by their short-range localised order, which is not periodically repeated over a
larger length scale [r1].

In a non-crystalline solid, there is no lattice, so each atom i has a position R; = (xi, yi, zi) which cannot
be predicted.

Instead, it is informative to consider the distances between atoms, or interatomic distances. For
example, the vector between atoms i and j is

Equation 2.2 Rij = Rj -R= (Xj—Xi, Yi—Yi, Zj—Zi)

(In a crystalline solid, this vector will be defined in terms of the lattice vectors.) In a non-crystalline
solid, there is disorder in the interatomic distances, and a distribution function is defined. This is
referred to as the pair correlation function (or alternatively pair distribution function or radial
distribution function).

Firstly, in a non-crystalline solid there is no preferred axis or orientation, so only the magnitude (and
not the direction) of the interatomic distance is important.

Equation 2.3 R = | Ry | = [(xj-xi)? + (yj-yi)* + (zj-zi)*]*?

Secondly, due to disorder, it is important to take the average over all possible central atoms i such that
the pair correlation function is
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Equation 2.4 g(r) = /N ZiZisi 8(r-Ry)

where N is the number of atoms and § is a counting function.

2.1.1.3 Extraction of the Structural Information

The advantage of the pair correlation function is that it can be determined experimentally from the
structure factor measured in a diffraction experiment. In addition, it can be determined
computationally from a computer model which contains the coordinates R; of all atoms.

The structural information is held in the pair correlation function. Amorphous structures are short-
range and so at low distances the distribution of neighbouring atoms become features of the pair
correlation function as peaks. Each peak at a certain distance corresponds to an interatomic distance
and the area underneath the peak relates to the number of atoms at that distance. The larger the peak,
the more atoms are at that particular distance.

2.1.2  Theory of diffraction
2.1.2.1 Concept of Wave-Particle Duality

Neutrons and X-rays have the ability to behave as particles and waves. These properties are
interchangeable, for example neutrons are created as particles but they behave as waves when they are
scattered in a scattering experiment. A massive particle traveling at constant velocity, v, is related to
the de-Broglie wavelength [12]

Equation 2.5 A= 2
mv
2.1.2.2 General Scattering Theory in Crystals

The diffraction pattern produced from the scattered radiation is described using Bragg’s Law for a
crystal, which relates the wavelength A, the inter-planar distance d and the angle between the incident/
diffracted ray and the crystal plane 6,

Equation 2.6 nl=2dsinf

where n is the order of diffraction.

The inter-planar distance separates the lattice planes and the waves are scattered from these planes in
the crystal. The path length is exactly one wavelength (for n=1) and so the scattered waves
constructively interfere, at the angle calculated using the law, as they remain in phase. This then
produces the diffraction pattern [r3].
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2.1.2.3 General Scattering Theory in Amorphous Materials

A scattering event is characterized by the resultant change in the particle’s momentum and energy. A
change in the momentum results a change in the direction and/ or the velocity of the neutron or X-rays
[r4]. The momentum is given as

Equation 2.7 p=hk/2m

Where k is the wave vector k = 2m/A.

The resultant interference pattern corresponds to the information of the structural arrangement of the
atoms. The scattering intensity / is a function of the incident and scattered wave vectors [r5].

Equation 2.8 1 =1(Q)

The scattering vector, Q, is defined as the momentum change for a scattering event and represented as
the difference in the wave vectors between the incident and scattered waves.

Equation 2.9 Q = Kincigent — Kscatterea

Therefore, the dependence of the scattering intensity I on the scattering vector Q is linked with the
structural information of the sample. The change in momentum for the scattering event arises from
substituting equation 2.9 into equation 2.7 to yield

Equation 2.10 p = hQ

Where h is the reduced Planck’s constant h = h/2m.
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The law of conservation of energy is used to describe the energy exchange between the incident
neutron and the sample. For the purpose of determining the structure of a solid, only the elastic
scattering of the sample is taken into account and
therefore the total change in energy is zero. Using

this knowledge, equation 2.9 and the simple
trigonometric relationship in figure 2.1, the

following for the wave vector transfer [r6] Q

Equation 2.11 Q| =
Zkincident sin 6

FIGURE 2.1: lllustration of trigonometric
relationship between the scattering

2.1.2.4 Scattering from a single atom

A constant beam of particles with fixed wavelength and travelling in the z direction can be described
as a complex plane wave

Equation 2.12 Q; = (poeikz

An interaction with a fixed single atom will produce the particles to move radially outward if the
origin is centred on the atom. The scattered wave will then take the form of a spherical wave as a
result of this

e ikr

Equation 2.13 @scattered = Pinitialf (Q)

T

2.1.2.5 Scattering from multiple atoms

Figure 2.2 shows a simple illustration of an atom at an interatomic distance, vector r, relative to the
origin O. The atom is located at point P [r7].
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FIGURE 2.2: lllustration of scattering for multiple atoms

This setup will produce a phase difference ® between the scattered waves at the event and the

detected waves [r7].

Equation 2.14 b= Zn(rcosi_rcosﬁ )

Within this relation

Equation 2.15 T Kinitial = (27”) rcosa
Equation 2.16 T Kfinai = (27”) rcosf

And so through substitution, the phase difference becomes

¢ = (kinitial - kf,-nal).r =r. Q

Equation 2.17

And the amplitude of the scattered wave is as follows
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Equation 2.18 A1(Q) = f(Q)e™@

As mentioned in previous sections, the form factor f(Q) represents the scattering length for neutron
scattering and the corresponding form factor for X-ray scattering. For multiple atoms, the amplitudes
are combined as a summation over all the atoms p in the sample, taking into account their relative
phase [17].

Equation 2.19 Amultiple @ =2%p fp @ er@

The scattered intensity is produced by multiplying A, (Q) by its complex conjugate. The intensity only
depends on the interatomic distances regardless of the origin.

Equation 2.20 Imuitipte (Q) = XpXq fo(Q) fy (Q)eimva@

The scattered intensity for multiple atoms can be written in terms of the scattering length for neutron
scattering, whereas the equation remains the same for X-ray diffraction. As mentioned in later
sections, the scattering length depends on the isotopes within the sample and so to convert the above
equation, the substitution is the average value for each element that is present [r7].

Equation 2.21 Inuitipte (@) = Zp bZ + L peq X by bge Tra?

The bar represents averaging over isotopes for a given element [r7].

The first term is a result of the incoherent scattering (a component of self-scattering) and does not
depend on the interatomic distances. The incoherent term arises from the sum of the intensities of
scattering by individual nuclei. The waves scattered by different nuclei will not produce an
interference pattern. For amorphous materials, there will be some incoherent scattering due to the
randomised distribution of the atoms, however, this will not provide structural information [r6] [r8].

The second term describes the coherent scattering (from the distinct scattering) and this term
describes the connection between the positions of the atoms. The coherent term arises from averaging
the isotopes of each element in the structure and depends on the interference of the scattered waves.
The coherent scattering cross section holds the structural information [r6] [r9] and is given as

Equation 2.22 Ocon = 4”(5)2
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2.1.2.6 Scattering Length for neutron scattering

The form factor f(Q) depends on wavelength and scattering angle. For neutron diffraction, these terms
do not change and so the result is

Equation 2.23 f@=1»

The term b is the scattering length and depends on the nucleus of the atom [r5]. The scattering length
depends on the isotope because of its dependence on the nucleus however it does not distinguish
between atomic numbers of elements.

2.1.2.7 Form Factor for x-ray scattering

There are significant differences between the scattering of X-rays and neutrons by atoms but they can
be treated as complementary to each other. The form factor f(Q) where Q is defined in equation 2.23.
The interaction of X-rays is long-range and electromagnetic with the electrons within the atoms. As a
consequence of these properties, the form factor f(Q) for X-ray scattering diminishes as Q increases.
The form factor f(Q) for X-ray scattering is proportional to the atomic number. The form factor f(Q)
for X-rays is very different compared to neutrons because the interaction from the neutrons is short-
range and so enables measurements to a higher value of Q [r6].

2.1.2.8 Total Scattering Cross Section

This is related to the scattering length and given by

Equation 2.24 Orotal = 4mh?

The total scattering cross-section 0;,¢4; 1S @ combination of the scattering cross-section o 4+ and the
absorption cross-section d,,¢. The absorption cross section arises from the likelihood of a neutron
being absorbed rather than scattered and this reduces the measured scattered events. The probability
of absorption for neutron scattering is small. To account for the likelihood of absorption events, the
sample is treated as a box with containing a proportion of absorption cross sections. The number of
absorption cross sections depends on the depth of the box itself and the total number of nuclei in the
beam. The final intensity of the beam I;,,,; emerging from the box can be described with an
exponential law relating the initial intensity I;y;;iq1, the depth of the box, x, and the linear absorption
coefficient, u, as follows.
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Equation 2.25 Ipinal = Iinitiale_#x

The linear absorption coefficient arises from the composition of the atoms within the box and the total
cross section of the material. The total cross section is further dependent on the weighted summation
of the absorption and scattering coefficients of the individual atoms.

Equation 2.26 U= Nop

where

u = linear absorption coefficient (cm™)

N = Avogadro’s number (6.022169x10%)
o = total cross section (barns = 10* cm?)
p = density of absorber material (g cm™)

A = atomic weight of the absorber atoms (g)

2.1.2.9 Differential Cross Section

The total scattering cross section is deduced as the ratio of scattering events per fixed time to the
incident flux @ [r6]. The differential cross section arises from the scattered neutrons « in a sample
containing N atoms at a solid angle and defined by

do a

Equation 2.27 40 N@da

The energy distribution of the scattered neutrons is described by the differential cross section, which
is analogous to a physical target. The differential cross section is produced from the processed raw
data, which has been corrected [16].

2.1.2.10 Total Structure Factor

Since the coherent scattering produces the structural information, the incoherent scattering result is
omitted.

The coherent partial differential cross section is defined as
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. d2c d?c Kfinal Ocon
Equation 2.28 = dE = —<ANS(q, w
d dQdEcon f dQdEcon Kinitial 4T (q’ )

Where S(q, w) is defined as the total structure factor and describes the effect of the atomic structure
and the term o, describes the effect of the nuclei [r9]. The Fourier transform of the total structure
factor with respect to q and w provides the time dependent pair correlation function [r6].

h
(2m)3

Equation 2.29 G(rt) = I S(q, w) et @™=Ddqdw

Completed, this forms the particle density operator, which shows that the time dependent pair
correlation function becomes independent of t as time approaches infinity.

Equation 2.30 p(r,t) = Y d(r— Ru(D))

The elastic scattering is represented by the §(fiw)term in the total structure factor [r9] [r8].

2.1.2.11 Weighting Factors

For neutron diffraction, the total structure factor is equal to the weighted sum of the partial structure
factors [19].

Equation 2.31 5(q) = XapwapSas(q)

Consequently, the pair correlation function g(r) is the Fourier transform of the structure factor and so
is also equal to the weighted sum of the partial correlation functions

Equation 2.32 9g(r) = Xapwapgas(r)

The term w,j, corresponds to the weighting factors of elements A and B (which are interchangeable)
with concentrations ¢4 and cp respectively and is given as
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cacpbabp

Equation 2.33 Wap = 52

The weighting factors are required for the modelling because they describe the scattering power of the
different types of atoms according to their concentrations and cross sections. The weighting factors
for X-ray diffraction and neutron diffraction are not the same because of the dependence scattering
cross sections, which are different between X-ray and neutron.

2.1.2.12 Structure Factor

The coherent partial cross section in equation 2.28 and the structure factor written in terms of the time
dependent pair correlation function

Equation 2.34 S(q) = [S(q,w)dhw = [G(r,0) el dr

At t=0, the operators p(r, t) commute and the time dependent pair correlation function is written in
terms of the pair distribution function g(r) which is therefore the Fourier transform of the structure
factor [19].

Equation 2.35 G(r,0) = pog(r) + 6(r)

For amorphous materials, the pair correlation function g(r) only depends on the interatomic distance r.

2.1.3  Diffraction experiments
2.1.3.1 Diffraction measurement

A diffraction experiment involves a measurement of the intensity as a function of the magnitude of
the scattering vector, Q [r7]. For a variation in the scattering vector, there are two possible methods
corresponding X-ray and neutron diffraction experiments, which is purely a consequence of the type
of radiation. During an X-ray diffraction experiment, the variation in the scattering vector arises from
measurements over a range of angles with a fixed wavelength. Conversely, the variation in the
scattering vector for a time of flight neutron diffraction experiment results from a variation in the
wavelength at a fixed angle.
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2.1.3.2 Neutron Diffraction Experiment

Neutrons are subatomic particles that hold no charge and have a mass close to that of the proton. They
interact with nuclei through the strong force and have a magnetic moment [r2]. Additionally, the
unique interactions between neutrons and matter are highly complex between their nuclear spins and
magnetic moments and so their ability to penetrate matter is not dependent the element [r4].

A pulsed neutron source was used to produce the neutron diffraction. A pulsed neutron source is ideal
because of the wide range of Q values. The spallation target produces a pulse of neutrons with a pulse
width from colliding a target comprised of heavy elements with high-energy protons [12]. A
moderator reduces the neutron velocity and its thickness is chosen to maximise the flux as a function
of wavelength [r7].

Therefore, the scattering experiment uses the time of flight method. The detector measures the
scattered neutrons with varying wavelengths at a fixed angle. The varying wavelengths provide a
variation in the scattering vector. This produces the following relation [r6]

Equation 2.36 At) = %t

There are advantages to using neutrons to probe atomic structure. The most relevant for this project is
that the wavelength of the neutrons is similar to inter-atomic distances and so they can be used in a
diffraction experiment to probe atomic structures. Additionally, they have a weak interaction with
solids and so are highly penetrating and can be used to probe into the depth of the sample.

2.1.3.3 Synchrotron X-Ray Diffraction Experiment

X-rays are electromagnetic radiation occurring in the electromagnetic spectrum between the ultra-
violet region and y-rays. They are generated from colliding high-energy electrons with matter (usually
a metal anode target). The electrons undergo an extreme deceleration and the change in kinetic energy
produces the X-rays. Two types of radiation are produced: a broad spectrum called white radiation
and multiple monochromatic wavelengths [r11].

The experimental data was produced from a diffraction experiment that used synchrotron radiation,
which is produced when electrons, travelling at relativistic speeds, are deflected in magnetic fields.
The synchrotron contains a series of storage rings and magnets guide the electrons. As the electrons
intersect the magnetic field perpendicular to their direction, they experience a force perpendicular to
both the direction of the electrons and the magnetic field thus travelling in a circular orbit. The X-rays
are produced tangentially because the electrons are being radially accelerated within the magnetic
field. The radiation produced is continuous, which allows for specific wavelengths to be selected with
a monochromator and is heavily collimated, which improves resolution [r12] [r10].
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2.1.34 Normalisation and Background Correction

An important part of data correction for this project is the normalisation of the experimental data. The
variations of flux with time are corrected by dividing the number of events by the monitor counts [r6].
The background scattering is also measured with the absence of the sample and this is subtracted from
the raw data.

2.1.3.5 Incoherent Compton Scattering (X-Ray)

The difficulty in X-ray diffraction experiments is due to the presence of incoherent Compton
scattering, which amplify at high values of the scattering vector, Q. This is eliminated by a choice of
two methods. The Compton scattering can be reduced by using a monochromator during the
experiment itself or the coherent scattering is extracted from the total scattering intensity using
background fitting techniques [r7].

2.1.3.6 Attenuation Correction (Neutron)

Attenuation of the single scattering cross section is a result of the combination of multiple scattering
and absorption. The attenuation cross-section g,;; is equal to a combination of the scattering and
absorption cross section. At large wavelengths, the combination of the absorption o, and
incoherent cross sections g;,,. is dominant.

Equation 2.37 Oatt < Ogps + Oinc

And so the beam width and sample dimensions are changed as required to allow for a good estimation
of the attenuation cross-section [r6].

2.1.3.7 Static Approximation of Differential Cross Section (Placzek Correction)

The differential cross section is produced directly from the scattering of the sample. The diffraction
experiment produces instantaneous views of the structure at the moment of the detection event.
Therefore inelastic scattering events cannot be ignored but must be corrected due to the application of
the static approximation to the coherent differential cross section. The static approximation for the
total differential cross section applies to the small energy difference between the incident and
scattered X-ray or neutron. The correction is applied to the data that digresses from the static
approximation and so it is assumed that the corrected data is produced from elastic scattering [r6].
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2.2 Computational modelling
2.2.1 Interatomic potentials

Interatomic potentials describe the interactions between the atoms [r13]. Mathematically, the short-
range interatomic potentials such as Lennard Jones potentials can be calculated using

Equation 2.38 Uij = % - Es
Tij Tij

Where Uj; is the potential, r;; is the separation of the ions i and j and A and B are variable potential

parameters.

The term in r''? is a repulsive term which is caused by the Pauli exclusion principle. The attractive

B . . . : . .
term ——zis a Van der Waals term that considers the dipole-dipole interactions.
ij

The long-range interactions between charged ions such as O* and Si*" are known as Coulomb
interactions, and can be calculated by using the Coulomb equation

. e? qiq;
Equation 2. E, =—Y;—
quatio 39 Coulomb 4n£OZU Tij

Where e is the charge of an electron, & is the permittivity of free space, q is the charge on an ion, and
13; is the distance between the ions i and j. Calculating the long range interactions can be made less
computationally expensive by using the Ewald summation method [r13].

The total potential energy of the system is
1
U=22.2U o)
Equation 2.40 by

The summation in equation 2.40 proceeds over all atom pairs in the system, and the factor of /% is
needed to prevent double counting of atom pairs.

2.2.2  Monte Carlo modelling

In a standard Monte Carlo simulation [r13] the acceptance of a move is based on the usual Metropolis
condition, namely if the change in the potential energy of the system as a result of the move,

Equation 241 AU = Uafter' Ubefore

is less than zero the move is always accepted, and if it is greater than zero, the move is accepted with
probability

exp[— —}
Equation 2.42 P(AU) = kT

This simple procedure ensures the system proceeds along a Markov chain and over a period of time
visits a large volume of the available phase space.
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2.2.3  Empirical Potential Structure Refinement (EPSR)

The potential energy in EPSR [r14] consists of two primary terms, the reference potential energy,
Urer, and the empirical potential (EP) energy, Ug,. Urer takes on a standard form, i.e. Lennard Jones
as described above, and the potential parameters may be available from the literature. Ug, on the
other hand does not take any standard form and, once the simulation with the reference potential alone
has come to equilibrium, the EP is used to guide the atomic and molecular moves in directions that
give the closest representation of the diffraction data.

The method that appears to be most successful for generating the empirical potential (EP) is in the
form of a series of power exponential functions:-

V)= Cp, (r0)
Equation 2.43 i

where

P )

Equation 2.44

the C; are real, but can be positive or negative, and o; is a width function to be set by the user. The
total atomic number density of the simulated system is p.

At the beginning of the m™ iteration of the algorithm each distinct pair of atoms, j, will have a set of
(/)

coefficients, o , which are used to form the empirical potential for that atom pair. Following
equation 2.43 the EP at the beginning of the m™ iteration for any particular pair of atoms, j, is

determined from

v (r)=kr3Cp,, (r0,)
Equation 2.45 k

) ) C(j )
(At the outset, with m = 0, the coefficients ~ *™ are set to zero.)

The fit to the i dataset of a particular experiment can be represented by a weighted sum over all the

(o)

pairs of atom types of the relevant simulated partial structure factors

Fl(Q) = ng/S,‘ (Q)

Equation 2.46 Jj=LN

After the m™ iteration the differences between data and fit, i.e. (D" (Q)_ £ (Q)), are calculated. In
EPSR, the coefficients C; are estimated directly from the difference in diffraction data by fitting a
series of the form

UEP (Q) = z Cipn, (Q’ GQ)
Equation 2.47 i

38



to the difference data in O-space. This is possible because the function P (}",O') has an exact 3-
dimensional Fourier transform to Q-space

P(0.0)= 470 p(r)expliQ-r)i

= ! )(,M) {2cos (na)+ I_QQZGZ sin(na)}

Equation 2.48 (n + 2)(\/I+Q720'2

where & = arctan (Qa)‘

(i)
This gives rise to a set of difference coefficients, Ci , one for each supplied dataset, which change as
the simulation proceeds. These difference coefficients are then accumulated in the empirical potential

coefficients for the (m+1)™" iteration.

Clna =Clo+ 2w Cl!
Equation 2.49 i=1,M
Ideally the difference coefficients should go to zero when the simulation approaches the data closely.

Once the EP has stopped changing, or the absolute energy of the EP has reached its specified limit,
the simulation can be used to extract ensemble averages of required quantities.
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3. Methods

3.1 Experimental Methods

3.1.1 Synthesis

Within this study, the majority of sample preparations will utilise a vacuum filtration system. This
method involves the addition of two or more solutions being added to a reaction vessel, at which time
a precipitation reaction occurs and the resultant wet precipitate is then filtered off under vacuum. The
precipitate is then washed and dried, with flowing air, before it is ready for analysis.

Figure 3.1 - Example setup of a vacuum filtration system. Image courtesy of J.D. Rodriguez-Blanco.

A typical procedure like this takes approximately 2-3 minutes and yields 0.1g of material
(approximately, depending on which material) which was then stored in glass vials ready for
experimentation.

Figure 3.2 - Glass vial containing prepared amorphous sample.

In contrast, one subsection of this work will comprise of ball-milling a crystallised commercial
reagent in order to 'break up' these crystals and produce an amorphous product.
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Ball-milling is a technique that involves grinding or "milling" a sample. The grinding action is
achieved by impact of hardened balls against the powdered sample within the mill.
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Figure 3.3 - Example cross-section of a ball-mill. The hollow cylinder of the mill is rotated around the w1 axis.[”!

A ball mill consists of a hollow cylindrical shell rotating about its axis. The axis of the shell may be
either horizontal or at a small angle to the horizontal. It is partially filled with grinding media in the
form of balls (red spheres in figure 3.3). For this work a cylinder and balls made of yttria stabilised
zirconia were used. The length of the mill is approximately equal to its diameter.

More specific details will follow within the relevant results chapters.

3.1.2  Lab-based Characterisation

3.1.2.1 XRD

X-ray powder diffraction (XRD) is a rapid analytical technique primarily used for phase identification
of a crystalline material and can provide information on unit cell dimensions. In 1912, it was
discovered by Max von Laue that a crystalline substance acts a diffraction grating (within three-
dimensional space) for x-ray wavelengths similar to the planes of the crystal lattice.

Over the following century XRD equipment has been developed with increasing sensitivity and scope.
As mentioned previously, one of the most common uses for XRD is the identification of unknown
crystalline materials. Determination of unknown solids is critical to studies in geology, environmental
science, material science, engineering and biology.

Applications include (but not limited to):

e characterization of crystalline materials

e identification of fine-grained minerals such as clays and mixed layer clays that are difficult to
determine optically

e determination of unit cell dimensions

e measurement of sample purity
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With specialized techniques, XRD can be used to:

e determine crystal structures using Rietveld refinement
e determine of modal amounts of minerals (quantitative analysis)

The majority of laboratory based x-ray diffraction methods are based on the generation of x-rays in a
cathode ray tube (figure 3.4). Within the cathode ray tube, a filament is heated to produce electrons,
these electrons are then accelerated towards the target material (which can be copper, iron, silver) by
applying a voltage. The target material is bombarded with electrons and when they have sufficient
energy, they will excite and dislodge inner shell electrons from the target material, this excitement
causes the production of x-rays. These x-rays are filtered through a monochrometer to produce
monochromatic x-rays which are then directed at the sample of study (placed in a sample holder),
passing through the sample and are diffracted. These diffracted x-rays are recorded by an x-ray
detector. A key component is the angle between the incident and diffracted rays.

Tungsten Anode Electron Beam

Anode Arm Cathode Arm

H
¥ =t
H

X-Rayiseam

Figure 3.4 - Schematic‘of ;1 typical cathode ray tube.*"!

The geometry of older XRD instruments has the x-ray beam at an angle 0 to the sample of study,
while the x-ray detector is mounted on an arm to collect the diffracted x-rays, this rotates at an angle
of 20. The angle and rotation of the sample is maintained by a component termed a goniometer. For
typical scans, data is collected at 20 from ~5° to 70°. Current XRD instruments operate on a

6/0 orientation, this means that both the x-ray source and detector are mounted on arms that rotate
at /0 angles.

The purpose of collecting diffracted x-rays over a range of 20 is in order to satisfy the Bragg equation
(defined below in equation 3.1).

Equation 3.1 n.A = 2.d.sin@

This law relates the wavelength (L) of electromagnetic radiation, determined from the target material
in the cathode tube, and the order of reflection (n) to the diffraction angle (8) and the lattice spacing
in a crystalline sample (d). By scanning the sample through a range of 26, all possible diffraction
directions of the lattice should be attained due to the random orientation of the powdered material.
Conversion of the diffraction peaks to d-spacings allows identification of the mineral because each
mineral has a set of unique d-spacings. However, should the sample of study be amorphous and thus,
have no lattice then no diffraction peaks will appear. This is illustrated in figures 3.5
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Figure 3.5 - XRD diffraction pattern of; crystalline material (top) showing well defined peaks and amorphous material (bottom) showing a
very broad diffraction pattern.!®!!

3.1.2.2 TGA-DSC

Thermal analysis is a branch of materials science where the properties of materials are studied as they
change with temperature. First developed in 1962 by E.S. Watson and M.J. O'Neill, several methods
are now commonly used — these are distinguished from one another by the property which is
measured, below is a list of techniques used in the present work:

e Thermogravimetric analysis (TGA): mass
o Differential thermal analysis (DTA): temperature difference
e Differential scanning calorimetry (DSC): heat difference

For this work, TGA-DSC will be used primarily to determine the composition of the amorphous
material being studied but secondly to try and give an indication of possible heat-treatment
temperatures.

Thermogravimetric analysis (TGA) is commonly used to determine selected characteristics of
materials that exhibit either mass loss or gain due to decomposition, oxidation, or loss of volatiles
(such as moisture). Common applications of TGA are

e Materials characterization through analysis of characteristic decomposition patterns
e Studies of degradation mechanisms and reaction kinetics

e Determination of organic content in a sample

e Determination of inorganic (e.g. ash) content in a sample

This may be useful for corroborating predicted material structures or simply used as a chemical
analysis to study the effects of temperature/time on a sample of study.

Differential thermal analysis (DTA) is a method of thermal analysis which measures the physical and
chemical properties that change within a sample materials. These measurements can either be as a
function of increasing temperature, or as a function of time.[*?! Physical properties, such as second-
order phase transitions, including vaporization, and desorption can be studied using DTA analysis.
DTA can provide information about chemical phenomena like chemisorptions, desolvation (especially
dehydration) and decomposition.®?!
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Differential scanning calorimetry (DSC) is a thermoanalytical technique in which the amount of
energy (in the form of heat) is required to increase the temperature of a sample of study is compared
against a reference as a function of temperature. Both the sample and reference are maintained at
nearly the same temperature throughout the experiment. This can give an indication of how
chemically stable a sample is or at what temperature the sample begins to degrade.

Example TGA-DSC measurements are shown below to indicate desorption and crystallisation
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Figure 3.6 - A typical TGA-DSC experiment, the TGA (green) shows a crystallisation "peak’ at just below 200°C and the DSC (blue) shows
0.8% loss due to dehydration until appoximately 250°C which could be related to crystallisation processes.!*’)

3.1.2.3 He-Pycnometry

A helium (He) pycnometer (also known as a gas pycnometer) is a laboratory device which measures
the density of a solid. The solid can be regularly shaped, porous or non-porous, monolithic, powdered
or granular. The He-pycnometer employs a method of gas displacement and the volume-pressure
relationship of a gas, known as Boyle's Law.

Boyle's law is an experimental gas law, named after chemist and physicist Robert Boyle, who
published the original law in 1662.1341 that describes the pressure of a gas and how it tends to increase

as the volume of a gas decreases. A modern statement of Boyle's law is:

"The absolute pressure exerted by a given mass of an ideal gas is inversely proportional to the

volume it occupies if the temperature and amount of gas remain unchanged within a closed
n/85]

system.
Mathematically, Boyle's law can be stated as below in equations 3.2 and 3.3

Equation 3.2 P x 1/V

Equation 3.3 PV =k

44



where P is the pressure of the gas, V is the volume of the gas, and k is a constant. This constant, k, is
the product of pressure and temperature for a given mass, so long as temperature is a constant. To
compare the same substance under two different sets of conditions, equation 3.3 can be expanded to
give the following:

Equation 3.4 P1.V1i= P2V,

In equation 3.4 it shows that, as the volume of gas increases, the pressure decreases proportionally.
Conversely, as volume decreases, the pressure of the gas increases. The relationship in equation 3.4
can be exploited to form the basis of He-pycnometery below in equation 3.5 and how that equation
relates to a schematic of a He-pycnometer in figure 3.7.

Equation 3.5 Vs=V. + Vr/(l _m

P2

V; = Reference volume
V¢ = Cell volume

Vg = Sample volume

M = Manometer

Figure 3.7 - Schematic of a He-pycnometer.*!

Where; V; - the sample volume, V. - the volume of the empty sample chamber (determined in the
instrument calibration), V; - the volume of the reference volume (from calibration), P; is the first
pressure (the empty sample chamber) and P; is the second (lower) pressure after the gas has filled the
combined volumes of sample chamber and reference chamber (with sample present). By comparing
Vs and V. then it is possible to determine the density of the sample as the amount of gas within the
cell volume cannot displace the volume of the sample, thus it can be calculated how much sample is
present within this volume giving the density of the sample.

Equation 3.6 ps=mg/ Vi
Prior to a pycnometry measurement, the mass of the sample material is recorded (ms) and thus
the density (ps) can be calculated using equation 3.6 above.

3.1.24 FTIR

Fourier transform infra-red spectroscopy (FTIR) is a laboratory-based technique used to obtain an
infra-red (IR) spectrum of absorption/emission of a solid, liquid or gas. An FTIR spectrometer
collects high spectral resolution data over a wide spectral range simultaneously. This is a significant
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advantage over a dispersive spectrometer which measures intensity over a narrow range of
wavelengths at a time.

The term Fourier transform infra-red spectroscopy originates from the mathematical process (Fourier
transform) that converts the raw data into the actual spectrum.

FTIR spectrometers predominantly take measurements in the mid and near IR regions of the

electromagnetic spectrum, illustrated below in figure 3.8.
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Figure 3.8 - The electromagnetic spectrum, with the infra-red highlighted between 0.76um and 1000pm. FTIR instruments usually collect
spectra in the near IR (1pm to 5pm) and mid IR (5pm to 30pum).[”

A typical FTIR is made up of the 4 following components:

IR source
The most common source is a silicon carbide element which is heated to approximately
1100K to 1200K.

Monochromator

The purpose of a monochromator is to separate and transmit only a limited portion of the
optical spectrum towards the sample. This enables the user to use only a limited bandwith of
light. This is of benefit as it increases the sensitivity of the measurement and reduces the
response time as the FTIR does not need to cycle through all the IR wavelengths on the
sample.

Beam splitter

A beam splitter's purpose is to split the IR light in two, with one portion of light travelling
through the sample and the other portion travelling straight to the detector (via a series of
mirrors). For the mid-IR region, the beam splitter is usually comprised of potassium bromide
(KBr) but can sometimes be made of sodium chloride (NaCl).

Detector

Spectrometers measuring mid-IR wavelengths use pyroelectric detectors. These detectors
respond to changes in temperature at varying intensity of IR radiation. The elements within
the detectors are either deuterated triglycine sulfate (DTGS) or lithium tantalate (LiTaOs).
Both DTGS and lithium tantalate detectors operate at ambient temperatures and typically a
scan takes just few seconds. Should the user require higher sensitivity or faster response then
cooled photoelectric detectors can be employed. Liquid nitrogen cooled mercury cadmium
telluride (MCT) detectors are widely used for high sensitivity and fast response
(approximately 10ms) in the mid-IR.

How these components are generally arranged within and FTIR are shown in figure 3.9.
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Figure 3.9 - Schematic of a typical FTIR spectrometer.®*!

3.1.2.5 XRF

Following similar principles to XRD (discussed in section 3.1.2.1), when an x-ray strikes a sample
from an x-ray tube in addition to it being scattered through the material, it can be absorbed by the a
constituent atom. The process that governs this absorption of an x-ray is that all of the energy from the
x-ray is transferred to an innermost electron of an atom, this is called the "photoelectric effect".
Should the x-ray have transferred sufficient energy to the electron, it can be ejected from its stable
energy level (known as the ground state) to a higher energy level. This excitation creates a vacancy at
the lower energy level and is an unstable condition for the atom. After a time, the excited electron will
'fall' back down to it is more stable energy level (known as relaxation). When this happens, radiation
is emitted from the atom, characteristic of the particular energy level and electron involved. As each
element has a unique set of energy levels, each element produces a unique set of energies when
excited.

Excited states -

eneryy

Ground state

Excitation Relaxation

time
Figure 3.10 - Diagram to show how excitation and relaxation occurs in electron energy levels.[89]
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Figure 3.11 - Graphical representation of the x-ray fluorescence (XRF) process, showing the incident x-ray beam dislodging an electron and

producing fluorescence.”

These unique energies for each atom allows one to non-destructively measure the elemental
composition of a sample, these emissions are called x-ray fluorescence (XRF). A measurement is
typically done with a solid state detector, these are most commonly silicon PIN diode (Si-PIN), silicon
drift detectors (SDD) or cadmium telluride (CdTe). In most cases the innermost K and L shells of
electrons (illustrated below in figure 3.12) are involved in XRF detection. A typical x-ray spectrum
from an irradiated sample will display multiple peaks of different intensities once the signals are
processed through a digital pulse processor.

ENERGY >

Figure 3.12 - Graphical representation of electron shells, primarily K and L shell electrons are involved in XRF."!
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Figure 3.13 - Schematic of a typical XRF process.*”

At the end of the XRF process, the user will be presented will an elemental composition of the studied
sample.

3.1.3  Central Facility Experiments

3.1.3.1 XRD

The principles of central facilities x-ray diffraction experiments are essentially the same as the
laboratory based XRD (detailed in 3.1.2.1) but with x-rays of higher energies, which are generated
using facilities known as synchrotrons.

A synchrotron is a type of circular particle accelerator. A circular particle accelerator works by
accelerating charged particles (electrons) through sequences of magnets arranged in a circular 'ring'.
The particles are accelerated to almost the speed of light, as the particles approach the speed of light
they begin to produce light. The faster the particles move, the brighter the light - this is called
synchrotron light and is predominantly in the x-ray region of the electromagnetic spectrum. Typically
this synchrotron light is millions of times brighter than light produced from conventional sources and
10 billion times brighter than the Sun. This means that the brighter the light, the more energy the x-
rays have and this leads to higher levels of sensitivity than laboratory based XRD.

The UK has an x-ray synchrotron in near Oxford and it is called Diamond Light Source and it
operates with electrons travelling at approximately 3GeV.
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Figure 3.13 - Schematic of Diamond Light Source, UK. The path of the accelerated particles is shown in red with the white "beamlines"
positioned off the storage ring.[*>)

There are synchrotrons around the world with a few being; ESRF in France, DESY in Germany,
Elettra in Italy and Argonne National Laboratory in USA.

In terms of operation, synchrotron XRD and laboratory-based XRD are fairly similar as they are both
governed by the Bragg equation (equation 3.1 detailed in 3.1.2.1). Typically the sample of study is
placed in the x-ray beam and detectors are placed at angles of 26 (either with fixed detectors or on a
rotating arm).
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Figure 3.14 - XRD beamline at the Elettra synchrotron in Italy, x-rays approach along the red line's path before hitting the sample and being
scattered. Scattered x-rays are recorded using the detector mounted on the rotating arm.

The most important difference is the energy of the x-rays produced. With the greater energies
involved in synchrotron experiments this results in an increased resolution of the scattering pattern.
This is particularly beneficial for studying amorphous materials as in the laboratory, a typical
amorphous XRD pattern is rather broad (see figure 3.5) but with synchrotron x-rays, the short range
order can be investigated in greater detail. One trade-off of the greater resolution is an increase in
collection time - laboratory XRD is approximately 4 hours for one sample, synchrotron XRD is
around 24 hours (depending on the specific sample).

3.13.2 EXAFS
Another use for synchrotron x-rays are to study x-ray absorption of a material. This is conducted in
two ways:

e EXAFS (Extended X-ray Absorption Fine Structure)
o XANES/NEXAFS (X-Ray Absorption Near Edge Structure/Near Edge X-ray Absorption
Fine Structure)

Both are regions of the spectrum obtained from XAS (X-ray Absorption Spectroscopy). EXAFS
corresponds to the oscillating part of the spectrum at higher energies above the absorption edge
(appearing as a sudden, sharp peak), starting at roughly 50 eV and extending to about 1000 eV above
the edge (shown in Figure 3.15). Through mathematical analysis of this region, one can obtain local
structural information for the atom in question.

NEXAFS EXAFS

Absorption

0 100 200
E-E_(eV)

Figure 3.15 - Diagram to show the EXAFS (Extended X-ray Absorption Fine Structure) and XANES (X-Ray Absorption Near Edge
structure) regions.*¥
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Similarly to XRF (section 3.1.3.5), XAS involves a process in which an x-ray beam is applied to an
atom and causes the ejection of an electron, usually a core electron. The ejection of this core electron
leaves a vacancy in the core shell, and an outer electron relaxes to fill that vacancy. This phenomenon
is only observed when the energy of the x-ray exceeds the ionization energy (the energy required to
eject an electron from it's shell) of the electrons in that shell.

The basis of EXAFS theory is related to the x-ray absorption coefficient. The x-ray absorption
coefficient, p, describes the relationship between the x-ray beam intensity going into a sample
material and the x-ray intensity leaving the sample after travelling a distance (known as x) within the
sample. The absorption coefficient is described mathematically as:

Equation 3.6 H= - d(lnI)/ dx

In equation 3.6, dx is the distance travelled by the x-ray beam through the sample, and I is the
intensity of the x-ray beam. In a typical EXAFS spectrum, such as that in figure 3.15, when energry
(usually in eV) is plotted against absorbance then various sharp peaks will be observed. These peaks
(known as edges), which vary by atom, correspond to the ionization of a core orbital, K-edges
describing the excitation of the innermost 1s electron, and L-edges and M-edges referring to the same
for higher energy orbitals. These edges correlate to the K, L and M shells discussed in section 3.1.3.5
and displayed in figure 3.12.

After each edge, a series of downward oscillations will be observed. Wave interactions between the
ejected electron and the surrounding electrons in the absorbing atom are the cause of these
oscillations. Some of these waves are 'backscattered' by neighbouring atoms (known as backscattering
atoms) when the emitted waves from the absorbing atom hit neighbouring atoms and change paths,
returning to the absorbing atom. When these waves interfere constructively, they form a maxima in
the oscillations, whereas minima result from destructive interference. All these oscillations are
characteristic of the atoms surrounding the absorbing atom and their corresponding distance from
each other. A graphical representation of how these oscillations result in the EXAFS plot is shown
below in figure 3.16.
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Figure 3.16 - Graphical representation of how constructive and destructive interference correspond to EXAFS plot.[*

3.1.3.3 Neutron Scattering
A complimentary central facility technique to XRD and EXAFS is neutron scattering (also known as
neutron diffraction).

Neutrons are neutrally charged sub-atomic particles which means they are not affected by charge-
charge interactions like protons (positive charge) and electrons (negative charge). This neutrality
enables neutron to penetrate deeper into the atomic and/or magnetic structure of a material.

The material to be examined is placed in a beam of thermal neutrons to obtain a diffraction pattern
that provides information of the structure of the material. The technique is similar to synchrotron
XRD but due to the different scattering properties of neutrons and x-rays, complimentary information
can be obtained. Neutron diffraction has some unique characteristics when compared to other types of
radiation. This makes it very useful for the study of the atomic structure of liquids, amorphous
materials and crystalline materials.

Diffraction using neutrons can see the ordered part of material samples; for ordered systems (crystals)
- their overall crystal structure but also defects and deviations from the crystal order; for disordered
systems - the ordered portions (usually short-range) existing amid this overall disorder.

Methods of diffraction can be divided into two interactions:
e Nuclear diffraction - Diffraction due to the interaction between neutrons and atomic nuclei.
e Magnetic diffraction - Diffraction due to the interaction between the magnetic moments of
neutrons and magnetic moments of atoms.
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The UK has a neutron facility in Oxford, UK called the ISIS Neutron Source Facility. It is situated
near the Diamond Light Source.
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Figure 3.17 - Schematic of the ISIS neutron facility in Oxford, UK. The beamlines are located around two target stations for the synchrotron

ring %0

The measurement principle of neutron diffraction is based on the Bragg Equation, like that of XRD
(discussed in 3.1.2.1 using equation 3.1). Neutrons are generated in a similar fashion to x-ray
generation in synchrotron. Protons are accelerated (at 84% the speed of light at ISIS) around a

synchrotron ring but, unlike x-ray generation, the protons are fired at a solid target, typically tungsten,
and this collision releases neutrons. These neutrons are then directed at beamline instruments such as

SANDALS (which stands for Small ANgle Diffraction of Amorphous Liquids and Solids) and
NIMROD (Near and Intermediate Range Order Diffractometer).
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Figure 3.18 - Schematic of the SANDALS diffractometer where neutrons enter via the red pathway into the sample and are then diffracted.
These diffracted neutrons are recorded using angle-mounted detectors past the sample.!””!

After diffracted neutrons are recorded the subsequent counts can be mathematically analysed to
generate real-space data for the atomistic structure of the sample material. This is done by using the
recorded data and producing a quantity known as a structure factor or S(Q). The structure factor is a
mathematical representation of how a material and its constituent atoms diffract radiation (in this case
neutrons) and is represented thus:

. 1 —i —
Equation 3.7 S = W-Zﬂyﬂ Yie=1fjfi e 1RITR
J:

The structure factor is equation 3.7 shows how for a neutron beam of wavelength A with N atoms at
stationary positions fj, j =1, ..., N illustrates the positions of atoms within the sample material.[*8-100]
The generated structure factor can be computationally modelled to extract specific atom positions and
interactions.
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3.2 Computational Methods
3.2.1 GHEMICAL

In order to create input files for computational modelling, the software package GHEMICAL was
used to create and save atom files (.ato) for specific molecular ions, ie. COs> and PO4* rather than

having individual C and O atoms incorporated into the computational model. Tethering these atoms to

their subsequent groups would greatly reducing computational workload.

GHEMICAL is computational chemistry package which can perform a number of varied tasks but for

this work, the following features were utilised:

e Options for studying a molecular system using :
e Geometry Optimization.

¢ File import/export features provided by OpenBabel.
e OpenGL graphics presentations :

e molecular graphics presentations :
o Ball-And-Stick.
o Wireframe.
e molecular editing tools :
o add and remove atoms and bonds.
o add or remove Hydrogens automatically.
e measurement tools for measuring :
o distances.
o angles.
o torsions.
 visualization options :
o coloured planes.
o coloured surfaces.
o volume rendering.

In addition to all these features, GHEMICAL has a very useful graphical user interface (GUI).
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Figure 3.18 - The graphical user interface (GUI) of the GHEMICAL software package with an example molecule.

3.2.2 GUDRUN

In order to work with the data gathered from central facilities experiments, it was necessary to
perform reduction on the raw data gathered. To analyse neutron data, a specific and tailored software
package was needed, this is called GUDRUN-N. This program was developed by the Disordered
Materials Group at ISIS.!'!

GUDRUN-N has an on-board GUI which aids the full correction of neutron data from SANDALS
(the beamline to be used at the ISIS neutron facility). The corrections performed by GUDRUN are as
follows:

e Detector dead-time - for a short period of time (typically a few microseconds) after a neutron
event, the detector is 'dead'. The amount of time a detector is dead varies depending on the
detector type. This dead time can be measured directly by an encoder within the detector used
to detect events.

e Normalisation to the incident beam monitor - the incident neutron beam is recorded for each
experiment to remove variations due to fluctuations in the proton beam. The incident beam is
counted by placing a monitor before the beam hits the sample, this recorded incident beam is
then divided out of the raw data.

e Background subtraction - for each experiment, the scattering from an empty sample holder
and the empty instrument are sampled. These measurements constitute the background
scattering, this is then removed during the data analysis.

e Vanadium standard calibration - a vanadium standard is used to calibrate the differential cross
section. Vanadium is used in particular because it has a known density and it can be formed
into plates or cylinders of high purity. It is important that the vanadium standard is measured
under the same beam conditions as the sample.

57



e Inelastic scattering - the two ways that neutrons scatter are elastically and inelastically.

Typically, for nuclei of greater mass than a neutron, the correction for inelastic scattering is

very small.[1%?

hydrogen (due to hydrogen's similar mass to a neutron)

1 The biggest culprit for inelastic scattering from a sample is the presence of

Alongside the above corrections, the composition and density of the sample material are required to
generate an output data file. Below in figure 3.19 is a screenshot of GUDRUN on the sample page.
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Figure 3.19 - Screenshot of the GUDRUN GUI for a sample of SiO2. (1) is where the raw data files are added, (2) the composition of the
sample, (3) width of the sample, (4) density of the sample, (5) temperature of the sample and (5) the cross section source should be set to

TABLES.['”)

3.2.3 EPSR

Modelling of diffraction data is a key technique in the study of amorphous materials. The EPSR

(Empirical Potential Structural Refinement) method!'%!

structure of molecular liquids!!®®, but it is also applicable to amorphous solids with molecular units
due to the inherent disorder in both systems. EPSR is a computational technique addressing the
problem of calculating a three-dimensional structure exploiting the information contained in

diffraction data.

EPSR uses a Monte Carlo method which samples different structures against an “acceptance”

criterion, but unlike similar Monte Carlo methods such as Reverse Monte Carlo (RMC), the
acceptance criteria is the energy minimum based on the interatomic potentials. EPSR is like RMC in
using the diffraction data to guide the modelling process, but unlike RMC, the difference between the
simulated and experimental diffraction is used to adjust the interatomic potentials. EPSR iterates a
direct Monte Carlo simulation of a molecular system, correcting the pair interaction potential between

was specifically developed for modelling the
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molecules at each stage of the iteration by comparison with the diffraction data sets. Below is a flow
chart to show the operation of the EPSR algorithm:

Structure
Reference Density
Potential Composition

o

Empirical potential]l |Monte Carlo
%
calculation simulation

Radial Distribution
Function calculation

Difference between ¢
. Structure factors
calculated and experimental

structure factors calculation

I\

Experimental
Data

Figure 3.20 - EPSR algorithm flow chart starting with the experimental data (input by user)

For this project, a generic EPSR method was developed for use on all experimental data sets. Any
deviations from which will be discussed in the relevant chapter.

1. Using molecular units, generated in GHEMICAL, a cubic box is generated with
experimentally accurate composition and density.

2. The molecules unites were randomly translated to move them apart throughout the box. To
further separate the molecules, the molecules were randomly rotated and translated 10,000
times.

3. Starting inter-molecular potentials for each inter-atomic pair correlation i—j were generated by
EPSR using built-in parameters for Lennard—Jones potentials for each pair of elements.
Coulomb interactions are included with formal charges for ions.

4. The EPSR procedure initially relaxed the random starting configuration to an energy
minimised structure using a simulated annealing approach with a temperature sequence:
10,000 K, 5000 K, 1000 K, 500 K and 300 K. At each temperature EPSR carries out Monte
Carlo sampling of structures until reaching an equilibrium minimum energy.

5. This process was iterated approximately 20,000 times.
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6. The potential refinement was then implemented within the EPSR

The difference between the simulated and experimental neutron and x-ray diffraction data are used to
adjust the inter-atomic potentials. The comparison between simulation and experiment is carried out
using the structure factors S(Q).

3.2.3.1 EPSR vs. RMC

EPSR and RMC are both viable analytical routes to determine structures from diffraction but after
testing and evaluating the EPSR software package compared to the latest RMC (RMCProfile)
package, the author decided to utilise EPSR. This was based on a number of factors but the most
compelling was that EPSR is tailor-made to work with disordered systems, like amorphous
biominerals. EPSR has the ability to model short range order and atom interactions of a sample in a
chemically realistic way. The price for this chemical realism however, is an increase in computing
time.

The decision to not work with RMCProfile was also based on the fact that RMCProfile not only fits to
experimental diffraction data but also to a reference "Bragg file" which is the reference crystal pattern
which is highly unsuitable for a work focused on amorphous materials only. This feature can be
deactivated but is an added complication which could have an adverse effect of the resultant model.
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4. Results & Discussion

4.1 Amorphous Calcium Carbonate (ACC)

4.1.1 Synthesis

The first method trialled in this study was using a procedure detailed by Koga et al*”! which was
translated from Japanese to English and detailed the synthesis of ACC using calcium chloride, sodium
carbonate and addition of small amounts of sodium hydroxide (to adjust the pH of the solution). Most
recent syntheses of ACC are based on or reference the Koga method so this seemed like the best
starting point to synthesise ACC.

Additionally, the Koga method was used and adapted by Michel et all'”! where small quantities of
sodium carbonate and calcium chloride were mixed together. This method was chosen for the work in
this thesis because in Michel et al’s study the sample of amorphous calcium carbonate (ACC) was
used in a high-energy x-ray diffraction experiment so it was decided that this would be ideal.
However, after numerous attempts by the author of this thesis, and by collaborators at the University
of Leeds, to replicate the synthesis performed by Michel et al, all that could be produced was
crystalline calcite.

In a paper by Jiang et al’®”! it was discussed that ACC could be produced and stabilised with addition
of small amounts of Mg?" ions. This became an alternate line of investigation and will be discussed
further in chapter 4.2.

To create a stable sample of “additive-free” ACC, a method developed by Rodriguez-Blanco et al!%!
was used because resulting samples of ACC were shown to be stable for a period of approximately 3
days after synthesis — a huge improvement on other previous attempts by this author and previously
reported®>??! stable samples of ACC. Stock solutions were prepared of the various reagents (seen in
Table 4.1)

Table 4.1 — Stock solution preparation for ACC synthesis

Concentration of Stock | Reagent Mass (g) Volume of Stock
Solution (mM) Solution (mL)
100 Calcium Chloride 21.908 1000
hexahydrate
(CaC12.6H20)
100 Sodium Carbonate 14.204 1000
(N32CO3)

To prepare ACC, 7 mL each of the 100 mM solutions of CaCl, and Na,COj; were transferred to
separate polypropylene tubes. The CaCl, and Na,COs solutions were mixed rapidly to produce a
white precipitate in a Millipore™ glass filtration kit. This was then filtered (in under 30 seconds)
through a Cyclopore® 0.2 um pore size, track-etched polycarbonate membrane filter (47 mm
diameter) and washed with isopropanol and dried in flowing air.

A deuterated sample of ACC was prepared on site at the ISIS neutron facility (see Figure 4.1) to
enable study by neutron diffraction. The above method was modified to take place in an Argon
glovebox. These modifications include preparing the solutions of CaCl, and Na,COs in D,O and
isopropanol-d8 was purchased from Sigma-Aldrich. During the drying procedure the washed
precipitate, along with the membrane filter, was placed in a 28 mL glass sample bottle in a desiccator
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inside the Argon glovebox. When sufficient amount of sample was prepared, the desiccator was
sealed and kept under vacuum for a minimum of 1 hour before loading into a sample holder and the
sample holder loaded immediately onto the beamline.

Figure 4.1 - Experimental synthesis setup at ISIS facility in an Argon gas chamber showing the vacuum pump (left), filtration kit (centre)
and solutions made in D,O (right)

4.12 Lab-based characterisation

4.1.2.1 Laboratory XRD

To determine whether a sample was crystalline or amorphous, a freshly prepared sample was analysed
using a Philips PW 1730 diffractometer with a Cu anode, over a range of 10-70° 26 with a step size
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0.02°. Figure 4.2 shows the x-ray diffraction pattern of a typical sample prepared by the Koga
synthesis, figure 4.3 a Michel synthesis and figure 4.4 is that from a Rodriguez-Blanco synthesis.
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Figure 4.2 — XRD pattern of Koga synthesis of ACC, clearly showing a crystalline sample of calcite
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Figure 4.3 — XRD pattern of a Michel synthesis sample of ACC, showing a crystalline sample calcite but with some underlying disorder.
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Figure 4.4 - XRD pattern of Rodriguez-Blanco synthesis sample of ACC, this sample is amorphous. The Bragg peaks are from the x-ray
beam penetrating the thin layer of sample and correspond to the aluminium sample holder

From figures 4.2-4.4 it is clear to see that the best sample synthesis is the Rodriguez-Blanco method
as it is the only amorphous sample (with the exception of the Bragg peaks corresponding to the x-ray
beam penetrating the thin layer of sample and diffracting off the aluminium sample holder/XRD
instrument). All samples produced in this work will follow the Rodriguez-Blanco method.

4.1.2.2 Thermo-Gravimetric Analysis (TGA)

Normally a TGA-DTA measurement of the sample would be necessary to determine the water content
of the sample but analysis of ACC using the TGA-DTA was not feasible due to the rapid dehydration
and crystallisation of ACC. To determine the water content of the sample, we used the data from Mg-
ACC (section 4.2) which is more stable than ACC but should in theory contain a similar amount of
water due to the very similar production methods. It was found that in Mg-ACC the weight loss was
consistent with a water content of n=1.45. The plot of the TGA-DTA can be seen in section 4.2.

As discussed in the introduction, ACC is said to have a composition of CaCOs;.nH,O where n=1-
1.6!17-2%1 Thus the sample of ACC will be of composition CaCO;.1.45H,0 which is consistent with
the literature and will be the composition used in the EPSR model of ACC.

4.1.2.3 Helium Micropycnometry

A sample of ACC was loaded into a small aluminium can which was then placed into the He-
pycnometer and this was left to purge with helium for approximately 10 minutes before operation
could begin. This operation was performed on-site at the ISIS neutron facility immediately after the
completion of the neutron experiments. The values of P1 and P2 were recorded in an Excel
spreadsheet before correcting using the sample mass and container mass (all within Excel), figure 4.5
shows the P1/P2 ratio for ACC.
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Figure 4.5 — He-pycnometry of ACC sample showing the P1/P2 ratio (as discussed in the experimental methods section), the procedure was
repeated until the recorded density was within acceptable limits (1 s.d. - black error bar)

The density of ACC was calculated, using equation 3.5, to be 2.46 g/cm® + 0.0028 using the results
for P1/P2 obtained from a He pycnometer. This density will be used in the EPSR model for ACC.

4.1.2.4 FTIR

Whilst on-site at ISIS, a portable FTIR (lent to us by our collaborators Liane Benning and Juan Diego
Rodrigeuz-Blanco) was utilised to study the amount of deuteration, solvent and stability of the
sample. The FTIR was of benefit as it was able to fit in the Argon gas chamber - pictured below in
figure 4.6. A sample of D-ACC was prepared and placed on the FTIR to give a real-time FTIR
spectrum of the sample, a longer, recorded spectrum was obtained by scanning for approximately 30
minutes (figure 4.7)
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Figure 4.6 - the portable FTIR, bottom of the picture (red/black box) and connected to a laptop in the Ar chamber during sample synthesis at
ISIS

The results from these tests prior to neutron diffraction are shown in figure 4.7, 4.8 and 4.9 that detail
the first, second and third attempts to produce a deuterated sample of ACC.
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Figure 4.7 — First attempt to produce a deuterated ACC, showing mostly hydrogen content (the broad signal at 3500-3000 cm™) and a lack
of deuterium (which should be seen with a broad signal at approximately 2700-2100 cm™")
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Figure 4.8 — Second attempt to produce deuterated ACC, showing approximate 50% deuteration after integration of the curve under the
hydrogen region (3500-3000 cm™) and deuterium (2700-2100 cm™)
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Figure 4.9 — Final attempt to produce deuterated ACC, showing 100% deuteration with the absence of a signal at 3500-3000 cm™ and the
only signal present in the deuterium region at 2700-2100 cm'!

From all three attempts, it can be seen that all are stable and deuterated to some extent with attempt
one being fully undeuterated in figure 4.7, the second attempt with partial deuteration (approximately
50% deuteration) in figure 4.8 and the final attempt having 100% deuteration (with minor hydrogen
content) shown in figure 4.9.

4.1.3  Central Facility Experiments

4.1.3.1 Synchrotron XRD

X-ray diffraction data were collected at the MCX diffractometer!!?” at the ELETTRA synchrotron,
Italy, using a x-ray wavelength of 2=0.620 A. The non-deuterated sample was synthesized on site at
the synchrotron and immediately loaded into a 10 micron thick 1.5 mm diameter silica capillary. The
capillary was rotated during the experiment. X-ray diffraction data were collected up to 26 of 120° or
Q=20 A", The processing of the raw data included corrections for the background scattering,
polarization, sample thickness, absorption, capillary, Compton scattering, and the sharpening function
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(equal to the square of the average form factor per atom) using Excel. The structure factor S(Q)
profile from x-ray diffraction is shown in Figure 4.10.
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Figure 4.10 — X-ray S(Q) profile of ACC, obtained from the Elettra synchrotron, Italy

Problems occurred when samples of ACC crystallised immediately or soon after being loaded onto
the beamline. This decreased the amount of exposure time samples had and can be seen by the “noise”
at high Q.

4.1.3.2 EXAFS

At the EXAFS beamline at the ELETTRA synchrotron, Italy non-deuterated samples of ACC were
prepared on site and studied together with pre-prepared crystalline standards of calcite, aragonite and
monohydrocalcite.
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Figure 4.11 - EXAFS of ACC, showing a peak at 4048 eV
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Figure 4.12 - EXAFS of reference samples - calcite (red), aragonite (blue) and monohydrocalcite
(green)

4.1.3.3 Neutron Scattering

Neutron diffraction data were measured using the SANDALS diffractometer!!® at the ISIS pulsed
neutron source, UK. The deuterated samples were produced on the day of the experiment and loaded
into a flat plate holder sample holder with 25 micron thick TiZr plate 4mm apart (figure 4.13).

69



Figure 4.13 - Loaded TiZr sample container in the Ar chamber before being loaded into the SANDALS beamline

The sample holder was sealed and maintained at a temperature of 5 °C during the experiment. Time-
of-flight data (i.e. A is a function of time) were collected over a wide range of up to Q of 30 A™!
(where Q = 4m sin 6/X). The raw data was processed using the GUDRUN suite of programs.

During the first experiment to study a deuterated ACC sample, shown in figure 4.9, whilst the FTIR
spectrum showed that the sample was deuterated, amorphous and stable when the sample was loaded,

some isopropanol must have remained on the sample because after analysing the data, it was clear that
structure factor profile was very similar to that of isopropanol.
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Figure 4.14a — S(Q) profile of the first attempt to study deuterated ACC at ISIS neutron facility, EPSR output before being fit to
computational model.

This interpretation was confirmed when comparing with a study by Zetterstrom et al'®! who
conducted neutron diffraction on various solvents including isopropanol which can be seen in figure
4.14b. It was suspected that inadequate drying of the sample in the glovebox had contributed to the
sample being ‘wet’ with isopropanol.
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Figure 4.14b — Structure factor of Isopropanol as presented by P Zetterstrom et all'®®), very similar to figure 4.12

On a subsequent experiment, with adequate drying techniques introduced, to study deuterated ACC,
hydrogen was present within the Ar glovebox. Possibly this was due to inadequate purging/flushing of
the glovebox after loading or to a source of hydrogen being introduced from our equipment (possibly
the pump or if the glovebox being used was not able to remove 100% of the hydrogen). However, the
sample produced contained approximately 50% hydrogen and 50% deuterium. The structure factor for
this sample can be seen in figure 4.15a below
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Figure 4.15a - Second attempt to study deuterated ACC with 50/50 split between hydrogen and deuterium.
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The third and final attempt to study deuterated ACC was achieved during a SANDALS experiment on
deuterated amorphous calcium phosphate (ACP) and resulted in a 100% deuterated sample of ACC
being produced with possibly a small contribution from hydrogen but this was deemed to be
negligible. This structure factor profile can be seen in figure 4.15b.
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Figure 4.15b - Third attempt to study deuterated ACC with 100% deuterated sample.

Thus, the neutron diffraction experiment confirmed the sample to be fully deuterated and it was these
data that were used in subsequent EPSR modelling.

4.1.4  Empirical Potential Structure Refinement (EPSR) Modelling

Structurally realistic molecular units were initially constructed using GHEMICALA4.0 software. A
cubic box with length L=40.65 A containing 1000 Ca, 1000 COs and 1450 D,O units (total 9250
atoms) was assembled using the EPSR shell. This model corresponds to the measured density for
ACC of 2.46 g/cm’.

The procedure detailed in section 3.2 and the information above yielded the following atomistic
structure of ACC:
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Figure 4.16 - Atomistic Structure of ACC (above), calcium (green), oxygen (red), carbon (grey) and deuterium (white). Below is a zoomed
close up of the short-range structure of ACC.
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Figure 4.17 - Observed (black) and calculated (red) S(Q) profiles for neutron and x-ray data of deuterated ACC.
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Individual pair correlation functions gij(r) were calculated and those involving COs™ ions and H,O
molecules are shown in Figure 4.18. The first four peaks in the PDFs represent the internal structure
of the molecules: O-H and H-H distances in H,O, and C-O and O-O distances in COs. In addition,
there are inter-molecular (the interactions between different molecules and molecular units) and intra-
molecular (the interactions within molecules or molecular units ie. C-O bond in COs unit) correlations

These correlations and their peak distances are summarised in Table 4.1.
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Table 4.1 - Interatomic correlations involving CO;3™ ions and H,O molecular units. (* denotes

correlations involving hydrogen bonding)

distance (A) atoms types | molecular ion Coordination Number

(approximate) | i-j units

0.93 and H-O intra and inter* 1.2 and (1.0)

(1.3)* H,O

1.25 C-O intra CO3 3.5

1.56 and H-H intra and inter* 1.8 (0.8)

(1.9)* H,O

2.22 0-0 intra CO3 3.0

2.3) C-H inter CO3 and 2.6
HO

24 Ca-O 6.5 (CO;3) and 1.0 (H20)

(2.8) 0-0 inter CO3 (and N/A (large number of O at distances greater
H,0) than 2.5 A)

33 Ca-C 6.2 (CO»)

3.3) C-O inter CO3 (and N/A (large number of O at distances greater
H,0) than 2.5 A)

3.9 C-C inter CO3 5
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Figure 4.18: pair distribution functions gij(r) involving CO;" and H,O moieties for D-ACC from EPSR model. (See Table 4.2 for details of
the correlations and peak distances).
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Figure 4.19: pair distribution functions gij(r) involving Ca for D-ACC from EPSR model. (Note Oc and Ow refer to oxygens in CO; and
H,0 molecules respectively).

Figure 4.19 shows the pair correlations involving calcium. Most prominent are the Ca-O distances due
to Ca bonding to the oxygen atoms which are present in CO3; and H,O molecular ions, where the peak
distance is 2.42 A. The average coordination number of Ca is found to be 7.2 which are composed of
6.8 oxygen atoms from CO; molecules and 0.6 oxygen atoms from H,O molecules. These features of
the model are in good agreement with the EXAFS results of Michel et al'” for ACC prepared by a
similar method, which were Ca-O coordination number of 6.5+1.6 and peak distance of 2.42+0.02 A.
Due to the coordination of Ca to oxygen in CO3; and H,O molecules, there are consequently noticeable
correlations of Ca...C and Ca...H.

The first peak at 3.3-4.5 A in the Ca-Ca PDF (see Figure 4.19) corresponds to calcium which share
bonds with common oxygen, i.e. Ca-O-Ca.
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Figure 4.20: EPSR model of D-ACC with blue lines showing the Ca-rich network as blue sticks (i.e. Ca-O-Ca linkages). Marginal volumes
of Ca-poor channels (based on the criteria of regions more than 3.3 A distant from Ca) are shown as grey surfaces. (None are present using a
criteria of 4 A). A similar analysis was reported by Goodwin et al®®”.

Figure 4.20 (blue lines) shows that the "Ca-rich network" (based on Ca-O-Ca linkages) is
homogeneously distributed. In addition, there are no Ca-poor channels based on the criteria of
regions more than 4 A distant from Ca. Figure 4.20 (grey surfaces) shows that when using a less
stringent definition of Ca-poor channels based on the criteria of regions more than 3.3 A distant from
Ca there are only a few marginal volumes fitting these criteria. The significance of this is that it does
not agree with the model produce by Goodwin et al[17] where large channels of calcium rich and
calcium poor regions were observed. This could be because in the Goodwin model, hydrogen was
omitted to save on computational power/time. Thus free oxygens were allowed to roam through the
model which is unrealistic.
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4.2 Magnesium-stabilised Amorphous Calcium Carbonate (Mg-ACC)

4.2.1 Synthesis

As with ACC, the method developed by Rodriguez-Blanco et al'%! was used due to its success in
producing stable samples of ACC. The method was adapted, along with that of Jiang et al’®”! to
prepare a sample of magnesium-stabilised ACC (Mg-ACC). In anticipation of this, stock solutions
were created (seen in Table 4.3)

Table 4.3 — Stock solution preparation for Mg-ACC synthesis

Concentration of Stock | Reagent Mass (g) Volume of Stock
Solution (mM) Solution (mL)
500 Magnesium Chloride 47.606 500
(MgCl,)
100 Calcium Chloride 21.908 1000
hexahydrate
(CaClz.6H20)
100 Sodium Carbonate 14.204 1000
(N32CO3)

To prepare Mg-ACC, 5 mL of the 100 mM solutions of CaCl, and Na,CO3 were transferred to
separate polypropylene tubes. To the CaCl; solution 0.5-5 mL of a 500 mM solution of MgCl, was
added and this was then rapidly mixed with the Na>COj; solution. This mixing produced a white
precipitate in a Millipore™ glass filtration kit before being rapidly filtered through a Cyclopore® 0.2
um pore size, track-etched polycarbonate membrane filter (47 mm diameter) and washed with
isopropanol and dried in flowing air.

The precipitate was further heat-treated for 1 hour at a range of temperatures including 100 °C, 150
°C and 200 °C to reduce the water content. Temperatures were determined by TGA-DTA (discussed
in section 4.2.2.2). A list of prepared samples of Mg-ACC can be seen in Table 4.4.

Table 4.4 — Prepared samples of Mg-ACC

Sample [.D. Volume of MgCI2 Solution Heat Treatment (°C)
Added (mL)

Mg-ACCunh0.5 0.5 Unheated
Mg-ACCunhl 1 Unheated
Mg-ACCunh2.5 2.5 Unheated
Mg-ACCunh5 5 Unheated
Mg-ACC100 1 100

Mg-ACC150 1 150

Mg-ACC200 1 200

All of the above samples were studied until a suitable candidate was found to study via x-ray and
neutron diffraction. As with ACC, a deuterated sample was also produced on site at ISIS for analysis
using the method mentioned above and discussed in section 4.1.1.

4.2.2  Lab-based characterisation

4.2.2.1 Laboratory XRD

The samples of Mg-ACC with varying magnesium content (as detailed in Table 4.4) were analysed
using XRD to confirm which were amorphous. Figure 4.21 shows the XRD patterns for all of the
freshly prepared Mg-ACC samples
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Figure 4.21 - XRD patterns for freshly prepared Mg-ACCunh0.5 (blue), Mg-ACCunhl (black), Mg-ACC2 (red) and Mg-ACCunh5 (green).

As can be seen in figure 4.21, all of the unheated Mg-ACC samples were amorphous. These
amorphous samples were kept sealed in a 5 mL glass bottle secured with lab film and re-measured at
varying intervals (1, 3, 7 and 14 days after synthesis). As the objective was to have as little
magnesium in the sample as possible, the results for Mg-ACCunh0.5 will be presented first.
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Figure 4.22 — XRD patterns for Mg-ACCunh0.5 over time from 0 days (blue), 1 day (black), 3 days (red) and 7 days (green) after synthesis.

As the sample of Mg-ACCunh0.5 began to crystallise around 3 days after synthesis, it was decided
that this product was not suitable for this project as the lack of stability could compromise a central
facility experiment. The next set of results are for the Mg-ACCunhl sample.
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Figure 4.23 — XRD patterns for Mg-ACCunhl over time from 0 days (blue), 1 day (black), 3 days (red), 7 days (green) and 14 days (orange)
after synthesis.

From the XRD data gathered on Mg-ACCunhl, it was determined to be a suitable candidate for heat
treatment. Each sample of Mg-ACC was now be prepared in the same manner as Mg-ACCunhl and
subjected to heating for 1 hour at the temperatures detailed in Table 4.4. As the objective of the heat
treatment is to drive off as much interstitial water as possible, the results for the highest temperature

(determined by TGA-DSC in section 4.2.2.2), 200°C, will be displayed first.
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Figure 4.24 - XRD pattern for Mg-ACC200 immediately after 1 hour heat treatment.

As the sample of Mg-ACC200 was crystalline (starting to show the formation of calcite-like crystals)
immediately after heat treatment, no further work was conducted on this sample. Attention was turned

onto the next sample Mg-ACC150 and the XRD results are shown below:
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Figure 4.25 - XRD pattern of Mg-ACC150 immediately after 1 hour heat treatment (blue), 3 days (black), 7 days (red) and 14 days (green)
after treatment

The Mg-ACC150 sample was amorphous for longer than two weeks which was ideal for central
facility experiments with the minimal amount of magnesium added. All further work in this chapter
will be based, unless stated otherwise, on Mg-ACC150.

4.2.2.2 Thermo-Gravimetric Analysis (TGA-DTA)

A sample of freshly prepared Mg-ACCunh1 was analysed using TGA-DTA and the results are shown
in figure 4.26 and 4.27.
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Figure 4.26 — TGA of Mg-ACCunhl, showing weight loss of 18% up to approximately 150°C and 21% to 350°C at which point Mg-

ACCunhl crystallises (see figure 4.27).
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Figure 4.27 — DTA of Mg-ACCunhl showing a crystallisation peak at approximately 350°C

The TGA-DTA of Mg-ACCunhl showed weight losses of 18% and 21% up to temperatures of 150
°C and 350 °C respectively, the latter being when calcite crystallises. These weight losses are
consistent with a water content of n=1.45 before and n=0.25 after heat treatment at 150 °C. This
reduction of water content is important for neutron diffraction and will be used in the computational
model of diffraction data.

4.2.2.3 Helium Micropycnometry

A sample of Mg-ACC150 was loaded into a small aluminium can which was then placed into the He-
pycnometer and this was left to purge with helium for approximately 10 minutes before operation
could begin. This operation was performed on-site at the ISIS neutron facility approximately 2 weeks
after the completion of the neutron experiments due to the Mg-ACC150 sample being radioactive
immediately after completion of the experiment. The values of P1 and P2 were recorded in an Excel
spreadsheet before correcting using the sample mass and container mass (all within Excel), figure
4.28 shows the P1/P2 ratio for Mg-ACC150.
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Figure 4.28 - He-pycnometry of Mg-ACC150 sample showing the P1/P2 ratio, the procedure was repeated until the recorded density was

within acceptable limits (1 s.d. - black error bar)

The density of Mg-ACC150 was calculated to be 2.19 g/cm?® using the results for P1/P2 obtained from

a He pycnometer. This density will be used in the EPSR model for Mg-ACC150.

4.2.2.4 X-ray fluorescence (XRF)

A number of XRF experiments were carried out on samples of Mg-ACC150 and on average an
Mg:Ca ratio of 0.05:0.95 was determined. This would mean that the final formula used for data
analysis and the EPSR model would be Mg.05Ca0.0sCO3.nH,O where n = 0.25.

4.2.3  Central Facility Experiments

4.2.3.1 Synchrotron X-ray Powder Diffraction

X-ray diffraction data were collected at the MCX diffractometer!!?” at the ELETTRA synchrotron,
Italy, using a wavelength of 1=0.620 A. The sample was produced prior to travelling to the
synchrotron and sealed until it was loaded into a 10 micron thick 1.5 mm diameter silica capillary.
The capillary was rotated during the experiment. X-ray diffraction data was collected up to 26 of
120° or Q=20 A—1. The processing of the raw data included corrections for the background
scattering, polarization, sample thickness, absorption, capillary, Compton scattering, and the
sharpening function (equal to the square of the average form factor per atom). The structure factor
S(Q) profile from x-ray diffraction is shown in Figure 4.29.

85



O\

: [\ A
0 \j\j\wﬁWWw 0

-—
~ Q (A-1)
g
(7p]
-0.5 -
-1 -
Figure 4.29 - X-ray structure factor profile of Mg-ACC150, obtained from the Elettra synchrotron, Italy
4.2.3.2 Extended X-ray Absorbtion Fine Structure (EXAFS)

At the EXAFS beamline at the ELETTRA synchrotron, Italy a sample of Mg-ACC150 was prepared

in advance and studied together with pre-prepared crystalline standards of calcite, aragonite and
monohydrocalcite (see Figures 4.30 and 4.31).
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Figure 4.30 - EXAFS of Mg-ACC150, showing a peak at 4048 eV
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Figure 4.31 - EXAFS of reference samples - calcite (red), aragonite (blue) and monohydrocalcite (green)

4.2.3.3 Neutron Scattering

Neutron diffraction experiments were conducted on the SANDALS diffractometer!!®! at the ISIS
pulsed neutron source, UK. The samples of Mg-ACC150 were prepared in advance the day before the
experiment and loaded into a vanadium flat plate sample holder with 25 micron thick vanadium plate
4mm apart (figure 4.32 and 4.33).

Figure 4.32 - Empty flat plate vanadium sample holder with spacer (top left)
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Figure 4.33 - Loaded flat plate vanadium sample holder.

The sample holder was sealed and maintained at a temperature of 5 °C during the experiment. Time-
of-flight data (i.e. A is a function of time) was collected over a wide range of up to Q of 30 A™' (where

Q =4n sin 6/X). The raw data was processed using the GUDRUN suite of programs.
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Figure 4.34 — S(Q) profile for Mg-ACC150 from neutron diffraction.
4.2.4 EPSR Modelling

Structurally realistic molecular units were initially constructed using GHEMICALA4.0 software. A
cubic box with length L=39.55 A containing 950 Ca, 50 Mg 1000 COs and 250 DO units (total 5250
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atoms) was assembled using the EPSR shell. This model corresponds to the measured density for Mg-
ACC150 of 2.19 g/cm®.

Following the procedure detailed in section 3.2 yielded the following atomistic structure of Mg-
ACC150:

Figure 4.35 - Atomistic Structure of Mg-ACC150, calcium (green), magnesium (pink) oxygen (red), carbon (grey) and hydrogen (white).
Below is the short range structure, zoomed in.
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Figure 4.36 - Observed (black) and calculated (red) S(Q) profiles for neutron and x-ray data of Mg-ACC150

At low Q, there is poor agreement with the experimental data and the computational model. The cause
of this disparity is that the computational model was too highly constrained with regards to molecular
ions. In future work, this issue could be addressed.

The pair distribution functions (PDF) gij(r) have been calculated from the model using fourier
transform. Figure 4.37 shows the PDFs involving COs and H»O molecular ions respectively. The
first four peaks in the PDFs represent the internal structure of the molecules: O-H and H-H distances
in H,0, and C-O and O-O distances in CO;. There are inter-molecular (the interactions between
different molecules and molecular units) and intra-molecular (the interactions within molecules or
molecular units ie. C-O bond in COs unit) correlations . These correlations and their peak distances

are summarised in Table 4.5.
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Table 4.5: interatomic correlations involving CO;" ions and H>O molecular units. (* denotes
correlations involving hydrogen bonding as discussed in the text.)

distance (A) atoms types i-j Molecular ion units Coordination
(approximate) Number
0.93 and (1.2)* H-O intra and inter* H,O 1.0 (1.0)
1.32 C-O intra CO3 3.0
1.56 and (1.9)* H-H intra and inter* H,O 1.0 (0.6)
2.22 0-0 intra CO3 2.0
2.4) C-H inter COs and H,O 0.7)
(2.8) 0-0 inter CO3 (and H,O) N/A (large number
of O at distances
greater than 2.5 A)
3.3) C-O inter CO3 (and H,O) N/A (large number
of O at distances
greater than 2.5 A)
3.9 Cc-C inter CO3 5
- H-O (+20) —---
—H-0 (+20) H-O
—C-0(+5) ——C-O
——H-H(+3) ----H-H
——00 -~ =00
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Figure 4.37 - Pair correlation functions gij(r) involving CO;" and H,O moieties for Mg stabilised ACC from EPSR model. (See Table 4.5
for details of the correlations and peak distances).
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Figure 4.38 - Pair correlation functions gij(r) involving Ca for Mg stabilised ACC from EPSR model. (Note Oc and Ow refer to oxygens in
CO; and H,0 molecular ions respectively).

Figure 4.38 shows the PDFs involving Ca. Most prominent are the Ca-O distances due to Ca bonding
to the oxygen atoms which are present in CO3 and H,O molecules, where the peak distance is 2.40 A.
The average coordination number of Ca is found to be 7.4 which are composed of 6.8 oxygen atoms
from CO3 molecules and 0.6 oxygen atoms from H,O molecules. These features of the model are in
good agreement with the EXAFS results of Michel et al''”) for ACC prepared by a similar method,
which were Ca-O coordination number of 6.7+1.7 and peak distance of 2.41+0.02 A. Due to the
coordination of Ca to oxygen in COs and H>O molecules, there are consequently noticeable
correlations of Ca...C and Ca...H. The PDFs for Mg are similar to those for Ca, but they are not
presented in detail because of the poor statistics due to the small number of Mg atoms in the model.

The first peak at 3.3-4.5 A in the Ca-Ca PDF (see Figure 4.2.4) corresponds to calcium which share
bonds with common oxygen, i.e. Ca-O-Ca.
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Figure 4.39: EPSR model of Mg-stabilised ACC (figure 4.35) with blue lines showing the Ca-rich network as blue sticks (i.e. Ca-O-Ca
linkages). Marginal volumes of Ca-poor channels (based on the criteria of regions more than 3.3 A distant from Ca) are shown as grey
surfaces. (None are present using a criteria of 4 A.) A similar analysis was reported by Goodwin et al 27,

Figure 4.39 (blue lines) shows that the "Ca-rich network" (based on Ca-O-Ca linkages) is
homogeneously distributed. In addition there are no Ca-poor channels based on the criteria of regions
more than 4 A distant from Ca. Figure 4.39 (grey surfaces) shows that when using a less stringent
definition of Ca-poor channels based on the criteria of regions more than 3.3 A distant from Ca there
are only a few marginal volumes fitting these criteria.
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4.3 Amorphous Magnesium Carbonate (AMC)

4.3.1 Synthesis

Based on the method developed to produce ACC and Mg-ACC, samples of amorphous magnesium
carbonate (AMC) were produced. Simply by omitting calcium chloride solution and increasing the
volume of magnesium carbonate solution. The table below illustrates the stock solutions used

Table 4.6 — Stock solution preparation for AMC synthesis

Concentration of Stock | Reagent Mass (g) Volume of Stock
Solution (mM) Solution (mL)
100 Magnesium Chloride 9.521 1000

(MgCl,)
100 Sodium Carbonate 14.204 1000

(Na2C03)

To prepare AMC, 10 mL of the 100 mM solutions of MgCl, and Na,COj3 were transferred to separate
polypropylene tubes. The MgCl, solution was added and this was then rapidly mixed with the Na,CO3
solution. This mixing produced a white precipitate in a Millipore™ glass filtration kit before being
rapidly filtered through a Cyclopore® 0.2 um pore size, track-etched polycarbonate membrane filter
(47 mm diameter) and washed with isopropanol and dried in flowing air.

For this chapter of work, both a deuterated and heat-treated sample of AMC were produced using
methods detailed in chapters 4.1 and 4.2 respectively. A list of potential samples was devised and is as
follows:

e AMCunh - unheated sample

e AMCI00 - heated to 100°C for 1 hour
e AMC200 - heated to 200°C for 1 hour
e AMC300 - heated to 300°C for 1 hour

4.3.2 Lab-based characterisation

4.3.2.1 Lab Powder X-ray Diffraction (XRD)

The heat-treated and unheated samples of AMC were analysed by XRD immediately after synthesis to
determine which were amorphous.
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Figure 4.40 - XRD patterns of freshly prepared AMCunh (blue), AMC100 (black), AMC200 (red), AMC300 (green)

With the exception of AMC300, which was crystalline immediately after heat treatment, the above
samples were kept sealed in a 5 mL glass bottle secured with lab film and re-measured at varying
intervals (1, 3, 7 and 14 days after synthesis). Fig 4.41 shows the results over time for sample

AMC200
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Fig 4.41 — XRD patterns for AMC200 over time from 0 days (blue), 1 day (black), 3 days (red), 7 days (green) and 14 days (orange) after
heat treatment

The AMC200 sample was amorphous for longer than two weeks which was ideal for central facility
experiments. All further work in this chapter will be based, on AMCunh (in preparation for synthesis

of D-AMC) and AMC200.
4.3.2.2 Thermo-Gravimetric Analysis (TGA)

A sample of freshly prepared AMCunh was analysed using TGA-DTA and the results are shown in
figure 4.42 and 4.43.
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Figure 4.42 — TGA of AMCunh, showing weight loss of 20% up to approximately 200°C and 23% to 400°C at which point AMCunh
crystallises (see figure 4.43).
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Figure 4.43 — DTA of AMCunh showing a crystallisation peak at approximately 400°C

The TGA-DTA of Mg-ACCunhl showed weight losses of 20% and 24% up to temperatures of 200
°C and 400 °C respectively, the latter being when magnesite crystallises. These weight losses are
consistent with a water content of n=1.55 before and n=0.2 after heat treatment at 200 °C. For the
EPSR models, D-AMC will have a D,O content corresponding to n=1.55 and AMC200 will have H,O
equal to n=0.2.

4.3.2.3 Helium Micropycnometry

Samples of AMCunh AMC200 was loaded into a small aluminium can which was then placed into the
He-pycnometer and this was left to purge with helium for approximately 10 minutes before operation
could begin. This operation was performed on-site at the ISIS neutron facility approximately 2 weeks
after the completion of the neutron experiments due to the magnesium in the AMC200 sample being
radioactive immediately after completion of the experiment. The values of P1 and P2 were recorded
in an Excel spreadsheet before correcting using the sample mass and container mass (all within
Excel), figure 4.28 shows the P1/P2 ratio for AMCunh and AMC200.
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Figure 4.44 - He-pycnometry of AMCunh (blue) and AMC200 (black) samples showing the P1/P2 ratio, the procedure was repeated until
the recorded density was within acceptable limits (1 s.d. - black error bar)

The density of AMCunh was calculated as 2.46 g/cm® and 2.32 g/cm® for AMC200 using the results
for P1/P2 obtained from a He pycnometer. This density will be used in the EPSR model for D-AMC
AMC200.

4.3.3  Central Facility Experiments

4.3.3.1 Synchrotron X-ray Powder Diffaction

X-ray diffraction data were collected at the MCX diffractometer!!°”! at the ELETTRA synchrotron,
Italy, using a wavelength of 1=0.620 A. The sample was produced prior to travelling to the
synchrotron and sealed until it was loaded into a 10 micron thick 1.5 mm diameter silica capillary.
The capillary was rotated during the experiment. X-ray diffraction data was collected up to 26 of
120° or Q=20 A™'. The processing of the raw data included corrections for the background scattering,
polarization, sample thickness, absorption, capillary, Compton scattering, and the sharpening function
(equal to the square of the average form factor per atom). The structure factor S(Q) profile from x-ray
diffraction is shown in figure 4.45.
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Figure 4.45 Structure factor S(Q) from x-ray diffraction for AMCunh

Unfortunately due to complications at the Elettra synchrotron with crystallisation and lack of
time/reagents/facilities to reproduce a sample of AMC200 it was not possible to gather XRD data on
AMC200.

4.3.3.2 Neutron Scattering

Neutron diffraction data were measured using the SANDALS diffractometer!!®® at the ISIS pulsed
neutron source, UK. The deuterated samples were produced on the day of the experiment and loaded
into a flat plate holder sample holder with 25 micron thick TiZr plate 4mm apart (figure 4.13)

Samples of AMC200 were produced prior to travelling to ISIS and were loaded into into a vanadium
flat plate sample holder with 25 micron thick vanadium plate 4mm apart (figure 4.32 and 4.33).

The sample holders were sealed and maintained at a temperature of 5 °C during the experiment. Time-

of-flight data (i.e. A is a function of time) was collected over a wide range of up to Q of 30 A™! (where
Q =4m sin 6/A). The raw data were processed using the GUDRUN suite of programs.
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Figure 4.47 - S(Q) profile from neutron diffraction data for AMC200

4.3.4  Empirical Potential Structure Refinement (EPSR) Modelling

Structurally realistic molecular units were initially constructed using GHEMICALA4.0 software. A
cubic box with length L=42.60 A containing 1000 Mg, 1000 COs and 1550 D,O units (total 8650
atoms) for D-AMC and a box of length L=38.95 A containing 1000 Mg, 1000 CO; and 200 H,O units
(total 4600 atoms) for AMC200 was assembled using the EPSR shell. These models corresponds to
the measured density for AMC of 2.46 g/cm® and 2.32 g/cm® for AMC200.

This procedure yielded the following atomistic structure of D-AMC and AMC200:
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Figure 4.48 - Atomistic Structure of D-AMC, magnesium (pink), oxygen (red), carbon (grey) and deuterium (white). Below is the short
range structure zoomed in
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Figure 4.49 - Atomistic Structure of AMCZOO, magnesium (pink)

range structure zoomed in
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Figure 4.50 - Fitted S(Q) profile from neutron diffraction data for D-AMC, showing observed (black) and calculated (red) profiles.
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Figure 4.51 - Fitted S(Q) profile from neutron and x-ray diffraction data for AMC200 showing observed (black) and calculated (red)
profiles.

Individual pair correlation functions gij(r) were calculated and those involving CO3- ions and H20
molecules are shown in Figure 4.52. The first four peaks in the PDFs represent the internal structure
of the molecules: O-H and H-H distances in H,O, and C-O and O-O distances in COs. There are inter-
molecular (the interactions between different molecules and molecular units) and intra-molecular (the
interactions within molecules or molecular units ie. C-O bond in COjs unit) correlations. These
correlations and their peak distances are summarised in Table 4.7.
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Table 4.7 - Interatomic correlations involving CO;3™ ions and H,O molecular units. (* denotes
correlations involving hydrogen bonding)

distance (A) atoms types | Molecular ion Coordination Number
(approximate) | i-j units
0.92 and H-O intra and inter* 1.0 (1.0)
(1.3)* HO
1.34 C-O intra CO3 2.9
1.57 and H-H intra and inter* 1.0 (0.5)
(1.9)* HO
2.21 0-0 intra CO3 2.0
2.5 C-H inter CO3 and (0.6)
HO
2.8) 0-0 inter CO3 (and N/A (large number of O at distances greater
H,0) than 2.5 A)
3.3) C-O inter CO3 (and N/A (large number of O at distances greater
H,0) than 2.5 A)
(3.6) Cc-C inter CO3 5
2 H-O (= = e
—H-0 (+20) H-O
M ——ED[5) — = D
——H-H(+3) ----H-H
—0-0 — — 0-0
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Figure 4.52 - Pair correlation functions gij(r) involving COj;" ions and H,O moieties for D-AMC from EPSR model. (See Table 4.7 for
details of the correlations and peak distances).
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Figure 4.53 - Pair correlation functions gij(r) involving Ca for D-AMC from EPSR model. (Note Oc and Ow refer to oxygens in COs and
H,0 molecules respectively).

Figure 4.53 shows the pair correlations involving magnesium. Most prominent are the Mg-O distances
due to Mg bonding to the oxygen atoms which are present in CO3 and H>O molecules, where the peak
distance is 2.42 A. The average coordination number of Mg is found to be 7.0 which are composed of
6.4 oxygen atoms from CO3; molecules and 0.6 oxygen atoms from H,O molecules. Due to the
coordination of Mg to oxygen in COs and H,O molecules, there are consequently noticeable
correlations of Mg...C and Mg...H.

The first peak at 3.3-4.5 A in the Mg-Mg PDF (see Figure 4.53) corresponds to magnesium which
share bonds with common oxygen, i.e. Mg-O-Mg.
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4.4 Amorphous Phosphates

4.4.1 Amorphous Calcium Phosphate (ACP)

This area of study builds on a previous project conducted by K. Wetherall!''”! in which heat treated
samples of amorphous calcium phosphate (ACP) were studied using x-ray and neutron diffraction.
The work in this project was two fold - computational modelling of the existing data and of the new
dataset for a deuterated sample of ACP which was produced and data gathered during this work.

4.4.1.1 Synthesis

Heat treated samples of ACP were produced by K. Wetherall!''%! using a similar method to the other
materials in this project. The freshly prepared samples were heat treated for approximately one hour
with the ideal sample being ACP450, ACP being heated to 450°C, this sample contains very little
hydrogen and was stable for a period greater than 2 weeks.

For this project, the author, prepared deuterated samples of ACP where all synthesis work was
conducted in an argon gas chamber at the ISIS facility, Didcot. Deuterated ACP (D-ACP), was
prepared with 10 mL of the 100 mM D-O solutions of CaCl, and NasPO4 were transferred to separate
polypropylene tubes. The CaCl, solution was rapidly mixed with the Na3;POj solution. This mixing
produced a white precipitate in a Millipore™ glass filtration kit before being rapidly filtered through a
Cyclopore® 0.2 um pore size, track-etched polycarbonate membrane filter (47 mm diameter) and
washed with isopropanol-d8 and dried in flowing argon (via use of a small portable electric fan).

44.12 Lab-based characterisation

44.12.1 Lab Powder X-ray Diffraction (XRD)

The deuterated sample, D-ACP was measured after the experiments at the ISIS neutron facility and
was found to still be amorphous.
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Figure 4.54 - XRD pattern of D-ACP obtained after neutron diffraction experiment.

4.4.1.2.2 Helium Micropycnometry

The density of ACP-450 were measured to be 2.39 g/cm’ using a He pycnometer by K. Wetherall!
and the sample of D-ACP was found to have a density of 2.47 g/cm? by the author. Both of these
density measurements will be used to construct EPSR models
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Figure 4.55 - He-pycnometry of D-ACP sample showing the P1/P2 ratio, the procedure was repeated until the recorded density was within
acceptable limits (1 s.d. - black error bar)

4.4.13 Central Facility Experiments

4.4.1.3.3 Neutron Scattering

Neutron diffraction data were measured using the SANDALS diffractometer!'® at the ISIS pulsed
neutron source, UK. The ACP-450 sample data was collected by K. Wetherall during the previous
project. The sample, named D-ACP, was prepared on-site (using the method detailed in section 4.1)
immediately before being placed in the beam. This sample was loaded into a flat plate holder sample
holder with 25 micron thick TiZr plate 4mm apart (figure 4.13).

The sample holder was sealed and maintained at a temperature of 5 °C during the experiment by the

author. Time-of-flight data (i.e. is a function of time) was collected over a wide range of up to Q of 30
A—1 (where Q = 4r sin 0/L). The raw data was processed using the GUDRUN suite of programs.
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Figure 4.56 - Structure factor S(Q) profile from neutron diffraction of D-ACP
4.4.14 Empirical Potential Structure Refinement (EPSR) Modelling

Structurally realistic molecular units were initially constructed using GHEMICALA4.0 software. A
cubic box with length L=40.01 A containing 1000 Ca, 1000 PO, and 500 H,O units was assembled
using the EPSR shell. This model corresponds to the measured density for ACP-450 of 2.39 g/cm’. In
the case of D-ACP, a cubic box with length L=42.12 A containing 1000 Ca, 1000 PO4 and 1500 D,O
units was assembled using the EPSR shell with a density of . This model corresponds to the measured
density for ACP-450 of 2.47 g/cm’.

Following the procedure detailed in section 3.2 yielded the following atomistic structure of ACP-450
and D-ACP:
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Figure 4.57 - Atomistic Structure of ACP-450, calcium (green), oxygen (red), phosphorous (orange/pink) and hydrogen (white). Below is
the short range structure zoomed in.
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Figure 4.58 - Atomistic Structure of D-ACP, calcium (green), oxygen (red), phosphorous (orange/pink) and deuterium (white). Below is the
short range structure zoomed in.
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Figure 4.59 - Fitted S(Q) profile from neutron and x-ray diffraction data for ACP450, showing observed (black) and calculated (red)
profiles.
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Figure 4.60 - Fitted S(Q) profile from neutron diffraction and x-ray data for D-ACP, showing observed (black) and calculated (red) profiles.
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Table 4.8 - Interatomic correlations involving PO4 ions and H,O molecular units. (* denotes
correlations involving hydrogen bonding)

distance (A) atoms types | Molecular ion Coordination Number

(approximate) | i-j units

0.92 and H-O intra and inter* 1.0 (1.0)

(1.3)* H,O

1.6 P-O intra PO4 1.6

1.57 and H-H intra and inter* 1.0 (0.5)

(1.9)* H,O

2.21 0-0 intra POy 2.2

(2.9) P-H inter PO4 and (0.7)
H,O

2.8) 0-0 inter PO4 (and N/A (large number of O at distances greater
H,0) than 2.5 A)

(3.9) P-O inter PO4 (and N/A (large number of O at distances greater
H,0) than 2.5 A)

4.1 P-P inter POy 5

Table 4.8 shows the pair correlations involving phosphorus and calcium. Most prominent are the Ca-
O distances due to Ca bonding to the oxygen atoms which are present in PO4 and H,O molecules,
where the peak distance is 2.6 A. The average coordination number of Ca is found to be 6.7 which
are composed of 6.2 oxygen atoms from PO4 molecules and 0.5 oxygen atoms from H,O molecules.

These value correspond to previous work conducted on ACP by Kate Weatherall. When compared
with the crystalline data[41-47] for calcium phosphate, the closest crystalline structure to that of
amorphous calcium phosphate appears to hydroxyapatite[45]. The short-range order of ACP is very
similar to that of hydroxyapatite. With previous systems presented in this thesis, ACP does not appear
to correspond to short-range order in the amorphous carbonates, this is due to the tetragonal nature of

the phosphate molecular ion compared to the trigonal carbonate molecular ion.
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4.4.2  Amorphous Iron Phosphate (AFP)

This area of study extends a previous project conducted by B. Al-Hasni''!!'! in which heat treated
samples of amorphous iron phosphate (AFP) were studied using x-ray and neutron diffraction. To
build on the previous work, in this project, the previous experimental data was used in a new
computational method. As such, no experimental work was conducted in this area of the project, it
was purely computational.

4.4.2.1 Building the EPSR model
The following information is all contained in the previous work by B. Al-Hasni which will be used to
build the composition of the model and give it a density

Table 4.9 - Previous Data for AFP samples to build EPSR models
Model | Fe;Os | P,Os | Density
(Fe™) (g/en’)
30Fe,0s | 30 70 2.96
40Fe,0; | 40 60 3.04

Diffraction data were obtained by B. Al-Hasni and this will be used in the modelling process. Figure
4.61 below shows the experimental data and previous molecular dynamics fits to the data.
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Figure 4.61 - Experimental neutron and x-ray data (dashed lines) and computational (solid lines) of Fe,O3; models from previous study by B
Al-Hasnil'!!!

4.4.2.2 Empirical Potential Structure Refinement (EPSR) Modelling

Structurally realistic molecular units were initially constructed using GHEMICALA4.0 software. For
the 30Fe,0; model, a cubic box with length L=37.30 A containing 300 Fe,O3 and 700 P,Os units was
assembled using the EPSR shell. This model had a corresponding density for 2.96 g/cm?. In the case
of 40Fe;0s, a cubic box with length L=37.43 A containing 400 Fe,O; and 600 P,Os units was
assembled using the EPSR shell with a density of 3.04 g/cm?
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Following the procedure detailed in section 3.2 yielded the following atomistic structures for 30Fe;Os3
and 40Fe;0s:

structure with oxygen (red), phosphorous tetrahedra (pink), and iron polyhedra (grey).
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Figure 4.63 - Atomistic Structure of 40Fe203, iron (yellow), oxygen (red) and phosphorous (orange) . Below is the close-up of short range

structure with oxygen (red), phosphorous tetrahedra (pink), and iron polyhedra (grey).

The atomistic models presented above show coordination of iron to be 3.9 oxygens, this agrees with
the previous study by B. Al Hasani who stated iron to have a coordination of 4.4.
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4.5 Amorphous Sulfates

4.5.1 Amorphous Calcium Sulfate (ACS)

4.5.1.1 Synthesis

In accordance with the pathway detailed in the first paper by Wang et all® " multiple stock solutions
of the reagents of differing concentrations were prepared. Table 4.10 shows the reagents used, mass
and volume of stock solution.

Table 4.10 — Stock solution preparation for ACS synthesis

Concentration of Stock | Reagent Mass (g) Volume of Stock

Solution (mM) Solution (mL)

15 Calcium Chloride 3.286 1000
hexahydrate
(CaCl,.6H,O)

15 Sodium Sulfate 2.131 1000
(NaxSOy4)

50 Calcium Chloride 10.954 1000
hexahydrate
(CaClz.6H20)

50 Sodium Sulfate 7.102 1000
(Na2804)

100 Calcium Chloride 21.908 1000
hexahydrate
(CaCl.6H,0)

100 Sodium Sulfate 14.204 1000
(NaxSOy)

In a departure from the method stated by Wang et al'®!, initially, instead of using a crystallisation
dish, solutions of Ca and SO4 were mixed in a Millipore™ glass filtration kit before being rapidly
filtered through a Cyclopore® 0.2 um pore size, track-etched polycarbonate membrane filter (47 mm
diameter) before being washed with isopropanol to form a clear/white precipitate. The membrane
filter was removed and the precipitate dried using flowing air.

Additives, in line with the second paper by Wang et al”], were prepared in stock solutions of
magnesium (Mg) and phosphate (PO.). The omission of poly(acrylic acid) and poly(styrene-4-
sulfonate) was because if they were incorporated into a sample of ACS, during neutron diffraction
high proton content of both of these organic molecules would result in a large degree of inelastic
scattering and would reduce the quality of data obtained. Stock solutions of the additives were
prepared as in Table 4.11

Table 4.11 — Stock solutions preparation of additives for ACS synthesis

Concentration of Stock | Reagent Mass (g) Volume of Stock
Solution (mM) Solution (mL)
100 Magnesium Chloride 9.521 1000
(MgCly)
100 Sodium Phosphate 16.394 1000
(Na3;POy)
4.5.1.2 Lab-based characterisation
4.5.1.2.1 Lab Powder X-ray Diffraction (XRD)
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Upon analysing samples of ACS, no amorphous patterns were recorded (see figure 4.64) and after
multiple attempts and no successful outcomes work was put on hiatus while an alternative method of
synthesis or an explanation for the lack of success was found.
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Figure 4.64 - XRD pattern of ACS sample, containing no amorphous elements

After a conversation with a collaborator, it was revealed that work and reaction pathway to produce
ACS detailed in the above paper® was misleading. The 'amorphous' element described in the work
was most likely a resolution artefact of the instrument being used. As shown in his work Van
Driessche et al''?! showed that calcium sulfate forms through a crystalline intermediary and not an
amorphous material.
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Figure 4.65 - HR-TEM and SEM microphotographs of the crystallisation of gypsum: (a) typical nanocrystalline particle obtained in a 150
mM CaSO04, (b) bassanite nanorods obtained from the same solution, (c) larger bassanite nanorod, (d) large aggregates formed by self-
assemble of bassanite nanorods, (¢) SAED of oriented bassanite aggregate, (f) final gypsum crystals and bassanite nanocrystals.!'!?!

After learning this, work on producing ACS was abandoned and other sub-projects were prioritised.
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4.5.2  Amorphous Iron Sulfate (AFS)

4.5.2.1 Synthesis

A commercial amorphous sample of iron sulfate pentahydrate (Fe2(SO4)3.5H>0) from Acros
Chemicals, referred to as AFS. Due to the five water groups present in AFS, this results in a large
amount of protons in the material which are detrimental to neutron diffraction. In an effort to
minimise the inelastic scattering from the proton content, water was removed by heating the sample to
various temperatures for one hour (temperatures were determined by TGA analysis of the raw
material, discussed in section 4.5.2.2.2). These temperatures were in 50 °C increments from 100-300
°C.

A second set of samples involved intentionally crystallising AFS to remove all the water groups. This
crystalline sample was then ball-milled to 'amorphise' the sample.

4.5.2.2 Lab-based characterisation

4.5.2.2.1 Lab Powder X-ray Diffraction (XRD)

The heat-treated and unheated samples of AFS were analysed by XRD immediately after synthesis to
determine which were amorphous. These same samples were kept sealed in a 5 mL glass bottle
secured with lab film and re-measured at varying intervals (1, 3, 7 and 14 days after synthesis).
Initially the plan was to prepare a sample of AFS300 to study but heat treating AFS at 300 °C for 1
hour caused the product to burn and thus was not useful, therefore, Figure 4.66 shows the results over
time for sample AFS250.
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Fig 4.66 — XRD patterns for AFS250 over time from 0 days (blue), 1 day (black), 3 days (red), 7 days (green) and 14 days (orange) after
synthesis.

The heat-treated sample, denoted AFS250, was confirmed amorphous by lab-based x-ray diffraction
and the longevity of sample was found to be greater than two weeks. This sample was deemed
suitable for central facility experiments.
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Figure 4.67 - XRD patterns for AFSBM over time from 1 day (black), 3 days (red), 7 days (green) and 14 days (orange) after synthesis.

As with AFS250, AFSBM was determined to have an amorphous longevity of greater than 2 weeks so
would be studied and central facilities.

4.5.2.2.2 Thermo-Gravimetric Analysis (TGA)
A sample of freshly prepared AMCunh was analysed using TGA-DTA and the results are shown in
figure 4.42 and 4.43.
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Figure 4.68 — TGA of AFS, showing weight loss of 20% up to approximately 200°C and 28% to 500°C at which point AFS crystallises (see
figure 4.43).
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Figure 4.69 — DTA of AFS showing a crystallisation peak at approximately 500°C

The TGA-DTA of AFS showed weight losses of 20% and 28% up to temperatures of 200 °C and 500
°C respectively, the latter being when AFS crystallises. These weight losses are consistent with a
water content of n=5 before and n= 0.15 after heat treatment at 200 °C. The value of n =0.15 will be
used for EPSR modelling of AFS250. AFSBM will have n = 0 as it will have been intentionally
crystallised - ie. driven all the interstitial water off.

4.5.2.2.3 Helium Micropycnometry

The density of AFS-250 was measured to be 2.51 g/cm? using a He pycnometer and AFSBM was
shown to have a density of 2.61 g/cm®
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Figure 4.70 - He-pycnometry of AFSBM (blue) and AFS250 (red) samples showing the P1/P2 ratio, the procedure was repeated until the
recorded density was within acceptable limits (1 s.d. - black error bar)

The calculated densities were be used in the EPSR modelling procedure.

4.5.2.3 Central Facility Experiments
Whilst conducting central facility experiments at both Elettra and ISIS, both samples of AFS (AFS250
and AFSBM) crystallised so sufficient diffraction data was not able to be obtained.

4.5.2.4 Empirical Potential Structure Refinement (EPSR) Modelling

Unfortunately, due to the lack of diffraction data, an EPSR model was unable to be produced as the
absence of experimental data would make the EPSR model ineffective. Suggestions for future work
on this material are discussed in section 5.6.
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5. Conclusions

5.1 Amorphous Calcium Carbonate

Whilst ACC is a particularly difficult and temperamental system to work with, a stable sample was
produced. The successful synthesis of stable ACC lead to the production of a deuterated ACC,
something not reported before.

Synthesis of ACC and the deuterated counterpart, D-ACC, enabled the first neutron diffraction
experiment to be conducted on an ACC system(s), and coupling this with experimental x-ray
diffraction data obtained in this project and from previous work by Michel et al!'”! an understanding of
this interesting system is beginning to unfold.

The experimental neutron and x-ray data from ACC and D-ACC were incorporated into the EPSR
modelling procedure which yielded fair agreement. Some disagreement at low Q was observed, which
is likely due to high constraints of molecular ions such as COs*. Analysis of the EPSR model lead to
the average coordination number of calcium to be 7.2 which are comprise of 6.8 oxygen atoms from
COs molecular ions and 0.6 oxygen atoms from H>O. This is in good agreement with the EXAFS
results of Michel et al'”) for ACC, which were Ca-O coordination number of 6.5+1.6 and peak
distance of 2.42+0.02 A.

Of particular note is the contrast between the model presented in this thesis and the published RMC
model by Goodwin et al?’!, In the Goodwin model, it was presented that ACC contained large
channels of calcium rich and calcium poor regions (where calcium was 4A or greater away from
another calcium), but in the present work, these channels are not to be found. This is the same with
the crystalline monohydrocalcite, to which ACC has some similarity to in composition and short-
range order[19]

5.2 Magnesium Stabilised Amorphous Calcium Carbonate

The addition of magnesium to ACC was of particular benefit during the experimental section of this
work. With the production of a stable sample of ACC with only a minor additive (not large quantities
of additive nor large organic species) gave a good benchmark whilst new strategies were developed to
synthesise a stable ‘pure” ACC as mentioned above. An additional benefit was the ability to perform
heat-treatment (to reduce proton content for neutron experiments) on this species of ACC was
possible, due to the high levels of instability of ‘pure’ ACC this was not possible.

Neutron and x-ray diffraction experiments were conducted of Mg-ACC, the first of their kind to be
reported.

Mg-ACC diffraction data were fed into the computational model within EPSR of the heat-treated
sample. The average coordination number of calcium in the EPSR model was 7.4 which are composed
of 6.8 oxygen atoms from CO; and 0.6 oxygen atoms from H>O. These features of the model are in
good agreement with the EXAFS results of Michel et al''”! for ‘pure’ ACC and results of D-ACC from
the present work.

Like with the D-ACC model, the EPSR model of calcium distribution in Mg-ACC showed no
channels of calcium rich and calcium poor regions, with calcium being 4A away from a different
calcium. There is agreement with both this model and that of ACC showing monohydrocalcite-like
short-range order[19,28]

5.3 Amorphous Magnesium Carbonate

Whilst this system is not technically a biomineral, it is still interesting to observe the similarities and
differences within its structure compared to both ACC and Mg-ACC and the author felt this was the
next logical step after studying the two previous systems.
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Using the established method for fabricating ACC and Mg-ACC, samples of AMC were produced. A
deuterated sample was also synthesised at ISIS for neutron diffraction experiments. As the samples of
AMC could be both heat-treated and deuterated, this was an interesting insight into the two potential
methods of reducing proton content — would there be any major difference in the observed atomistic
model?

The outcome of the experimental section was collection of neutron data for both D-AMC and
AMC200 and x-ray data for AMC200. The lack of x-ray data for ‘pure” AMC was due to the method
of sealing the XRD capillary with wax and then melting the wax. The application of heat to the
capillary caused the samples of AMC to crystallise and whilst additional samples were produced on
site, they too crystallised.

Despite lack of x-ray data for AMC, EPSR models were produced for each system (AMC only using
neutron data) with good agreement to the experimental data and additionally, good agreement to both
systems. It stands that both the method of deuteration and heat-treatment produce samples of
amorphous materials of similar atomistic structure. The average coordination number of magnesium
in the EPSR model was 7.0 which are composed of 6.4 oxygen atoms from CO; and 0.6 oxygen atoms
from HO.

5.4 Amorphous Phosphates

This section of the project was designed to validate both the experimental synthesis and the
computational method of the amorphous materials using a well-studied biomineral. Also, as with
AMC, how does the deuterated version of ACP compare to the heat-treated sample. Further
confirmation of the EPSR model could be achieved using the data-only investigation into AFP, as this
had already been studied experimentally it appeared to be a good test of how well the EPSR
modelling could fit to neutron and x-ray data.

Studying ACP showed a fair agreement with the previous study by K. Wetherall of ACP450. The
results show a similarity between ACP presented here and the crystalline form hydroxyapatite.[45]

The results of AFP should fair agreement with the results presented by B. Al Hasani[102] which
strengthens the argument for EPSR being a key investigative tool. Al Hasani presented results stating
that iron is coordinated to 4.4 oxygen atoms which agrees with the 3.9 oxygen atoms presented in this
work.

5.5 Amorphous Sulfates
The aim of this section was to further illustrate the effectiveness of both the synthesis/deuteration

method and computational modelling of amorphous biominerals but due to a misleading journal
article published by Meldrum et all®! the synthesis of ACS proved fruitless.

Whilst the fabrication of AFS was more straightforward, using heat-treatment only of a commercially
available iron sulfate, it became evident when conducting neutron diffraction experiments that the
samples of AFS were nano-crystalline. This was interesting as the lab-based experiments had shown
no signs of crystallinity, but it was proposed that crystals were so small in size that they were below
the resolution of detection for lab-based XRD and thus any signals were lost in the noise.

5.6 Future Work
Development of future work from this project will hopefully build on the knowledge gained and

presented here.

For experimental work, the author believes that the extension of the synthesis method and the method
of deuteration would greatly assist in the study of not only other biominerals with high proton content
but other materials containing much hydrogen. Of interest to the author is a study of the magnesium
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content of ACC samples, structural studies on samples of ACC with differing magnesium content to
look at the role of magnesium in ACC stability. These materials could be studied using the heat-
treatment or deuteration method or both.

Returning to central facilities like Elettra or ISIS to conduct additional studies on the materials
produced in this work that crystallised or encountered problems whilst on site. These include x-ray
data for AMC, using a less heat-based method of sealing the XRD capillary. If possible a study of the
nano-crystalline nature of AFS could be of interest looking at how these crystals form and how they
evolve over time, do they stay nano-crystals or do they accumulate and grow to larger crystals?
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