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Abstract

The structure of zinc aluminosilicate glasses (Zn0O);(Al03),(Si02)1—yz—y, where 0 <
x<1,0<y<1and x+y < 1, was investigated by neutron diffraction (ND),
X-ray (XRD) diffraction and 2”Al magic angle spinning nuclear magnetic resonance
(NMR). The majority of the Al atoms reside in fourfold coordinated sites for all the
investigated glasses, with the fraction of fivefold coordinated sites increasing with the
alumina content for compositions where R = z/y < 1. The results were interpreted
with the help of an analytical model developed by Gammond et al [1] for the amorphous
aluminosilicate materials. The model predicts Al-O bond distances that are typical
of fourfold and fivefold coordinated aluminium atoms. It also explains the conditions
where in different ranges of composition zinc behaves as network modifier or as a charge-
compensating species. The more compact coordination environment of Zn-O is related
to an enhanced probability of zinc finding non-bridging oxygen (NBO) atoms as nearest-
neighbors, i.e, zinc behaves as a network modifier. The higher Zn-O coordination
environment found in the R < 1 region and in compositions with higher SiOs mol% is
related to Zn?T ions stabilizing the AI** ions in tetrahedral (AlO4)~, i.e, zinc behaves

as a charge compensating species.

The structure of the magnesium aluminosilicate glasses (MgO).(Al203)y(Si02)1—z—y,
where 0 < 2z < 1,0 <y <1and z+y < 1, was explored by X-ray diffraction
and aided by the results obtained from 2”Al magic angle spinning NMR, ND and ND
with isotopic substitution. For all the glasses the majority of the Al atoms reside in
fourfold coordinated sites with a substantial fraction appearing in fivefold coordinated
sites only for compositions where R = z/y < 1 (peraluminous regime). The results
were interpreted with the Gammond et al model [1]. For compositions with R > 1 the
glass network consists mainly of Si04 and AlO4 tetrahedra, which are linked through
bridging oxygen (BO) atoms to form an aluminosilicate network. Here, Mg?* act
mainly as network modifiers where they associate with non-bridging oxygen (NBO)

atoms. For compositions with R < 1, Mg?* ions act mainly as a charge-compensating
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species where it stabilises the AI>T ions in tetrahedral units. In this region there is
also an insufficient number of Mg?* ions to stabilise all the AI3* ions, which requires
some fraction of these ions to behave as network modifier/charge compensating species
in a similar way to Mg?*. This behaviour explains the higher coordinated Al(V) and

A1(VI) species present in the glass that are not part of the aluminosilicate network.

X-ray and neutron diffraction with magnesium isotope substitution was used to measure
the structure of diopside, CaMgSioOg. The neutron diffraction analyses used the value
of a recent measurement of the scattering length of 2°Mg isotope. The diffraction
results for the glass show a broad asymmetric distribution of Mg-O nearest neighbors
with a small Mg-O coordination number of 4.40(5) in which magnesium has the role
of a network modifier. The results demonstrate the power of neutron diffraction with
magnesium isotope substitution to provide unambiguous site-specific information on the
glass structure. In particular, it removes the uncertainty associated with the overlap

between the Mg-O and Ca-O correlations.

The structure of crystalline and amorphous materials in the sodium (Na) super-ionic
conductor (NASICON) system Naji,Al,Geg_»(POy)3 with z =0, z = 0.4 or x = 0.8
was investigated by ND and XRD. The results for the crystalline materials confirm the
existence of corner-sharing POy, GeOg and AlOg units. These polyhedral units are
linked to form a 3-dimensional network with Na™ ions residing in interstitial cavities.
In the more disordered structures such as the as-prepared glass the XRD and ND
results show the formation of sub-octahedral Ge and Al centered units, which leads
to the creation of non-bridging oxygen (NBO) atoms. When the as-prepared glass
is relaxed by thermal annealing, there is an increase in the Ge and Al coordination
numbers that leads to a decrease in the fraction of NBO atoms. The influence of these
materials on the ion mobility is discussed. A structural model is used for the glassy
composition z = 0 which relies on the formation of NagPgGeO1g super-structural units.
The super-structural units can grow in size by a reaction in which NBO atoms on the
P®) motifs are used to convert Ge® to Ge(® units, where superscripts denote the

number of bridging oxygen atoms.

Finally, the structure of glassy materials in the Na super-ionic conductor (NASICON)
system Naj;,TieSiP3_,012 with z = 0.8 or z = 1.0 was investigated by X-ray and
neutron diffraction. Here, neutron and X-ray results are consistent with a glass network
comprising tetrahedral PO, and SiO4 units in which titanium has a sub-octahedral
coordination environment with a mean Ti-O coordination number of 5.17(4) for z = 0.8
versus 4.86(4) for x = 1.0. A mismatch of 8% is found between the P-O and Si-O bond
lengths, which can allow the incorporation of Si into the P sites of the NASICON



crystal structure.
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Chapter 1

Introduction

Glass is an intriguing material that has been fabricated for about five thousand years
but the discipline of glass science is only one hundred years old. This means that hu-
mans have perfected the technology of glass-making like temperatures, times, ingredi-
ents, processes, etc [2]. Over the centuries people have developed and used glass across
various applications courtesy of its many attractive qualities such as its transparency,
chemical inertness, environmental friendliness and resistance to fracture. Example ap-
plications of a disordered material such as glass include; optics [3,4], geophysics [5],
nuclear waste storage [6,7] and complex biological systems such as bone tissue regen-
eration [8-10]. The architectural glass market also plays a huge role in everyday life

providing transparency, structural performance and safety.

Glasses are typically formed when a liquid at high temperatures is quenched quickly
through its glass transition temperature, so that crystallisation cannot occur. How-
ever the subtle differences in the way glasses are fabricated can result in distinctive
changes in their properties. This has spawned a significant research interest in the way
glasses are made. Furthermore, these properties can also vary with changes in the glass
composition. From the point of view of a consumer, glass strength and the glass re-
sistance to corrosion [11] are important properties to take into account. Additionally,
good glasses are normally stable, but they can be leached by water or other chemi-
cals [12,13]. Alkali and alumina inclusions makes a good improvement in these glasses
because it increases their durability. Other properties, essential for specific applica-
tions like refractive index, electrical conductivity, thermal expansion, transparency to
or absorption of radiation are also vital to consider when developing new glassy ma-

terials [14]. Numerous advanced processes including tempering, laminating, coating,
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bending and casting [2] make glass a high-end product to meet civilization standards

and needs.

Silicates and aluminosilicates are the basis of the modern glass industry [15]. They
are important cultural, societal and geological materials. SiOs is mostly present in
the glass composition because of its low thermal expansion (0.5 x 10~¢ K~1), high
thermal stability (= 1000°C) and high ultraviolet transmission [16]. It was present
in tools and ornamental objects during the paleolithic. Nowadays, it is present in
smartphone screens and optical fibers [17]. Silicate glasses are formed by a network of
SiOi_ tetrahedral units and can be modified by the introduction of network modifier

metal cations or conditional network forming aluminium cations.

The addition of aluminium in silicate glasses is known to improve mechanical properties
such as chemical durability or hardness. One well known example of an aluminosilicate
glass in industry is the Gorilla glass [18] present in smartphones and tablets from
Corning Inc. The AI*T ion forms (AlO4)~ groups in the glass in which when an alkali
ion is added place themselves in the network of the SiO4 tetrahedra, increasing its
polymerization. The proportion of AlO5 and AlOg is small and will depend on the

glass synthesis, pressure, composition and the presence of metal cations.

Cationic network modifiers like Na, Mg, Ca and Zn can be added to silicate and alumi-
nosilicate structures to improve particular desired properties of the fabricated glass [19].
These network modifiers are typically present as ions that create non-bridging oxygen
atoms, which alter the glass network. Elements bonded to oxygen like Si, B, P, Ge;
constitute an extended network and they are known as the network-formers. The B-,
P- and Si-O bonds are the strongest interactions (normally covalent) whereas network
modifier, M-O bonds are weak (normally ionic). Alkali (Li, Na, K) and alkaline-earth
(Ca, Mg) metal cations can play either a network modifier role breaking Si-O-Si bonds,
or a charge-compensating role, ensuring electrical neutrality of trivalent cations like
AI3*. In Al-free silicate glasses, there are only network modifiers that break Si-O-Si
bonds and form weak bonds with the non-bridging oxygen (NBO) anions.

As stated above phosphorous is also classified as a network-former. Phosphate glasses
are built from a network of tetrahedral POy, where at least one of the oxygen atoms is
non-bridging. When modifier cations enter the glass network, there is breakage of P-O-
P bonds to form P-NBO and terminal oxygens are linked to these modifiers. AlyOs can
also be added to the phosphate glasses to improve their chemical durability, where it is
connected to phosphate tetrahedra through P-O-Al bonds. The research on phosphate

glasses has been increasing exponentially over the past years. The fact that they have



a much lower chemical resistance than silicate glasses made them at first unattractive
for new research. However, glasses containing P2Oj5 also possess unique properties
that allow them to be employed in fields where no other material can achieve the same
performance. Phosphates have made extraordinary achievements as bioglasses or glass-
ceramics [8], as laser host materials [20] and in glass matrices for stabilizing radioactive
waste [21-23]. They can be manipulated to have a chemical composition similar to
that of mineral bone [24] and their bio-compatible and bioresorbable properties make
them promising candidates for biomedical applications such as implant materials for
targeted tissue repair [9]. Furthermore, they have found success as solid electrolytes
for rechargeable batteries. The crystalline phases are related to the NASICON (Na
superionic conductor) structural type [25], which have a high electrical conductivity
among the solid electrolytes. Therefore, aluminosilicates and phosphates have a bright

future ahead with further new developments and challenges to overcome.

The phosphate, silicate and aluminosilicate glasses studied for their interesting prop-
erties and vast applications mentioned before are oftentimes complex because they are
made of multiple elements. Nevertheless different techniques such as diffraction, are
used to determine the bulk structure of disordered materials and complete information

will involve contributions from multiple experimental and simulation techniques.

Diffraction experiments in amorphous materials do not show sharp Bragg peaks in the
diffraction pattern which means there is a lack of long-range order and periodicity.
However, diffraction patterns provide information on the atomic structure of a system
in the form of the total pair distribution function, D(r), which provides a measure of
the probability of finding two atoms a distance r apart and the areas under the peaks
are associated with the number of atoms in the coordination spheres. It probes both
short- and intermediate- range order, being very sensitive to the nature and extent of
disorder in glasses and liquids, and is an essential tool to understand the structural

differences between amorphous and crystalline materials.

The work presented in this thesis makes use of X-ray diffraction (XRD), Neutron
Diffraction with (NDIS) and without (ND) isotopic substitution to obtain information
on the structure of crystalline and glassy materials. Neutrons and X-rays are comple-
mentary probes, as the neutrons scatter mostly from the nuclei of atoms, whereas the
X-rays are scattered by the electrons via electromagnetic forces [26]. Different isotopes
of the same chemical species can have different scattering cross-sections for neutrons
which is exploited by the NDIS technique.

The aim of this work is to understand how different concentrations of network modifiers
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(Ca, Mg, Zn and Na) affect the glasses structure and hence its properties. The thesis
is organized as follows: Chapter 2 gives the essential theory for neutron and X-ray
diffraction experiments and the data correction procedures. Chapter 3 describes the
diffraction instrumentation of the neutron and X-ray synchrotron sources. In chap-
ter 4, the structure of zinc aluminosilicate glasses was studied by X-ray and neutron
diffraction where 27 Al magic angle spinning (MAS) nuclear magnetic resonance (NMR)
results were used to help fitting the data and give complementary information on the
glass network. In chapter 5 the results of magnesium aluminosilicate glasses obtained
from X-ray diffraction is given where Al MAS NMR spectroscopy results are also
used to help fitting the data. Chapter 6 discusses the coordination environment of Mg
and Ca in the diopside glass by using NDIS and XRD.

The results from ND and XRD of crystalline and amorphous Na-Al-Ge-P-O (NAGP)
materials are presented in chapter 7. The information obtained from the pair distri-
bution function analysis makes use of 3'P and ?"Al MAS NMR and provides a model
that describes the glass structure and how the structure changes with different times
of annealing and temperature. In chapter 8, the results from experimentation on Na-
Si-Ti-P-O (NTSP) glasses from XRD and ND are presented. These are also compared
with the NAGP materials when Ti%** is used instead of Ge**t ions. Finally, an overall
summary of the results and conclusions is given in chapter 9 as well as suggestions for

future work.



Chapter 2

Neutron and X-Ray Diffraction Theory

2.1 Scattering Theory

In a scattering experiment, an incident neutron with a wave-vector k; undergoes scat-
tering through a sample such that the scattered particle emerges with a wave-vector
ks. The scattering vector ) is defined as [26].

—

Q= k; — ky, (2.1)

where k = 27” and A is the wavelength of the particle. A schematic representation of

this scattering event is shown in figure 2-1.

The energy transfer in the scattering event for a neutron of mass m,, will be

hkg|?>  |hky|?
AE:EifEf:@f@, (2.2)
2my, 2my,
where h = % and h is the Planck constant. Applying the cosine rule to the scattering

triangle in figure 2-1, it follows that

Q% =k} + kF — 2k;k s cos(26), (2.3)

where 26 is the scattering angle. By assuming the static approximation, the energy
exchange between a neutron and a sample, AF, is much smaller than the incident
energy, F;, such that AE/FE; < 1, it follows from equation 2.2 that
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27 27
il =5 ~ gl =5 (2.4

Figure 2-1: Schematic representation of a scattering event and the resulting scattering
angle.

By applying equation 2.4 to equation 2.3, the magnitude of the scattering vector be-

comes
47

Q =~ sin(6). (2.5)
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The scattering geometry for a diffraction experiment is shown in figure 2-2. A colli-
mated beam of incident neutrons with flux ¢ is scattered by a sample at the origin of
coordinates. The neutrons scattered are counted by a detector of area dS at a distance

R from the origin and subtending a small solid angle dQ2 = dS/R?.

During a diffraction experiment in the small sample limit, the quantity measured is the

differential cross section which is defined as

dj (0) = number of quanta scattered into solid angle df) per second (2.6)
an’’ ¢ dQ ’ ‘
4
Scattered
beam
ﬁ'_,f
"|':-IS'
D doQ
Incident i
beam 26
_
JE[: J*"

Sample

X

Figure 2-2: The geometry of a diffraction experiment into a detector of surface area
dS. The origin of the coordinates is the position of the sample and the y-axis adopts
the direction of the incident wave vector k;. Reproduced from [27].
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2.2 Neutron Diffraction

Neutrons interact with the nucleus of the atom by the strong nuclear force. Although
they have the advantage of deep penetration, the interaction happens at short distances
which results in weak scattering [26]. To overcome this problem, large samples are
needed to obtain a good scattering signal in comparison with X-rays. For a multicom-
ponent system with N atoms of n different chemical species, the differential scattering

cross section in the small sample limit is [28]

77(Q) = F(Q) + Z Ca(bi,coh + bi,inc)[l + Pa(Q)] (27)

F(Q) is the total structure factor which contains the structural information, P, (Q)
is the Plazcek correction associated with the inelastic scattering for chemical species
a [29]. The self-scattering term is given by the sum of the squares of the coherent and
incoherent scattering lengths (bq,con and ba inc respectively) for all species o weighted

by their concentration c,.

The total structure factor F(Q)) can be written in terms of the Faber-Ziman partial

structure factors Syg [30] as

F(Q) =) cacsbabslSap(Q) — 1], (2.8)

a B

The Faber-Ziman convention describes the correlations between pairs of nuclei of chem-
ical species @ and . The normalised neutron total structure factor Sy (Q) is defined

as

+1, (2.9)

where (b) = cqaba + cgbg + ... is the average neutron scattering length. The real space
information is obtained by taking the Fourier transform of F'(Q), which is called the

total pair distribution function G(r)

1 o .
G(r) = 5z | QPQ)sin(@)iQ "
2.10

G(r) = cacpbabslgas(r) — 1],

a B
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where ng is the atomic number density and g,g(r) is the probability of finding an atom

of chemical species  at a distance r from an atom of chemical species « [28].

The coordination number can be expressed by:

T2
= 47m005/ Gop (r)ridr. (2.11)

T1

ﬂg describes the average number of atoms S that are around an atom «, where r; and
7o are the inner and outer radius, respectively, of a spherical shell. If the peak in g,s5(r)

is not symmetrical, it can be helpful to define a weighted mean peak position given by

frrf rgaﬁ (T‘)d?"

Ta = —7r ) 2.12
Tap fmz gag(r)dr ( )

where gqg(r) is obtained from the sum of the Gaussian functions fitted to the first

peak, and r1 and r9 define the overall extent of this peak.

In the low-r limit G(r) can be written as

G(r—0)=G(0)==> 3 cacgbabs, (2.13)
a B

which represents the distance below the closest approach between two atoms. Un-
physical features in G(r) due to Fourier transform artefacts therefore, oscillate around
this low-r limit. A possible self-consistency check is to set the low-r oscillations of a G(r)
function equal to G(0) and then back-Fourier transform the result. The back-Fourier

transform should be in good overall agreement with the measured F(Q) function.

Another self-consistency check is the sum-rule relation (obtained from equation 2.10 at
r — 0) that is given by [31]

/0 b F(Q)Q%dQ = 21*neG(0). (2.14)

The partial structure factors and the partial pair-distribution functions can be written

as

Sus(Q) —1 = 47;;0 /0 - r[gas(r) — 1] sin(Qr)dr (2.15)
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Gas (1) — /0 " QlS0s(Q) — 1]sin(Qr)dQ. (2.16)

~ 2m2rng

2.2.1 Modification Functions

In a neutron diffraction experiment, the diffractometer can only access a limited Q-
range. The total structure factor will be truncated by the maximum ()-value such that

it will be multiplied by a step modification function, which is defined as

1 Q< Qua
M(Q) = { 0 Q> Quu } . (2.17)
The Fourier transform of M(Q) is given by
M _ ]' Qmax d _ Qmax . 2 18
(r) = 77/0 cos(Qr)dQ = - Sin(Qmax’)- (2.18)

A Lorch modification function [32], L(Q), can also be used instead of a step modifica-
tion function in order to reduce Fourier transform artefacts that affect the real space
function. L(Q) is defined as

sin( <292
g i Q < Qi

L(Q) = Qmax . (219)
0 if @ > Qmax

The density correlation function is defined as [33]

Dexp(r / 2 sm (Qr)M(Q)dQ. (2.20)

Equation 2.20 can be rewritten as

G(r
Dexp (1) = dmngr <b(>2) ®@ M(r)

(2.21)
" A cuegbab
= 4mnyg Z Z <ﬁb>2ﬁrga5(r) ® M (r) — 4mngr,

where ® is the convolution operator. A Gaussian function of width o,3(7) and centered
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at rog(7) has an area which gives the coordination number n’g( ), where i is rgag(r).
The fitted density function is

4 N0 1
Dﬁt<7°;7"aﬁ,na70'aﬁ) = Z waﬁ’(l) ( )TQB( ) \/ﬂO’ B( )X
’ (2.22)
—[r — rap(i))?
_ M —4 .
exp (g ) © M| — danor
The weighting factor wag(i) is given by
%%%% if a #
wap) =9 | (2.23)
<°l‘)>§‘ ifa=p

Accurate peak positions and coordination numbers are obtained by minimizing the

goodness of the fit parameter R, [34], which is

n o(ri)]?
Ry(rap, 12, 00p) = V/Z exp x)ﬁ (ri)] . (2.24)
exp

If Qmax given by the diffractometer has a large value such that M(Q)) has a negligible
effect on F(Q), then D(r) can be written in terms of its partial pair density correlation
functions dng(r) [35],

::§§:§§:Ca056abadaﬁ(r)7 (2.25)
a B

where

dag(r) = 4mnor(gas(r) — 1. (2.26)
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2.3 Neutron Diffraction with Isotopic Substitution

Performing a neutron diffraction experiment with isotopic substitution (NDIS) consists
of measuring F(Q) for samples with identical structure and chemical composition, but

with different isotopic composition for at least one of the species a.

Figure 2-3 shows an example of the scattering length varying between elements and

isotopes of the same element.

a) Scattering length (fm) b) Scattering amplitude (fm)

5

SSNI

i X-rays
. 1
PR
*Ti ; Neutrons
\_(vai
10 0
0 20 40 60 80 0 0.2 04 0.6 0.8 1
Atomic number, Z sin@/A (A™)

Figure 2-3: (a) Neutron scattering lengths as a function of the atomic number Z. The
dashed curve shows the slow increase of the potential scattering. (b) X-ray and neutron
scattering amplitudes as a function of sin#/\. Reproduced from [2].

2.3.1 Difference Functions

In a complex multi-component system it is sometimes challenging to measure the full
set of partial structure factors in a neutron diffraction experiment. However, by only
considering a pair of isotopically enriched samples the information obtained is sim-
plified. By calculating a first-order difference (FOD) function AF(Q) between the
total structure factors individual pair correlations are removed from the diffraction

patterns [30].

Consider a case of a four component system (Si, Mg, Ca, O) in diopside. Let "*Mg and
25Mg represent the isotopes of Mg such that "' F(Q) and 2°F(Q) are the corresponding
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total structure factors given by

MUE(Q) = cEabtalScaca(@) — 1] + c§ibEi[Ssisi(Q) — 1] + cBbp[Soo(Q) — 1]
+ Cannighhuinig[Snanignaingg (@) — 1] 4 2enatyigobnatnigho [Snatnizo (Q) — 1]
+ 2¢cacobcabo[Scao (@) — 1] + 2¢sicobsibo [Ssio (Q) — 1]
+ 2Cnat g CCabnatMghCa[Snatnigca (@) — 1]

+ 2CnatMgCSibnatMngi[SnatMgSi(Q) — 1] 4 2cgiccabsibca[Ssica(@) — 1].
(2.27)

and

25F(Q) = C%abéa[SCaCa(Q) - 1]+ C%ibgi[SSiSi(Q) -1+ Cg5Mgbg5Mg[Sz5Mg25Mg(Q) —1]
+ b3 [S00(Q) — 1] + 2¢2501gCOb25 N1 bO [ 250150 (@) — 1]
+ 2¢cacobcabolScao(Q) — 1] + 2csicobsibo[Ssio (Q) — 1]
+ 2c25\15CCab25\gbCa [S25\gca (@) — 1]

+ 2025MgCSib25Mngi[S?SMgSi(Q) — 1] + QCSiCCabSibCa[SSiCa(Q) — 1].
(2.28)

The difference function AFy(Q) eliminates all those pair-correlation functions that

do not involve magnesium and is given by
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AFvg(Q) =" F(Q) = F(Q)
= Rug(Draintg — Dspig) [Shigng (Q) — 1]
+ 2eM1gCobO (bnatngg — 2oy ) [Snigo (@) — 1] (2.29)
+ 2enigCsibsi (Duainig — b2snig) [Shigsi (@) — 1]

+ 2CMgCCabCa(bnatMg - b25Mg)[SMgCa(Q) - 1]

The Mg-a correlations with o = Mg can also be eliminated by forming the difference

function

AF(Q) = [braintg PF(Q) — basygg " F(Q)]/ (braintg — basgg)
= 2ccacobeabolScao(Q) — 1] + 2csicobsibo[Ssio (@) — 1]
+ EablalScaca(Q) — 1] + &b [Ssisi(Q) — 1] (2:30)
+ cpbp[S00(Q) — 1] + 2ccacsibeabsi[Scasi(Q) — 1]
— Righnatnigh2snig[Snmgng (@) — 1.

Applying a Fourier transform to the functions AFy(Q) and AF(Q) follows respec-
tively,

AGMg(T) = Cl%ﬂg(bgatMg - b§5Mg)[gMgMg(Q) - 1]
+ 2CMgCObO(b“MMg - b25Mg)[gMgO(Q) - 1]
(2.31)
+ 2¢nigCsibsi (bnatnig — bsnig) [9Mgsi (Q) — 1]

+ 2CMgCCabCa(b“atMg - b25Mg)[gMgCa(Q) - 1]a
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and

AG(r) = 2ccacobcabo[Scao (Q) — 1] + 2¢sicobsibo[Ssio(Q) — 1]

+ GabtalScaca(@Q) — 1] + &b [Ssisi(Q) — 1]
(2.32)

+ cAb3[S00(Q) — 1] + 2ccacsiboabsi[Scasi(Q) — 1]

— C%\/IgbnatMngSMg[SMgMg(Q) - 1]'

2.4 Neutron Diffraction Data Corrections and Analysis

In a neutron diffraction experiment i.e, no longer in the small sample limit, it is nec-
essary to take into account physical processes like absorption and multiple scattering
when a sample inside a container is placed in a diffractometer. Therefore, it is impor-
tant to subtract the diffracted intensities coming from the sample container and the

background.

The attenuation corrections resulting from absorption and scattering have been cal-
culated by Paalman and Pings [36] (1962) for the case of an illuminated sample of
cylindrical geometry in an annular container. The attenuation coefficients are denoted
by A; ;(0) which means the events where neutrons are scattered in medium ¢ and at-

tenuated in medium j.

In the following section, the data corrections are valid for a single incident wavelength
used in neutron reactor sources. However, for a spallation source experiment the cor-

rections will be both angle and wavelength dependent.

2.4.1 Attenuation, Multiple Scattering and Inelasticity Corrections

In the small sample limit the neutrons are not attenuated by the sample and there is

no multiple scattering effect. Ig(#) is the single scattered intensity and is given by

I5(6) = a(6)Ns 55 (6), (2.33)

where Ng is the number of scattering centres in the beam, a(f) is the calibration

coefficient which converts cross-sections into measured intensities and g—g(@) is the
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differential scattering cross section for the sample as mention in section 2.1.

In the non small sample limit, the background corrected intensity in the case of a

container-less sample with a cylindrical geometry is given by

1E(0) = As5(0)L5(0) + a(0) Ms(0), (2.34)

where Ag g is the attenuation coefficient for scattering in the sample and attenuated

by sample and Mg(6) is the multiple scattering cross section [37] which is defined as

Ms(0) = NsAs;s(09) > As(0)[1 + Ps(6)]. (2.35)

og is the total scattering cross section of the sample and is wavelength dependent,
Ag(0) is the ratio of multiple scattering to single scattering and Pg(#) is the Placzek

correction [29] factor of the sample.

During a neutron diffraction experiment, the intensity of the scattered neutrons mea-

sured for the sample S inside its container C is denoted I%,(6) and is written as

I§c(0) = Assc(0)Is(0) + Ac,sc(9)Ic(0) + a(0) Msc(6), (2.36)

where I is the single scattered intensity measured for the container and Mgc(6) is
the multiple scattering cross section for the sample in the container. The background

corrected intensity for the empty container is given by

IE(0) = Ac,c(0)1c(9) + a(6)Mc(6), (2.37)

where M¢(0) is the multiple scattering cross section of the empty container. The
differential scattering cross section can then be calculated by combining equations 2.33,
2.36 and 2.37 such that

di(e) _ 1 150(9)
sy g ~ NgAgsc(8) | a(0)

Acsc(f) (Ig(ﬁ)

- MSC(Q) - AC,C’(G) CL(Q)

- MC(6)>] . (2.38)
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2.4.2 Vanadium Normalisation

Vanadium is used in neutron diffraction experiments as a normalization standard be-
cause it has a small coherent and a large incoherent scattering cross section, i.e, oy, con
= 0.01838(12) barn and oy inc = 5.08(6) barn, respectively [38]. The background cor-

rected intensity for vanadium, I{(6) is given by

IE(9) = Avy (0)1v (6) + a(9) My (0). (2.39)

Iy () is the single scattered intensity for vanadium and My () is the multiple scattering

cross section. Iy (6) and My () are defined as

=a d—g =a v .
Iv(6) = al6) Ny 4 (6)| = al@)Ny T2 (1 + P (6) (2.40)
My (6) = Ny Avy (6) 75 Av(9)[L + Py (0)] (2.41)

where Ny is the number of vanadium scattering centres in the neutron beam, oy ~
OVinc = 47rb%/71nc is the scattering cross section, Py (#) is the Placzek correction factor
and Ay (6) is the ratio of multiple scattering to single scattering. The background

corrected intensity for vanadium, I7(f) can be rewritten as

15(8) = a(0) Avy ()N (TE[L+ Pr(0)][L + Av(6)]) (2.42)

and the calibration coefficient is

_ Iy (6)
Ay (O)Ny (1 + Pr(9)]) (1+Av(6))

a(6) (2.43)

Figure 2-4 summarizes the data corrections procedure for a neutron diffraction exper-

iment.
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Figure 2-4: Data analysis procedure for a neutron diffraction experiment.
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2.5 X-Ray Diffraction Data Correction and Analysis

X-ray photons consist of oscillating electric and magnetic fields. Although they do not
have charge or mass, the charge of the electrons in the material interacts with these
magnetic and electric fields [26]. The static approximation is valid since the scattering
in X-rays is originated from the electron cloud with high incident energies of the order
of keV.

The total structure factor formalism for X-ray diffraction is the same as for neutron
diffraction but the neutron scattering lengths will be replaced by the X-ray form factors,
f(Q) [30]. The f(Q) is dependent on the scattering vector @) and the energy of the
incident X-ray photons Ej and is defined as

ref(Q, Eo) = relZ franon(Q) + f'(Eo) +if" (Eo)], (2.44)

where r. = 2.818 fm is the radius of an electron, f(Q, Fy) is the atomic form factor,
Z is the atomic number and frp0#(Q) is the atomic form factor’s modulation varying
from 1 at Q = 0 to 0 at Q = oo. f'(Ey) and f”(Ey) denote the real and imaginary
parts of the anomalous term, respectively, of the atomic form factor and because it
involves inner core electron clouds having small radii, its ()-dependence is generally

weak enough to be ignored.

Instead of the Placzek correction, additional inelastic scattering and re-emission pro-
cesses like Compton scattering, fluorescence and resonant-Raman scattering contribute
to the total scattering and must be corrected for to obtain the Rayleigh-Thomson

(Ray-T) differential scattering cross section pertinent to diffraction.

The total X-ray scattering cross section is given by [28]

Q) —m@+Yane [ Z@)]
ds Total . a o ds2 Compton
(2.45)
do 1% do X do X
" |:dQ:| Fluorescence " |:d§2(Q):| r-Raman " |:dQ(Q>:| Other 7

where ¢, is the atomic fraction and f,(Q) is the atomic form factor for chemical species

a. The second term of the equation is denoted as self scattering.

At energies far enough from an absorption edge the processes such as fluorescence,

resonant-Raman scattering and/or other are negligible with the exception of Compton



20 CHAPTER 2. NEUTRON AND X-RAY DIFFRACTION THEORY
scattering. The anomalous terms of the form factor, and hence their energy dependence,

are also negligible at energies far from an absorption edge. The total structure factor

for X-rays is then

Fx(Q) =YY cacpfa(Q)13(Q)[Sap(@Q) — 1]. (2.46)
o B

The total scattering intensity is written as the normalized total X-ray structure factor,

Sx(Q),

_ Fx(Q)
) = S e @@ " (247
which oscillates around 1 at high @ and so,
Sx(Q) =1+ ——— 3 acs fa @ F5(Q) [Sas(@Q) — 1], (2.48)
FQ)P 55

where (f(Q)) =", cafal(Q).

To obtain %(Q) for a sample it is necessary to subtract the scattering contributions

from the sample container and background in a similar way to neutron diffraction [30].

The single scattered intensity measured for a sample, Ig(Q), is given by
X
I5(Q) = as |Sa@] (2.19)

Total

where @ is the calibration coefficient. The total X-ray differential scattering cross

section and total X-ray structure factor is

[jg@)r - [%(Q)]X [jg@ﬁx

= +
Total Ray-T Compton
(2.50)
9 do X
~F@+ Y eahul@? + [ 5(Q)
«a Compton
F@=[%0] ~Saner-[%e] . e
ds2 Total a ds2 Compton
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Figure 2-5 summarizes the data corrections procedure for a X-ray diffraction experi-

ment.

2.6 Coordination Numbers

In a given range r, where all the partial pair distribution functions are zero except

the a-f partial pair distribution function g,g(r), the mean coordination number ﬁg is

calculated by

7f — Ao / 160 = G(0)r2dr. (2.52)

The first peak in gog(r) contains the nearest-neighbor information mentioned above.
Assuming is does not overlap with other g,g(r) functions then the structural informa-
tion can be accessed directly from the total pair distribution function. However, most
of the times it is necessary to take into account the effects of overlapping peaks and
Fourier transform artefacts. The following sub-sections describes the programs used
to fit the total pair distribution functions for X-rays and neutrons. These two tech-
niques allow access to wide ) range domains and thus offer a good resolution of bond
lengths and numbers of first neighbors. Table 2.1 summarizes a comparison and the

main information possible to obtain between XRD and ND.

2.6.1 PXFIT

PXFIT is a program [39] to fit the pair distribution function measured by X-ray diffrac-
tion. The computational method for the fitting has a subroutine that calculates the
peak function for a given set of parameters (rqg, 0ag, ﬁg) and a least squares subrou-
tine that optimizes the parameters of the peak, so it fits the experimental T'(r) function

as closely as possible, where

T(r) = D(r) + T°(r), (2.53)
and T9(r) = 47ngr. The function T(r) can also be written as
T(r) = 4mnor[G(r) — G(0)]. (2.54)

The contribution to the distinct scattering Sx (Q) from each atom pair («, ) is weighted
by the form factor fo(Q)fs(Q), i.e, it decays strongly with increasing Q.
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Figure 2-5: Data analysis procedure for an X-ray experiment.
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X-ray Diffraction

Neutron Diffraction

Interaction with the electronic cloud

Interaction with the nucleus

f(Q, Ep) atomic form factor

b neutron scattering length

Strong variation of scattered
intensity with 6

Constant, independent of

Information on high Z elements

Almost independent from Z

Weak scattering for low Z elements

Light elements are visible

Weak difference for elements
with close Z

Distinction of elements with close Z

f varies with energy
(anomalous scattering)

b can vary at some energies for some
elements (anomalous scattering limited)

f cannot distinguish isotopes
from the same element

b varies among isotopes of the same
element (isotopic substitution)

Small samples

Large samples

Radiation can cause damage

Radiation can cause activation

No magnetic information

Magnetic information is possible

Experiments are quick

Experiments can take several hours

Table 2.1: Comparison between X-ray and neutron diffraction.
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The function pgﬁ(Q) is Fourier transformed using the same modification function and
Qmax, as has been used to obtain the experimental 7'(r). The calculation of the peak
function starts in reciprocal space, but the fitting is performed in real space. In order
to distinguish between features in D(r) that describe the glass structure from those
that are an artifact of M (r), each peak i in rg,g(r) can be represented by the Gaussian

function

_B/. i )2
. 1 1 r—r
TN Cﬂrab’ 27TUCYB (Ja,B)

The contribution of each peak pgﬁ (r) to S(Q) — 1 is given by

i . 7insin (Qrg) Q*(0}5)?
and
. (2 dap)cicpfo(Q) f5(Q) (2.57)

o Q) ’

where 0,3 is the Kronecker delta. Each pgﬁ(Q) function is Fourier transformed to real
space using the same M (Q) function as used for the experimental data. For a selected
region in r-space, the method of least squares is then used to fit an appropriate sum
of these Fourier transforms to 7'(r) ® M(r). Coordination numbers and peak positions
were calculated from T'(r) by PXFIT.

2.6.2 RDFgenfit

RDFgenfit is a program to fit the pair distribution function measured by neutron
diffraction [40]. The program is written in python and uses the Scipy curve fitting
routine [41] to calculate Dgi(r) and refine the peak parameters rqg(i), oap(i) and
nb () by the least-squares method. It reads Dexp(7); the 7 range that the data is fitted;
the sample properties; such as weighting factors (w,g), concentration of second species

(cg) and number density (ng); and experimental details such as Qmax-

After inserting their details, an initial guess of peak parameters with minimum and
maximum values is given and Dg¢(r) is calculated from those. The output file of the

program displays Dexp(7), Dst(r), R, and each peak’s contribution to Dg(r). The
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peak parameters can be refined and constrained to get the best agreement between

Dexp(r) and Dgy(r), i.e, where R, is as close to zero as possible.
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Chapter 3

Instrumentation

In this chapter, a description of the neutron and X-ray instrumentation used is given
along with the NMR and Raman spectroscopy theory. Neutron diffraction experi-
ments were performed using the nuclear reactor at the Institut Laue Langevin (ILL) in
Grenoble and the ISIS pulsed neutron source at the Rutherford Appleton Laboratory
in Didcot. The X-ray diffraction experiments were perfomed at the Advanced Photon
Source (APS) in Chicago.

3.1 The ISIS Spallation Neutron Source

At ISIS the neutrons are produce by a process called spallation. An example of a

typical spallation reaction is given by

W +p — F* +G* 4+ 20n 4+ Energy, (3.1)

where F'* and G* are the fragments of the original %24\7\7 nucleus.

An ion source produces H™ ions which are accelerated and separated into bunches by
a Radio Frequency Quadrupole (RFQ) accelerator at regular intervals. Each bunch
is then accelerated in a linear accelerator (LINAC) to 70 MeV [43]. When the H™
ions enter the synchrotron, a thin AloOj3 foil strips off the electrons, leaving a beam of
protons. The synchrotron has a 163 m circumference ring of magnets that bend and

focus the beam into a circle.

The proton beam at 800 MeV is guided towards target Station 1 and target Station 2

as shown in Figure 3-1. The proton pulses are extracted at a rate of 50 Hz, with 4/5 of

27
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Figure 3-1: Schematic Representation of the ISIS spallation neutron source [42].



3.1. THE ISIS SPALLATION NEUTRON SOURCE 29

1.6x10"" -

_~ - . '

T, q14x10"4 4 MODERATORS
E 1 : B Hydrogen

Tm l 1.2%x10"" - : 4 Methane

T 1 ‘I Water
< 1ox10"{ %

| ]

= | i

2 8ox10"H

= | L § I-l.

B

£ 6.0x10°4 % s

2 Ox : .

g | t '] '.
e 10 o [ ]

o 4.0x107+ L) 5 .

" h a‘ '.
= 20x10"- - "

LT-l X .l.‘h‘ --..

* "AL.““‘ ..-.-.III maa
0.0 T T [ u»---_'ﬁ.ma.TA.A.A_A_|_.ILI_F_-_I
0 2 4 6 8 10
Wavelength X (A)

Figure 3-2: The energy/wavelength distributions of the three moderators used at ISIS
[45].

the pulses guided to target station 1 and 1/5 guided to target station 2. They are then

fired at a tungsten target where the neutrons are produced as a result of the spallation
process.

These high intensity neutron pulses are then slowed down by moderators in order to
give a suitable wavelength distribution. Three moderators (figure 3-2) with different
energy /wavelength distributions are available at ISIS: hydrogen-, methane- and water-
based [44]. Neutrons that have reached thermal equilibrium with the moderator have a
Maxwellian distribution of energies with a peak that is characteristic of the moderator

temperature. Finally, the neutrons arrive at the neutron diffractometers, in this case
GEM, located at Target Station 1.

3.1.1 The GEM Diffractometer

The GEneral Materials diffractometer, GEM, as shown in figure 3-3, is an instrument to
study both amorphous and crystalline materials. An important characteristic of GEM

is the detector array, divided into 9 detector banks, which covers a large area (7.270 m?)
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Figure 3-3: Schematic Representation of the GEM diffractometer [47].

and a large range in scattering angles from 1.2° to 171.4°. These two characteristics

provide data with high counting rate, low signal to noise ratio and large Q-range [46].

GEM receives neutrons after they have been slowed down by a liquid methane moder-
ator at temperatures between 100 and 110 K. The primary flight path from moderator
to sample has a length L; = 17 m. Neutron-absorbing 1B4C slits are used to define
the beam shape and a series of choppers are used to reduce background scattering from
the beam and define an energy range of neutrons that prevents consecutive pulses of
neutrons from overlapping. The incident beam passes through four beam monitors to

measure the incident flux.

The secondary flight path, Lo, varies depending on the scattering angle ranging from
1.0 to 2.8 m (1.21° to 171°, respectively). Table 3.1 gives the average scattering angle
for each detector bank. The detectors used on GEM are Li-based ZnS scintillators

where the neutron and lithium reacts via
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Detector Bank Scattering Angle 26(°)
1 2.2
9.0
17.5
35.1
62.4
92.8
110.1
146.1
160.7

© 00 N O U = W N

Table 3.1: Average scattering angle for each of the nine detector banks of the GEM
diffractometer.

neutron +5 Li —% H*~ +3 He?T, (3.2)

to produce an electrical signal.

The sample is contained within an evacuated steel tank with aluminium windows be-
tween the sample and detectors to reduce background scattering. A long flight path
and access to high energy neutrons from the spallation source leads to high-Q resolu-
tion in reciprocal space. The scattering vector has a wide range of 0.15 A1 < Q<60
A~ which minimizes Fourier transform artefacts and improves real-space resolution

when doing pair distribution function analyse.

The neutron wavelength is calculated from the time-of-flight technique. It starts by
measuring the time of flight ¢ taken for a neutron to travel a total flight path L from

the moderator to the detector. The De Broglie equation is

h

)
MU

A=

(3.3)

where h is Planck’s constant, m, is the neutron mass and v is the neutron velocity

which can be calculated from the distance and the time taken

L1+ Lo
V=

where L is the moderator sample-distance and Lo is the sample-detector distance.

(3.4)

Using equation 2.5, the scattering vector can be rewritten as
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Figure 3-4: Schematic representation of a time-of-flight diffraction experiment.

Sample

Q=T Ly + L) sin(6). (35)

Figure 3-4 shows a schematic representation of the time-of-flight process.



3.2. THE INSTITUT LAUE-LANGEVIN (ILL) NEUTRON REACTOR SOURCE33

3.2 The Institut Laue-Langevin (ILL) Neutron Reactor

Source

The ILL is a reactor source where the neutrons are produced in a nuclear fission reaction

process, via

U+ 'n— RKr* + 1PBa* + Energy (3.6)
BKr* + Ba* — RKr+ 'Ba+2n 4, (3.7)

where the unstable nuclei are denoted by asterisk.

A small quantity of the emitted neutrons sustains the chain reaction while the majority
of neutrons are used for neutron scattering experiments after being slowed down by a
moderator [48]. This works because of a series of collisions with the nuclei of the

moderating material, which reduces the kinetic energy of the neutrons.

The ILL has different types of moderators that provides a range of energies, and hence
wavelengths, for the experiments. The moderators used are a hot graphite source
at 2400 K, a thermal D50 source at 300 K and two cold Dy sources at 20 K. A

representation of the reactor source is shown in Figure 3-5.

3.2.1 The D4c Diffractometer

D4c is a high precision diffractometer mostly dedicated for the study of disordered
materials. It has low background and high count rate, which enables high precision
measurements over the entire accessible ) range. It is one of the instruments that
receive neutrons from the hot graphite moderator [50]. A representation of D4c is

given in figure 3-6 and a photograph of the instrument is shown in figure 3-7.

The neutrons are selected from a copper monochromator, wich provides three possible
wavelengths of 0.35 A, 0.5 A or 0.7 A corresponding to the lateral faces of (331), (220)
and (200). To remove harmonic A/2 contamination, the neutrons are passed through
a Rh filter for A\ = 0.5 A [50], which was the wavelength used in this work. To reduce
background scattering, collimation is provided by neutron absorbing materials such
as boron, cadmium or gadolinium. Figure 3-8 shows a schematic representation of a

neutron diffraction experiment at the ILL neutron source.

To normalize the incident beam intensity, the neutron flux is measured by a monitor
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c] Cold suurce

Figure 3-5: A 3D image of the reactor at the ILL [49].
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Figure 3-6: Representation of the D4c instrument at the ILL [51].
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Figure 3-7: The diffractometer D4c at ILL. The aluminium bell jar contains the sample
holder and the detector array is held within the white polymer shielding.
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Figure 3-8: Schematic representation of a diffraction experiment at a continuous neu-
tron source.
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placed between the monochromator and the beam-slits [50]. Beam-slits adjust the
beam geometry giving a maximum illuminated height of 5 cm in the vertical direction
and width of 2 cm in the horizontal direction. The sample is contained within an
evacuated aluminium bell jar and each detector has its own evacuated collimation tube
to minimize background scattering. Background scattering originating from the beam
is reduced by beamstops, which prevent any direct pathway between straight-through

beam and detector.

The D4c diffractometer has 9 detector banks that operate with *He detection gas, which

reacts with the incoming neutron to form charged particles via

neutron +5 He —3 H™ + proton. (3.8)

These charged particles interact with the microstrip detectors to produce an electrical
signal. The detector array can be rotated around the sample position to obtain data for
an angular range of 1.5 © < 26 < 137 °. The @ range covered by the detector depends

on the selected incident wavelength and can be calculated using equation 2.5 as,

05A7<Q<334A " for A =0.35 A,
0347 <Q<234A " for A=05 4, (3.9)

02A7'<Q<16.7A 7" for A\ =0.7 A.

To determine the relative efficiency of each detector cell the diffraction pattern of a
vanadium rod is measured. All detector cells will then be normalized with respect to

each other and with a relative scaling factor for each detector cell.
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Figure 3-9: Schematic Representation of the Advanced Photon Source (APS) at the
Argonne National Laboratory, USA [52].

3.3 The Advanced Photon Source

The Advanced Photon Source (APS) (figure 3-9) produces X-ray beams with high
energy and high brightness. It consists of a linear accelerator, a booster synchrotron,
an electron storage ring and an experiment hall. To produce the X-ray beams, a
cathode is heated to approximately 1000 °C which emits electrons. The electrons enter
the linear accelerator were they are accelerated to 450 MeV by high voltage alternating
electric fields [53]. The electrons will then be injected into the booster synchrotron
were they are accelerated from 450 MeV to 7 GeV in 1.5 seconds (99.9999% of the
speed of light) by electrical fields in radio frequency cavities. The high speed electrons

will be injected into the storage ring which has a circumference of 1104 m. The storage
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Figure 3-10: The 6-ID-D diffractometer at APS.

ring has more than 1000 magnets that produce a very narrow beam.

3.3.1 The 6-ID-D Diffractometer

The 6-ID-D diffractometer is situated in Sector 6 at the APS (Figure 3-9). This X-
ray beamline produces high energies which varies between 50 to 130 KeV, which are
commonly used for magnetic X-ray scattering, high energy X-ray diffraction and powder
diffraction. The selection of the photon energy is made by the monochromator, which
in this case is a silicon mono-crystal with (311) planes in reflection and the detector
is an amorphous silicon area detector [54]. The 6-ID-D diffractometer can be seen in
figure 3-10.

The detector has 2048x2048 pixels across, with each pixel 200 x 200 ym wide. The
scintillator layer consists of 500 pum thick thallium doped Csl crystals. The 2048 x 2048
array is made of 16x8 subpanels each 128 pixels horizontally and 256 pixels vertically
[55]. The subpanels offset are dealt with by a dark image subtraction.
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3.4 Nuclear Magnetic Resonance Spectroscopy

Nuclear Magnetic Resonance Spectroscopy (NMR) is a technique which takes advantage
of the magnetic properties of an atomic nuclei of a certain element that has a non-zero
spin. The nuclei of a certain element will absorb and re-emit energy in the form of
electromagnetic radiation. This energy has a specific resonance frequency, which is
dependent on the magnetic properties of the isotope of the atom and on the strength

of the applied magnetic field.

During an NMR experiment a constant magnetic field is applied to the sample to po-
larize or align the magnetic nuclear spins. A radio frequency pulse is then applied to
perturb the alignment of the nuclear spins. The two fields are chosen to be perpendic-
ular to each other in order to maximize the NMR signal strength. The response by the
total magnetization of the nuclear spins of the material studied can give information

on structure, chemical environment, dynamics and reaction state of molecules.

These nuclei have a magnetic moment, u, given by
p=nI, (3.10)

where « is the gyromagnetic ratio specific to each nucleus. In the absence of an external
magnetic field By, the magnetic moments of nuclei are oriented randomly in space and
there is no energy difference for a particular orientation. When its present, p interacts
with B via the Hamiltonian u - By, producing energy levels, i.e, a splitting between the
nuclear spin levels. This effect is called the Zeeman interaction [56]. For the common

I =1/2 (3'P, 2°Si) case, the difference between the energy levels is given by

AE = hyBo, (3.11)

where h is the reduced Planck constant.

In the Zeeman effect, the splitted nuclei is able to absorb radio-frequency radiation of
the exact energy AFE. This excites the transition of some nuclear spins to higher energy
levels. The excited spins then return to the ground state due to relaxation processes
and release energy into the lattice. The two types of relaxation are spin-lattice (longi-
tudinal) relaxation and spin-spin (transversal, energy conversing) relaxation. However,
the magnetic moments being in By are not perfectly aligned with it. They precess
around the axis of By with a frequency specific for each isotope called the Larmor

frequency which is given by
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w = —yBy. (3.12)

The excitation radio frequency should match the Larmor frequency otherwise the NMR,

phenomenon cannot be observed.

Different nuclei such as 27Al, 29Si, 3!P; do not resonate all at the same frequency
due to the magnetic shielding effect of the electrons. They will experience different
local magnetic fields and hence give signals at different frequencies. The different local
magnetic fields due to interactions with a nucleus’ neighbors in the first and second
coordination spheres will slightly change the AE. This small change in the energy
levels causes a change in the frequency required for the transitions of nuclei from one
energy level to a higher one. In other words, different degree of nuclear shielding will

give different peaks in an NMR spectrum. The chemical shift, §, is given by

W — W
§=—2—_—rel (3.13)

Wyef
where wy is the Larmor frequency of a nucleus and wyy is the Larmor frequency of the

same isotope in a specific reference.

A quadrupolar nucleus is a nucleus with a spin quantum number greater than 1/2. For
example, nuclei 17O and 2"Al have spin 5/2. Unlike in the nuclei with the spin 1/2,
such as 'H and 2%Si, the Zeeman splitting for such nuclei gives more than two energy
levels. NMR signals of such nuclei are typically complicated due to strong quadrupolar
interactions causing complex line broadening as well as the appearance of several lines

arising from the various allowed energy transitions.

In solid state NMR spectroscopy lines are broad due to anisotropic nuclear spin interac-
tions. They are much broader than in liquid state NMR. In liquids, these interactions
are averaged out because of the rapid motion of the particles. To improve the spectral
resolution by narrowing the NMR lines, the MAS NMR technique is used [57]. This
technique involves spinning a sample at the "magic angle” of 6,,, = 54.74° to the mag-
netic field By (Figure 3-11). Such spinning removes dipolar interactions and averages
chemical shift anisotropy and the first order quadrupolar interactions. It improves the
quality of a spectrum and permits the analysis and quantification of NMR lines. Ele-
ments with I > 1/2 need a second order treatment. The first order term is removed by
magic angle spinning (MAS) and the second order term is removed by triple quantum
magic angle spinning (3Q MAS). The 3Q MAS NMR technique [58] is able to switch

between two angles, therefore removing the second order term and cancelling out the
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Figure 3-11: Illustration of the Magic Angle Spinning (MAS) technique. A sample is
rotating in a magnetic field, By, at the angle 6,, = 57.4°. Reproduced from [59].

quadrupolar interaction.

MAS NMR and 3Q MAS NMR spectroscopies have been used extensively to look at
29Gi and 27Al in the structure of aluminosilicate glasses. MAS NMR is sensitive to
the local chemical structure in glasses such as tetrahedral bond angles, bond distances
and the fraction of bridging oxygen atoms. The absorption frequency of the probe
nucleus will shift depending on the degree to which nearby electrons shield the probe
nucleus from the external magnetic field. Different bonding sites or environments of
the nuclei will shield the probe nucleus differently so the bonding environment of the

probe nucleus is deduced from the absorption frequency shift in the data.

All the measurements in this work were carried out using a Bruker DSX 500 (figure

3-12) spectrometer at a magnetic field of 16.4 T (182.34 MHz resonance frequency).
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Figure 3-12: 16.4T magnet and NMR spectrometer at Corning Inc.,USA.

The experimental details are slightly different depending on the samples used and are

described in the next relevant chapters.
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3.5 Raman Spectroscopy

Raman spectroscopy uses inelastic scattering of monochromatic light, in this case a
laser. The laser light interacts with a molecule resulting in energy of photons being
shifted up or down. This shift in the photon energy provides information about the
vibrational modes in the sample, which refers to the chemical bonds and symmetry of
molecules [60,61]. For this reason, Raman spectroscopy gives a qualitative fingerprint

in which a molecule can be identified.

An incoming photon excites the system from its initial state to a virtual state which
depends on the photon energy, hv. This state is very unstable and the system relaxes
back to a lower energy by emitting a photon. The majority of light undergoes elastic
(Rayleigh) scattering when the system relaxes to its original state via the emission of
a photon of identical energy. A small proportion of light experience inelastic (Raman)
scattering where the system relaxes to a different state due to the interaction with a
vibrational excitation. In this situation, the emitted photon will either be red-shifted as
it loses energy (Stokes) or blue-shifted as it gains energy (anti-Stokes) [62]. Therefore,
this process allows the determination of the various vibrational state energies in a
system by analysis of the change in photon energy after scattering from the material,
known as Raman spectroscopy. Figure 3-13 shows the energy levels in a material and

their relation to light scattering processes.

g mm———————— - ---------A---Vinualstate
£ i
Vibrational
and ground
V_ states
Rayleigh Stokes Anti-Stokes
scattering scattering scattering

Figure 3-13: Energy diagram associated with light scattering processes.The excitation
and emission processes are represented by the up and down arrows respectively.



46 CHAPTER 3. INSTRUMENTATION

The intensity of Raman scattered light is very weak compared to the excitation inten-
sity. For this reason, high intensity sources such as lasers operating in the visible range
of the spectrum are typically used. Although scattering occurs in all directions away
from the point of excitation, many Raman spectroscopy techniques use back-scattering
geometry such that only the photons travelling directly back towards the source are
detected.

The mechanism of Raman scattering is treated with semi-classical theory that takes
into account light as a wave of oscillating electric field which induces a displacement
within a material. The energy-momentum transfer in this process is described with
a quantum mechanical context by considering allowed phonon modes interacting with
photons [63,64].

The polarisation of a material perturbed by an electric field, E , from a light source is

P = eoxE, (3.14)

where ¢g is the permitivity in free space and x is the dielectric susceptibility of the
material. The electric field from the incident light source has a periodic dependence on

time t and space 7, given by

B(7,t) = E ks, v3) cos (E . ﬁt) , (3.15)

27
where v; is the frequency and k; is the wavevector. The dielectric susceptibility contains
an oscillatory component as a consequence of the vibration of the atoms in the material.

The resulting displacement in the material is

(7, t) = u(q,w) cos(q - 7 — wt), (3.16)

where w is the angular frequency (w = 27v) and ¢ is the wavevector of the phonon.
Assuming that the displacement w(7,¢) is small, x can be expanded in a first order

Taylor series as

1. 7 8Xjk (ki’ wi)

Xk (ki wi) = Xk (ki, wi) + uy. (3.17)

The labels j, k, and [ run over the spatial coordinates x, y and z. The polarisability is

re-written as
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P(7, i, t) o f(ki,vi, @ w)x
| | (3.18)
{cos [(Ei+®'77— (%4-10)4 + cos [(/%—(j’)-?— (;—;—w>t}},

where f (Ez, v, @, w) is a function containing the Raman tensors which determine the

amplitude of the various allowed modes via selection rules.

Equation 3.18 shows that the polarisability contains two oscillatory terms for scattered
light, (3£ +w) and (3% —w). The corresponding transfer of momentum is (l;:; +q)
or (Ez — §), suggesting that the scattered light will contain photons which have either
gained (+) or lost (-) energy and momentum by interaction with a particular phonon.

Therefore, the conservation laws can be written as
hvy = hv; + hw, (3.19)

-

kf=ki+q. (3.20)

Phonon frequencies are orders of magnitude lower than the frequency of visible light
and therefore the approximation v; = v in equation 3.19 can be made. The photon
momentum is directly proportional to the frequency and the refractive index, n, of the
material by k= 2mnv/c and based on the previous approximation, l_éf ~ko=k =
2mny /c. From equation 3.20 the phonon momentum is |q| = |kf — k;|. During a Raman
experiment using backscattering geometry, the outgoing photon travels directly back
towards the source along the same path as the incoming photon. They have opposite

directions Ef = —Fk and EZ = E, leading to

4mny

lq| ~ |k — ki| = 2k =~ (3.21)

The probability of a phonon occupying a particular state is calculated by Bose-Einstein
statistics and therefore, their total population depends on a thermal distribution. The

ratio of Stokes, Ig, to anti-Stokes, I4 intensities for a single mode is

Iis (9 t+w 4 haw
T - <m —w> exp <_kT>’ (3.22)
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Figure 3-14: Relative intensities of different scattering processes in a Raman spectrum.
The colours indicate the energy gain (blue-shifted) and energy loss (red-shifted) of the
inelastic processes compared to the elastic (green) process. Reproduced from [65].

where hw is the energy of a particular phonon mode and 7" is the temperature.

At ambient conditions the intensity of Stokes scattering is much higher than that of
anti-Stokes (Figure 3-14). The Rayleigh scattering is orders of magnitude larger in
intensity than Raman scattering and is filtered in experiments to allow the detection of
the Raman signal. The energy loss (Stokes signal) is referred to as positive shift whereas
the energy gain (Anti-Stokes signal) is referred to as negative shift. The Stokes and
Anti-Stokes lines will occur for each phonon frequency in the material, known as Raman
bands. The lineshape of Raman bands are described by a convolution of Gaussian and

Lorentzian functions.

Raman spectroscopy measurements were made using a Renishaw InVia Raman spec-
trometer (Figure 3-15) in backscattering geometry using a laser excitation wavelength
of 532 nm with a corresponding grating of 1800 1/mm. The spectrometer laser filter

has a cut-off below 60 cm™!.
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Figure 3-15: The Renisham InVia Raman microscope at the University of Bath. Photo
provided by [66].
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Chapter 4

Structure of Zinc Aluminosilicate

Glasses

4.1 Introduction

Aluminosilicate glasses are of great technological importance where they have a huge
variety of applications that impact the everyday life of humans ranging from fiber [67] to
display glasses [12]. However, the glass forming ability in aluminosilicates is challenging
and it will be dependent on the cations used. The zinc (ZAS)- and magnesium (MAS)-
aluminosilicate glasses have very similar glass forming domains except that MgO-SiOs
glasses can be obtained in a large composition range. Zn?t ions have a lesser glass
forming ability than Mg?* since no binary ZnO-SiO, glasses can be formed. The ZAS
system is important in glass-ceramics due to the opportunity to crystallize gahnite
(ZnAly04) [68,69] or willemite (ZngSiO4) [70,71] and no ternary compounds (Figure
4-1). These crystals can be doped with rare earths and transition elements provid-
ing efficient luminescence [72]. A wide range of compositions covering the ZAS glass

forming diagram is dominated by the stability of the gahnite region.

Zinc plays an important role as an additive to improve the glass forming domain me-
chanical properties such as strength and hardness. The (Zn0O),(Al203), (SiO2)1—z—y
system has a high glass transition temperature and a low coefficient of thermal ex-
pansion which can be used as a stabilizer to improve the chemical resistance of the
material [16]. This makes zinc a good candidate for various applications, ranging from
commercial glass and glass ceramics to high performance optical glasses [73-76]. Zinc
oxide is important in bioactive glass where the zinc ion is responsible for bone forma-

tion, resorption, soft tissue regeneration and stimulates cellular protein synthesis [77].

o1
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Zinc is also a useful antibacterial agent in glass-ionomer-based cements [78] and ce-
ramic coatings [79]. In borosilicate glasses, zinc is added to commercial nuclear waste

applications [7].

Understanding the atomic scale structure is a key to explain the glass’ different proper-
ties mentioned above. In this chapter X-ray and neutron diffraction experiments were
carried out to unravel the structure of aluminosilicate glasses with different amounts
of zinc. Raman spectroscopy and MAS NMR on 27Al and 2?Si experiments were also

done to provide complementary information on the role of zinc in the ZAS system.

Two liquids

Cristobalite

Tridymite Mullite

Willemite

o Corundum
Zincite

Zn0 ZnALO, Al,0;

Figure 4-1: The ZAS ternary phase diagram showing the crystalline phases. Repro-
duced from [80].
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4.2 Experiment

4.2.1 Sample Preparation

Two batches of zinc aluminosilicate glasses were prepared as described below. Their
respective concentrations are shown in table 4.1. The densities of the ZAS samples were
measured using a helium pycnometer (MICRO-ULTRAPYC 1200e) and their values

are presented in table 4.2.

The first batch of ZAS samples was prepared at Corning Inc., USA. Powders of ZnO
(Zochem), AlyO3 (Alfa Aesar) and high purity sand (US silica) were used. A 900 g
of ball-milled material was melted at 1650°C for =~ 20 h in covered platinum crucibles
and quenched by pouring onto a steel table. The as-prepared glasses were annealed
at 650 °C for 1 h and then allowed to cool by cutting the furnace power. The batch
weight for the ZAS glasses changed by no more than 0.02 g, so there was negligible

deviation from the batch composition.

The second batch of ZAS samples was prepared in Bath, England, where powders of
ZnO (Aldrich, > 99.999%), AloO3 (Sigma, 99.998%) and SiO2 (Alfa Aesar, 99.9%) were
used. The raw materials were dried at 1000 °C for 1-2 h. For each sample, a batch of
powder of mass =~ 4 g was melted at 1600 °C (ZAS60.15p55) or 1650 °C (ZAS50.7p5,
ZAS50.17p36 and ZAS65.17p5) in a covered Pt/Rh crucible for 2h. The glasses were
quenched by placing the bottom of the crucible into a water bath (ZAS65.17p5) or
using a copper block cooled in liquid nitrogen (all other samples). For the ZAS50.7p5
composition the sample was ground and the melt and quench procedure was repeated
to ensure glass homogeneity. The overall mass loss during processing was ~ 1%, which
is probably related to the loss of water re-adsorbed after the initial drying procedure.
The composition of each glass was taken from the batch composition. It was not
possible to prepare homogeneous alumina-free zinc silicate glasses by conventional melt
quenching or by aerodynamic levitation with laser heating in accordance with the
findings from [80].

The crystalline ZnsSiO4 phase I, willemite, was prepared using the procedure adapted
from [81]. ZnO (Aldrich, > 99.999%) and SiO2 (Alfa Aesar, 99.9%) powders were dried
at 1000 °C for 2 h, mixed to give the correct stoichiometry and ~ 3 g of material was
pelleted under a pressure of =~ (.74 GPa during five minutes. The pellets were sintered
at 1000 °C for 18 h and were finely ground using an agate pestle and mortar. The
resultant powder was pelleted and sintered at 1250 °C for 24 h in a covered Pt/Rh

crucible. The grinding, pelleting and sintering cycle was then repeated. The willemite
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Samples Batch  ZnO [mol%] AlxO3 [mol%] SiOs [mol%]

715Si04 2 66.67 0 33.33
7Z.AS50.7p5 2 42.5 7.5 50
7AS50.10 1 40.0 10.0 50
ZAS50.12p5 1 37.5 12.5 50
ZAS50.17p36 2 32.64 17.36 50
ZAS50.22p22 1 27.78 22.22 50
7AS50.25 1 25.0 25.0 50
ZAS50.27p78 1 22.22 927.78 50
ZAS60.13p33 1 26.67 13.33 60
7AS60.15p55 2 24.45 15.55 60
ZAS60.17p78 1 22.22 17.78 60
7.A860.20 1 20.0 20.0 60
7AS60.22p22 1 17.78 22.22 60
ZAS65.17p5 2 17.5 17.5 65
ZAS70.13p33 1 16.67 13.33 70
ZAS70.15 1 15.0 15.0 70
ZAS70.16p67 1 13.33 16.67 70

Table 4.1: Concentration, in mol%, of ZnO, Al,O3 and SiOy for each of the ZAS
samples.

crystal structure was confirmed by powder X-ray diffraction [70].

4.2.2 6-ID-D Experiment

The high energy X-ray diffraction experiment on the ZAS glasses was done at room
temperature using the 6-ID-D diffractometer at the APS. The photon energy of the
square incident beam was 100.233 keV, corresponding to a wavelength of 0.1236 A.
The ground glasses were loaded into kapton polyimide tubes of 1.80(1) mm internal
diameter and 0.051(6) mm wall thickness. The scattered X-rays were detected using
a Varex 4343CT amorphous silicon flat panel detector which was placed at a distance
of ~ 311(1) mm from the sample position as deduced from the diffraction pattern

measured for crystalline CeOs.

Diffraction patterns were measured for each sample in its capillary, an empty capillary
and the empty instrument. The data were converted to one-dimensional diffraction
patterns using FIT2D [84]. The program PDFgetX2 [85] was used for corrections to

background scattering, beam polarization, attenuation and Compton scattering.
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Figure 4-2: Glass forming composition (in blue) for the ZAS system studied. Glasses
found from previous investigations are also shown. The red square were taken from [80],
purple triangle [74], green diamonds [82] and yellow wye [83]. The black crosses [80,82]
correspond to compositions for which no glass could be obtained and they are either
crystalline, partially crystallized or phase separated.
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Figure 4-3: Samples ZAS50.10 glass in a Pt-10%Rh crucible after quenching. The
sample looks completely clear and glassy.
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Figure 4-4: Number density, ng, as a function of the ratio R(czno/ca1,0,) for the ZAS
glasses. The green data points show the ng values along the 50 mol% SiOs tie-line.
The red data points show the ng values along the 60 mol% SiOs tie-line. The black
data point show the ng value for the 65 mol% SiOs and the blue data points show the
no values along the 70 mol% SiO- tie-line.
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Samples p [g/cm®]  p Corning Inc. [g/cm?®]  ng [A73)

702810,  4.224(5) - 0.0799(10)
ZAS50.7p5  3.403(5) - 0.0773(1)
ZAS50.10  3.3723(8) 3.371 0.07811(2)
ZAS50.12p5  3.3047(5) 3.304 0.07805(1)
7AS50.17p36  3.170(1) - 0.0776(1)
7AS50.22p22  3.0849(5) 3.087 0.07812(1)
7ZAS50.25  3.033(1) 3.038 0.07822(3)
7AS50.27p78  2.986(1) 2.997 0.07839(3)
7AS60.13p33  2.9656(7) 2.976 0.07509(2)
ZAS60.15p55  2.924(1) - 0.0752(3)
7.AS60.17p78  2.8841(5) 2.893 0.07531(1)
7ZAS60.20  2.8498(9) 2.853 0.07552(2)
7.AS60.22p22  2.8161(8) 2.827 0.07570(2)
ZAS65.17p5  2.730(1) - 0.07337(8)
7AS70.13p33  2.6957(9) 2.707 0.07270(2)
ZAS70.15  2.6749(6) 2.680 0.07294(2)
ZAS70.16p67  2.6572(4) 2.656 0.07325(1)

Table 4.2: The measured mass density, p, and corresponding number density ng for the
ZAS samples. The density measured by Corning Inc. is also shown for comparison.

4.2.3 GEM Experiment

Two neutron diffraction experiments were carried out at ISIS using the GEM diffrac-
tometer. The first set of experiments was done with samples from batch 1 and the

second set of experiments was done using samples from batch 2.

The samples were ground and loaded either into a 10.3 mm (batch 1) or a 8.3 mm
(batch 2) vanadium can. Each vanadium can was placed in an ultrasonic bath for 10
minutes to achieve a higher packing of the sample. The glasses were mounted in the
sample changer which centers each sample in turn in the neutron beam and diffraction
patterns were measured for each of them. Diffraction patterns were also measured for
empty vanadium cans and the empty instrument to correct for background scattering,
and a V-Nb (5.14%) rod with a coherent scattering length of zero for normalization

purposes.
4.2.4 Nuclear Magnetic Resonance Spectroscopy

298i MAS NMR Experiment of crystalline Zn,SiO,

29Si MAS NMR was conducted at 4.7 T using an Agilent DD2 spectrometer, a double-

resonance 5 mm MAS NMR probe and a wide-bore (89 nm) superconducting magnet.
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Element b [fm]

Zn  5.680(5)
Al 3.449(5)
Si  4.1491(10)
0 5.803(4)

99

Table 4.3: The bound coherent neutron scattering lengths, b, for the chemical elements

Zn, Al, Si and O [38]. The values will be used to calculate the values in table 4.4.

Samples (b) [fm]
ZAS50.7p5  5.351
ZAS50.10 5.322
ZAS50.12p5  5.295
ZAS50.17p36  5.245
ZAS50.22p22  5.201
ZAS50.25 5.177
ZAS50.27p78  5.154
ZAS60.13p33  5.252
ZAS60.15p55  5.231
ZAS60.17p78  5.210
7ZAS60.20 5.191
ZAS60.22p22  5.172
ZAS65.17p5 5.198
ZAS70.13p33  5.221
ZAS70.15 5.205
ZAS70.16p67  5.191

Table 4.4: Average neutron scattering lengths, (b), with £0.005 fm for each of the ZAS

samples.
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The powdered ZnsSiO4 was packed into a 5 mm outer diameter zirconia MAS NMR
rotor, providing sample spinning of 7 KHz. Single pulse experiments were made with

a m/2 pulse widths of 5.4 us, recycle delay of 900 s and signal averaging of 86 scans.

2951 MAS NMR data was processed using the software Agilent VnmrJ (Agilent) without
any extra line broadening and the 2Si NMR frequency was referenced to an external
tetramethylsilane (TMS) standard at 0.0 ppm.

2TA1 MAS NMR Experiment

2TA1 NMR Spectroscopy was performed to obtain information about the structure of
aluminum contained in the ZAS system. The measurements were done at Corning
Incorporated (USA).

For the batch 1 ZAS glasses, it was used an Agilent DD2 spectrometer and a Variant T3
1.6 mm MAS (Magic Angle Spinning) NMR, probe with an external magnetic field of
16.4 T (182.34 MHz resonance frequency). The powdered ZAS glasses were packed into
3.2 mm zirconia rotors with the sample spinning at 22 KHz using compressed nitrogen.
0.6 us radio-frequency (RF) pulses were used to excite the 27Al central transitions and

the data was collected using a 2 s recycle delay and averaging of 400-1000 scans.

For the batch 2 ZAS glasses the 2”Al MAS NMR was conducted at 16.4 T using an
Agilent DD2 spectrometer, a triple resonance 3.2 mm MAS NMR probe and a shielded
narrow-bore superconducting magnet. The powdered glasses were loaded into low-Al
zirconia rotors with an outer diameter of 3.2 mm. These sample holders still give
a weak background signal around 0 ppm, which was treated in the fitting protocol.
Single pulse experiments were used to collect data with a 0.6 us pulse width (7/12 tip
angle), a 4 s recycle delay between scans and a signal averaging of 1000 scans. Sample
spinning was computer controlled to 22.0 KHz, using compressed nitrogen. Processing
was done using commercial software Agilent VnmrJ without line broadening. The shift

referencing was done with an external solution of aqueous aluminum nitrate at 0.0 ppm.

All the 2"Al MAS NMR spectra were analysed in the DMFIT program [86], which uses
Czjzek line shapes to simulate the second-order quadrupolar broadened peaks from
Al in different coordination environments. The spectra was optimized by varying the
quadrupolar coupling constant (Cg), isotropic chemical shift (dis,) and the Gaussian

distribution.
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4.2.5 Raman Spectroscopy

Unpolarized Raman spectra were recorded at room temperature using a Renishaw In-
Via Raman microscope with a x50 objective lens. No special sample preparations
were made in advance for the experiment. The Raman experiment was performed in
back-scattering geometry using a He-Cd laser excitation wavelength of 532 nm with a
grating of 1800 1/mm. The laser was focused onto the sample with a beam diameter

of = 2.5 ym.

The spectrometer laser filters usually have a cut-off below 50—60 cm™!. For the ZAS
glasses the Raman spectra were measured between 100—1300cm ™! The laser power was

kept sufficiently low to avoid any damage to the sample surface over extended periods.

4.3 Results

4.3.1 Nuclear Magnetic Resonance Spectroscopy
28i MAS NMR

The 2°Si MAS-NMR spectrum measured for crystalline ZnySiOy is shown in figure 4-5.
The spectrum shows a single resonance at -70.87 ppm and is consistent with previous
2981 MAS NMR measurements for willemite [87-90]. The single peak is characteristic

of the monomeric orthosilicate SiO4 unit, i.e, a single silicon environment with Q.
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Figure 4-5: 2°Si MAS NMR spectrum of crystalline Zn,SiO4 sample.
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27TA1 MAS NMR

Figures 4-6, 4-7, 4-8 and 4-9 show the 2"Al MAS NMR spectra measured for the zinc

aluminosilicate glasses from batch 1 and 2.

The 2"Al MAS NMR spectra were fitted in DMFit [86] using Czjzek line shapes to
represent the second-order quadrupolar broadened peaks from aluminium in different
coordination environments. The fits are shown in figures 4-10, 4-11 and 4-12. The

parameters describing the fitted line shapes are listed in tables 4.5 and 4.6.

The ZAS spectra show two distinct contributions, a dominant contribution centered at
~ 60 ppm and a second one centered at ~ 35 ppm. These two signals are assigned to
AI(IV) (higher chemical shift) and Al(V) (lower chemical shift), respectively [91-99].
A weak signal is also seen at ~ 5 ppm that corresponds to Al(VI) units. The isotropic
chemical shift, 6(2"Al), for Al(IV) species varies with composition and is related to

different polymerized environments around AlO4 tetrahedra.

The results show that, as the alumina content increases, the fraction of fourfold coor-
dinated aluminum Al(IV) decreases and the fraction of higher coordinated aluminum
increases. For all the ZAS glasses Al(IV) is the majority species and fivefold coordi-
nated aluminum Al(V) is the second most abundant species. For compositions with
R > 1, sixfold coordinated aluminum Al(VI) occurs rarely (< 2.6%). For the compo-
sitions with R < 1 (peraluminous regime) the proportion of Al(V) and Al(VI) species
increases along both 50, 60 and 70 mol% SiOs tie-lines. This is expected since not
enough Zn is present to ensure local charge balance of (AlO4)~ tetrahedra. The chem-
ical shift of the Al(V) and Al(VI) contributions are almost independent of the silica

content.

Figure 4-13 shows the Al-O coordination numbers as a function of R and their respective

values are listed in table 4.7.
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Samples gfl:iriﬁztil Area (%) O6(3TAl) AS(*TAl)  Cq
AI(IV) 043 65.1 153 837

ZAS50.10 Al(V) 4.5 34.4 17.2 5.68
AL(VI) 1.2 8.0 156 5.22

Al(IV) 94.7 65.6 15.2 8.48

ZAS50.12pb Al(V) 4.2 35.3 14.4 6.53
AL(VI) 1.1 7.0 160  5.11

Al(IV) 90.5 66.8 14.9 9.04

ZAS50.22p22 Al(V) 6.9 35.5 14.2 5.94
AL(VI) 2.6 10.7 237  4.84

Al(IV) 85.8 66.8 15.3 9.06

ZAS50.25 AL(V) 11.0 36.9 151 6.50
AL(VI) 3.2 10.7 23.7  4.84

AL(IV) 81.8 66.8 154 9.28

ZAS50.27p78 Al(V) 14.6 37.5 14.3 7.04
AL(VI) 3.6 13.1 192 6.91

AL(IV) 87.8 64.4 169  8.13

ZAS60.13p33  Al(V) 11.1 39.5 170 835
AL(VI) 1.1 2.0 11.9 3.49

Al(IV) 91.9 65.6 160 9.25

ZAS60.17p78  Al(V) 7.2 37.3 0.8 8.30
AL(VI) 0.9 2.0 12.0 3.61

AI(IV) 8§74 66.0 164 9.32

ZAS60.20 Al(V) 114 37.9 11.8 8.42
AL(VI) 1.2 2.0 14.1 2.92

AL(IV) 86.3 66.0 162 9.82

7ZAS60.22p22 Al(V) 124 37.6 114 8.27
AL(VD) 1.3 3.9 139 3.96

AL(IV) 89.7 65.8 159 922

ZAS70.13p33 Al(V) 9.0 37.8 11.4 8.87
AL(VI) 1.3 2.2 117 3.92

Al(IV) 83.4 65.9 163 9.58

ZAS70.15 Al(V) 10.3 37.6 11.9 8.43
AL(VI) 1.3 2.1 149  3.26

AL(IV) 82.1 66.0 171 9.34

ZAST0.16p67  Al(V) 16.0 38.4 131 8.42
AL(VI) 1.9 2.0 165  2.68

Table 4.5: Parameters obtained from the Czjek fits to the 27Al MAS NMR spectra
measured for the batch 1 ZAS glasses. The parameters correspond to the peak area
(£2%), 2" Al MAS NMR shift §(2”Al)(#1 ppm), full-width at half-maximum (FWHM)
of a Gaussian distribution of these shifts A§(?7Al) (2 ppm), and average quadrupolar
coupling constant Cg (+0.2 MHz).
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Figure 4-6: 27Al1 MAS NMR spectra for the batch 1 ZAS glasses along the 50 mol%
SiOs tie-line. The curves are offset vertically for clarity of presentation.
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T T T T T T I
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Z.A860.20
——Z.AS60.22p22

100 80 60 40 20 0 -20 -40
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Figure 4-7: 27"A1 MAS NMR spectra for the batch 1 ZAS glasses along the 60 mol%
SiOs tie-line. The curves are offset vertically for clarity of presentation.
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Figure 4-8: 27Al MAS NMR spectra for the batch 1 ZAS glasses along the 70 mol%
SiOg tie-line. The curves are offset vertically for clarity of presentation.
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Figure 4-9: 2"A1 MAS NMR spectra for the batch 2 ZAS glasses. The curves are offset
vertically for clarity of presentation.
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Samples gz\?ﬁjﬁiﬁiﬁ Area (%) 6(*TAl) AS(*TAl) Cq
IN[A%) 04.85 6474 15.79 8.48
ZAS50.7p5 AI(V) 3.88 34.86 13.88 6.22
AI(VI) 1.27 4.25 24.17 2.47
AI(IV) 93.61 66.84 15.16 8.90
ZAS50.17p36  Al(V) 5.02 36.38 11.91 7.03
AL(VI) 1.37 414 2417 247
AI(IV) 86.65 65.10 16.46 8.47
ZAS60.15p55  Al(V) 10.73 35.73 21.83 5.53
AL(VI) 2.62 6.18 2084  4.26
AL(IV) 85.29 6474 1657  9.23
ZAS65.17p5 AI(V) 11.64 36.74 17.44 6.77
AL(VT) 3.07 760  24.19 4.43

Table 4.6: Parameters obtained from the Czjek fits to the 27Al MAS NMR spectra
measured for the batch 2 ZAS glasses. The parameters correspond to the peak area
(£2%), 2"Al MAS NMR shift §(2"Al)(+1 ppm), full-width at half-maximum (FWHM)
of a Gaussian distribution of these shifts Ad(27Al) (£2 ppm), and average quadrupolar
coupling constant Cg (+0.2 MHz).

Samples  AI(IV) [%] Al(V) [%] ALVI) [%] 2%,

ZAS50.7p5 94 4 2 1.08(7)
ZAS50.10 94.29 4.49 1.22 4.07(7)
7Z.AS50.12p5 94.66 4.21 1.13 4.06(7)
7AS50.17p36 93 5 2 4.09(7)
7.AS50.22p22 90.5 6.89 2.61 4.12(7)
7.AS50.25 85.85 10.96 3.2 4.17(7)
ZAS50.27p78  81.85 14.55 3.6 4.22(7)
7ZAS60.13p33  87.83 11.06 1.11 4.13(7)
7AS60.15p55 86 11 3 4.17(7)
ZAS60.17p78  91.88 7.18 0.94 4.09(7)
7.AS60.20 87.44 11.35 1.2 4.14(7)
7ZAS60.22p22  86.28 12.4 1.32 4.15(7)
ZAS65.17p5 85 12 3 4.18(7)
ZAS70.13p33  89.67 8.99 1.34 4.12(7)
ZAS70.15 88.35 10.32 1.34 4.13(7)
ZAS70.16p67  82.11 15.95 1.94 4.20(7)

Table 4.7: Al speciation in ZAS glasses measured by 2”Al MAS NMR. For each com-
position, the calculated average Al-O coordination number is given with a typical mea-
surement error.
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Figure 4-10: Gaussian fits to the MAS NMR spectra shown in figures 4-6 and 4-
7 for the batch 1 ZAS glasses along the 50 and 60 mol% SiOs tie-line. The green
curve corresponds to Al(IV), the purple curve corresponds to Al(V) and the blue curve
corresponds to Al(VI). The sum of the fitted functions is given by the red curve, which

overlays the measured data (black curve) at most values of 6(27Al).
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Figure 4-11: Gaussian fits to the MAS NMR spectra shown in figures 4-6 and 4-7 for
the batch 1 ZAS glasses along the 60 (continuation) and 70 mol% SiOsz tie-line. The
green curve corresponds to Al(IV), the purple curve corresponds to Al(V) and the blue
curve corresponds to Al(VI). The sum of the fitted functions is given by the red curve,
which overlays the measured data (black curve) at most values of 6(27Al).
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Figure 4-12: Gaussian fits to the MAS NMR spectra shown in figures 4-6 and 4-7
for the batch 2 ZAS glasses. The green curve corresponds to Al(IV), the blue curve
corresponds to Al(V) and the purple curve corresponds to Al(VI). The sum of the fitted
functions is given by the red curve, which overlays the measured data (black curve) at

most values of §(27Al).
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Figure 4-13: Al-O coordination number as a function of the ratio R. The green data
points show the coordination numbers along the 50 mol% SiOs tie-line. The red data
points show the coordination numbers along the 60 mol% SiOs tie-line. The black data
point show the coordination number for the 65 mol% SiOy and the blue data points
show the coordination numbers along the 70 mol% SiOs tie-line. The cyan line at
R =1 indicates the tectosilicate composition.
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4.3.2 X-ray Difraction

The X-ray total structure factors Sx (Q) of ZAS glasses are shown in figures 4-14, 4-15,
4-17 and 4-16. All Sx(Q) functions adopt the usual three peak structure at small @
values which are listed in table 4.8, along with their respective Q) ax used in the Fourier
transformation. These three main peaks are related to ordering on different real-space
length scales [100] although the presence of overlapping partial structure factors with
composition-dependent weighting factors makes it challenging to interpret. Figures 4-
18, 4-19, 4-21 and 4-20 show the Dx(r) functions for the ZAS glasses. The functions
show well defined peaks at 7 ~ 1.6 and r ~ 2.0 A which is attributed to Si-O and Zn-O
peaks, respectively. The Zn-O peak includes a shoulder on the high r- side which is
typical of ZAS glasses [80,82]. The peak at r ~ 2.63 A is mainly due to O-O correlations

originating from SiQ4 tetrahedra.

The fitted Dx(r) functions are shown in figures 5-16, 5-18 and 5-19. A peak at r ~
1.76 A is attributed to the Al-O distance in tetrahedral units. It is not easy to identify
Al-O contributions due to the 7- space resolution of the X-ray diffractometer [101] and
the low weighting factor. For this reason, the neutron diffraction data in the ZAS

glasses helped constrain the Al-O peak position.

As the AlsO3 content increases the Zn-O peak decreases in the Dy (r) functions. The
Si-O and O-O peak distances remain at r ~ 1.62 A and r ~ 2.63 A, respectively, for
all compositions even though both peaks get sharper with higher SiOs content. The
Dx (r) functions show a peak in the range 3.0-3.5 A which corresponds mainly to Zn-Zn
but also to Zn-Si and Zn-Al contributions. Above 3.5 A there is an overlap between

the different contributions which makes it difficult to extract information.

Tables 4.9, 4.10 and 4.11 show the fitted parameters with the corresponding goodness-
of-fit, R,, over the fitted range 1.30-3.20 A for the ZAS samples. For each Dy (r) fit,
one peak was assigned to Si-O correlations, one peak to Al-O correlations, two peaks to
Zn-0O correlations, one peak to O-O correlations and one peak was assigned to Zn-Zn
correlations. The average coordination number for Si-O was fixed to 4 and the average
coordination numbers for Al-O were fixed to the values obtained from 27Al MAS NMR
measurements. The results of the Zn-O coordination numbers as a function of R are

shown in figure 4-25.
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Sample Qrspp [A™Y Qpp [A™Y] Q3 [A™Y  Quax [A7Y]

ZAS50.7p5 - - -
ZAS50.10 2.411(1) 4.465(1)  6.445(2) 27.76
ZAS50.12p5  2.192(1) 4474(1)  6.455(2) 26.18

ZAS50.17p36 - - - -

ZAS50.22p22  1.977(1) 4512(1)  6.498(2) 28.66
ZAS50.25 1.931(1) 4523(1)  6.513(2) 26.36
ZAS50.27p78  1.900(1) 4533(1)  6.519(2) 26.3
ZAS60.13p33  1.901(1) 4502(1)  6.485(2) 28.1
ZAS60.15p55 - - - -
ZAS60.17p78  1.843(1) 4522(1)  6.503(2) 28.02
ZAS60.20 1.846(1) 4527(1)  6.505(2) 27.96
ZAS60.22p22  1.790(1) 4541(1)  6.522(2) 27.96
ZAS65.17p5 - - - -
ZAS70.13p33  1.701(1) 4535(1)  6.513(2) 27.72
ZAS70.15 1.685(1) 4540(1)  6.521(2) 27.84

ZAS70.16p67  1.690(1) 4557(1)  6.525(2) 27.74

Table 4.8: The positions of the first three peaks Qrspp, @pp and Q3 in the Sx(Q)
functions for the ZAS glasses shown in figures 4-14, 4-15 and 4-16. The Qmumax values
used in the Fourier transformation are also listed.
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Figure 4-14: Total structure factors Sx(Q) for the ZAS glasses along the 50 mol%
SiOg tie-line. The error bars are smaller than the line thickness at most () values. The
curves are offset vertically for clarity of presentation.




4.3. RESULTS 7

ZAS60.22p22

2 - -
) ZAS60.20

ZAS60.17Tp78

ZAS60.13p33

-1 - - ! - -
0 5 10 15 20 25

QA

Figure 4-15: Total structure factors Sx(Q) for the ZAS glasses along the 60 mol%
SiOg tie-line. The error bars are smaller than the line thickness at most @) values. The
curves are offset vertically for clarity of presentation.
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Figure 4-16: Total structure factors Sx(Q) for the ZAS glasses along the 70 mol%
SiOg tie-line. The error bars are smaller than the line thickness at most () values. The
curves are offset vertically for clarity of presentation.
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Figure 4-17: Total structure factors Sx (Q) for the ZAS glasses along the R = 1 tie-line.
The error bars are smaller than the line thickness at most () values. The curves are
offset vertically for clarity of presentation.
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Figure 4-18: Dx(r) functions for the ZAS glasses along the 50 mol% SiO tie-line. The
curves were obtained by Fourier transforming the corresponding reciprocal space data
shown in figure 4-14. The curves are offset vertically for clarity of presentation.
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Figure 4-19: Dx(r) functions for the ZAS glasses along the 60 mol% SiOs tie-line. The
curves were obtained by Fourier transforming the corresponding reciprocal space data
shown in figure 4-15. The curves are offset vertically for clarity of presentation.
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Figure 4-20: Dx (r) functions for the ZAS glasses along the 70 mol% SiOg tie-line. The
curves were obtained by Fourier transforming the corresponding reciprocal space data
shown in figure 4-16. The curves are offset vertically for clarity of presentation.
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Figure 4-21: Dx(r) functions for the ZAS glasses along the R = 1 tie-line. The curves
were obtained by Fourier transforming the corresponding reciprocal space data shown
in figure 4-21. The curves are offset vertically for clarity of presentation.
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Sample Atom pair r [A] oap [A] i R, [%]
Si-0 1.619(1)  0.049(1) 4*
Al-O 1.779(3)  0.046(1) 4.07*
Z0-0 1.970(1)  0.073(2)  2.88(9)
ZAS50.10  Zn-O 2.169(6) 0.162(6) 1.74(4)  5.42
Zn-O (sum) 2.614(4) 0.117(3) 4.62(8)
0-0 4.89(11)
Zn-Zn 3.199(6)  0.261(4) 12.0(3)
S0 1.6262(9) 0.0604(9) 4%
ALO 1.764(4)  0.100(3)  4.06*
Zn-0 1.9763(9) 0.0888(9)  3.43(3)
ZAS50.12p5  Zn-O 2.256(5)  0.140(3) 1.41(4) 4.79
Zn-0 (sum) 2.620(3)  0.112(2)  4.84(8)
0-0 4.73(2)
Zn-Zn 3.200(5) 0.269(3)  12.7(3)
S0 1.621(1) 0.062(1) 4F
ALO 1.778(2)  0.082(1) 4.12*
Zn-0 1.977(2)  0.069(1) 2.18(4)
ZAS50.22p22  Zn-O 2.149(4)  0.150(5) 2.80(9)  6.31
Zn-0O (sum) 4.98(10)
0-0 2.624(7)  0.133(4) 5.0(3)
Zn-Zn 3.198(1)  0.282(1)  15.5(9)
S0 1.631(1) 0.0718(8) 4%
ALO 1.778(2)  0.108(2)  4.17*
Zn-0 1.992(1)  0.090(1)  3.03(3)
ZAS50.25  Zn-O 2.254(4) 0.150(4)  2.19(4)  4.00
Zn-0O (sum) 5.22(8)
0-0 2.642(2) 0.124(2)  5.04(8)
Zn-Zn 3.186(4) 0.273(3)  16.0(3)
S0 1.6344(3)  0.0730(7) 4
ALO 1.776(2)  0.119(1)  4.22%
Zn-0 1.991(2)  0.097(1)  3.13(4)
7ZAS50.27p78  Zn-O 2.257(4)  0.139(3) 2.18(5)  4.46
Zn-O (sum) 5.31(10)
0-0 2.637(2)  0.125(2)  5.03(6)
Zn-Zn 3.187(5)  0.278(3)  17.9(3)

Table 4.9: Parameters obtained from Gaussian peak fits to the Dx(r) functions for
the ZAS glasses along the 50 mol% SiOs tie-line. The fitted functions are shown in
figure 4-22. The parameters denoted by an * are fixed. R, is given for the fitted range
1.30-3.20 A.
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Figure 4-22: The fitted Dx(r) functions for the ZAS glasses along the 50 mol% SiO2
tie-line. The red circles are the data, the blue solid curves are the fits and the other
curves show the contribution from Si-O (green), Al-O (magenta), Zn-O (black), O-
O (cyan) and Zn-Zn (yellow) correlations. The displaced black solid curve gives the
residual (fit subtracted from measured data). The O-O and Zn-Zn correlations are
introduced to constrain the peaks fitted at smaller r values.
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Sample Atom pair  rag [A]  oas [A] o R, (%]

S0 1.6174(9)  0.056(1) 4%

ALO 1.773(3) 0.073(2) 4.13*

Zn-0 1.976(1)  0.076(1) 2.72(5)
7ZAS60.13p33  Zn-O 2.187(7)  0.160(7) 2.16(8)  6.39

Zn-0 (sum) 2.624(3)  0.113(3) 5.12(10)

0-0 4.88(8)

Zn-Zn 3.183(7)  0.257(5) 13.41(39)

S0 1.6167(9) 0.058(1) 4%

ALO 177(2)  0.077(3)  4.00%

Z0-0 1.986(2) 0.082(1)  3.11(7)
7ZAS60.17p78  Zn-O 2.235(7)  0.140(6) 2.18(8)  7.40

Zn-O (sum) 2.627(3) 0.112(2)  5.29(9)

0-0 4.89(2)

Zn-Zn 3.190(2)  0.271(1)  16.1(1)

S0 1.610(1) 0.062(1) 4*

ALO 1.782(3)  0.085(2) 4.14*

Z0-0 1.993(4)  0.083(4) 3.10(10)

ZAS60.20  Zn-O 2.239(8) 0.147(8) 2.26(11)  7.45

Zn-O (sum)  2.639(3) 0.120(3) 5.36(10)

0-0 5.60(10)

Zn-Zn 3.163(6) 0.243(5) 15.17(10)

Si-0 1.6215(7) 0.061(9) 4%

ALO 1.789(2)  0.092(1) 4.15%

Zn-0 2.001(2)  0.082(2) 2.73(5)
7AS60.22p22  Zn-O 2.244(6)  0.168(6) 3.02(9) 7.34

Zn-O (sum) 2.638(2) 0.114(2) 5.75(7)

0-0 5.11(7)

Zn-Zn 3.165(2)  0.257(3) 17.50(10)

Table 4.10: Parameters obtained from Gaussian peak fits to the Dx(r) functions for
the ZAS glasses along the 60 mol% SiOs tie-line. The fitted functions are shown in
figure 4-23. R, is given for the fitted range 1.30-3.20 A
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Figure 4-23: The fitted Dx (r) functions for the ZAS glasses along the 60 mol% SiO2
tie-line. The red circles are the data, the blue solid curves are the fits and the other
curves show the contribution from Si-O (green), Al-O (magenta), Zn-O (black), O-
O (cyan) and Zn-Zn (yellow) correlations. The displaced black solid curve gives the
residual (fit subtracted from measured data). The O-O and Zn-Zn correlations are
introduced to constrain the peaks fitted at small r values.
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Sample Atom pair  rap [A] Oap [A] o R, (%]
Si-0 1.6193(7) 0.0585(3) 4%
ALO 1.789(5)  0.103(5)  4.12*
Zn-0 2.001(4)  0.098(4)  3.48(10)
ZAS70.13p33  Zn-O 2.322(10) 0.150(9)  2.34(10)  6.64
Zn-O (sum) 5.82(10)
0-0 2.635(3)  0.098(2)  5.00(9)
Zn-Zn 3.146(6)  0.228(5)  14.8(5)
S0 1.6173(8)  0.060(1) 4~
ALO 1.789(4)  0.094(6) 4.13*
Zn-0 1.994(4)  0.082(4) 2.89(10)
ZAS70.15 Zn-0 2.249(1) 0.149(2)  2.92(11) 7.39
Zn-0O (sum) 5.81(10)
0-0 2.628(3)  0.102(2)  5.05(10)
Zn-Zn 3.156(7)  0.241(6) 17.3(6)
S0 1.6182(6) 0.0573(6) 4
ALO 1.794(2)  0.093(2)  4.2*
Zn-0 1.996(3)  0.081(2)  3.62(10)
ZAST70.16p67 Zn-O 2.222(9)  0.140(7) 2.32(12)  6.94
Zn-0O (sum) 5.94(10)
0-0 2.638(2)  0.114(2)  5.02(2)
Zn-Zn 3.129(2)  0.203(1)  18.9(1)

Table 4.11: Parameters obtained from Gaussian peak Dx (r) fits to the r space functions
for the ZAS glasses along the 70 mol% SiOg tie-line. The fitted functions are shown in
figure 4-24. The parameters denoted by an * are fixed. R, is given for the fitted range
1.30-3.20 A.
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Figure 4-24: The fitted Dx(r) functions for the ZAS glasses along the 70 mol% SiOq
tie-line. The red circles are the data, the blue solid curves are the fits and the other
curves show the contribution from Si-O (green), Al-O (magenta), Zn-O (black), O-O
(cyan) and Zn-Zn (yellow) correlations. The displaced black solid curves gives the
residual (fit subtracted from measured data). The O-O and Zn-Zn correlations are
introduced to constrain the peaks fitted at small r values.
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Figure 4-25: Zn-O coordination number as a function of the ratio R obtained from the
Dx(r) fits. The green data points show the coordination numbers along the 50 mol%
SiOs tie-line. The red data points show the coordination numbers along the 60 mol%
SiOs tie-line and the blue data points show the coordination numbers along the 70 mol%
SiOq tie-line. The cyan line at R = 1 indicates the tectosilicate composition.
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4.3.3 Neutron diffraction
Zn2Si04 crystal

In most crystalline structures, Zn?* is tetrahedrally coordinated (a—ZnsSiOy4) [70,71]
with Zn-O distances in the range 1.85-2.04 A and, rarely, octahedrally coordinated with
longer Zn-O distances at 1.98-2.26 A.

For willemite, ZnsSiOy, the Sy (Q) function is shown in figure 4-27 where Bragg peaks
are observed. The Sy (Q) function was Fourier transformed with Quax = 31.95 A=,
using a step modification function to obtain the total pair distribution function Dy (r)
(Figure 4-28). The Dy(r) function shows 4 well defined peaks at r ~ 1.635 A, r ~
1.96 A, r ~ 2.67 A and r ~ 3.22 A. The very small peak at r ~ 2.4 A is due to a

Fourier transform artefact.

The first peak is due to Si-O correlations within SiOy4 tetrahedra and the second peak
is attributed to Zn-O correlations within ZnQOy4 tetrahedra. For tetrahedral SiO4 and
7m0, motifs, the nearest neighbor O-O correlations are expected to be at roo =
\/%TSiO =267 A and rop = \/8%7“2,10 =3.20 A, respectively. Although the peak
at 7 ~ 2.67 A is mainly due to O-O correlations within SiOy, the peak at r ~ 3.22 A
will have contributions from O-O correlations within ZnO,4 but also contributions from

Zn-7Zn and Zn-Si correlations.

The fitted Dy (r) function is shown in figure 4-29. One peak was assigned to Si-O
correlations, two peaks were assigned to Zn-O correlations and one peak was assigned
to O-O correlations. Although there is only a Zn-O coordination number of 4 for
ZnySi0y crystals ( Figure 4-26), two peaks needed to be fit for the Zn-O peak in order

to cover the entire area.

Table 4.12 shows the fitted parameters with the corresponding goodness-of-fit R, , over
the fitted range 1.30-2.90 A. The average coordination number of Si-O was taken from
298i MAS NMR measurements.
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Figure 4-26: Ball and stick model for the ZnsSiO4 crystal produced by using the
program Mercury [102] for crystallographic data. The CIF file was taken from [70].

Atom-pair  rop[A]  0.p [A] o R, [%]
S0 1.635(1) 0.046(5) 4.00(5)

Zn-0 1.945(1)  0.046(5)  2.00(9)

Zn-0 2.000(1) 0.071(5)  2.00(9)
Zn-O(sum) 4.00(10)

0-0 2.669(1) 0.081(5) 3.00(10)

Zn-0 3.084(1) 0.053(5)  0.50%

Zn-Si 3.190(1) 0.098(5)  4.00%

Zn-Zn 3.214(1) 0.106(5) 4.00%  7.54
0-0 3.236(1) 0.123(5)  6.00%

Zn-0 3.364(1) 0.165(5)  1.50*

0-0 3.450(1) 0.124(5)  2.00*

Si-0 3.498(1) 0.088(5)  2.00%

Zn-0 3.710(1) 0.181(5)  7.50%

Si-0 3.820(1) 0.186(5)  6.00%

Table 4.12: Parameters obtained from Gaussian Dy (r) peak fits to the r-space function
for the crystalline ZnSiOy4. The fitted function is shown in figure 4-29. R, is given for

the fitted range 1.30-3.80 A.
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Figure 4-27: Total structure factor Sy (Q) for the crystalline ZnsSiO4 sample with
Qmax = 31.95 A1, The error bars are smaller than the line thickness at most Q
values.
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Figure 4-28: Dy (r) function for the crystalline ZnsSiO4 sample. The curve was ob-
tained by Fourier transforming the corresponding reciprocal space data shown in figure
4-27. Arrows indicate peak assignments based on the element-element distances found
in the crystal structure [70, 71].
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Figure 4-29: The fitted Dy (r) function for the ZnsSiOy crystal. The red circles are
the data, the blue solid curves are the fits and the other curves show the contribution
from Si-O (green), Zn-O (black), Zn-Si (magenta), Zn-Zn (yellow) and O-O (cyan)
correlations. The displaced black solid curves gives the residual (fit subtracted from
measured data).
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(Zn0O),(A1,03),(SiO02)1—,—, glasses

The neutron total structure factors Sy(Q) of ZAS glasses are shown in figures 4-30,
4-31, 4-32 and 4-33 and the weighting factors for the partial pair distribution functions
are given in table 4.14. All Sy(Q) functions adopt the usual three peak structure at
small @) values which are listed in table 4.13, along with their respective Quax values

used for the Fourier transformation.

The FSDP occurs in the range from 1.584(1)-1.790(1) A~! and is in agreement with
previous neutron diffraction experiments [82] on similar compositions for the zinc alu-
minosilicate glasses. This peak becomes less broad and more intense as the SiO9 content

increases and is an important assignment to the medium range order [100].

The Sy(Q) were Fourier transformed using a step modification function to get the
total pair distribution function Dy (r) (Figures 4-34, 4-35, 4-36 and 4-37). The Dy(r)
functions show defined peaks at 7 ~ 1.6 A, r ~ 1.77 A, r ~ 2.0 A and r ~ 2.66 A
which correspond to Si-O, Al-O, Zn-O and O-O correlations respectively. As the SiOq
content increases, the peaks attributed to Si-O and O-O correlations become sharper.
However, the Si-O and O-O peak positions remain at 7 ~ 1.62 A and r ~ 2.66 A for

all compositions, enforcing the presence of SiO4 tetrahedra.

In contrast with the Dx(r) functions, the Dy(r) functions do not show a peak at
r ~ 3.18 A. This is due to the low neutron weighting factors for correlations involving
zinc. Above 3.5 A there is an overlap between different contributions which makes it
difficult to extract information. The fitted Dy(r) functions are shown in figures 4-38,
4-39 and 4-41. For each Dy(r) fit one peak was assigned to Si-O correlations, one peak
to Al-O correlations, two peaks to Zn-O correlations and one peak was assigned to O-O

correlations.

Tables 4.15, 4.16, 4.17 and 4.18 show the fitted parameters with the corresponding
goodness-of-fit, R, , over the fitted range 1.30-2.80 A. The 0-O correlations were fitted
in order to constrain the peaks at small r-values and because the O-O peak has a well
defined minimum there is no need to fit beyond 2.8 A like in the Dy (r) fits.

The Dy (r) functions were firstly fitted by fixing the parameters from the Dx(r) fits.
Then the fitted parameters were refined slowly starting by the peak widths and then
the peak positions. If the fit doesn’t have an overall good agreement with the data,
the coordination numbers of O-O are also refined slightly until R, is as close to zero
as possible. The average coordination number of Si-O was fixed to 4 and the average
coordination numbers for Al-O were fixed to the values obtained from 27Al MAS NMR
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measurements. The Zn-O coordination numbers as a function of R are shown in figure
4-42.

Sample Qrspp (A7 Qpp [A7Y] Q3 [A™Y  Qumax [ATY]

7.AS50.7p5 1.717(1) 2.664(1)  4.491(2) 47.2
ZAS50.10 1.790(1) 2.706(1)  4.542(2) 45.95
ZAS50.12p5  1.767(1) 2.712(1)  4.575(2) 49.1
ZAS50.17p36  1.700(1) 2.668(1)  4.629(2) 45.2
ZAS50.22p22  1.749(1) 2.715(1)  4.898(2) 46.05
ZAS50.25 1.753(1) 2.717(1)  4.935(2) 45.3
ZAS50.27p78  1.739(1) 2.720(1)  4.956(2) 46.4
7AS60.13p33  1.675(1) 2.744(1)  5.085(2) 49.3
7AS60.15p55  1.610(1) 2.703(1)  5.022(2) A7.45
7AS60.17p78  1.675(1) 2.743(1)  5.077(2) 48.0
7AS60.20 1.669(1) 2.745(1)  5.082(2) 475
7AS60.22p22  1.661(1) 2.748(1)  5.074(2) 48.8
ZAS65.17p5  1.584(1) 2.721(1)  5.053(2) 48.05
7AS70.13p33  1.595(1) 2.771(1)  5.154(2) 48.95
ZAS70.15 1.599(1) 2.798(1)  5.151(2) 47.15
7AS70.16p67  1.596(1) 2.775(1)  5.150(2) 45.85

Table 4.13: The positions of the first three peaks Qrspp, Qprp and Q3 in the Sy (Q)
functions shown in figures 4-30, 4-31 and 4-32 for the ZAS glasses. The Qumax values
used in the Fourier transformation are also listed.
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Sample wsio WAIO W70 woo G(0)
ZnsSi0s  0.128(8) - 0.352(22) 0.359(11) -0.306(9)
ZAS50.7p5  0.187(29)  0.047(7) 0.217(33) 0.431(33) -0.286(22)
ZAS50.10  0.184(24) 0.061(8) 0.202(26) 0.438(28) -0.283(18)
ZAS50.12p5  0.182(21)  0.076(9) 0.187(22) 0.445(26) -0.280(16)
ZAS50.17p36  0.177(20) 0.102(11) 0.158(18) 0.458(25) -0.275(15)
7ZAS50.22p22  0.173(20) 0.128(15) 0.131(16) 0.469(28) -0.270(16)
ZAS50.25  0.170(21) 0.141(18) 0.116(15) 0.476(15) -0.268(17)
ZAS50.27p78  0.168(23) 0.155(21) 0.102(14) 0.482(33) -0.266(18)
ZAS60.13p33  0.217(28) 0.080(11) 0.132(17) 0.473(31) -0.276(18)
ZAS60.15p55  0.215(28) 0.092(12) 0.120(16) 0.478(31) -0.274(18)
ZAS60.17p78 0.212(29) 0.104(14) 0.107(15) 0.483(33) -0.271(18)
ZAS60.20  0.209(31) 0.116(17) 0.096(14) 0.488(36) -0.269(20)
ZAS60.22p22 0. 207(33) 0.127(21) 0. 084(14) 0.493(14) —0.268(40)
ZAS65.17p5  0.230(37) 0.103(17) 0.085(14) 0.495(40) -0.270(22)
ZAS70.13p33 0.253(44) 0.080(14) 0.083(15) 0.497(43) -0.273(24)
ZAST0.15  0.251(46) 0.089(17) 0.074(14) 0.501(46) -0.271(25)
ZAS70.16p67 0.248(51) 0.098(20) 0.065(14) 0.505(51) -0.269(27)

Table 4.14: The neutron weighting factors (in barn) for the partial pair distribution
functions in Dy(r) for the ZAS glasses. The G(0) values are also listed.
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Figure 4-30: Total structure factors Sy(Q) for the ZAS glasses along the 50 mol%
SiOg tie-line. The error bars are smaller than the line thickness at most ) values. The
curves are offset vertically for clarity of presentation.
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Figure 4-31: Total structure factors Sy(Q) for the ZAS glasses along the 60 and
65 mol% SiOy tie-line. The error bars are smaller than the line thickness at most
() values. The curves are offset vertically for clarity of presentation.
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Figure 4-32: Total structure factors Sy(Q) for the ZAS glasses along the 70 mol%
SiOg tie-line. The error bars are smaller than the line thickness at most @) values. The
curves are offset vertically for clarity of presentation.
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Figure 4-33: Total structure factors Sy (Q) for the ZAS glasses along the R = 1 tie-line.
The error bars are smaller than the line thickness at most ) values. The curves are
offset vertically for clarity of presentation.
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Figure 4-34: Dy (r) functions for the ZAS glasses along the 50 mol% SiOs tie-line. The
curves were obtained by Fourier transforming the corresponding reciprocal space data
shown in figure 4-30 after spline fitting. The curves are offset vertically for clarity of
presentation.
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Figure 4-35: Dpy(r) functions for the ZAS glasses along the 60 and 65 mol% SiO2
tie-line. The curves were obtained by Fourier transforming the corresponding recip-
rocal space data shown in figure 4-31. The curves are offset vertically for clarity of
presentation.
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Figure 4-36: Dy (r) functions for the ZAS glasses along the 70 mol% SiOs tie-line. The
curves were obtained by Fourier transforming the corresponding reciprocal space data
shown in figure 4-32. The curves are offset vertically for clarity of presentation.
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Figure 4-37: Dy(r) functions for the ZAS glasses along the R = 1 tie-line. The curves
were obtained by Fourier transforming the corresponding reciprocal space data shown
in figure 4-37. The curves are offset vertically for clarity of presentation.
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Sample Atom pair  rop[A]  oap[A] i R, (%]
Si-0 1.626(1) 0.047(5) 4*
AL-O 1.761(1)  0.057(5) 4.08(5)
sassoms 2O LO6T(1) 0.078(5) 3.2009)
Zn-0 2.134(1) 0.122(5) 1.51(9)
Zn-0 (sum) 4.71(10)
0-0 2.650(1) 0.085(5) 3.60(10)
Si-0 1.622(1) 0.052(5) 4*
ALO 1.774(1)  0.066(5) 4.07*
assoqo 20O LOT0(1) 0.075(3) 3.07(9)
Zn-0 2.150(1) 0.124(5) 1.59(9)
Zn-O (sum) 4.66(10)
0-0 2.650(1) 0.138(5) 3.98(10)
Si-0 1.620(1)  0.050(5) 4*
AL-O 1.762(1)  0.061(5) 4.06*
Jass012p5 21O LOTL(L) 0.079(5) 342(0)
-0 2.179(1)  0.133(5) 1.44(9)
Zn-0 (sum) 4.86(10)
0-0 2.650(1) 0.095(5) 3.92(10)

Table 4.15: Parameters obtained from Gaussian peak fits to the Dy (r) functions for
the ZAS glasses along the 50 mol% SiOs tie-line. The fitted functions are shown in
figure 4-38. The parameters denoted by an * are fixed. R, is given for the fitted range
1.30-2.65 A.
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Sample Atom pair  rop[A]  oas[A] n R, (%]
Si-0 1.623(1) 0.051(5) 4*
AL-O 1.767(1)  0.064(5) 4.09*
assotr 2O L965(1)  0.074(5) 2.98(9) .

Zn-0 2.135(1) 0.129(5) 2.15(9)
Zn-0O (sum) 5.13(10)
0-0 2.650(1) 0.086(5) 3.38(10)
Si-0 1.620(1) 0.053(5) 4*
ALO 1.770(1)  0.067(5) 4.12*

Jass02apze PO LO72(1) 0.068(3) 28109)
Zn-0 2.141(1) 0.127(5) 2.23(9)
Zn-O (sum) 5.04(10)
0-0 2.660(1) 0.105(5) 4.22(10)
Si-0 1.619(1) 0.054(5) 4*
ALO 1.776(1)  0.072(5) 4.17*

assogs 2O LOTI(L) 0.065(3) 263(9)

Z0-0 2.145(1) 0.136(5) 2.65(9)
Zn-0O (sum) 5.29(10)
0-0 2.680(1) 0.106(5) 4.21(10)
Si-0 1.619(1) 0.055(5) 4*
ALO 1.776(1)  0.074(5) 4.22*

Jasso2ms O LOSS(1) 0.071(3) 318(9) .
Zn-0 2.180(1) 0.136(5) 2.35(9)
Zn-O (sum) 5.53(10)
0-0 2.66(1)  0.105(5) 4.12(10)

Table 4.16: Parameters obtained from Gaussian peak fits to the Dy (r) functions for
the ZAS glasses along the 50 mol% SiO; tie-line (continuation). The fitted functions
are shown in figure 4-38. R, is given for the fitted range 1.30-2.66 A
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Figure 4-38: The fitted Dy (r) functions for the ZAS glasses along the 50 mol% SiOq
tie-line. The red circles are the data, the blue solid curves are the fits and the other
curves show the contribution from Si-O (green), Al-O (magenta), Zn-O (black) and O-O
(cyan) correlations. The displaced black solid curves gives the residual (fit subtracted
from measured data). The O-O correlations are introduced to constrain the peaks
fitted at small r values. The curves are offset vertically for clarity of presentation.
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Sample Atom pair  r,p[A] N i R, (%]
Si-0 1.618(1) 0.050(5) 4*
ALO 1L771(1)  0.060(5) 4.13*
sascotzpzs 2O LO6T(L)  0.071(3)  273(9)
Zn-0 2.123(1)  0.129(5)  2.26(9)
Zn-0 (sum) 4.99(10)
0-0 2.647(1)  0.096(5) 4.37(10)
Si-0 1.621(1) 0.049(5) 4*
ALO 1.770(1)  0.061(5) 4.17*
aseols 0 L960(1)  0.070(5) 261(9) .
Zn-0 2.105(1)  0.123(5) 2.79(9)
Zn-O (sum) 5.4(10)
0-0 2.650(1)  0.083(5) 3.87(10)
Si-0 1.616(1) 0.051(5) 4*
ALO 1.769(1)  0.064(5)  4.09*
sascorprs 21O LOT6(L)  0.074(5) 3.16(9)
7Zn-0 2.166(1)  0.137(5)  2.34(9)
Zn-0O (sum) 5.50(10)
0-0 2.650(1)  0.096(5) 4.38(10)
Si-0 1.616(1) 0.052(5) 4*
ALO 1.775(1)  0.067(5)  4.14*
aseoan O LOT6(1) 0.068(5) 313(9) .
Zn-0 2.165(1)  0.1220(5) 2.48(9)
Zn-O (sum) 5.62(10)
0-0 2.650(1) 0.099(5)  4.37(10)
Si-0 1.616(1) 0.052(5) 4*
ALO 1774(1)  0.064(5) 4.15*
sAsc022p22 21O LOTI(L)  0.180(5)  275(9)
Z0-0 2.140(1)  0.100(5)  3.15(9)
Zn-0 (sum) 5.90(10)
0-0 2.650(1)  0.110(5) 4.37(10)
Si-0 1.622(1) 0.051(5) 4*
ALO 1.775(1)  0.062(5) 4.18*
Zasesams 2O L049(1)  0.05(5)  2.0009)
Zn-0 2.077(1)  0.112(5)  3.93(9)
Zn-0 (sum) 5.93(10)
0-0 2.650(1)  0.086(5) 4.01(10)

Table 4.17: Parameters obtained from Gaussian peak fits to the Dy (r) functions for
the ZAS glasses along the 60 and 65 mol% SiOs tie-line. The fitted functions are shown
in figures 4-39 and 4-40. The parameters denoted by an * are fixed. R, is given for
the fitted range 1.30-2.65 A.
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Figure 4-39: The fitted Dy (r) functions for the ZAS glasses along the 60 mol% SiOs
tie-line. The red circles are the data, the blue solid curves are the fits and the other
curves show the contribution from Si-O (green), Al-O (magenta), Zn-O (black) and O-O
(cyan) correlations. The displaced black solid curves gives the residual (fit subtracted
from measured data). The O-O correlations are introduced to constrain the peaks
fitted at smaller r values. The curves are offset vertically for clarity of presentation.
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Figure 4-40: The fitted Dy(r) function for the ZAS glass for the 65 mol% SiOy. The
red circles are the data, the blue solid curves are the fits and the other curves show
the contribution from Si-O (green), Al-O (magenta), Zn-O (black) and O-O (cyan)
correlations. The displaced black solid curve gives the residual (fit subtracted from
measured data). The O-O correlation is introduced to constrain the peaks fitted at
smaller r values.
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Sample Atom pair 75 [A] 0 [A] i R, (%]
Si-0 1.615(1) 0.051(5) 4*
ALO 1.779(1)  0.061(5) 4.12*
ST LO73(1) 0.068(5) 313(9)
Zn-0 2.162(1) 0.126(5) 2.80(9)
Zn-O (sum) 5.93(10)
0-0 2.641(1) 0.091(5) 4.46(10)
Si-0 1.614(1) 0.050(5) 4*
ALO 1.783(1)  0.066(5) 4.13*
asmoqs 2O LOTT(1) 0.062(5) 2.6209) .
Zn-0 2.138(1) 0.136(5) 3.38(9)
Zn-O (sum) 6.00(10)
0-0 2.644(1) 0.094(5) 4.68(10)
Si-0 1.614(1) 0.051(5) 4*
ALO 1.785(1)  0.068(5) 4.2*
ZAsTOGp67 27O LO88(1) 0.067(5) 365(9)
Zn-0 2.194(1)  0.109(5) 2.45(9)
Zn-0O (sum) 6.10(10)
0-0 2.645(1)  0.096(5) 4.78(10)

113

Table 4.18: Parameters obtained from Gaussian peak fits to the Dy (r) functions for
the ZAS glasses along the 70 mol% SiOs tie-line. The fitted functions are shown in
figure 4-41. The parameters denoted by an * are fixed. R, is given for the fitted range

1.30-2.65 A.
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Figure 4-41: The fitted Dy (r) functions for the ZAS glasses along the 70 mol% SiOq
tie-line. The red circles are the data, the blue solid curves are the fits and the other
curves show the contribution from Si-O (green), Al-O (magenta), Zn-O (black) and O-
O (cyan) correlations. The displaced black solid curve gives the residual (fit subtracted
from measured data). The O-O correlations are introduced to constrain the peaks
fitted at smaller r values. The curves are offset vertically for clarity of presentation.
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Figure 4-42: Zn-O coordination number as a function of R for the ZAS glasses obtained
from the Dy (r) fits. The green data points show the coordination numbers along the
50 mol% SiOs tie-line, red data points 60 mol% SiO» tie-line, black data point 65 mol%
SiO9 and the blue data points show the coordination numbers along the 70 mol% SiO2
tie-line. The cyan line at R = 1 indicates the tectosilicate composition.
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4.3.4 Raman Spectroscopy

Figures 4-43, 4-44, 4-45 and 4-46 show the Raman spectra for the batch 1 ZAS glasses.
The Raman spectra can be divided in general into three regions for all the samples,
more specifically, into low, middle and high frequency regions. The bands with the
strongest intensity locate in the high frequencies from 800-1200 cm ™!, the bands with
medium intensity are located between 400-800 cm ™' and the bands with low intensity
are within 200-400 cm™!.

The low-frequency regions contains information on ring sizes and their tetrahedral
cations [103,104]. The intermediate region contains several overlapping bands and
can be analysed qualitatively in terms of the change in average bond strength of the
network. The high-frequency region of the Raman spectra will contain information
about the concentration of NBO and on Al/Si mixing [105,106].

The most intense broad band at the range 1050-1200 cm ™! is related to the asym-
metrical vibration Si-O~ in SiO4 tetrahedra due to presence of other elements such as
A1[107,108] and this band region broadens with SiOg content. It is interesting to notice
that the stretching bands in Raman spectra can provide information on Q™ [109]. Lit-
erature data on Raman spectra of amorphous silicates indicate that bands are related
to groups Q°-Q* [109-119).

Raman spectra of amorphous silicates are characterized by a band centered at 1000 cm™?,

which is attributed to symmetric (atoms move in opposite directions with same strength
towards the central atom) Si-O bond stretching modes and one centered at 500 cm ™!
originating from intra-tetrahedral O-Si-O angle bending. The band centered at 1000 cm ™"
can be decomposed as the sum of 5 bands: 800-850 cm™! for Q%; 900 cm~! for Q!;
950-1100 cm~! for Q?; 1100 em~! for Q3 and 1150-1250 cm™—! for Q* [115,120]. Thus,
a band at about 1150 cm™! in the ZAS glasses indicates the presence of Q* groups, i.e,
four bridging oxygens in the silicate network. This is mainly seen for the ZAS glasses
with 60 and 70 mol% SiO,. The appearing band at 1100 cm ™! confirms the presence of
Q3 [113]. The intensities of bands at 1000 and 1100 cm~! are also due to interlinking
of Si-O-Al network. As the Al;O3 concentration increases, the band becomes broader

and more asymmetric, the intensity decreases and shifts to lower frequencies.

The peak width can be used as a measure of the relative order of the Si-O network.
A larger distribution of bond angles results in a wider Raman band. For compositions
with R > 1, the larger FWHM of the ZAS glasses indicates that the higher field strength

of the Zn2t modifier increases the structural disorder.
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The vibration at 970 cm™! is due to stretching vibration of silicon-oxygen tetrahedra
with two corners shared with aluminium-oxygen [121]. No bands in the range 900 cm™*
and 850-800 cm ™! indicate that there are no Q' or Q° groups.

A band centered at 780 cm™! is caused by Si-O-Si in a tetrahedral network and AlOy
units with three bridging oxygen atoms and one non-bridging oxygen [112,115,121,122].
For the compositions with R = 1 (Figure 4-46) the intensity of this band increased with

increasing SiO9 content.

L in aluminosilicate

AlOg octahedra is assigned to a Raman spectra band at 710 cm™
glasses [117]. No such band appears in the ZAS glasses indicating that most of the
aluminum atoms are in tetrahedral units. This is corroborated by 27Al MAS NMR

measurements shown in the previous section.

From the literature data in silicate and aluminosilicate glasses, there is a band at ~
650 cm~! associated to bending vibration bridging bonds of Si-O-Si in Q? [118,123],
having two bridging oxygens. For the ZAS glasses, no such band appears.

The band between 485-590 cm ™! is related to the bending vibrations of Si-O-Si and Si-
O-Al [123]. The observed region at 450 cm ™! is due to bending and stretching modes of
Si-O-Si and bending vibrations of Al-O-Al and Al-O-Si [124]. The band 400-650 cm !
is caused by bending vibrations of the bridging oxygen (BO) bonds for SiO4 [124].

The region below 400 cm ™ is caused by vibration of network modifying cations and is

I are assigned to Zn-O in

associated to long range order. The peaks around 336 cm™
ZnQOy4 units. However in the ZAS glasses there is no peak in this region suggesting that
the presence of ZnO,4 tetrahedra is very unlikely. There is less literature data on the
environment of octahedral ZnOg in the Raman spectra. Maysen et al [125] attributed
a band centered at 904 cm~! to the coupling of Si-O and Zn-O stretching vibrations.

In other words SiO4 connected with ZnOg octahedra by bridging oxygens Si-O-Zn.
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Samples Band 1 Band 2 Band 3 Band 4 Band b5

ZAS50.10 - 963 775 - 462
ZAS50.12p5 - 960 784 - 455
ZAS50.22p22 1068 946 779 592 462
ZAS50.25 1057 925 783 603 464
ZAS50.27p78 1083 925 792 601 479
ZAS60.13p33 - 993 792 607 453
ZAS60.17p78 1075 951 797 594 466
ZAS60.20 1083 923 804 608 453
ZAS60.22p22 1083 930 799 602 455
ZAS70.13p33 1068 935 797 605 473
ZAS70.15 1087 946 806 600 457
ZAS70.16p67 1070 953 797 596 450

Table 4.19: Bands position (in cm™!) observed in Raman spectra of the batch 1 ZAS
glasses.
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Figure 4-43: Raman spectra for the ZAS glasses along the 50 mol% SiOs tie-line. The
curves are offset vertically for clarity of presentation.
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Figure 4-44: Raman spectra for the ZAS glasses along the 60 mol% SiOs tie-line. The
curves are offset vertically for clarity of presentation.



120 CHAPTER 4. STRUCTURE OF ZINC ALUMINOSILICATE GLASSES

12000

10000 -
Z
=
=
= 8000 ZAST0.16p67
3,
=
=t
2 6000 .
5 ZAS70.15
]
=
ot

4000

T

ZAS70.13p33

2000

T

200 400 600 800 1000 1200 1400
Wavenumber [cm ]

Figure 4-45: Raman spectra for the ZAS glasses along the 70 mol% SiOs tie-line. The
curves are offset vertically for clarity of presentation.
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Figure 4-46: Raman spectra for the ZAS glasses along the R = 1 tie-line. The curves

are offset vertically for clarity of presentation.
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4.4 Discussion

The ?°Si MAS NMR and the neutron diffraction analysis on the crystalline Zn,SiOy4
show tetrahedral coordination environments for Zn and Si. The minimum value of
ﬁ8 = 3 suggests that a SiOy4 tetrahedron is not connected to other SiO4 units. This
is corroborated by the sharp peak in the NMR measurements and an analysis of a cif
(Figure 4-26) file where it is shown that there is no silicate network for willemite. Each

oxygen of the group SiOy4 also forms a part of two neighboring Zn tetrahedra.

The willemite structure provided a starting point for fitting the structure of zinc alu-
minosilicate glasses. Zinc is mainly tetrahedrally coordinated with oxygen in crystals.
However, in oxide glasses 5-fold coordinated zinc has also been found [73-77,79,82,83,

126], including in the present work.

There is a variety of experimental techniques that have been used in order to provide a
model that explains the structure of aluminosilicate glasses [91-96,127,128]. A recent
model developed by Gammond et al [1] gives a possible explanation for these higher
coordinated species observed in the X-ray diffraction results. The model is based on a
simple set of reactions in which the silicon atoms remain fourfold coordinated. For the

case of the ZAS system, ZnO reacts with AloO3 according to the scheme

Zn0 + Al,O3 — Zn*" + 2[A10, ], (4.1)

which generates network-forming Al(IV) atoms or with SiOy according to the scheme

ZnO + Si0z — Zn*" + [Si0y/504]° ", (4.2)

O refers to an NBO atom. In equation 4.1, the Zn? ions behave as charge compensating
species whereas in equation 4.2 the Zn?* ions behave as network modifier species. Al,O3

can also react with SiO9 by the following equation

AlyO3 + Si02 — [AlD, 5]~ + AT + [Si0y 5 00]*, (4.3)

where AI3* ions compensate the charge on the [AlQ, /2]” unit and modifies the SiOq
network by the creation of NBO atoms. This aluminium species are going to be denoted
as Alpce (modifier /charge compensator) and represent either A1(V), AI(VI) or a mixture

of the two species.
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On the Zn-O rich side of the phase diagram where R > 1, there is no reaction between
AlyO3 and SiOq. In this case, all the aluminium atoms are A1(IV) and these Al-centred
tetrahedra are charge compensated by Zn?t ions. The results are then consistent with
the standard model of the structure of aluminosilicate glasses in which NBO atoms are
absent at R = 1. On the AlOg3 rich side (peraluminous regime) of the phase diagram
where R < 1, there is no reaction between ZnO and SiO,. In this case, all the Zn?* ions
play a charge-compensating role. This changes in the glass network affect the Raman
spectra along R, where the bands associated with Al are more prominent with higher

R. The Raman spectra also enforces the presence of a silicate network in SiO4 units.

The Zn-O coordination numbers are shown in figure 4-47 and the values are summa-
rized in table 4.23, which also include the coordination numbers obtained by direct
integration under the peaks in Dy(r) after the application of a Lorch modification
function and subtracting the contributions from the Si-O and Al-O coordination num-
bers. Figures 4-48, 4-49 and 4-50 show the average distances of 7s;_o, 7a1_o and Fz,_o
from Dx(r) and Dy(r) fits with R. Their respective values are listed in tables 4.21
and 4.22.

2TA]1 NMR results help to constrain the Al coordination environment for each glass.
The peak centered at ~1.76 A is attributed to Al-O correlations and is also in agree-
ment with previous aluminosilicate glass diffraction studies [80,129-131]. The presence
of Al(V) is expected when the concentration of charge-balancing modifier cations is
insufficient to stabilize all aluminium in tetrahedral configurations. The presence of
Al(V) and Al(VI) provide a charge compensation in the glass network and can explain

the presence of ZnO, units in polyhedra sharing edges.

There is little variation with the glass composition and the overall mean value (7si0) =
1.619(7) A for the neutrons and (7gio) = 1.621(7) A for X-rays. This is consistent with
a tetrahedral coordination environment for the silicon atoms. In comparison, the Al-O
bond length increases in value as R — 0 in the peraluminous regime. For the Zn-O,

the weighted mean bond distance is calculated as

f:f dr v gzmo(r)
f:f dT anO(T) ’

T7nO = (4.4)

where gz,0(r) was obtained by summing the contributions of the fitted Gaussian func-
tions, and rq and ro define the overall r-space extent of the Zn-O peak. The 77,0 cor-
responds to typical Zn-O bond lengths (Table 4.20) and, in accordance with the larger

weighting of the Zn-O correlations in the X-ray diffraction work, it is more prominent
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in Dx(r) than Dy(r). The results show larger mean Zn-O bond distances in the pera-
luminous regime where the model predicts a predominantly charge-compensating role

for the Zn?t ions.

In the peraluminous regime, the Al-O coordination numbers obtained from 27Al MAS
NMR experiments increase in value as R — 0. The Zn-O coordination number and
bond distance both increase as R decreases from the limit R — oo, where the glass
contains no alumina and all the Zn?* ions take a network modifying role, to the value
R =1, where most of the Zn?* ions take a charge-compensating role. In this progres-
sion, the ratio NNpo/Nzn decreases and has a minimum at the R = 1. The results
therefore suggest a difference between the average coordination environments of charge-
compensating versus network-modifying Zn?* ions that is related to the availability of
NBO atoms.

For the 50% SiOs glasses, ﬁ‘(Z)n increases with increasing AlyOs content varying from
4.67(10) to 5.45(10). The same trend happens for the 60% and 70% SiO4 glasses, where
ng. varies from 4.89(10) to 5.86(10).

In general, both BO and NBO atoms will contribute towards these coordination envi-
ronments. There is however a greater probability of NBO atoms contributing in the
R — oo limit, so the higher charge on NBO versus BO atoms favors a more compact
coordination environment for the network-modifying species. Conversely, there is a
smaller probability of NBO atoms contributing when R = 1, leading to a less compact
coordination environment for the charge-compensating species. A comparison between
the cations zinc and magnesium is presented in the next chapter with the calculations

provided from the Gammond model [1].

Previous diffraction studies show that the addition of zinc in the soda-silica-based
glasses resulted in (ZnO4)% tetrahedra added into the polymerized (SiO4)*~ ma-
trix [132]. EXAFS experiments on silica based glasses including ZnO [126] reveals
the presence of edge-sharing oxygen instead of the typical corner sharing (3-fold-
coordinated) oxygen implying a tricluster over-coordinated silicon. However, there
is not much information from diffraction studies on the simple ZnO-Al,O3-SiO2 glass
system. The results from this work suggest Zn cations partially incorporating in edge-
sharing units provoking the formation of higher coordinated alumina species and play-

ing the role of a network modifier and charge compensating species in the glass network.
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Crystal x Y 1—x—y Polyhedron Atom pair Distance
ZnO 1.0 0 0 ZnQOy Zn-0O 1.978(9)
Si04 Si-0 1.62(1)
ZnSiO3 0.5 0 0.5 ZnQOy Zn-0O 1.98(6)
ZnOg Zn-0 2.14(15)
. SiOy4 Si-O 1.59-1.64
ZnsSiOy - 1 0.667 0 0.333 Zn0, 710-0 1.94-1.99
: Si04 Si-O 1.615
ZnySi0y - 11 0.667 0 0.333 ey 7100 1.979(3)
SiOy Si-O 1.65(6)
Zmo7 33Al155511370384 0.142  0.143 0.715 AlOy4 Al-O 1.65(6)
7n0; Zn-0  2.18-2.23
SiOy4 Si-O 1.64(6)
. AlOy Al-O 1.64(6)
Zn35,5Al71811210384 0.185 0.185 0.630 Zn03 71-0O 2.10-2.23
ZnOg Zn-0O 2.14-2.77
AlOy Al-O 1.945
AlOg Al-O 1.914
ZnAl,Oy 0.5 0.5 0 700, 700 1.045
Zn0O6 Zn-0O 1.914

Table 4.20: The Si-O, Al-O and Zn-O coordination numbers and bond distances for
several Zn-containing crystalline systems [133-137]. The aluminosilicates form zeolite

structures [138,139)].
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Samples Fsico [A] Faio [A] Fza_o [A]
ZAS50.7p5  1.626(1) 1.761(1)  2.010(10)
ZAS50.10  1.622(1)  1.774(1)  2.020(10)
ZAS50.12p5 1.620(1) 1.762(1)  2.020(10)
ZAS50.17p36  1.623(1)  L.767(1)  2.025(10)
ZAS50.22p22  1.620(1)  1.770(1)  2.036(10)

ZAS50.25  1.619(1)  L.775(1)  2.051(10)
ZAS50.27p78  1.619(1)  1.776(1)  2.056(10)
ZAS60.13p33  1.618(1)  L.771(1)  2.027(10)
ZAS60.15p55  1.622(1)  1.772(1)  2.025(10)
ZAS60.17p78 1.616(1)  1.769(1)  2.044(10)

ZAS60.20  1.617(1)  1.775(1)  2.047(10)
ZAS60.22p22 1.616(1) L.774(1)  2.049(10)
ZAS65.17p5 1.622(1) 1.775(1)  2.026(10)
ZAS70.13p33  1.616(1) 1.779(1)  2.049(10)

ZAS70.15  1.614(1) 1.783(1)  2.056(10)
ZAST0.16p67 1.614(1)  1.785(1)  2.058(10)

Table 4.21: Average Si-O, Al-O and Zn-O distances for the ZAS glasses obtained from
the Dy (r) fits.
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Samples 7sio [A]  Faro [A]  Fzno [A]
ZAS50.7p5 - - -
ZAS50.10  1.619(1) 1.779(2) 2.030(10)

ZAS50.12p5  1.626(1) 1.764(4) 2.038(10)
ZAS50.17p36 ; ; ;
ZAS50.22p22  1.621(1) 1.778(1)  2.060(10)

ZAS50.25  1.631(2) 1.778(2) 2.080(10)

ZAS50.27p78 1.634(1) 1.776(2) 2.078(10)
ZAS60.13p33  1.617(1) 1.773(3)  2.053(10)
ZAS60.15p55 ; ; -
ZAS60.17p78  1.617(1) 1.770(1)  2.070(10)
ZAS60.20  1.619(1) 1.782(1) 2.077(10)
ZAS60.22p22 1.622(1) 1.789(1) 2.107(10)
ZAS65.17p5 ; ; ;
ZAS70.13p33  1.619(1) 1.789(4) 2.102(10)
ZAS70.15  1.617(1) 1.789(1) 2.101(10)
ZAST0.16p67 1.618(1) 1.794(1) 2.068(10)
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Table 4.22: Average Si-O, Al-O and Zn-O distances for the ZAS glasses obtained from

the Dx(r) fits.

Sample XRD Fit ND Fit Integration
ZAS50.7pb - 4.71(10)  4.52(10)
ZAS50.10 4.62(7) 4.66(10)  4.43(10)
ZAS50.12p5  4.84(7) 4.86(10)  4.46(10)
ZAS50.17 - 5.13(10)  4.83(10)
ZAS50.22p22  4.98(7)  5.04(10)  4.65(10)
7ZAS50.25 5.22(7)  5.29(10)  4.95(10)
ZAS50.27p78  5.31(7)  5.53(10)  4.90(10)
ZAS60.13p33  4.88(7)  4.99(10)  4.54(10)
ZAS60.15 - 5.36(10) 5.03(10)
ZAS60.17p78  5.29(7)  5.50(10)  4.90(10)
ZAS60.20 5.36(7)  5.62(10)  4.83(10)
ZAS60.22p22  5.75(7)  5.90(10)  4.99(10)
ZAS65.17pb - 5.93(10) 5.53(10)
ZAS70.13p33  5.82(7) 5.93(10)  4.97(10)
ZAS70.15 5.81(7)  6.00(10) 5.31(10)
ZAS70.16p67  5.94(7)  6.10(10) 5.33(10)

Table 4.23: Zn-O coordination numbers, 29 , obtained by the Dx(r) fits, Dy(r) fits

or by integration after the application of a Lorch [32] modification function.
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Figure 4-47: Zn-O coordination number for the ZAS glasses as a function of the ratio
R, obtained from X-ray (circles) and neutron (triangles) diffraction data. The green
data points show the coordination numbers along the 50 mol% SiOs tie-line. The red
data points show the coordination numbers along the 60 mol% SiO» tie-line. The black
data point show the coordination number for the 65 mol% SiOs and the blue data
points show the coordination numbers along the 70 mol% SiOs tie-line. The cyan line
at R =1 indicates the tectosilicate region.
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Figure 4-48: Average Si-O distances for the ZAS glasses as a function of the ratio R,
obtained from X-ray (circles) and neutron (triangles) diffraction data. The green data
points show the 7si.o values along the 50 mol% SiOs tie-line. The red data points show
the 7si_o values along the 60 mol% SiOs tie-line. The black data point show the 7g;_o
value for the 65 mol% SiO2 and the blue data points show the 7s;_o value along the
70 mol% SiOs tie-line. The cyan line at R = 1 indicates the tectosilicate region.
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Figure 4-49: Average Al-O distances for the ZAS glasses as a function of the ratio R,
obtained from X-ray (circles) and neutron (triangles) diffraction data. The green data
points show the 7). values along the 50 mol% SiOs tie-line. The red data points show
the 7A1_o values along the 60 mol% SiO; tie-line. The black data point show the 7o;_o
value for the 65 mol% SiOs and the blue data points show the 741_o value along the
70 mol% SiOs tie-line. The cyan line at R = 1 indicates the tectosilicate region.
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Figure 4-50: Average Zn-O distances for the ZAS glasses as a function of the ratio R,
obtained from X-ray (circles) and neutron (triangles) diffraction data. The green data
points show the 77,.0 values along the 50 mol% SiOs tie-line. The red data points
show the 77, _o values along the 60 mol% SiOs tie-line. The black data point show the
Tzn_o value for the 65 mol% SiOs and the blue data points show the 7z, o value along
the 70 mol% SiOg tie-line. The cyan line at R = 1 indicates the tectosilicate region.
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4.5 Conclusion

The structure of willemite and zinc aluminosilicate glasses was investigated using 27 Al
MAS NMR, ?Si MAS NMR, Raman spectroscopy and X-ray and neutron diffraction
experiments. SiO4 and ZnOy4 are the dominant species in willemite where there is the

absence of a silicate network.

The compositions of the ZAS glasses were chosen in order to vary the ZnO:Al;O3 ratio
at constant SiOg content across the glass forming region (Figure 4-2). The strategy is
maximizing the change to the Zn-O coordination environment, which can vary from 4
to 6 according to crystallography data [138,139]. In this work, a combination of ND,
XRD and 2"Al MAS NMR is used to measure coordination environments of Zn-O and
Al-O in the ZAS system.

The 2" Al MAS NMR parameters such as area of different Al species, §(*"Al) and Cg are
sensitive to the structure and chemical bonding around this element. Therefore, vari-
ation of the parameters with composition provide valuable information on the atomic
configuration and the degree of disorder/order by the appearance of NBOs and BOs.
The results show that most of the aluminium atoms are in AlO4 tetrahedra. There is
also a significant fraction of aluminium atoms in fivefold coordinated Al(V) sites and a
small fraction of aluminium atoms in sixfold coordinated Al(VI) sites. The proportion
of Al(IV) atoms increases with the ZnO content along a constant mol% SiOs tie-line
as the proportion of higher coordinated aluminium atoms decreases. The 27Al MAS
NMR results also constrained the X-ray and neutron diffraction data to extract ﬁ%n

values with more accuracy.

The results from neutron and X-ray diffraction show that Zn is distributed between
four-fold and five-fold coordinated sites which imply a dual structural role. Zn?* is
preferentially used for charge-stabilizing Al in tetrahedral configuration. The excess
Zn2* ions will then be used to create NBO around Si. An increase of the Al,O3 content
in these glasses will attract zinc ions from the silicate network and increase the number
of Si-O-Si and Si-O-Al bonds. An increase in SiOs content at the expense of ZnO
will decrease the fraction of NBOs in the ZAS glasses. The predicted R dependence
for the fractions of network-modifying and charge-compensating Zn* ions show that
these species are structurally inequivalent, i.e, the mean Zn-O coordination number

and bond distance are larger for the charge-compensating species.

Different structural units such as Si-O-Si, Al-O-Al, SiO4 and AlO,4 tetrahedra were
identified from the Raman spectra for different compositions of the batch 1 ZAS glasses.
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The bands associated with ZnO4 and ZnOg were not possible to identify with certainty.
The Raman spectroscopy measurements confirm the expected changes in Q" speciation
with R. In this system, Al and Si are mainly in Q?* species along the joint R = 1, and
in depolymerized Q? and @Q? units at high ZnO content.

The XRD, ND, 2Al MAS NMR and Raman results confirm the mixing of the alu-
minosilicate network. The Zn?* ions acting as charge-compensators for tetrahedral
aluminum are found to have a similar effect on the network structure (Q™ speciation
and Al/Si mixing) while they affect the network differently when they are in a modi-
fying role.
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Chapter 5

Structure of Magnesium

Aluminosilicate Glasses

5.1 Introduction

Magnesia is present in many natural compounds and can be as abundant as silica
in magmas, having played an important role in the differentiation of the primitive
Earth [5,140]. Although Al, Mg and Si are among the most abundant elements in the
Earth [141], their role in the Earth’s melt structure is still enigmatic. Understanding
the structure of magnesium in amorphous aluminosilicates can provide a link between

microscopic and macrosopic physico-chemical properties of melts, glasses and minerals.

Aluminosilicate glasses are of great importance due to their many industrial applica-
tions. They are cover glasses in personal electronic devices [142,143], they are used in
glass fiber as composite materials [67], as scaffolds for bone repair [144] and for bulk
laser materials [145]. The presence of magnesium in these materials can change the
properties of a glass such as viscosity [146,147], glass transition temperature [148], the
transmission of light in car windows [149] and the weathering rate of nuclear waste
glasses [150]. For example, Si-based devices are deposited onto a flat glass substrate
and alkaline earth oxides such as MgO, are introduced in the glass-making process in
order to avoid high-mobility alkali ions that can migrate from the glass structure to
damage these devices [143]. Here, MgO is used to decrease the liquid’s temperature
and consequently increasing its viscosity which is necessary for making flat glass sheets

via the fusion-draw process, whilst helping to suppress crystallization.

Magnesium aluminosilicate (MAS) glasses possess very good mechanical and thermo-
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mechanical properties such as (i) high fracture strength, which is important for access-
ing the high-temperature processing conditions; lower density, which is beneficial for
making lighter weight products; low coefficient of thermal expansion, which can be used
to advantage when matching the coefficient of the glass substrate to silicon in order to
minimize thermal stress; (iv) have a high Young’s modulus, which leads to stiffer glass
that will exhibit less elastic distortion; and (v) a high chemical durability [151, 152].
MgO is also used to tune the compressive stress in display glass that is strengthened
by ion exchange [153]. Its addition to AloO3-SiO2 improves the crack resistance, which

can be adjusted, along with the hardness, by varying the glass composition.

The structural role of Mg atoms in these network-forming glasses is still ambiguous.
This is due to the variety of conformations that Mg can adopt, where coordination
numbers in the range from four to six or more are expected from the structural chem-
istry of its crystalline oxides [154-159] and the structural role of four-fold coordinated
magnesium, which is sometimes regarded as a network-forming species [160] is still in
debate. There is also the lack of definitive structural information from experiment. For
example, information from Mg MAS NMR experiments is scarce because of the low
natural abundance (10%), low gyromagnetic ratio and significant quadrupole moment
(nuclear spin 1=5/2) of the 2?Mg isotope [161,162].

Definitive experimental information on the dependence of the coordination environment
of Mg?" on the glass composition is therefore desirable in order to clarify the structural
role of magnesium in disordered network structures. The structure of MAS glasses has
been mainly investigated using Raman [163-166], IR [167], 2Si and 2"Al1 MAS NMR
[91, 168-170] spectroscopies. The traditional structural model of MAS glasses relies
on the distinction between network forming Si and network modifying cations Mg?™.
Although Si is always in tetrahedral coordination at ambient pressure, Al can have
various coordination numbers and consequently different structural roles. It is possible
to distinguish three types of environments for the aluminium atoms, four-, five- and
sixfold Al. SiO4 and AlO4 tetrahedral units are linked to each other through bridging
oxygen (BO) atoms. When Mg?* is added, additional oxygen atoms join the tetrahedral
network by transforming BO atoms into non-bridging oxygen (NBO) atoms. As Al,O3
is added, the Mg?* ions are expected to play a role of charge compensating species
near the AlO4 tetrahedra as shown by [127,171]. For the glass forming composition
(MgO),(Al203)y(SiO2)(1—z—y) Where R = z/y > 1, the addition of AlyO3 causes the
creation of AlO, in the glass network and a reduction in the fraction of NBO. However,

the same does not occur when R < 1 and the simple standard model cannot be applied.

In the present work X-ray diffraction experiments were carried out to study the struc-
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Figure 5-1: Diagram of the (MgO),;(Al>03),(SiO2)1—,—y glass forming system studied
by X-ray (this work, green) and neutron diffraction [40] (blue).

ture of (MgO)x(AlgOg)y(SiOQ)(l_x_y) glasses, where 0 < =z < 1, 0 < y < 1 and
x4+ 1y < 1. Figure 5-1 shows the studied MAS compositions. The aluminum speciation
obtained from 27Al MAS NMR experiments is used as a constraint in the interpreta-
tion of the measured pair distribution functions. A wide range of compositions was
investigated along tie-lines in the ternary phase diagram where the silica content was
kept constant at 50, 60 and 70 mol% silica. The R = x/y = 1 tie-line was also inves-
tigated. The results were then compared with neutron diffraction data for the same
compositions and interpreted with the aid of a recently analytical model developed by

Gammond et al [1] for the composition-dependent structure of aluminosilicate glasses.
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Samples Batch  MgO [mol%| AlyO3 [mol%] SiOy [mol%]
MgSiO3 2 50 0 50
MAS50.06 1 44.43 5.92 49.65
MAS50.12 1 38.37 11.77 49.87
natMAS50.12p5 2 37.5 12.5 50
isoMAS50.12p5 2 37.5 12.5 50
MAS51.21 1 28.25 20.62 51.13
natMAS50.25 2 25.0 25.0 50
isoMAS50.25 2 25.0 25.0 50
MAS61.09 1 30.15 9.18 60.67
MAS62.16 2 22.27 16.19 61.54
natMAS60.20 1 20.0 20.0 60
isoMAS60.20 1 20.0 20.0 60
MAS70.12 1 17.28 12.44 70.28
MAS70.15 1 14.76 14.84 70.40

Table 5.1: Concentrations of MgO, AlsO3 and SiO4 for each of the MAS samples.

5.2 Experiment

5.2.1 Sample Preparation

Two batches of magnesium aluminosilicate glasses were prepared as described below.
Their respective concentrations are shown in table 5.1. The densities of the MAS
samples were measured using a helium pycnometer (MICRO-ULTRAPYC 1200e) and

their values are given in table 5.2.

The first batch of MAS samples was prepared at Corning Inc., USA. Powders of MgO
(99.992%), AlaO3 (99.98%) and SiO2 (99.99%) were mixed and heated inside a Pt
crucible at 1650°C for 15 h. The glasses were quenched by pouring the liquid onto
stainless steel, crushed and re-melted to guarantee sample homogeneity. Afterwards,
they were annealed at 750°C for two hours to reduce internal stress. To check sample
homogeneity, non-crystallization and absence of phase separation, the samples were

observed in detail using a polarized light microscope [172].

The second batch of MAS samples was prepared at Bath, UK, where powders of MgO
(Aldrich, > 99.99%), SiOy (Alfa Aesar, 99.9%) and Al,O3 (Sigma-Aldrich, 99.998%)
were used. Isotopically enriched samples prepared from powdered ISOFLEX 2°MgO
(0.32% 2*Mg, 99.38 & 0.04% Mg, 0.30% 2°Mg) are labeled as isoMAS50.12p5, iso-
MAS50.25 and isoMAS60.20. Their corresponding compositions made using natural
MgO will be denoted as natMAS50.12p5, natMAS50.25 and natMAS60.20. All the
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starting materials were calcinated at 1000°C for 2 h within a Pt-10%Rh crucible. The
isotopic and natural MAS50.12p5 and MAS50.25 samples were melted at 1550°C and
1650°C, respectively, and kept at their melted temperatures for 1 h. The glasses were
quenched by using a copper block cooled in liquid nitrogen. The mass loss on melting

was < 0.3%, which was attributed to the loss of re-adsorbed water.

The isotopic and natural MAS60.20 samples were prepared by adding AlsO3 and SiO9
to the isotopic and natural MAS50.25 samples. The samples were calcinated at 1000°C
for 2 h within a Pt/10%Rh crucible and melted at 1550°C. The quenching method was
identical to the samples mentioned above. The resulting glass was ground and remelted
for a second time to ensure sample homogeneity. All the glasses were transparent and
color-less. The mass loss was < 0.46% on the first melt and < 0.29% on the second

melt, which was attributed to the loss of re-adsorbed water.

The MgSiOg3 glass of mass ~ 3 g was made by mixing MgO (Alfa Aesar, > 99.995%)
and SiOg (Alfa Aesar, 99.9%) powders that had been calcined at 1000°C. The mixed
powders were melted in a Pt/10%Rh crucible at 1650°C for 2 h and the melt was
quenched by placing the bottom of the crucible in water. The sample was ground, and
the melt and quench procedure was repeated. The overall mass loss during processing

was = 1%, which was probably related to the loss of re-adsorbed water.

The composition of each glass was measured using either inductively coupled plasma
spectroscopy (batch 1 glasses) or it was taken from the batch composition (batch 2

glasses).

5.2.2 6-ID-D Experiment

Two sets of high energy X-ray diffraction experiments on the MAS samples were per-
formed at room temperature using the 6-ID-D diffractomer at the Advanced Photon

Source (APS), as discussed in section 3.2.2.

The first set of experiments (batch 1) was done with a photon energy of 100.334 keV
corresponding to a wavelength of 0.1237 A. The scattered X-rays were detected using
a Varex 4343CT amorphous silicon flat panel detector, which was placed at a distance
of 281.48 mm from the sample position. The second set of experiments (batch 2) was
done with a photon energy of 100.233 keV corresponding to a wavelength of 0.1236 A.
The scattered X-rays were detected using the same detector, which was placed at a

distance of 311.12 mm from the sample position.

The ground glasses were loaded into Kapton polyimide tubes (Figure 5-3) of 1.80(1) mm



140CHAPTER 5. STRUCTURE OF MAGNESIUM ALUMINOSILICATE GLASSES

0.082¢

\ ¢
D
1

0.08 - A a A T

=
>
2
o
T
1

S

[(—

|

.
T

®

>
1

S

[—]

|

N
T
1

St

=

st
T
>

0 5 10 15 20 25 30 35 40
Al O3 [mol%]

Figure 5-2: Number density, ng, as a function of the AloO3 content for the MAS glasses
in this XRD work (circles) and from a ND work ( [40], triangles). The green data points
show the ng values along the 50 mol% SiOs tie-line. The red data points show the ng
values along the 60 mol% SiOs tie-line and the blue data points show the ng values
along the 70 mol% SiOs tie-line. The black data point corresponds to a MAS sample
with 45.69 mol% SiOs and the magenta data point corresponds to a MAS sample with
90.12 mol% SiOs.
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Samples p lg/cm?®]  p Corning Inc. [g/cm?®]  ng [A™3]
MgSiOs3 2.7318(6) - 0.08194(2)
MAS50.06 2.7308(3) 2.723 0.081777(9)
MAS50.12 2.7075(4) 2.682 0.08097(1)
natMAS50.12p5  2.691(1) . 0.08040(3)
isoMAS50.12p5  2.697(1) - 0.08040(3)
MAS51.21  2.6510(4) 2.665 0.07915(1)
natMAS50.25  2.667(1) - 0.07945(3)
isoMAS50.25  2.670(1) . 0.07945(3)
MAS61.09  2.5812(2) 2.564 0.077288(6)
MAS62.16  2.5642(2) 2.565 0.076669(6)
natMAS60.20  2.558(1) ; 0.07660(3)
isoMAS60.20 2.576(1) - 0.07660(3)
MAST70.12  2.4632(3) 2.456 0.073742(9)
MAS70.15  2.4609(3) 2.462 0.073636(9)

Table 5.2: The measured mass density, p, and corresponding number density, ng, for
the MAS samples. The density measured by Corning Inc. is also shown for comparison.

internal diameter and 0.051(6) mm wall thickness. Diffraction patterns were measured
for each sample in its capillary, an empty capillary and the empty instrument. Figure
5-4 shows a two-dimensional image plate X-ray diffraction pattern for one of the MAS

glass.

The FIT2D program [84] was used to correct the data for polarization of the beam
effects before integrating to produce one dimensional diffraction pattern. It also calcu-
lates the sample to detector distance using a CeOs crystalline calibrant with a known
scattering pattern. Some detector regions are covered by the beam stop or bad pixels.
To overcome this problem a mask is applied such that it doesn’t influence the results

of integration.

Each data set is normalised to the incident beam by using the program PDFgetX2 [85],
which obtains the pair distribution function from X-ray powder diffraction. Here,
background scattering and attenuation effects are taken into account. The data are
scaled to fit the sum of the Compton scattering [173] and self scattering contributions
where the neutral atom form factors f,(Q) were taken from the International Tables
of X-ray Crystallography [174]. The Rayleigh-Thomson differential scattering cross-

section is obtained by subtracting the Compton scattering and self-scattering.



142CHAPTER 5. STRUCTURE OF MAGNESIUM ALUMINOSILICATE GLASSES

seg e 75
]

: ®
C()\e"P 2 linois 60061
X + Vernon Hills, 9‘3 7
DI m-u% or 1:800.32

5"
op: 001" 1S s
5 o '. 0-0&;2%0., 4/-0.00025”
Ll gseants S
Part S (i 148 ¥

" o @

s
=
>
¥
=
&
=

2 §5 Sopsune Weirer w

V2 Bsuus s’ o it

Figure 5-3: MAS samples held in kapton polyimide tubes.
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Figure 5-4: An example of a two-dimensional image plate X-ray diffraction patterns
measured for the sample MAS51.21.
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5.3 Results

Tables 5.3 and 5.4 show the values of the weighting factors for all pair correlations
present in batch 1 at Q = 0. The ) dependent weighting factors are plotted in figure
5-5.

The X-ray total structure factors Sx (@) of MAS glasses are shown in figures 5-6, 5-7
and 5-8. For the glasses of batch 2, the structure factors were identical between natural
("*Mg) and isotopic (2°Mg) samples, which was a good way to determine if the compo-
sitions were made accurately with the same composition. This is because isotopes are
not distinguishable by X-rays. In contrast, neutron diffraction is sensitive to isotopes

as neutron scattering amplitudes vary irregularly from one nuclide to another [175].

All Sx(Q) functions have a three peak structure at small @ values which are listed in
table 5.5, along with their respective Qmax used for Fourier transformation. These three
main peaks are related to ordering on different real-space length scales [100] although
the presence of overlapping partial structure factors with composition-dependent weight-
ing factors makes it challenging to interpret. The first sharp diffraction peak (FSDP)
occurs in the range from 1.70(1) to 1.95(1) A~! and is in agreement with previous
X-ray diffraction experiments [127] on similar compositions for the magnesium alumi-
nosilicate glasses. This peak becomes less broad and more intense as the SiOy content
increases. The Sx(Q) functions were Fourier transformed using a step modification
function to get the total pair distribution functions Dx (r). The total pair distribution

functions are shown in figures 5-10, 5-11 and 5-12.

Figure 5-10 shows the Dx(r) functions for the MAS glasses along the 50 mol% SiO2
tie-line. The sample MgSiOs3 shows well defined peaks at  ~ 1.6 A and r ~ 2.0 A which
correspond to Si-O and Mg-O peaks, respectively. The Mg-O peak includes a shoulder
on the high r side which is typical of MAS glasses [127,171,176-179] but also for ZAS
glasses [80,82]. The peak at r ~ 2.67 A is mainly due to O-O correlations originating
from SiO,4 tetrahedra. The Dx(r) fit is shown in Figure 5-14. When adding alumina
to the glass network the first peak in Dx (r) shifts to higher r (Figures 5-16, 5-18 and
5-19). A peak at around 7 ~ 1.76 A is attributed to the Al-O distance in tetrahedral
units. In contrast to neutron diffraction, it is not easy to identify Al-O contributions.
For this reason neutron diffraction data [40] helped constrain the Al-O peak position
for the same glass-forming compositions. The O-O peak remains at r ~ 2.6 A for all
compositions. All the MAS compositions show a peak in the range 3.1-3.2 A which
corresponds to the Mg-Si and Si-Si distances. There is also an overlap in that region
from Al-Al and Al-Mg correlations that starts slightly before, around ~ 3.0 A. Above
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Pair correlation a-8 MAS50.06 MAS50.12 MAS51.21

Si-0 0.224(3)  0.213(3)  0.201(3)
Al-O 0.054(3)  0.100(3)  0.162(3)
Mg-O 0.201(3)  0.164(3)  0.111(3)
0-0 0.365(3)  0.370(3)  0.378(3)
Si-Si 0.034(3)  0.031(3)  0.027(3)
Al-Al 0.002(3)  0.0068(7)  0.017(3)
Mg-Mg 0.028(3)  0.0181(7)  0.008(3)
Mg-Si 0.062(3)  0.0471(7)  0.030(3)
Mg-Al 0.015(3)  0.0222(7)  0.024(3)
Al-Si 0.016(3)  0.0289(7)  0.043(3)

Table 5.3: The ten weighting factors, w,g, at ) = 0 for batch 1 MAS samples from
the 50 mol% SiOs tie-line.

3.5 A there is an overlap between the different contributions which makes it difficult
to extract information. The Dx(r) fits for natural and isotopic samples of the same

composition (Figures 5-15 and 5-17) are identical to each other as expected.

The Dx(r) fits for the MAS glasses along the 60 and 70 mol% SiOs tie-lines show
similar features to the 50 mol% SiOs tie-line although the peaks corresponding to Si-
O are sharper and Mg-O is much smaller due to the low concentration of MgO in
these samples. Tables 5.8, 5.9, 5.10 and 5.11 show the fitted parameters with the
corresponding goodness-of-fit, R,, over the fitted range 1.30—2.76 A for MgSiO3 or
1.40—2.76 A for the MAS samples. For each Dx(r) fit one peak was assigned to Si-
O correlations, one peak was assigned to Al-O correlations, two peaks were assigned
to Mg-O correlations and one peak was assigned to O-O correlations. The average
coordination numbers for Si-O correlations was fixed to 4 and the average coordination
numbers for Al-O correlations were taken from 27 Al MAS NMR measurements [1,180].
The Mg-O peaks were constrained to have a minimum width of ¢ = 0.05 A. For
the isotopic enriched and corresponding natural MAS samples, the Mg-O coordination
number was fixed from NDIS fits [180]. The Mg-O coordination numbers as a function

of AloO3 mol% are shown in figure 5-20.
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Pair correlation a-8 MAS61.09 MAS62.16 MAS70.12 MAS70.15

Si-0 0.262(3)  0.248(3)  0.290(3)  0.284(3)
Al-O 0.079(3)  0.131(3)  0.103(3)  0.120(3)
Mg-O 0.130(3)  0.090(3)  0.071(3)  0.060(3)
0-0 0.386(3)  0.391(3)  0.403(3)  0.404(3)
Si-Si 0.044(3)  0.0394(3)  0.0520(7)  0.050(3)
Al-Al 0.041(3)  0.0109(3)  0.0065(7)  0.0089(7)
Mg-Mg 0.0109(7)  0.0052(3)  0.0032(7)  0.0022(7)
Mg-Si 0.044(3)  0.0285(7)  0.026(3)  0.021(3)
Mg-Al 0.0133(7)  0.0150(3)  0.0091(7)  0.0088(7)
AlL-Si 0.0268(7)  0.0414(3)  0.037(3)  0.042(3)

Table 5.4: The ten weighting factors, wag, at @ = 0 for batch 1 MAS samples from
the 60 and 70 mol% SiO4 tie-lines.
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Figure 5-5: Weighting factors, wag(Q), plot for batch 1 MAS samples. The lines
correspond to Al-Al (yellow), Al-Mg (pink), Al-O (cyan), Al-Si (red), Mg-Mg (green),
Mg-O (blue), Mg-Si (orange), O-O (black) correlations, Si-O (dark green) and Si-Si
(dark grey) correlations. Their respective values at () = 0 are listed in tables 5.3 and
5.4.



148CHAPTER 5. STRUCTURE OF MAGNESIUM ALUMINOSILICATE GLASSES

Sample AIIV) (%] ALV) [%]  AL(VI) [%] n%
MAS50.06 91 9 0 4.09(5)
MAS50.12 91 9 0 4.09(5)

natMAS50.12p5 84 16 0 4.165(7)
isoMAS50.12p5 83 17 0 4.165(7)
MAS51.21 88 12 0 4.12(5)
natMAS50.25 75 25 0 4.27(7)
isoMAS50.25 75 21 4 4.27(7)
MAS61.09 94 6 0 4.06(5)
MAS62.16 86 13 1 4.15(5)
natMAS60.20 78 22 0 4.215(7)
isoMAS60.20 79 21 0 4.215(7)
MAS70.12 82 16 2 4.20(5)
MAS70.15 78 19 3 4.25(5)

Table 5.6: Al speciation in magnesium aluminosilicate glasses measured by 27Al MAS
NMR [1,180] and the calculated average coordination number.

Sample Qrspp[A™Y] Q3[A7] Qu[A7!]  Quax [AT]
MgSiOs 1917(1)  4.527(2) 6.464(2)  23.94
MAS50.06 1.891(1)  4.556(2) 6.473(2)  24.60
MAS50.12 1.856(1)  4.580(2) 6.51(2)  24.66
natMAS50.12p5  1.851(1)  4.591(2) 6.528(2)  25.78
isoMAS50.12p5 1.852(1) 4.592(2) 6.524(2) 25.78
MAS51.21 1.823(1)  4.610(2) 6.544(2)  25.80
natMAS50.25  1.828(1)  4.624(2) 6.561(2)  25.02
isoMAS50.25  1.828(1)  4.616(2) 6.565(2)  25.02
MAS61.09 1.764(1) 4.601(2) 6.507(2) 24.92
MAS62.16 1.755(1)  4.634(2) 6.540(2)  24.70
natMAS60.20  1.749(1)  4.651(2) 6.549(2)  25.88
isOMAS60.20  1.750(1)  4.648(2) 6.550(2)  25.88
MAS70.12 1.674(1)  4.670(2) 6.530(2)  24.86
MAS70.15 1.681(1)  4.683(2) 6.541(2)  23.70

Table 5.5: The positions of the first three peaks Qrspp, @3 and @4 in the Sx(Q)
functions for the MAS glasses shown in figures 5-6 and 5-7. The Qunax values used in
the Fourier transform are also listed.
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Figure 5-6: Total structure factors, Sx(Q), for the magnesium aluminosilicate glasses
along the 50 mol% SiOs tie-line. The blue solid curves are the natural samples. The red
(underneath) solid curves are the isotopic samples MAS50.12p5 and MAS50.25. They
are not possible to see because they are identical to their respective natural samples.
The error bars are smaller than the line thickness at most ) values. The curves are
offset vertically for clarity of presentation.
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Figure 5-7: Total structure factors, Sx(Q), for the magnesium aluminosilicate glasses
along the 60 mol% SiOs tie-line. The blue solid curves are the natural samples. The
red solid curve (underneath) is the isotopic sample MAS60.20. The isotopic sample
is not possible to see because it is identical to the natural sample MAS60.20. The
error bars are smaller than the line thickness at most @) values. The curves are offset
vertically for clarity of presentation.
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Figure 5-8: Total structure factors, Sx(Q), for the magnesium aluminosilicate glasses
along the 70 mol% SiO, tie-line. The error bars are smaller than the line thickness at
most @ values. The MAS70.15 curve is offset vertically for clarity of presentation.
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Figure 5-9: Total structure factors, Sx (@), for the magnesium aluminosilicate glasses
along R = 1 tie-line. The blue solid curves are the natural samples. The red solid
curves are the isotopic samples (MAS50.25 and MAS60.20). The error bars are smaller
than the line thickness at most () values. The curves are offset vertically for clarity of
presentation.
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Figure 5-10: Total pair distribution functions, Dx(r), for the MAS glasses along the
50 mol% SiO4 tie-line. The curves were obtained by Fourier transforming the corre-
sponding reciprocal space data shown in figure 5-6. The blue solid curves are the natural
samples. The red solid curves (underneath) are the isotopic samples MAS50.12p5 and
MAS50.25. The curves are offset vertically for clarity of presentation.
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Figure 5-11: Total pair distribution functions, Dx(r), for the MAS glasses along the
60 mol% SiO, tie-line. The curves were obtained by Fourier transforming the cor-
responding reciprocal space data shown in figure 5-7. The blue solid curves are the
natural samples. The red solid curve (underneath) is the isotopic MAS60.20 sample.
The curves are offset vertically for clarity of presentation.
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Figure 5-12: Total pair distribution functions, Dx(r), for the MAS glasses along the
70 mol% SiOy tie-line. The curves were obtained by Fourier transforming the cor-
responding reciprocal space data shown in figure 5-8. The MAS70.15 curve is offset
vertically for clarity of presentation.



156 CHAPTER 5. STRUCTURE OF MAGNESIUM ALUMINOSILICATE GLASSES

MAS70.15 b

MAS60.20 -

MAS50.25

Tr
< [\ e (=) o =
1

2+ . . . -

2
r [A]

Figure 5-13: Total pair distribution functions, Dx(r), for the MAS glasses along the
R =1 tie-line. The curves were obtained by Fourier transforming the corresponding
reciprocal space data shown in figure 5-9. The blue solid curves are the natural samples.
The red solid curves (underneath) are the isotopic samples MAS50.25 and MAS60.20.
The curves are offset vertically for clarity of presentation.
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Atom pair rag [A]  0ap [A] i R, [%]
Si-0 1.624(3)  0.063(5) 3.90(28)
Mg-O 1.983(4) 0.084(4)  3.06(5)
Mg-O 2.175(8) 0.130(7) 1.82(5)  7.15
Mg-O (sum) 4.88(7)
0-0 2.675(5) 0.125(4) 6.36(21)

Table 5.7: Parameters obtained from Gaussian peak fits to the Dx(r) function for
glassy MgSiO3. The fit is shown in figure 5-14. R, is given for the fitted range 1.30-

2.76 A.
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Figure 5-14: The fitted Dx(r) function for glassy MgSiOs. The red circles are the
data, the blue solid curve is the fit and the other curves show the contribution from
Si-O (green), Mg-O (black) and O-O (cyan) correlations. The displaced black solid
curve gives the residual (fit subtracted from measured data). The O-O correlations are
introduced to constrain the peaks fitted at smaller r values.
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Sample Atom pair Tog [A] Oop [A] o R, (%]
Si-0 1.627(3)  0.061(5) 4*
ALO 1.756(5)  0.110(5)  4.09*
vassoog | MEO LOOL()  0.085(4) 30L5)
Mg-O 2.171(8)  0.110(7)  1.66(5)
Mg-O (sum) 4.67(7)
0-0 2.602(4)  0.135(3) 6.77(12)
Si-0 1.626(3)  0.061(5) 4*
ALO 1.760(5)  0.093(5)  4.09*
vassoqy | ME© 1.908(4)  0.082(4) 270(5) .
Mg-O 2.163(8)  0.118(7)  2.03(5)
Mg-O (sum) 4.73(7)
0-0 2.680(4)  0.133(2)  6.44(11)
Si-0 1.6303(8) 0.0670(7) 4*
ALO 1.780(3)  0.113(2)  4.165*
oMASS0.12p5 MEO 2.020(5) 0.088(2)  3.17* so
Mg-O 2.218(5)  0.107(5)  1.50%
Mg-O(sum) 4.76*
0-0 2.710(6)  0.154(4)  7.37(20)
Si-0 1.6263(8)  0.063(1) 4*
ALO 1.780(3)  0.089(3)  4.165*
patMASS012p5  MEO 2.015(5)  0.076(2) 3.17* -y
Mg-O 2.208(5)  0.089(4) 1.59%
Mg-O (sum) 4.76*
0-0 2.712(8)  0.157(5)  7.55(27)
Si-0 1.620(3)  0.066(5) 4*
ALO 1.769(3)  0.100(5) 4.12*
VAssLgy | MeO 2033(4)  0.069(4) 259(5)
Mg-O 2.201(8)  0.102(7) 2.25(5)
Mg-O (sum) 4.84(7)
0-0 2.699(4)  0.142(3)  6.68(11)
Si-0 1.6429(6)  0.075(5) 4*
ALO 1.785(1)  0.127(1)  4.27*
CoMASsgs  MEO 2.072(6)  0.074(3) 2.43* .
Mg-O 2.197(7)  0.125(6) 2.47*
Mg-O (sum) 4.90%*
0-0 2.724(6)  0.159(4)  7.46(21)

Table 5.8: Parameters obtained from Gaussian peak fits to the Dx (r) functions for the
MAS glasses along the 50 mol% SiOs tie-line. The fitted functions are shown in figures
5-15 and 5-16. R, is given for the range 1.40-2.76 A. The parameters denoted by an *
are fixed.
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Sample Atom pair 745 [A]  0ap [A] A Ry (%]
Si-0 1.639(1) 0.074(9) 4*
ALO 1.784(2)  0.120(1) 4.27*
asses MO 2.063(5) 0.068(3) 2.43* .
Mg-O 2.200(5) 0.114(5) 2.47*
Mg-O (sum) 4.90%*
0-0 2.721(6) 0.159(4) 7.46(20)

Table 5.9: Parameters obtained from Gaussian peak fits to the Dx(r) functions for
MAS glasses along the 50 mol% SiOs tie-line (continuation). The fitted functions are
shown in figures 5-15 and 5-16. R, is given for the range 1.40-2.76 A. The parameters
denoted by an * are fixed.



5.3. RESULTS 161

30} Y natMAS50.25 -

isoMASH0.25

Figure 5-15: The fitted Dx(r) functions for the isotopic MAS glasses and their cor-
responding natural compositions along the 50 mol% SiOs tie-line. The red circles are
the data, the blue solid curves are the fits and the other curves show the contribution
from Si-O (green), Al-O (magenta), Mg-O (black) and O-O (cyan) correlations. The
displaced black solid curve gives the residual (fit subtracted from measured data). The
0O-0 correlations are introduced to constrain the peaks fitted at smaller r values.
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Figure 5-16: The fitted Dx (r) functions for the natural MAS glasses along the 50 mol%
SiOq tie-line. The red circles are the data, the blue solid curves are the fits and the
other curves show the contribution from Si-O (green), Al-O (magenta), Mg-O (black)
and O-O (cyan) correlations. The displaced black solid curve gives the residual (fit
subtracted from measured data). The O-O correlations are introduced to constrain the
peaks fitted at smaller r values.
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Sample Atom pair Top [A] Oop [A] i R, [%)]
Si-0 1.627(3)  0.061(5) 4*
ALO 1.771(5)  0.109(5)  4.06*
VaseLoy  ME©O 1.993(4)  0.059(4) 2.96(5)
Mg-O 2.197(8)  0.051(7)  1.71(5)
Mg-O (sum) 4.67(7)
0-0 2.678(4)  0.137(4)  6.45(8)
Si-0 1.629(3)  0.060(5) 4*
Al-O 1.774(5)  0.110(5)  4.15*
VASez1g | MEO 2035(4)  0.084(4) 324(5)
Mg-O 2.222(8)  0.050(7)  1.60(5)
Mg-O (sum) 4.84(7)
0-0 2.677(3)  0.133(2)  6.15(9)
Si-O 1.631(1)  0.0696(9) 4*
ALO 1.779(3)  0.125(3)  4.215*
oAASG0o0  MEO 2.063(10) 0.064(7) 2165%
Mg-O 2.200(9)  0.114(9)  2.908*
Mg-O (sum) 5.07*
0-0 2.681(6)  0.138(4)  6.33(19)
Si-0 1.628(1)  0.067(9) 4*
ALO 1.780(3)  0.116(4) 4.215*
ASgp  MEO 2053(6)  0.050(7) 2.165%
Mg-O 2.200(9)  0.099(7) 2.908*
Mg-O (sum) 5.07*
0-0 2.682(6)  0.139(5) 6.36(20)

Table 5.10: Parameters obtained from Gaussian peak fits to the Dx(r) functions for
MAS glasses along the 60 mol% SiOs tie-line. The fitted functions are shown in figures
5-17 and 5-18. R, is given for the range 1.40-2.76 A. The parameters denoted by an *

are fixed.
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Figure 5-17: The fitted Dx(r) functions for the isotopic MAS glass and its correspon-
dent natural composition in the 60 mol% SiOs. The red circles are the data, the blue
solid curves are the fits and the other curves show the contribution from Si-O (green),
Al-O (magenta), Mg-O (black) and O-O (cyan) correlations. The displaced black solid
curve gives the residual (fit subtracted from measured data). The O-O correlations are
introduced to constrain the peaks fitted at smaller r values.



5.3. RESULTS 165

25 — . .

natMAS60.20

20

1 1.5 2 25 3 3.5
r [A]

Figure 5-18: The fitted Dx (r) functions for the natural MAS glasses along the 60 mol%
SiOg tie-line. The red circles are the data, the blue solid curves are the fits and the
other curves show the contribution from Si-O (green), Al-O (magenta), Mg-O (black)
and O-O (cyan) correlations. The displaced black solid curve gives the residual (fit
subtracted from measured data). The O-O correlations are introduced to constrain the
peaks fitted at smaller r values.
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Sample Atom pair 745 [A]  0ap [A] o R, (%]

Si-0 1.624(3) 0.063(5) 4*

ALO 1.794(5)  0.124(5) 4.20*
vasTogs MEO 2049(4) 0.075(4) 3.08(5) .

Mg-O 2.250(8) 0.050(7) 1.80(5)

Mg-O (sum) 4.88(7)

0-0 2.648(3) 0.111(2) 5.49(9)

Si-0 1.625(3) 0.063(5) 4*

ALO 1.790(5)  0.130(5) 4.25*
vAsToqs MeO 2.066(4) 0.050(4) 2.84(5)

Mg-O 2.276(8) 0.061(7) 2.79(5)

Mg-O (sum) 5.63(7)

0-0 2.640(2) 0.098(2) 4.96(7)

Table 5.11: Parameters obtained from Gaussian peak fits to the Dx(r) functions for
MAS glasses along the 70 mol% SiOs tie-line. The fitted functions are shown in figure
5-19. R, is given for the range 1.40-2.76 A. The parameters denoted by an * are fixed.
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Figure 5-19: The fitted Dx (r) functions for the natural MAS glasses along the 70 mol%
SiO9 tie-line. The red circles are the data, the blue solid curves are the fits and the
other curves show the contribution from Si-O (green), Al-O (magenta), Mg-O (black)
and O-O (cyan) correlations. The displaced black solid curve gives the residual (fit
subtracted from measured data). The O-O correlations are introduced to constrain the
peaks fitted at smaller r values.
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Figure 5-20: Mg-O coordination number as a function of the AloO3 content obtained
from the Dx(r) fits. The green data points show the coordination numbers along the
50 mol% SiOy tie-line. The red data points show the coordination numbers along the
60 mol% SiO, tie-line and the blue data points show the coordination numbers along
the 70 mol% SiOs tie-line.
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5.4 Discussion

5.4.1 Model of magnesium aluminosilicate glasses

There is a variety of experimental techniques that have been used in order to provide
a model that explains the structure of aluminosilicate glasses [91-96,127,128], which
will be denoted here as the standard model. In the standard model, silica glass consists
of a network of SiO,4 tetrahedral units linked to each other through bridging oxygen
(BO) atoms [181,182]. When a modifying oxide is added, such as MgO, additional
oxygen atoms join the tetrahedral network by transforming BO atoms into non-bridging
oxygen (NBO) atoms [183], i.e, O atoms that no longer form Si-O-Si bridges. The
NBO atom has a local excess negative charge to which the positive charged modifying
ion Mg?T associates. Knowing the concentration of the modifying oxide is possible to
calculate the average number of NBO atoms per Si-centred tetrahedral unit, which gives
a quantitative description of the glass network. When alumina is added to the system,
the Al atoms enter tetrahedral sites and join the network of corner-sharing units. Each
AI(IV) species carries a charge, (AlO4)~, which requires a nearby charge-compensator
from the Mg?* to ensure charge neutrality. Mg?* ions that stabilise AI(IV) in the

network are taking a charge-compensating role and no longer create NBO atoms.

However, there is often contradictory values between the measured data and the one
obtained by the standard model [128]. An example of this is the coordination environ-
ment of aluminum atoms in MO containing aluminosilicate glasses, where M denotes
a metal atom like for example Mg or Zn. The standard model predicts only fourfold
coordinated aluminum atoms for silica-rich compositions where R > 1, but experiments

such as 2"Al MAS NMR often find a notable fraction of Al(V) and Al(VI) coordinated

species in this region.

A recent model developed by Gammond et al [1] gives a possible explanation for these
higher coordinated species observed in NMR. The model takes into account a param-
eter p (0 < p < 1) which describes the weighting of competing reaction schemes for
(MO)4(Al203)y(Si02)1—z—y, where 0 < z < 1, 0 < y < 1 and 2 +y < 1. The
value of p is found from the aluminium speciation measured in the composition regime
where R(x/y) > 1, using solid-state 2’ Al MAS NMR experiments on zinc-, calcium-,
magnesium-, sodium- and potassium- aluminosilicate glasses [1]. p is dependent on the
cation field strength Fjr, where the standard model for amorphous aluminosilicates at

R > 1 is recovered in the limit when Fj; is small and p = 1.

Consider a glass network of fourfold coordinated Si atoms and Al(IV) atoms. These
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two network former species are bound exclusively to oxygen atoms that are in non-
bridging oxygen (NBO) or bridging oxygen (BO) sites. Consider A to be either Si or
Al(IV), O-A coordination number has the value 1 for NBO and value 2 for BO. The
AI(IV) atoms are at the center of [Al@4/5]~ units, where ) denotes a BO atom. The
Al(V) and Al(VI) atoms will be treated as network modifiers or charge-compensating

species.

According to the model [1], MO reacts with AloO3 and SiO9 according to the following

equations

MO + AlyO05 — M*T + 2[Al10), 5], (5.1)

MO + SiOy — M* + [Si0y/504]%". (5.2)

O refers to an NBO atom. In equation 4.1, the M?T ions behave as charge compensating
species whereas in equation 4.2 the M?* ions behave as network modifier species. AlyO3

can also react with SiOs following the equation

AlyO3 + SiOy —» [AlQ, o] + AT + [Si0y 5047, (5.3)

where AI3* ions compensate the charge on the [AlQ, /2] unit and modifies the SiOs
network by the creation of NBO atoms. These aluminium species are going to be
denoted as Alyec (modifier/charge compensating) and represents either Al(V), Al(VI)

or a mixture of the two species.

Al connects to the oxygen atoms in the network forming motifs in the same way as
M?2*. In the modified random network model [184], two M?* or Aly. species could
share the same NBO atom and, therefore, appear as next-nearest neighbors. On the
MO rich side, when R > 1, and according to equation 4.1 there are sufficient M?* ions
to compensate the charge on the network-forming [A1Q,/5]™ units if all the aluminium
is A1(IV). However, 2" Al NMR results show that although the Al(IV) atoms are in the
majority, it is also possible to find Al(V) and Al(VI) in the glasses.

For this reason, it is convenient to write the glass composition as [(MO)(Al2O3)]py
[(MO)(SiO02)]—py[(Al203)(SiO2)] (1—p)y (SiO2)1-2:—2y+2py to take into account the fol-

lowing reaction scheme
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py(MO + AlgOg) + (x - py)(MO + SiOQ) + (1 — p)y(AlgOg + SiOQ)
+ (Si02)1-20—2y+2py —> PYM*T + 2[A1D /5] ") + (2 — py)(M*T + [Si0y/,0]%7)

+ (1 = p)y([AlDy /0]~ + ABRY + [Si®2/202]2_) + (1 — 22 — 2y + 2py)SiQy s.
(5.4)

The fraction of AI(IV) will be

Naavy 1+p
faavy = Nz(u ) — 5 (5.5)

where Nyyqv) and Na) are the number of fourfold coordinated aluminum atoms and
total number of aluminum atoms, respectively. p determines the extent to which AlsO3

reacts with MO via equation 4.1 or with SiOs via equation 4.3.

If p=1, all the Al atoms are AI(IV) because there is no reaction between AlyO3 and
SiO9, so all the Al,Og is charge compensated by MO. The results are then consisted

with the standard model [128] for the structure of aluminosilicate glasses.

The fraction of NBO atoms is given by

NxBo _ 2(x +y — 2py)
No 2—33+y

INBO = (5.6)

where Nnpo is the number of NBO and Ng is the total number of oxygen atoms. The

fraction of BO atoms is given by

Npo
feo =~ =1~ fuzo, (5.7)
O
where Ngo is the number of BO atoms. The mean number of NBO atoms per Si atom

is

NxBo _ 2(x +y — 2py)

N —— (5.8)

where Ng; is the number of Si atoms. The mean number of BO atoms per Si atom is

Neo _,  NngO
Nsi Nsi

(5.9)
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The number of NBO atoms per tetrahedron is given by

N, N 2 -2
NBO _ o FNBO = w’ (5.10)
Nt Nsi + Najav) l—a+py

where Nt is the number of tetrahedral units. The fraction of M atoms that are charge-

compensating is written as

Nu DY
— cc I 5.11
fMCC NM T ) ( )

where Ny, is the number of charge compensating M atoms and Ny is the total number

of M atoms. The fraction of M atoms that are network modifiers is written as

r—py
= =1 = 5.12
me N fMCC ) ( )

where Ny, is the number of network modifying M atoms.

On the AlsOs rich side, when R < 1, there is more than enough AloOj3 to react
with all MO, so the excess will react with SiOs and higher coordinated Al** ions are

created. The glass composition can be rewritten as [(MO)(Al203)]: [(MO)(SiO2)](1—p)z
[(Al203)(S102)]y—paz (SiO2)1-24—2y+2pz and the reaction scheme proceeds via
pz(MO + AlyO3) + (1 — p)x(MO + SiO2) + (y — px)(AlyO3 + SiOs)
+ (S10)1-20-2g12pr — Pr(M*T 4+ 2[AlDy 5] ") + (1 — p)z(M>*
(5.13)

+ [Si@2/202]2_) + (y — pz)([AlDy 0]~ + APT + [Si@2/202]2_)

+ (1 =22 — 2y + 2px) SiQy)s.

Unlike in the R > 1 systems, the fajryv) depends on the glass composition and is

written as

+ px
faiavy = Y 5y (5.14)

2(z+y—2pz) . Nnpo _ 2(z+y—2pz). Nnpo _ 2(z+y—2pz),

2—xz4+y ' Nsg; l-z—y > Nt l—x+px > fMCC =D

Consequently, fxpo =
and fyp, =1—p.
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If p = 1, there is no reaction between MO and SiO; so all the M?* ions have a charge
compensating role. Figure 5-21 shows the dependence of fa; on R found from 27Al
MAS NMR experiments on MAS and ZAS glasses.

For the regime R > 1, the ratio of the number of NBO to the number of atoms that

play a network-modifying or charge-compensating role is given by

Nxgo 2(x +y —2py) _ 2(R+1—2p) (5.15)
NMtAL,ee T+ (1—p)y R4+(1—-p)’

where Npi4al = Num + Nay,.. and Ny, is the number of Al atoms. If the

mcc

network is fully polymerized, NBO atoms are not generated and Nxpo/Nu+al

0. Alpee ions will not be generated by the reaction scheme of equation 4.3 and the
reaction scheme of equation 4.2 does not apply such that all M atoms behave as charge-

compensating species.

If the glass network is not fully polymerized Nxpo/Namial,.. > 0 and consequently

mcc

some of the M and/or Al atoms adopt a network modifying role. The fraction of M

plus Al atoms that form higher coordinated Al(V) and/or Al(VI) species is given by

Ny (1—-p)y
Al = o Almee . 5.16
JALnee:M+AlL Nt Nu o 1t 2 (5.16)

For the regime R < 1,

Nxpo  2(z+y—2px)  2[R(1-2p)+1]

_ - : 5.17
N\t ALy  2(1—p)+y R(1-p)+1 (5:17)
and
Yy — px
. = . 5.18
S ALmee:M+Al R (5.18)

Figure 5-22 shows the dependence of Nnpo/Nyal,... on R. In a fully polymerized

mcc

network, the number of O-A bonds is given by No.o = 2Ng = Noﬁé, where ﬁé is the

coordination number of A around O. For the case where NBO atoms exist,

NxBo = 2No — Nosi — No-aiv)s (5.19)

and
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Figure 5-21: Fraction of Al(IV) atoms, Jaiav), as a function of R from 2TA1 NMR
experiments on the aluminosilicate glasses (a) ZAS (reference [80] and this work) and
(b) MAS (references [97,163,172,185,186] and this work). The experimental results
are compared to those from the model [1] (green curves).

NxBo _si _AIIV)
fnBO = No 2-ng —ng- . (5.20)

Knowing that the number of A-O bonds is equal to the number of O-A bonds, N, Aﬁg =
Noﬁé, then cAﬁg = coﬁé where cp = % is the atomic fraction of chemical species A

and N is the total number of atoms. Equation 5.20 can then be written as

CSi _o CAl _O
fBo =2 = = Rig — faiav) A1y (5.21)
€O €O
The ratio of NBO atoms to ¢ atoms, where ¢ is any atom type is given as

NxBO _ No NnBo _ No
Ns; N; No N;

C
/NBO = ffNBO- (5.22)
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experiments shown in figure 5-21 (black squares). In (b) the cyan data points are from
Toplis et al [97].
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5.4.2 Structure of M?**t

For R > 1, the average < fAl(IV)> is used to find the parameter p via the equation
p=2 < f Al(IV)> — 1. The model describes the overall trends in the experimental data,
including the decrease in fay(rv) for the peraluminous regime when R — 0 and more of
the aluminum atoms adopt a network-modifying/charge compensating role. The cation
field strength, Fyr, can be defined as

M

™

where Z); is the formal charge on the M ions and 7 is the ion radius which corresponds
to an M-O coordination number of six. Figure 5-23 shows the dependence of < f Al(IV)>
and the parameter p on the cation field strength. For Fy; > 0.575, the results show a

liner dependence given by

(faiavy) = —0.032(2) Fyr + 1.017(5) (5.24)

or

p = —0.064(4) Fy + 1.034(9). (5.25)

faiavy decreases as Fp increases and for a tie-line with fixed mol% SiOg, this reduction
leads to an increase in the fraction of Al** ions that have roles of network modifiers.

Consequently, it also leads to an increase in fxpo, Nnpo/Nsi and Nxpo/Nr.

Lee et al [168] define a degree of aluminum avoidance @), which describes the extent to
which Al-O-Al bonds are avoided on the glass-forming compositions. This parameter

Q also decreases linearly as Fj increases according to the equation

Q = —0.104(10) Fyr + 1.058(23). (5.26)

In the absence of Al-O-Al bonds ) = 1 and for a random distribution of Al/Si-O-Al/Si
bonds @ = 0. For a specific glass composition, from equation 5.24 it is known that
there will be less Al(IV) atoms to contribute to the glass network since lower field

strength ions are replaced by higher field-strength ions.

More Al-O-Al bonds will be created in this replacement, according to equation 5.26.
Al(V) and/or AI(VI) have a high probability of being involved in the distribution of
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Figure 5-23: Dependence of < fAl(Iv)> as evaluated for R > 1 and p = 2 < fAl(Iv)> —1on
the field strength Fy; of the ions in aluminosilicate glasses. The linear fits to the data
points are given by equations 5.24 and 5.25. Also shown is the aluminum avoidance
parameter (), where the linear fit is given by equation 5.26 [1,168].

Al-O-Al bonds in the glass network since they become more numerous with increasing
Py

Figure 5-24 shows the average Si-O, Al-O and Mg-O distances (listed in table 5.12) in
MAS glasses obtained by the Dx(r) fits and compared with D4c and SANDALS/GEM
values. It is possible to observe the same trend for fl\o/[g, fé)i and 171% along the glass
forming composition illustrating the success of the fitted Neutron and X-ray diffraction
data. In general, the average distances were slightly higher for X-rays than Neutron
fits. The measured distances 7g;.o vary between 1.617(10) < r < 1.639(10) across the
glass forming compositions revealing the persistence of SiO4 tetrahedral sites which are
predicted by the standard model [128]. The measured distance 7510 is approximately
constant for compositions with R > 1, where most of aluminum atoms associate with
charge compensating Mg?* to form tetrahedral sites. For compositions with R < 1
there is an increase of 7.0 which is caused by the increasing fraction of A3t ions that

play a network modifying and/or charge compensating role and are associated with
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Al(V) and AI(VI) coordinated species. From [1], these changes are due to network
modifiers Mg?* in compositions with R > 2 transforming into charge compensating
species for compositions with R < 2. Therefore, there is no significant difference
between network modifier and charge compensating Mg?* environments. The fﬁg
distance increases with Al,O3 and with SiOs content, where magnesium evolves from
network modifier to charge compensating species. For compositions with R = 1, 7si.0
is higher for compositions with lower SiOy mol% and ﬁl(\)/[g tends to be higher for 60 and

70 mol% SiO2. The increase on 7si.o is attributed to an increase of Si-O-Al linkages.

Figure 5-25 shows a comparison of the ﬁ?/{g between the X-ray and neutron diffraction
results using the D4c and SANDALS diffractometer taken from [40]. As an overall
view, the ﬁlc\)/[g values on the D4c diffractometer are lower than the GEM diffractometer,
which might be due to the smaller Q)-range. The ﬁl\o/[g are in overall agreement with
each other with a ~ 10% difference and follow the same trend for R > 1 and R < 1.
For compositions with R > 1 the coordination environment of Al varies in a range of
4.06(5) to 4.20(5) and 4.67(5) < ﬁlc\)/[g < 4.88(7) for the same glass composition. In this
regime, there are enough charge compensating Mg?* ions to stabilise Al tetrahedral
species. The presence of network modifier/charge compensating AI** ions in Al(V)
and/or AI(VI) sites in this range of compositions is due to some fraction of Mg?* ions
acting as network modifier ions instead of stabilizing the formation of tetrahedral AlOy.
For R = 1 the X-ray measured values vary from ﬁl\o/[g = 4.90(5) for the MAS50.25 glass
to 'ﬁl(\)/[g = 5.63(6) for the MAS70.15 glass suggesting that the coordination environment
of network modifiers and/or charge compensating Mg?* ions is also dependent on the
SiO9 content. The higher ﬁg/{g values can also be explained by the low MgO mol% and
by the overlap between the Al-O and/or the O-O peaks since the Mg-O correlations
have a significant tail at high . As R — 0, the neutron diffraction results also show
higher ﬁl\o/[g and ﬁgl due to the formation of network modifier/charge compensating
APt ions in a similar behavior to Mg?* ions. The results from 2”Al NMR (Table 5.6)
show that the majority of network modifying/charge compensating AI3* in Al(V) sites
(70-100%) and the remained are in Al(VI) sites.

Figures 5-27, 5-28 and 5-29 show a comparison between the coordination environments
of Mg and Zn as a function of R for the 50, 60 and 70 mol% SiOj tie-line. Zn?*t
and Mg?* ions have very similar features for compositions with R > 1 and R <
1, indicative of the similar network modifier/charge compensating Mg?* and Zn?*
ions behaviour. However, ﬁ%n are in general higher than ﬁﬁg for compositions with
R < 1. For compositions with R=1, 5.10(5) < a2, < 5.65(10), illustrating a charge

compensating role. Mg?" and Zn?* species are distributed between four-fold and five-
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Sample TSi-O [A] TALI-O [A] TMg-O [A]
MgSiO3 1.624(3) - 2.042(2)
MAS50.06 1.627(3) 1.756(5) 2.044(2)
MAS50.12 1.626(3)  1.760(5) 2.058(2)
natMAS50.12p5  1.626(1) 1.780(3)  2.069(8)
isoMAS50.12p5  1.630(1)  1.780(3) 2.074(8)
MAS51.21  1.629(3) L770(5) 2.101(2)
natMAS50.25 1.639(1) 1.784(3) 2.124(8)
isoMAS50.25 1.643(1) 1.785(3) 2.127(8)
MAS61.09 1.627(3) 1.771(5) 2.057(2)
MASG62.16 1.629(3) 1.774(5) 2.087(2)
natMAS60.20 1.628(1) 1.780(3) 2.129(8)
isoMAS60.20 1.631(1) 1.779(3) 2.133(8)
MAS70.12 1.624(3) 1.794(5) 2.112(2)
MAST70.15 1.625(3)  1.790(5) 2.159(2)

Table 5.12: Average Si-O, Al-O and Mg-O distances for the MAS glasses shown in
figure 5-24.

fold coordinated sites which was also found from [80]. From equation 5.23 and figure
5-23 it is known that Mg?* ions have a higher cation field strength Fy; than Zn?* (Table
5.13). p increases with Fy;, which suggests that Mg?* ions are more likely to create
NBO than Zn?* and consequently preventing Al atoms from occupying tetrahedral
sites. Figure 5-30 shows measurements on Al MAS NMR done on MAS and ZAS
glasses illustrating the similarity between these two ions. It is possible to observe for
both ZAS and MAS samples that ﬁgl is predominantly dependent on the MO/Al;O3
ratio and not so much on the SiOy content which is predicted by the model. For
compositions with R > 1 AI3T will have a network forming role and will be incorporated
in network forming sites as seen before. The sharp rise in ﬁgl seen in R — 0 for the
MAS and ZAS glasses is due of the network modifier /charge compensating A13* species

since they cannot join into a tetrahedral network.



180CHAPTER 5. STRUCTURE OF MAGNESIUM ALUMINOSILICATE GLASSES

Ion CN ry[A] Fy[A7?

4 057 6.16
M2t 5 0.66 4.59
6 0.72 3.86
8 0.89 2.52
4 0.60 5.56
T2t 5 0.68 4.33
6 0.74 3.65
8 0.90 2.47
6 1.00 2.00
Ca?t 7 1.06 1.78
8 1.12 1.59

Table 5.13: Cation field strength Fy; for Mg?t, Zn?* and Ca?t ions with different
coordination numbers (CN). The ionic radii are taken from Shannon [187].
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Figure 5-24: Average Si-O, Al-O and Mg-O distances for the MAS glasses using X-rays
(red). The neutron data is also plotted for comparison [40] by using the SANDALS
(black) and D4c (blue) diffractometers.
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Figure 5-25: Coordination number of the MAS glasses as a function of the ratio R
obtained from X-ray diffraction (circles) and neutron diffraction (triangles) data. For
the neutron diffraction data, the filled triangles correspond to data obtained using the
SANDALS or GEM diffractometers and the empty triangles correspond to data ob-
tained using the D4c diffractometer [40]. The green data points show the coordination
numbers along the 50 mol% SiOs tie-line. The red data points show the coordination
numbers along the 60 mol% SiOs tie-line and the blue data points show the coordina-
tion numbers along the 70 mol% SiOs tie-line. The cyan line at R = 1 indicates the
tectosilicate compositions.
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Figure 5-26: Average Si-O, Al-O and M-O (M = Mg or Zn) distances for the MAS
and ZAS glasses using X-rays (triangles) and neutron data (circles) provided by the
diffractometers 6-1D-D, GEM, SANDALS and D4c.
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Figure 5-27: Coordination number of the MAS (blue) and the ZAS (green) glasses as a
function of the ratio R= MO/Al;O3, where M is either Mg or Zn obtained from X-ray
diffraction (circles) and neutron diffraction (triangles) data along the 50 mol% SiOq
tie-line. For the ND, the filled triangles correspond to SANDALS (MAS glasses) and
GEM (ZAS glasses) data. The empty triangles correspond to data obtained using D4c.
The cyan line at R = 1 indicates the tectosilicate composition.
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Figure 5-28: Coordination number of the MAS (blue) and the ZAS (green) glasses as
a function of the ratio R = MO/AlxO3, where M is either Mg or Zn obtained from
X-ray diffraction (circles) and neutron diffraction (triangles) data along the 60 mol%
SiOg tie-line. For the ND, the filled triangles correspond to SANDALS (MAS glasses)
and GEM (ZAS glasses) data. The empty triangles correspond to data obtained using

D4ec.
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Figure 5-29: Coordination number of the MAS (blue) and the ZAS (green) glasses as
a function of the ratio R = MO/Al,O3, where M is either Mg or Zn obtained from
X-ray diffraction (circles) and neutron diffraction (triangles) data along the 70 mol%
SiOg tie-line. For the ND, the filled triangles correspond to SANDALS (MAS glasses)
and GEM (ZAS glasses) data. The empty triangles correspond to data obtained using
DAc.
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Figure 5-30: Coordination environment of aluminum as a function of R measured by
27 Al magic angle spinning NMR for the MAS (triangles) and ZAS (circles) glasses. The
green color represents the 50 mol% SiOs tie-line, the red color represents the 60 mol%
SiOs tie-line and the blue color represents the 70 mol% SiOs tie-line. The cyan line at
R =1 indicates the tectosilicate compositions.
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5.5 Conclusion

The structure of (MgO);(Al203)y(SiO2)1—z—y glasses was investigated by X-ray pair
distribution function analysis, aided by the results obtained from 27Al1 MAS NMR
spectroscopy. The results were compared with neutron diffraction [40] and with (ZnO),
(Al203),(Si02)1—y—y glasses (Chapter 4) for similar glass compositions and interpreted
using the Gammond et al model [1] for aluminosilicate glasses. The model contains
a single adjustable parameter that was set to the value p = 0.77 found from the
mean fraction of Al(IV) atoms observed in the R > 1 regime from 2"Al MAS NMR

experiments.

The Dx(r) peaks corresponding to Si-O, Al-O and O-O correlations are narrow and
symmetric, while those corresponding to Mg-O are broader and asymmetric resulting
from a larger distribution of Mg and O atoms. The measured Dx (r) functions exhibit a
well defined peak at r ~ 1.65 A due to Si-O and Al-O correlations. The fitted Si-O peak
is well defined for all of the glass compositions with little or no variation in position,
reflecting the persistence of Si-centered tetrahedral as a glass network former [188].
Neutron diffraction data was used to help constrain the Al-O peak positions due to the

large neutron scattering length for this element.

2TA1 MAS NMR spectroscopy was used to constrain the Al-O coordination number in
the Dx(r) fits. The majority of Al atoms exist in tetrahedral sites (AlO4) although is
also possible to observe significant amounts of AlO5 and AlOg polyhedra for compo-
sitions with R < 1. The NMR results were helpful for the X-ray analysis because of
the small contribution of Al(V) and Al(VI) and the overlap between the Si-O, Al-O
and Mg-O peaks. The Gammond et al model [1] takes into account the presence of
AlOj5 and AlOg polyhedra where Al atoms can have roles of network former, modifier
and charge compensating species. The Al-O distances and ﬁgl values are also in agree-
ment with the values obtained for similar compositions of (Zn0),(Al203),(Si02)1—z—y
glasses shown in chapter 4, reflecting the similarity between Zn?t and Mg?* ions in

the aluminosilicate glass network.

The magnesium environment gives a broad distribution of Mg-O bonds at 2.05(1) with
a tail at ~ 2.24(1) A and a range of coordination numbers varying from 4.67(5) to
5.63(6). The measured Mg-O coordination number is ﬁl\o/[g = 4.88(7) for MgSiO3 glass
where the Mg cations adopt a network-modifying role. As magnesia is replaced by
alumina along the 50, 60 and 70 mol% SiO; tie-line in the MAS system, the Mg-O
coordination number increases with the weighted bond distance as more Mg?* ions

adopt a charge-compensating role. The Mg-O coordination number for the isotopically
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enriched samples was fixed to the value found from neutron diffraction with magnesium
isotope substitution [180]. This was particularly useful because it removed uncertainty
associated with overlap between the Mg-O and Al-O correlations and the Mg-O and

O-O correlations in the Dx (r) functions.

The model takes into account the fraction of NBO atoms where it is used to extract in-
formation on the glass network connectivity. The results are consistent with a glass net-
work containing NBO and BO atoms where most of the Al(IV) atoms are in [AlD4 /o]~
units. The Mg?" and Zn?* ions are mainly in network modifier sites for the composi-

tions with R > 2 and in charge compensating sites for the compositions with R < 2.
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Chapter 6

Atomic Scale Structure of Diopside

6.1 Introduction

Crystalline CaMgSiasOg, most commonly known as diopside, is a pyroxene mineral
constituent in basalts, eclogites and peridotites, which are widespread in crustal and
upper mantle rocks [5,189,190]. It can also be found in meteoric rocks and interplan-
etary dust particles [191,192]. Diopside has been studied in mineralogy and petrology
where the atomic scale level of this mineral is still of major importance in the Earth
sciences. The MgSiO3-CaSiOg is a system where the network modifiers Mg and Ca
have a glass formation region between the two end members, MgSiOs (enstatite) and
CaSiOs (wollastonite). Its structure consists of single chains of corner-sharing SiOy4
tetrahedra connected by their apices with octahedral M1 sites that form a chain of
edge-shared octahedra. In a similar way to the M1 sites, there is a second octahedral
M2 site that is larger and more distorted than the M1 site allowing the introduction of
larger cations. Ca atoms fill the M2 sites while Mg atoms fill the M1 sites (Figure 6-1).
An investigation of the glassy state of these compositions provides a starting point for

understanding the structure of Earth’s mantle and interplanetary rock formation.

CaMgSisOg is also a member of the CaO—MgO—Al;03—Si0Oy (CMAS) family of ma-
terials which plays an important role in commercial display glasses [12]. Additionally,
diopside is a major product in metallurgical processing and it is a candidate for use as

a bio-material due to its non-toxic and acid resistant nature [193].

For all the reasons mentioned above it is therefore interesting to study the network role
of Mg?+ and Ca?* ions in the glass structure. Although Ca?* and Mg?*t have the same

electrical charge Z the Mg?t ion has a smaller radius and higher field strength than

191
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Figure 6-1: The atomic structure of diopside crystals [196].

Ca?* [187]. Each cation may have specific "site” preferences, which adds some degree
of disorder/order in the glass network and consequently affecting its configuration [194].
A Ca-Mg mixing is already known to contribute to the bulk thermodynamic properties:
The configurational entropy at a constant temperature of CaMgSisOg liquid is higher
than that of either end-member MgSiO3 and CaSiO3 melts at temperatures just above
T, [195].

In this chapter NDIS and XRD experiments were carried out on diopside glass to study
its structure at an atomic level to understand the environment of Mg and Ca in the

glass network.
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6.2 Experiment

6.2.1 Sample Preparation

Two CaMgSisOg, CMS, samples were prepared. One was enriched with 2°MgO and
prepared at the Institut de Minéralogie, de Physique des Matériaux et de Cosmochimie,
Sorbonne Université, Paris [177]. The other one containing "*MgQO was prepared in
Bath. The nominal composition was (Ca0)g.25(MgO)o.25(5102)0.5. Table 6.1 gives the
measured mass density p and corresponding number density, ng, on the natural and

isotopic diopside glasses.

The isotopically enriched diopside glass was made from powders of 22MgO (0.81% Mg,
98.79% 2°Mg, 0.40% 2°Mg), CaCOs3 (> 99%) and SiOg (> 99%). The decomposition of
the carbonates was done by heating those powders at 800°C overnight. The powders
were then ground together and melted at ~ 1492°C for 1 h within a Pt-10%Rh crucible.
The resulting melt was then quenched by putting the bottom of the crucible into water.

The isotopic sample was grounded and melted again to ensure homogeneity.

The natural sample was prepared by mixing powders of CaCOgs (Aldrich > 99.999%),
12MgO (Aldrich > 99.99%) and SiOy (Alfa Aesar 99.9%). All the raw materials were
calcinated overnight at 800° C in a Pt-10% Rh crucible. A batch of ~ 3 g was mixed
by shaking a bottle with all the powders for &~ 5 min and then transferred into another
Pt-10%Rh crucible. The natural sample was melted at 1550°C for 1 h. The melt
was quenched by placing the crucible on a copper block pre-cooled in liquid nitrogen.
To ensure sample homogeneity the glass was ground and remelted at 1550°C for 1 h.
The mass loss was 0.08% on the first melt and 0.15% on the second melt, which was
attributed to the loss of water re-adsorbed during the preparation procedure. The final

natural diopside sample was completely glassy (Figure 6-2).

Sample p[gem™3]  ny [A7I)
natural ~ 2.825(1)  0.0786(3)
isotopic  2.835(1)  0.0786(3)

Table 6.1: The measured mass density, p, and corresponding number density, ng, for
the natural and isotopically enriched CMS samples.
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Figure 6-2: Natural diopside glass in a Pt-10%Rh crucible after quenching. The sample
looks completely clear and glassy.
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Species b [fm]
Mg 5.375(4)
Mg 5.66(3)
BMg  3.720(12)
BMg  4.89(15)

Isotopic  3.74(14)

Si 4.149(1)
Ca 4.70(1)
O  5.803(1)

Table 6.2: The bound coherent neutron scattering lengths bynig, bca, bsi and bo used
in the neutron diffraction analysis. The b value of Mg was taken from [180] and
the other neutron scattering length values were taken from [38]. The scattering length
of the isotopic diopside was calculated by taking into account that the sample was
enriched with 0.81% 2*Mg, 98.79% 2°Mg and 0.40% 2°Mg. The scattering length of
nat\g was used for the natural diopside.

6.2.2 D4c Experiment

The neutron diffraction with isotopic substitution (NDIS) experiment was performed
using the D4c diffractometer with an incident wavelength of 0.4958(1) A. The sample
powders of natural and isotopic CMS were loaded into a cylindrical vanadium can
of 4.8 mm internal diameter and 0.1 mm wall thickness. Diffraction patterns were
measured at room temperature (~ 298 K) for the sample in the vanadium can, the
empty can, the empty instrument and a vanadium rod of 6.08(1) mm diameter for
normalisation purposes. A diffraction pattern was also measured for a slab of neutron
absorbing °B,C in order to estimate the effect of the sample’s attenuation on the
background count rate [101] at small scattering angles. Table 6.2 gives the bound

coherent neutron scattering length of the elements used in the NDIS analysis.

6.2.3 6-ID-D Experiment

The high energy X-ray diffraction experiment on the isotopic and natural diopside was
done at room temperature using the 6-ID-D diffractometer at the Advanced Photon
Source. The photon energy of the square incident beam was 100.233 keV, corresponding
to a wavelength of 0.1236 A. The ground glasses were loaded into kapton polyimide
tubes of 1.80(1) mm internal diameter and 0.051(6) mm wall thickness.

The scattered X-rays were detected using a Varex 4343CT amorphous silicon flat panel
detector which was placed at a distance of 311(1) mm from the sample position as

deduced from the diffraction pattern measured for crystalline CeO,. Diffraction pat-
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terns were measured for each sample in its capillary, an empty capillary and the empty
instrument. The data were converted to one-dimensional diffraction patterns using
FIT2D [84]. The program PDFgetX2 [85] was used for correction for background scat-

tering, beam polarization, attenuation and Compton scattering.

6.3 Results

The total structure factors Fy(Q) and Sx(Q) measured by neutron and X-ray diffrac-
tion are shown in figures 6-4 and 6-13, respectively. The ND patterns indicate differ-
ences between the natural and the isotopic samples that is not observed using XRD

which originates from neutrons being sensitive to the nuclei of elements.

The total pair distribution functions Dy(r) and Dx(r) are shown in figures 6-5 and
6-14, respectively. The first three major peaks in D(r) correspond to Si-O (= 1.62 A),
Mg-O (= 2.00 A) and CaO (~ 2.40 A) correlations. The fourth peak at ~ 2.64 A cor-
respond to O-O correlations. Above 3.5 A the overlap between different contributions
makes the interpretation difficult. XRD data are dominated by elements with high
atomic numbers (Ca>Si>Mg>O0) while ND data are dominated by elements with a
high scattering length (bo > byg > boa > bsi). The different sensitivities in these two
diffraction techniques explain why Ca-O correlations are more predominant at 2.35 A
in the Dx(r) function while in Dy(r) they appear as a small shoulder at 2.33 A.
For this reason, XRD help constrain the Ca-O correlations when fitting the ND and
NDIS data. There is overlap between Mg-O and Ca-O peaks in the Dx(r) and Dy(r)
functions. The ADy(7) functions eliminate Ca-O correlations and help constrain the

Mg-O correlations when fitting the Dx (r) and Dy(r) functions.

For all the fitted pair distribution functions a single Gaussian function was used for
the nearest-neighbor Si-O correlations with the coordination number set to the value
ng = 4 found from 2°Si MAS NMR experiments [197,198]. Two Gaussian functions
were used for the Mg-O correlations with the coordination numbers set at the values
found from fitting ADpg(7) and a single Gaussian function was used for both the Ca-O
and O-O correlations. Figure 6-3 shows the different weighting factors between ND,
NDIS and XRD for the natural and isotopic CaMgSi»Og glasses.
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Figure 6-3: The weighting factors, w,(Q), given to the partial structure factors for
the neutron diffraction totals (ND), neutron difference functions (NDIS) and X-ray
diffraction (XRD). The XRD weighting factors were calculated at Q@ = 0.
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6.3.1 Neutron Difraction

Total Structure Factors

Sample WMgO wsio WCaO woo (b) [fm] G(0)
isotopic  0.0980(5) 0.2174(5) 0.1231(5) 0.4561(5) 5.319(2) -0.2658(3)
natural 0.1323(5) 0.2042(5) 0.1159(5) 0.4285(5) 5.156(2) -0.2829(3)

Table 6.3: The neutron weighting factors for the partial pair distribution functions
IMgO; 9sios 9cao and goo used in Dy (r). The average neutron scattering length (b)
and G(0) values for the isotopic and natural diopside are also listed.

The positions of the first three peaks in the structure factors Fy (Q) are listed in table
6.4 and the weighting factors for the partial pair distribution functions gsio (), gme0(7),
gcao(r) and goo(r) are shown in table 6.3. The measured Dy (r) functions are shown

in figure 6-5 and their respective fits are shown in figure 6-6.

According to CaMgSiaOg crystal structures [199,200] the first peak in real space at
1.62(1) A is attributed to Si-O correlations within SiOy, tetrahedral structural motifs.
The second peak in real space at 2.06(1) A is attributed to Mg-O correlations within
edge-sharing MgOy tetrahedra. The shoulder at ~ 2.38 A is attributed to Ca-O cor-
relations. For tetrahedral SiO4 motifs with Si-O bond distances 1.62 A the nearest
neighbor O-O correlations are expected to be at roo = \/8/737"310 = 2.65 A. The 0-0
correlations were fitted in order to constrain the peaks fitted at small r- values. The
parameters obtained from the fitted Dy (r) functions are summarized in table 6.10 with

the goodness-of-fit parameter R, calculated over the range 1.30-2.74 A

The Dy (r) functions were firstly fitted by fixing the parameters from the ADy(7)
and AD(r) fits and then refining the least amount of parameters starting by the peak
widths.

Sample Qrspp[A7Y] Qpp[A7Y] Q3[A7Y  Qumax [A7Y]
natural  2.023(1)  2.835(1)  5.05(2) 23.65
isotopic  1.967(1)  2.815(1)  5.12(2) 23.65

Table 6.4: The positions of the first three peaks Qrspp, @Qpp and Q3 in the Fy(Q)
functions shown in figure 6-4. Also given are the Qumax values used in the Fourier
transformation.
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Sample  Atom pair 7.5 [A] 0 [A] i R, (%)
Si-0 1.622(3) 0.058(5) 4.00*
Mg-O 1.977(4)  0.076(5) 2.61*
Natupa MEO 2.143(7) 0.146(5) 1.80* 3
Mg-O (sum) 4.40*
Ca-0 2.358(5) 0.156(5) 5.01(5)
0-0 2.657(3) 0.108(5) 4.99(10)
Si-0 1.624(3) 0.058(5) 4.00*
Mg-O 1.978(4) 0.074(5) 2.61*
rotopic MO 2.143(7)  0.200(5) 1.80* 1
Mg-O (sum) 4.40%*
Ca-0 2.350(5) 0.150(5) 5.01(5)
0-0 2.657(3) 0.107(5) 4.92(10)

Table 6.5: Parameters obtained from Gaussian peak fits to the Dy (r) functions for the
isotopic and natural diopside glasses. The fitted functions are shown in figure 6-6. R,
is given for the range 1.30-2.74 A. The parameters denoted by an * are fixed and the
Ca-O coordination number is constrained from the Dy (r) fits.
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Figure 6-4: Total structure factors Fy(Q) for the natural (blue) and isotopic (red)
diopside glass. The error bars are smaller than the line thickness at most () values.
The curves are offset vertically for clarity of presentation.
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Figure 6-5: Total pair distribution functions Dy (r) for the natural and isotopic diopside
glasses. Dy (r) was obtained by Fourier transforming the corresponding reciprocal data
shown in figure 6-4 after spline fitting.
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10

isotopic

Figure 6-6: The fitted Dy(r) functions for the natural and isotopic diopside glasses.
The red circles are the data, the blue solid curves gives the fit and the other curves show
the contribution from Si-O (green), Mg-O (black), Ca-O (magenta) and O-O (cyan)
correlations. The displaced black solid curve gives the residual (fit subtracted from
measured data). The O-O correlations are introduced to constrain the peaks fitted at
smaller r values. The curves are offset vertically for clarity of presentation.
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6.3.2 First-Order Difference Functions

By taking natural ("*Mg) and isotopic (**Mg) diopside it is possible to obtain site
specific structural information by calculating difference functions from the natural and
isotopic Fn(Q) functions. The difference function AFyi, eliminates pair-correlation
functions that do not involve magnesium. The Mg—a correlations with o # Mg can
also be eliminated by forming the difference function AF(Q). The difference functions
AF\ig(Q) and AF(Q) therefore, lead to a simplification of the complexity of correla-
tions associated with a single total structure factor. Chapter 2 gives the equations for
both AFye and AF(Q).

The first order difference functions AFye(Q) and AF(Q) are shown in figures 6-7 and
6-8 respectively. The position of the first three peaks in the AFy,(Q) and AF(Q)
functions are listed in table 6.6 and the weighting factors are listed in table 6.7. The
ADyg(r) and AD(r) functions are shown in figures 6-9 and 6-10, respectively. The
ADyig(r) function shows a sharp peak at ~ 2.0 A due to Mg-O correlations and a
second major peak at 3.2 A due to Mg-Mg and Mg-Ca correlations. A small shoulder
is also observed at ~ 2.8 A which is attributed to Mg-Si correlations. Two peaks were
used to fit Mg-O to cover the entire area and the peak attributed to Mg-Si correlations
was fitted in order to extract ﬁl(\)/[g with more accuracy. The AD(r) function shows
three major peaks due to Si-O (=~ 1.62 A), Ca-O (=~ 2.35 A) and 0-O (=~ 2.65 A)
correlations. The small peak at ~ 2 A is attributed to a Fourier transform artefact. The
O-0O correlations were fitted in order to constrain the peaks fitted at small r-values such
as Ca-O correlations. To fit the Ca-O peak the ﬁga value was constrained from Dy (r)
fits. The ADyg(r) and AD(r) fits are shown in figures 6-11 and 6-12, respectively.
The parameters obtained from the fitted difference functions are summarized in table
6.8.

Function  Qrspp[A7Y] Qpp[A7Y] Q3[A™Y  Qumax[A7Y]
ARvg(Q)  2219(1)  4.193(1) 6.796(2)  20.7
AF(Q)  1.862(1)  2.756(1) 5.237(2)  23.65

Table 6.6: The positions of the first three peaks Qrspp, @pp and Q3 in the first-order
difference functions shown in figures 6-9 and 6-10. Also given are the Quax values used
in the Fourier transformation.
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Function WMgO WMgSi Ws;0 WCa0O wWOOo G(0)
ADyg(r) 0.6648(8) 0.1584(8) - - - -0.017(4)
AD(r) ; _ 0.2550(8) 0.1444(8) 0.5349(8) -0.099(4)

Table 6.7: The weighting factors for the difference functions used for fitting the
ADyig(r) and AD(r) functions. The G(0) values are also given.

Difference Function Atom pair Tag [A]  0up [A] i R, (%]

Mg-O 1.975(4)  0.050(4) 2.61(3)
ADyg(r) Mg-O 2.143(8) 0.069(7) 1.80(3) >
Mg-O (sum) 4.40(4)
Mg-Si 2.80(9)  0.180(7) 1.98(20)
Si-0 1.627(3)  0.059(5) 4.00%
AD(r) Ca-O 2.374(5) 0.123(5) 5.01(5)  6.26

0-0 2.653(5) 0.099(5) 4.58(10)

Table 6.8: Parameters obtained from Gaussian peak fits to the first order difference
functions of diopside. The fitted functions are shown in figures 6-11 and 6-12. For
ADyg(r), Ry, is given for the fitted range 1.70-2.80 A. For AD(r), R, is given for the
fitted range 1.30-2.74 A. The parameter denoted by an * is fixed.
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Figure 6-7: First-order difference function AFy(Q) for diopside. The vertical error
bars are smaller than the line thickness at most @) values.
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Figure 6-8: First-order difference function AF(Q) for diopside. The vertical error bars
are smaller than the line thickness at most () values.
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Figure 6-9: First-order difference pair distribution function ADyig(r). The curve was
obtained by Fourier transforming the corresponding reciprocal space data shown in
figure 6-7 after spline fitting and truncated with Quax = 20.7 A. Arrows indicate peak

assignments based on the element-element distances found in the crystal structure
[199-204].
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Figure 6-10: First-order difference pair distribution function AD(r). The curve was
obtained by Fourier transforming the corresponding reciprocal space data shown in
figure 6-8 after spline fitting and truncated with Quax = 23.65 A. Arrows indicate

peak assignments based on the element-oxygen distances found in the crystal structure
[199-204].
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Figure 6-11: The fitted ADyg(r) function for diopside. The red circles are the data,
the blue solid curve gives the fit and the other curves show the contribution from Mg-
O (black) and Mg-Si (green) correlations. The displaced black solid curve gives the
residual (fit subtracted from measured data). The Mg-Si correlations are introduced
to constrain the peaks fitted at small r values.
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Figure 6-12: The fitted AD(r) function for diopside. The red circles are the data,
the blue solid curve gives the fit and the other curves show the contribution from Si-
O (green), Ca-O (magenta) and O-O (cyan) correlations. The displaced black solid
curve gives the residual (fit subtracted from measured data). The O-O correlations are
introduced to constrain the peaks fitted at small r values.
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6.3.3 X-ray diffraction

The positions of the first three peaks in the structure factors, Sx(Q), are listed in table
6.9. The Sx(Q) functions for natural and diopside glasses are shown in figure 6-13. It
is observed some differences between the two structure factors when plotted on top of
each other, whereas for the isotopic and natural MAS glasses (Chapter 5) the Sx(Q)
functions were completely identical. This might be due to differences in composition
between the isotopic and natural diopside samples. These small differences affect the
Si-O peak height and the shape of Mg-O peak in the Dx (r) functions as seen in figure
6-14.

The fitted Dx (r) functions are shown in figure 6-15. The Ca-O peak is more prominent
and the O-O correlations are much smaller as compared to the Dy(r) functions. For
both isotopic and natural samples the le\o/[g value was fixed and peak positions of Mg-O
correlations were constrained from the ADye(7) fit values. As a starting point of fitting
the data, all the parameters are fixed according to the neutron difference function fits
and then refined slowly except the Mg-O coordination numbers. The positions of Si-O,
Mg-O, Ca-O and O-O correlations had a lower than 10% difference between the Dx (r)
and Dy (r) fits.

A Ca-O coordination number of 5.01-5.06 was obtained with an associated bond dis-
tance of 2.353(5)-2.357(5) A. The a8, value for the glasses may be larger than indicated
if the distribution of nearest neighbors is asymmetric as found for the coordination en-

vironment of magnesium.

Sample Qrspp [A7Y] Qpp [A7Y Q3 [A7Y  Qumax [A7Y]
Natural  2.121(1)  4.491(1) 5.937(2)  29.32
sotopic  2.120(1)  4503(1)  5.921(2)  29.32

Table 6.9: The positions of the first three peaks Qrspp, @pp and Q3 in the Sx(Q)
functions shown in figure 6-13. The Quax values used in the Fourier transformation
are also listed.
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Figure 6-13: Total structure factors Sx(Q) for the isotopic (red) and natural (blue)
diopside glass. The vertical error bars are smaller than the line thickness at most @
values.
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Figure 6-14: Dx(r) functions for the natural and isotopic diopside glasses. Dx (1) was
obtained by Fourier transforming the reciprocal data shown in figure 6-13.



214 CHAPTER 6. ATOMIC SCALE STRUCTURE OF DIOPSIDE

-isotopic

-natural

1 1.3 2 2.5 3 3.5

Figure 6-15: The fitted Dx (r) functions for natural and isotopic diopside glasses. The
red circles are the data, the blue solid curves shows the fits and the other curves show
the contribution from Si-O (green), Mg-O (black), Ca-O (magenta) and O-O (cyan)
correlations. The displaced black solid curve gives the residual (fit subtracted from
measured data). The O-O correlations are introduced to constrain the peaks fitted at
small r values.
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Sample  Atom pair  7.s [A] Tap [A] nh R, [%]
S0 1.626(1) 0.0653(9) 4*
Mg-O 1.970(5) 0.071(4)  2.61*
*
sotopic ﬁi_g ) 2.112(2)  0.134(17) iig* Lo
Ca-0 2.353(5) 0.142(3)  5.01(13)
0-0 2.679(5) 0.133(3) 7.22(13)
S0 1.6251(3) 0.0604(3) 4*
Mg-O 1.976(5)  0.073(4)  2.61*
Mg-O 2.092(15) 0.116(12) 1.80*
Natural Mg-O (sum) (15) (12) 4 40% 9.48
Ca-0 2.357(5)  0.137(4)  5.06(12)
0-0 2.676(4)  0.126(5)  6.94(14)

Table 6.10: Parameters obtained from Gaussian peak Dx(r) fits to the r-space func-
tions for natural and isotopic diopside glasses. The fitted functions are shown in figure
6-15. The values denoted by an * are fixed. R, is given for the range 1.30-2.74 A.
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6.4 Discussion

Table 6.11 shows the fitted Ca-O and Si-O distances along with the calculated weighted
Mg-O mean bond distance (Equation 2.12) using ND, NDIS and XRD. An average Si-
O distance of 1.625(1) A found for all the D(r) functions corresponds to the nearest

neighbour atomic separation of SiO4 units.

The first Mg-O peak is broad and asymmetric which indicates a wide distribution of
coordination environment for the Mg?T ions. This variety leads to the broad distri-
bution of electric-field gradient components at the magnesium position inferred from
25Mg MAS NMR experiments on diopside glasses [198]. The ADy(r) fit gave an av-
erage coordination number of 4.40(4) O neighbors around Mg. This value indicates
that the Mg environment is distributed mainly between Mg(IV) and Mg(V) species in
between SiOy tetrahedra, as also seen for the MAS glasses (Chapter 5). The overall
Mg-O coordination le\o/[g (sum) obtained from the fitting procedure is in agreement with
the value found directly from ADye(r) by using equation 2.11 to integrate under the

first peak after the application of a Lorch modification function [32].

The ﬁl\o/[g obtained is very similar to the value ny, = 4.50(8) found by Cormier et
al [205] on MgCaSisOg studies using NDIS, XRD and Empirical Potential Structure
Refinement (EPSR). A similar T_Ll(\)/[g = 4.50(5) value was found by Salmon et al [179] on
MgSiO3 studies using ND and molecular dynamic (MD) simulations. A recent NDIS
study of MgSiOs3, enstatite, using the same basy;, value (table 6.2) as in this work
obtained ﬁl\o/[g = 4.46 [180]. This indicates a similar role for Mg in the silicate network
for enstatite and diopside. The NDIS study also included an investigation of the sample
MAS50.25 where it was found ﬁl(\)/[g = 4.90(4). The higher Mg-O coordination number
for MAS50.25 in contrast to enstatite and diopside, suggests that Mg?t ions charge
compensate Al atoms in tetrahedral units. Figure 6-16 shows the difference function
A Dy (r) for the diopside and MAS50.25 glass. In both functions, the Mg-O peak has
similar features in position (= 2.0 A), height and width. However, the peak at ~ 3.2 A
is higher for diopside than for MAS50.25 which is due to Mg-Ca correlations being

greater than Mg-Al correlations.

In diopside and other investigated glasses, Mg-O coordination numbers of less than
five indicate the presence of fourfold coordinated Mg?* ions. For example, if only four
and five-coordinated species are present in the glass and fyigrv) denotes the fraction

of four-coordinated Mg?* ions, the mean coordination number is given by
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Figure 6-16: ADyg(r) functions for diopside (red) and MAS50.25 (blue) [180].
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Function MgO [A] TSio [A] TCaO [A]
ADyg or AD(r)  2.036(3) 1.627(3) 2.374(5)
natural Dy(r)  2.033(8) 1.622(3) 2.358(5)
isotopic Dy () 2.031(8) 1.624(3) 2.350(5)
natural Dx(r)  2.016(8) 1.625(1) 2.357(5)
isotopic Dx ()  2.019(8) 1.626(1) 2.353(5)

Table 6.11: Average Mg-O, Si-O and Ca-O distances for diopside obtained from ND,
NDIS and XRD fits.

’FLI?/Ig = 4fMg(IV) + 5[1 - fMg(IV)]' (61)

It follows that fyrgrvy = 0.6, which means that 60% of the magnesium is four-fold
coordinated. There is no evidence, however, of Mg(IV) species adopting a network-
forming role. For example, the Q™ speciation found from 2?Si MAS NMR experiments
on glassy diopside [198], enstatite [206,207] and wollastonite [198,208,209], where n
denotes the number of bridging oxygen atoms per SiO4 tetrahedron is similar in all
these materials and the mean value (n) ~ 2 is consistent with a network-modifying role
for Mg?* [1].

Previous neutron and X-ray diffraction work on the Mg, Ca;_,SiO3 glasses were also
done by [205,210,211]. The results show that the coordination environment of Mg varies
from 4.35(5) < ﬁﬁg < 5.02(9) when the MgO content increases from 0 to 36.32 mol%.
Even though the value ﬁg)/[g = 4.50(8) found for the same composition (diopside) is
higher than the value ﬁl\o/[g = 4.40(4) found in this work, it is expected from the total
D(r) functions were overlapping between Mg-O and Ca-O coexist. Indeed when the
total Dx(r) and Dy(r) fits were not fixed to the ﬁl\O/Ig = 4.40(4) value, the coordi-
nation environment of Mg increased to ~ 5.0(1) due to overlap between the different

correlations.

The Ca-O bond length was estimated from the third peak position in Dx (r) at ~ 2.35 A.
The Ca-O coordination number obtained was ﬁga ~ 5 but it is challenging extrapolating
the value with certainty due to overlap between Ca-O and O-O correlations. Although
there is no ND data with Ca isotopic substitution for the diopside glass, the results
from this work can be compared to a study done with CaSiO3 coupling neutron diffrac-
tion with *Ca/"#*Ca isotopic substitution [212] where they found nQ, = 6.15(17). In
contrast with Mg, Ca cations are localized in a wide distribution of sites. The Ca coor-

dination environment is predominantly Ca(V) with both Ca(VI) and Ca(VII) species
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present in the glasses. For crystalline diopside Ca is eight-fold coordinated with oxygen
and has a distance range of 2.227-2.389 A under high pressure conditions [199,204] and
distances of 2.352-2.717 A at ambient conditions [201-203]. The average coordination
environment of Ca is higher than that found for Mg in agreement with its lower field
strength (Z/d?).

The Mg coordination number implies the possibility of Mg?T tetrahedral and octahedral
configurations and a random mixing of CaSiO3 and MgSiO3. When the cations Mg+
and Ca®t are mixed, the cation distribution and ordering in the glass network originates
from their ionic radius and charge. As these two cations have the same charge, upon
MgO/CaO substitution there is no need to have significant charge redistribution in the
glass structure and small network modifications can accommodate the differences in

ionic radii and the distribution of the two cations in different sites.

Figure 6-17 shows the Dy (r) functions for CaSiOs and MgSiO3 glasses taken from
Salmon et al [179]. The O-O peak at ~ 2.6 A is more prominent with a well-defined
minimum in MgSiOs whereas in CaSiOj3 this peak is smaller and has a shoulder at
~ 2.38 A due to Ca-O correlations. Salmon et al [179] calculated the fractions of M-
BO versus M-NBO bonds in MSiOj3 glasses obtained from (MD) simulations where M
is either Mg or Ca. The results (Table 6.12) show that the proportion of BO around
Ca is higher than for Mg indicating a preferential association of Ca with BO. The same
trend was found for the Mg,SiO3Ca;_, glasses using Reverse Monte Carlo (RMC)
modelling [211]. This was attributed to the lower field strength of Ca compared to
Mg and thus its lower ability to charge-balance the negative charge around NBO sites.
Mg(IV) species imply strong bonds and, thereby a BO atom that is connected to two
Si04 and one MgQO4 would be over-bonded. Therefore, the oxygen connecting Mg to
Si is preferentially a NBO atom. Ca?* may also help convert Mg(IV) to Mg(V) sites.
The high proportion of Ca-BO bonds may be explained by Ca atoms partly residing in
more polymerized silicate-rich regions. Also, the distortion in the Ca polyhedra sites
reflects the structural behaviour of oxygen. Some oxygens are in non-bridging sites and
they connect directly the modifier to the network. The oxygens which occupy bridging

sites in the network are weakly bonded to a modifier as shown in [213].

The connection of cations with the silicate network can be further probed from the Si-
Mg and Si-Ca peak positions. In the Si-Mg correlations, a peak at 3.2 A indicate corner-
sharing polyhedra from EPSR studies [205]. Two distinct peaks are observed in the
Ca-Si at 2.95 A and 3.50 A that are assigned to edge- and corner-sharing connectivity
between SiO4 tetrahedra and Ca polyhedra, respectively [214] with dominantly corner-

sharing linkages.
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Figure 6-17: Dy(r) functions for MgSiOs (blue) and CaSiOs (red) glasses taken from
Salmon et al [179].
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Sample Ca-BO Mg-BO Ca-NBO Mg-NBO Reference

MgSiO3 - 8.0(6) - 91.5(6) [179]

CaSiO3 15.1(6) - 84.8(9) - [179]
1.5Ca0-0.5MgO-25i0;  15.8 7.2 84.2 92.8 [211]
0.5Ca0-1.5Mg0-25i05  17.4 7.6 82.6 92.4 [211]

Table 6.12: The fractions of M-BO and M-NBO bonds on the MgSiO3-CaSiO3 join
measured by MD simulations and RMC modelling.

Additionally, the entropy of mixing found from viscosity measurements on the pyroxene
system CaSiO3-MgSiO3 in which Ca?t was systematically replaced by Mg?* is con-
sistent with an ideal mixing hypothesis for these cations [215]. Likewise, the entropy
of mixing found from viscosity measurements on the garnet system CagAlsSizOqso-
MgzAlySizO1o or the anorthite system CaAlySisOg-MgAlySinOg in which Ca?t was
systematically replaced by Mg?*t is again consistent with an ideal mixing hypothesis
for these cations [215,216].
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6.5 Conclusion

NDIS and XRD experiments were employed to investigate the structure of glassy
CaMgSisOg, with the experimental data fitted to determine the coordination envi-
ronment of Mg and Ca in diopside glass. NDIS helps constrain the Mg-O coordination
environment for the total Dy (r) and Dx (r) functions, while XRD helps constrain the
Ca-0O coordination environment and position due to the sensitivity of the radiation to

elements with high atomic number.

The diffraction results show that the Mg and Ca cations have different environments.
In particular, distinct local sites and their mixing may hold additional configurational
entropies in order to accommodate the two specific environments. Mg?*t cations in the
diopside glass are in smaller sites than in the corresponding pyroxene where they are
6-fold coordinated. Mg atoms are able to adopt diverse environments such as fourfold,
fivefold and sixfold coordinated in glasses. Meanwhile, Ca is 8-fold coordinated in
crystalline diopside but Ca(V), Ca(VI) and Ca(VII) species can also be present in the
more disordered structures. This reflects the smaller size of Mg versus Ca and the

significant intermixing of Ca?* and Mg?" ions in the glass network.

A Mg-O coordination number of ﬁlc\)/[g = 4.40(4) was found for CaMgSisOg in the present
diffraction work. The Ca-O coordination number obtained from XRD is 12, = 5.01(13)
for the isotopic glass and ﬁga = 5.06(12) for the natural glass. The errors on ﬁga take
into account the overlap between the nearest neighbor Ca-O and O-O correlations.
The coordination environment of magnesium tells us that it acts as a network modifier.
Calcium also plays the role of a network modifier, having polyhedral Ca sites in the

glass network.

Therefore, the ND and XRD results for the isotopic and natural diopside glass are
consistent with network structures within tetrahedral SiO4 units where Ca and Mg

reside in a sub-octahedral coordination environments.

It would be helpful to have molecular dynamic simulations on both glasses to help
interpret the network connectivity. An interesting next step would be to analyse iso-
topic and natural CaMgSioOg at higher pressures in similar conditions to where the
mineral diopside is found in the Earth’s mantle. Another suggestion for further work is
investigating a various range of compositions along the CaSiO3-MgSiO3 joint to deeply
understand the role of Ca?T and Mg?*. Diffraction techniques such as NDIS are im-
portant to isolate Mg-O and prevent overlap between Mg-O and Ca-O correlations for

studying these different compositions.
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The NASICON system
Nal+xA.lee2_x(PO4)3

7.1 Introduction

The mechanisms and kinetics of crystal nucleation in glass-forming systems are vital
for understanding the glass-forming ability of super-cooled liquids and the stability of
glass against unwanted crystallization during fabrication or use. An example of these
materials is the NASICON (Na Super Ionic Conductor) family which are known to
have high ionic conductivity. The molecular formula of a NASICON is A;M2(XOy4)3
where A is a monovalent cation (Na®, Lit, K*), M is a tetravalent cation such as Ti**
or Ge*t and X can either be P°* or Si**. The NASICON structure can be described
as an arrangement of MOg octahedra linked by corners to XOy4 tetrahedra. There is
therefore, a three dimensional Ms(XO,)3 arrangement with channels where A ions can

easily move leading to very high ionic conductivities.

An example of these NASICON materials is the crystalline NaGea(POy)s3, where a
negatively charged 3D framework of corner-sharing tetrahedral PO4 and octahedral
GeOg units (Figure 7-1) forms cavities in which the Na™ ions reside [217]. It becomes
fast ion conducting when a proportion of the Ge** cations are aliovalently substituted
by AI’*, and additional Nat enters interstitial sites to compensate for the charge
deficit [218].

The initial work on the NASICON materials focused on pressed powders. However, it
was discovered that they can also be prepared via the glass-ceramic route giving the

significant advantage of moldable bulk materials [219]. The lithium analogues of these
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materials nucleate internally and have already found commercial usage as separator

membranes in lithium-air batteries and related systems [220-222].

Nucleation in the glass forming system can occur on the glass surface or internally.
The control of nucleation to create a uniform distribution of crystallites of controllable
size and shape throughout the bulk material is important for the production of glass
ceramics that have uses ranging from cookwares to missile nose-cones [223]. For glass-
forming silicates that show internal nucleation, macroscopic material properties such as
the density, configurational entropy and frozen-in birefringence, suggest that the glass
structure has a close resemblance to the phase formed on crystallization. The structure
of Naj;,Ges_AlL(POy)s materials (NAGP) with =0, 0.4 or 0.8 was investigated
using high real-space resolution neutron (ND) and X-ray diffraction (XRD). The aim
was to understand the structural relationship between an ion-conducting glass ceramic
and its precursor glass and to monitor the structural rearrangements that occur due
to heat treatment near the glass transition temperature, Ty. The x = 0 composition
will provide a reference for the Ge coordination. The z = 0.4 and 0.8 glasses will give
information on how the local environment of Ge changes in the glassy precursor as Ge is
replaced by Al and Na. Fast-sodium ion conductivity occurs in the crystalline materials
with x=0.4 and 0.8 and originates from the incorporation of additional sodium ions
into interstitial sites, as AI3* replaces Ge?* within the lattice. These solid electrolyte
materials are best prepared by the glass-ceramics route, which indicates an internal

nucleation mechanism [218,224].

7.2 Experiment

7.2.1 Sample Preparation

The Naj;,Al,Ges_,(POy)s glasses were made by mixing powders of NagCOg3 (Vetec,
99.5%), GeOy (Aldrich, 99.9%), Al,O3 (Aldrich, 99.9%) and NoHoPO4 (Aldrich, 98%).
The samples were first heated in a platinum crucible at 400 °C and 700 °C for 2 h and
4 h, respectively so NagCOs and (NH4)oHPO4 will decompose. Then the temperature
was raised to 1200 °C for 30 min to allow the complete melting. After being taken from
the furnace, the melts were splat-cooled between stainless steel plates. The glasses were
then broken and remelted for an additional 30 min at 1200 °C for better homogenization
[218]. For each composition, part of the glass was kept in its as-prepared condition,
part was annealed at a thermal treatment temperature Tpt near to T}, for a time chosen
to relax the glass structure while minimizing the formation of crystallites, and part was

annealed at Tt for a time chosen to fully crystallize the material.
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Figure 7-1: The R3-type for the NaGey(POy)3 crystal structure. The GeOg octahedra
and POy tetrahedra are shown bottom left and the sodium centered polyhedra are
shown on the right. The positions of the different sodium centered polyhedra in the
unit cell are shown in the center [225].
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x  NagO [mol%] AlyO3 [mol%] GeOs [mol%] P205 [mol%)]

0 12.5 0.0 50.0 37.5
0.4 17.5 5.0 40.0 37.5
0.8 22.5 10.0 30.0 37.5

Table 7.1: Concentration of NaoO, AlsO3, GeOy and P3O5 for the NAGP materials
with =0, z = 0.4 and x = 0.8.

e Ty [K] plg/em®]  ng[A~?
0 881(2) 3.2619(5) 0.07802(1)
0.4 845(2) 3.1006(5) 0.07736(1)
0.8 813(2) 2.9634(8) 0.07712(2)

Table 7.2: Parameters describing the glass transition temperature Ty, mass density
p and corresponding number density ng for the as-prepared Naji,Al,Ges_;(POy)3
glasses.

For the x = 0 composition, two additional parts of the as-prepared glass were taken
for further investigation. One part was annealed at Tt = 873 K for ¢ = 0.25 h, and
the other part was annealed at T = 876 K for £ = 0.25 h and ¢ = 0.5 h. For the
composition x = 0.4, one part of the as-prepared glass was annealed at Tpp = 835 K
for t =2 h and t = 4 h. The other part was annealed at Trpp = 845 K for t = 2 h and
t = 4 h. For the composition x = 0.8 one part of the as-prepared glass was annealed
at Trr = 810 K for ¢t = 20 h and the other part was annealed at T = 808 K for ¢t =
30 h.

The glass transition temperature T, and crystallization temperatures 7}, were mea-
sured for ~20 mg monolithic samples using a differential scanning calorimeter (Netzsch
DSC404) with a heating rate of 10 K/min. The mass densities of the as-prepared and
annealed glasses was measured using a Quantachrome 1200e pycnometer operated with
He gas. The density of the crystals was taken from the powder diffraction work [225].
Parameters describing the samples and their thermal history are listed in Tables 7.2,
7.3 and 7.4.
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r tays [0 plg/em®] no [A7?] T [K]

0 17 3.659 0.08752 >1523
0.4 17 3.513 0.08753  1458(3)
0.8 95 3.385 0.08809  1362(3)

Table 7.3: Thermal treatment time ¢..,s used to crystallize the as-prepared glass, mass
density p and corresponding number density ng of the crystalline phase and melting
point temperature Ty,q;. Densities were determined by crystallography.

v Ty K] Trr K] tamea [h] Ty [K]  plg/cm®]  ng [A7]

873(1) 0.25 3.3073(8)  0.07911(2)
0 926(2) 876(1) 0.25  886(2) 3.3044(9)  0.07904(2)
876(1) 0.5 3.3383(10)  0.07985(2)
835(1) 2 3.1640(10) 0.07894(2)
835(1) 4 3.1635(7)  0.07895(2)
04905(2)  g4501) 2 1C) 3 1408(6)  0.07859(2)
845(1) 4 3.1515(17)  0.07865(4)
808(1) 30 3.0098(6) 0.07833(2)
08 896(2)  g001) 20 B102) 5 0081(7)  0.07828(2)

Table 7.4: Crystallization temperature T, and thermal treatment temperature Trpr,
time fanneal Used to prepare the annealed glass from the as-prepared glass, glass tran-
sition temperature Ty, mass density p and corresponding number density ng for the
annealed NAGP glasses.
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7.2.2 D4c Experiment

A neutron diffraction experiment was carried out using the D4c diffractometer at
the Institut Laue-Langevin in Grenoble with an incident neutron wavelength of A =
0.4955(1) A. The powdered glasses were held in a cylindrical vanadium container of
inner diameter 6.8 mm and wall thickness 0.1 mm. Diffraction patterns were measured
at room temperature (~ 298K) for each sample, an empty can, the empty instrument

and a cylindrical vanadium rod of diameter 6.08 mm for normalization purposes.

A diffraction pattern was also measured for a slab of neutron absorbing °B,4C in order
to estimate the effect of the sample’s attenuation on the background count rate at small
scattering angles. The counting times for the empty container and the sample in the
container were optimized to decrease the statistical error on the container-corrected
intensity [101].

7.2.3 6-ID-D Experiment

The high energy X-ray diffraction experiment on Naj,Al,Ges_,(POy4)s was done at
room temperature using the 6-ID-D diffractometer at the APS. The photon energy of
the square incident beam was 80.02 keV, corresponding to a wavelength of 0.155 A.
The ground glasses were loaded into kapton polyimide tubes of 1.80(1) mm internal
diameter and 0.051(6) mm wall thickness.

The scattered X-rays were detected using a Varex 4343CT amorphous silicon flat panel
detector which was placed at a distance of 271.93(6) mm from the sample position
as deduced from the diffraction pattern measured for crystalline CeOs. Diffraction
patterns were measured for each sample in its capillary, an empty capillary and the
empty instrument. The data were converted to one-dimensional diffraction patterns
using FIT2D [84]. The program PDFgetX2 [85] was used for corrections for background

scattering, beam polarization, attenuation and Compton scattering.
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7.3 Results

Figures 7-2, 7-3 and 7-4 show the differences in weighting factors between X-rays and
neutrons for the compositions z = 0, x = 0.4 and z = 0.8. From the graph bars it is
inferred that correlations involving Ge will be more perceptive to X-rays whereas O-O

correlations are more sensitive to neutrons.

The crystalline NAGP samples were previously studied by NMR. and Rietveld refine-
ment [218,225] and the results are shown in figures 7-5 and listed in table 7.5. 27Al
MAS NMR experiments on the as-prepared and annealed glasses showed that Al exists
in a mixture of AlO4, AlO5 and AlOg (Figure 7-5). For the crystalline NAGP the
NMR results show a predominant presence of AlOg sites. For the annealed glasses with
x = 0.4 and x = 0.8, there was no significant change on the AlO coordination environ-
ment when the time of annealing increased. The structure factors, S(Q), measured by
neutron and X-ray diffraction are shown in figures 7-6, 7-7, 7-8, 7-15 and 7-16. For the
annealed glasses, the XRD patterns indicate a small amount of crystalline material for
the z = 0 and x = 0.8 samples that is not observed using ND. This may originate from

the differences between the () space resolution of the diffractometers.

Figures 7-19, 7-20 and 7-21 show the D(r) functions for the crystalline NAGP with
x =0, x =04 and x = 0.8, respectively. For the composition x = 0, the first peak
at 1.52 A and the second peak at 1.86 A originate from P-O and Ge-O correlations,
respectively and the third peak has contributions from Na-O and O-O correlations. A
single peak was used to represent the P-O correlations. A single peak was also used
to represent the Ge-O correlations in the ND work, whereas two peaks were used to
represent these correlations in the XRD work because of the large atomic number of Ge
(Z = 32) which makes the results particularly sensitive to the germanium coordination
environment. For the Na-O correlations, a single peak was fitted with the coordination
number fixed to the value found from crystallography [225]. Two peaks were fitted
for the O-O correlations because each BO is shared between a POy tetrahedron and
a GeOg octahedron. The coordination numbers were fixed at ﬁ8 = 3 and ﬁ8 =4

according to crystallography.

For the as-prepared glass, the ND and XRD data sets were fitted using two Gaussian
peaks to represent P-O correlations and one Gaussian peak to represent Ge-O correla-
tions. Additional peaks at larger r (Na-O and O-O correlations) were used to constrain
the fits at lower r and coordination numbers were fixed according to crystallography.
The results gave a P-O coordination number ﬁg ~ 4 and an average Ge-O coordination

number ﬁge ~ 5, smaller than the value 6 found from the crystalline phase.
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Figure 7-2: The weighting factors wqs(Q) of the partial pair distribution functions
for the neutron diffraction (ND) versus X-ray diffraction (XRD) experiments on the
NAGP glasses with x = 0. The X-ray values were calculated for Q) = 0.
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Figure 7-3: The weighting factors wag(Q) of the partial pair distribution functions
for the neutron diffraction (ND) versus X-ray diffraction (XRD) experiments on the
NAGP glasses with x = 0.4. The X-ray values were calculated for Q) = 0.



232 CHAPTER 7. THE NASICON SYSTEM NA1;xALxGEy_x(POy)s3

0.4r
031 i
S
5 0.2 :
0.1 _
0 S & "
QIO INS '2» > QA R A o2

Palr correlation

Figure 7-4: The weighting factors wqs(Q) of the partial pair distribution functions
for the neutron diffraction (ND) versus X-ray diffraction (XRD) experiments on the
NAGP glasses with x = 0.8. The X-ray values were calculated for ¢Q = 0.
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z  Condition Trr [K] t[h] AlIV) [%] Al(V) [%] ALVD) [%] 7%

as-prepared - - 37.2 39.8 23.0 4.86(6)
annealed 835(1) 2 33 33 34 5.01(6)

0.4  annealed 835(1) 4 34 33 33 4.99(6)
annealed 845(1) 2 32.9 37.9 27.7 4.96(6)
annealed 845(1) 4 34 32 34 5.00(6)
crystal - - 2.5 11.5 86.1 5.84(8)
as-prepared - - 39.6 35.7 24.3 4.85(6)

0.8 annealed  810(1) 20 36.4 33.0 30.6  4.94(6)
annealed  808(1) 30 36 32 32 4.96(6)
crystal - ; 10.5 6.4 831  5.73(8)

Table 7.5: The Al speciation in NAGP with z = 0.4 and 2 = 0.8 found from 27 Al MAS
NMR experiments. The mean Al-O coordination number is also given. The error on the
fraction of Al in a fourfold, fivefold or sixfold coordination environment is +2% [225].

The fits of the as-prepared glasses were used as starting parameters for fitting the
annealed glasses. The results do not show a change in ﬁg, but ﬁge increased. It was
not possible to see a significant change in Ge-O coordination number with different

time or temperature of annealing between the annealed glasses with same composition.

For the compositions with > 0 the Dy(r) and Dx(r) functions for crystalline and
glassy NAGP are shown in figures 7-12, 7-13, 7-14, 7-19, 7-20 and 7-21. The first peak
at ~ 1.52 A is attributed to P-O correlations but the second peak at ~ 1.86 A will
have contributions both from Ge-O and Al-O. The parameters describing the Gaussian
peaks for the Al-O correlations were constrained using the information obtained from
2TA]1 MAS NMR. The third peak was treated in the same way as for the crystalline
NAGP with x = 0, i.e, two O-O peaks set to ﬁ8 = 3 and 7° = 4 found from Rietveld

refinements [225].

In the D(r) fits for the glassy materials, three Gaussian peaks were used to represent Al-
O correlations for 4-, 5- and 6-fold coordinated aluminium atoms. The peak positions
for 4- and 5-fold coordinated aluminium atoms were set to 1.76 A and 1.84 A, respec-
tively, which are the Al-O bond lengths calculated using the bond valence method [226].
The position of the peak for sixfold coordinated aluminium atoms was set to the av-
erage Al-O bond length of 1.86 A found from the X-rays. The width of the Gaussian
peak describing AlO4 units was set to 0.05 A which is a typical value for AlO4 units in
alumino-phosphate glasses [227] and the width of the Gaussian peak describing AlOg
units was set to 0.07 A. The width of the Gaussian peak describing AlO5 units was set

in between these values to 0.06 A.
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Figure 7-5: The single-pulse 27 Al MAS NMR spectra (black curves) measured for (a)
as-prepared glassy, (b) annealed glassy and (c) crystalline NAGP with (I) = 0.4 or
(IT) x = 0.8. The Czjzek fits to the spectral components are given for AI(IV) (blue),
AL(V) (green) and Al(VI) (magenta). The sum of the fitted functions is given by the
red curve.
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x Condition Qrspp Qrp Q3 Qmax
as-prepared 1.806(1) 3.135(1) 5.326(2) 23.40

annelead at 873 K for 0.25 h  1.803(1) 3.143(1) 5.341(2) 22.95

0  annealed at 876 K for 0.25h  1.836(1) 3.145(1) 5.337(2) 23.60
annealed at 876 K for 0.5h  1.783(1) 3.176(1) 5.398(2) 23.70
as-prepared 1.818(1) 3.076(1) 5.335(2) 23.10

annealed at 835 K for 2h 1.851(1) 3.088(1) 5.341(2) 22.80

0.4  annealed at 835 K for 4h 1.849(1) 3.097(1) 5.337(2) 23.15
annealed at 845 K for 2h  1.857(1) 3.075(1) 5.407(2) 22.95
annealed at 845 K for 4 1.804(1) 3.131(1) 5.324(2) 23.70
as-prepared 1.843(1) 3.03(1) 5.343(2) 22.90

0.8  annealed at 810 K for 20h  1.860(1) 3.053(1) 5.342(2) 23.60
annealed at 808 K for 30h  1.848(1) 3.055(1) 5.322(2) 23.25

Table 7.6: The positions (in A=1) of the first three peaks Qpspp, @pp and Q3 in the
Sn(Q) functions. Also given are the Quax values used for the Fourier transformation.

7.3.1 Neutron Difraction

The positions of the first three peaks in the Sy (Q) functions are listed in table 7.6 and
the weighting factors for the partial pair distribution functions gpo(r), ga10(7), 9geo (),
9gNao(r) and goo(r) are given in table 7.7. For the annealed glasses with z = 0.4 and
x = 0.8, the differences in the Sy (Q) functions are very small when the annealing time
is increased (maintaining the same T'rr) and the coordination environment of Ge-O

showed differences ~ 10%.

The total pair distribution functions Dy (7) are shown in figures 7-9, 7-10 and 7-11. The
first two peaks in Dy (r) correspond to P-O, Al-O and Ge-O correlations. Although
Na-O correlations are expected at 7 &~ 2.5 A, the large neutron scattering length and
atomic concentration of O in NAGP makes the O-O correlations dominate the third
peak. The Dy(r) fits are shown in figures 7-12, 7-13 and 7-14. Their respective fitted
parameters are listed in tables 7.8, 7.9, 7.10 and 7.11.

For the as-prepared glasses, the results give a coordination number of ﬁg = 4.00(3)
and 78 = 4.01(3) for = 0.4 and = = 0.8, respectively. For > 0, a reduction in the
average Ge-O coordination number is observed as more aluminium is added to the glass
structure. The coordination environment of Ge is n8, = 4.94(5) and 79, = 4.64(5) for
the compositions z = 0.4 and x = 0.8, respectively. The results do not show a change
in the coordination environment of phosphorous. However, for the annealed glasses,

the coordination number of Ge increases relative to the as-prepared glass.
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wpo WAIO WGeO WNaO wWoo G(0)
0 0.19432(10) i 0.20669(4) 0.04583(2) 0.4396(3) -0.3405(4)
0.4 0.19596(10) 0.0175667(7) 0.16675(3) 0.06471(4) 0.4433(3) -0.3231(4)
0.8 0.19763(10) 0.035433(3) 0.12613(2) 0.08391(6) 0.4471(3) -0.3069(4)

Table 7.7: The weighting factors (in barn) for the partial pair distribution functions of
the NAGP glasses used in the Dy(r) fits.
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Figure 7-6: Sy (Q) functions for the as-prepared (blue) and annealed (black and red)
NAGP glasses with x = 0. For the glasses annealed for ¢ = 0.25 h, the black solid
curve (underneath) corresponds to Trr = 873 K and the red solid curve corresponds
to Trpp = 876 K. The error bars are smaller than the line thickness at most () values.
The curves are offset vertically for clarity of presentation.
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Figure 7-7: Sy (Q) functions for the as-prepared (blue) and annealed (black and red
curves) NAGP glasses with z = 0.4. For the glasses annealed at Ty = 835 K and
Trr = 845 K, the black solid curves (underneath) corresponds to an annealing time
of t = 2 h and the red solid curves corresponds to an annealing time of ¢t = 4 h. The
error bars are smaller than the line thickness at most @) values. The curves are offset
vertically for clarity of presentation.
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Figure 7-8: Sy(Q) functions for the as-prepared (blue) and annealed (black and red)
NAGP glasses with z = 0.8. For the annealed glasses, the black solid curve (under-
neath) corresponds to an annealing time of ¢ = 20 h. The red solid curve represents
the glass annealed for t = 30 h. The error bars are smaller than the line thickness at
most () values. The curves are offset vertically for clarity of presentation.
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Figure 7-9: Dy (r) functions for the as-prepared (blue) and annealed (red and black)
NAGP glasses with « = 0. For the glasses annealed for ¢t = 0.25 h, the black solid
curve (underneath) corresponds to Trr = 873 K and the red solid curve corresponds
to Trr = 876 K. The curves were obtained by Fourier transforming the corresponding
reciprocal data shown in Figure 7-6 after spline fitting. The curves are offset vertically
for clarity of presentation.
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Trr =83 K

as-prepared

Figure 7-10: Dy (r) functions for the as-prepared (blue) and annealed (red and black)
NAGP glasses with x = 0.4. For the glasses annealed at Tpr = 835 K and Tpr = 845 K,
the black solid curves (underneath) corresponds to an annealing time of ¢ = 2 h and
the red solid curves corresponds to an annealing time of ¢ = 4 h. The curves were
obtained by Fourier transforming the corresponding reciprocal data shown in Figure
7-7 after spline fitting. The curves are offset vertically for clarity of presentation.
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Figure 7-11: Dy (r) functions for the as-prepared (blue) and annealed (red and black)
NAGP glasses with z = 0.8. For the annealed glasses, the black solid curve (under-
neath) corresponds to the glass annealed for ¢t = 20 h. The red solid curve represents
the glass annealed for t = 30 h. The curves were obtained by Fourier transforming the
corresponding reciprocal data shown in Figure 7-8 after spline fitting. The curves are
offset vertically for clarity of presentation.
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Sample Trr [K] t[h] Atom pair 745 [A]  0ap [A] n R, [%]

P-O 1.501(4) 0.021(5) 2.01(2)

P-O 1.587(5) 0.081(5) 1.99(2)

P-O (sum) 4.00(3)

As-prepared - - GeO 1.823(5) 0.092(6) 5.12(5)  3.25

Na-O 2.433%  0.300(9) 6*

0-0 2.507(5) 0.081(5) 3*

0-0 2.644(5) 0.150(8) 3.02(8)

P-O 1.507(4)  0.025(5) 2.01(2)

P-O 1.578(5)  0.089(6) 1.99(2)

P-O (sum) 4.00(3)
Anmnealed 873 025 Ge-O 1.820(5) 0.092(6) 5.18(5)  3.57

Na-O 2.433%  0.300(9) 6*

0-0 2.507(5) 0.082(6) 3*

0-0 2.644(5) 0.150(8) 3.16(8)

P-O 1.498(4)  0.022(5) 2.00(2)

P-O 1.584(5)  0.069(6) 1.99(2)

P-O (sum) 3.99(3)
Anmnealed 876 0.25 Ge-O 1.831(5) 0.089(6) 5.09(5) 2.81

Na-O 2.433%  0.300(9) 6*

0-0 2.507(5) 0.086(6) 3*

0-0 2.635(5) 0.150(8) 3.15(8)

P-O 1.491(4)  0.010(5) 2.00(2)

P-O 1.588(5)  0.054(6) 1.99(2)

P-O (sum) 3.99(3)
Annealed 876 0.5 Ge-O 1.835(5) 0.086(6) 5.21(5) 2.32

Na-O 2.433%  0.279(9) 6*

0-0 2.500(5) 0.083(6) 3*

0-0 2.635(5) 0.129(8) 3.05(8)

Table 7.8: Parameters obtained from Gaussian peak fits to the Dy (r) functions for the
as-prepared and annealed NAGP glasses with x = 0. The fixed parameters are denoted
by an *. R, is given for the range 1.20-2.70 A. The fitted functions are shown in Figure

7-12.
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annealed 0.5h Ty = 876 K

1 1.5 2 2,5 3 3:5

Figure 7-12: The fitted Dy (r) functions for the as-prepared and annealed NAGP glasses
with = 0. The red circles are the data, the blue solid curves are the fits and the
other curves show the contribution from the P-O (green), Ge-O (black), Al-O (yellow),
Na-O (magenta) and O-O (cyan) correlations. The displaced black solid curve gives
the residual (fit subtracted from the measured data). The Na-O and O-O correlations
are introduced to constrain the peaks fitted at smaller r values. The curves are offset
vertically for clarity of presentation.
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Figure 7-13: The fitted Dy (r) functions for the as-prepared and annealed NAGP glasses
with x = 0.4. The red circles are the data, the blue solid curves are the fits and the
other curves show the contribution from the P-O (green), Ge-O (black), Al-O (yellow),
Na-O (magenta) and O-O (cyan) correlations. The displaced black solid curve gives
the residual (fit subtracted from the measured data). The Na-O and O-O correlations
are introduced to constrain the peaks fitted at smaller r values. The curves are offset
vertically for clarity of presentation.
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annealed 30h Tt = 808 K

Figure 7-14: The fitted Dy (r) functions for the as-prepared and annealed NAGP glasses
with x = 0.8. The red circles are the data, the blue solid curves are the fits and the
other curves show the contribution from the P-O (green), Ge-O (black), Al-O (yellow),
Na-O (magenta) and O-O (cyan) correlations. The displaced black solid curve gives
the residual (fit subtracted from the measured data). The Na-O and O-O correlations
are introduced to constrain the peaks fitted at small » values. The curves are offset
vertically for clarity of presentation.
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Atom pair  7a5 [A]  oup [A]  7a R, [%)]
P-O 1.494(4)  0.025(5) 2.00(2)

P-O 1.587(5)  0.064(6) 2.00(2)

P-O (sum) 4.00(3)

Ge-0 1.820(5) 0.094(6) 4.94(5)

Al-O 1.76* 0.05* 1.488*  0.375
Al-O 1.84* 0.06* 1.99%

Al-O 1.86* 0.07* 1.38*

Al-O (sum) 4.86

Na-O 2.436%  0.282(9) 6.61%

0-0 2.503(5) 0.080(6) 3*

0-0 2.686(5) 0.158(8) 3.30(8)

Table 7.9: Parameters obtained from Gaussian peak fits to the Dy (r) functions for the
as-prepared glass with = 0.4. The fixed parameters are denoted by an *. R, is given
for the range 1.20-2.70 A. The fitted function is shown in Figure 7-13.
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Sample Trp [K] t[h] Atom pair reg [A] ous [A]  #S Ry [%]

P-O 1.491(4) 0.020(5) 2.01(2)
P-O 1.590(5) 0.057(6) 2.01(2)
P-O (sum) 4.02(3)
Ge-O 1.831(5) 0.090(6) 4.97(5)
* * *
Annealed 835 2 ﬁi:g };i* 882* izg* 0.665
Al-O 1.86%* 0.07* 2.04*
Na-O 2.436%  0.262(9) 6.61*
0-0 2.504(5) 0.079(6) 3*
0-0 2.700(5) 0.161(8) 3.64(8)
P-O 1.509(4) 0.024(5) 2.00(2)
P-O 1.571(5) 0.088(6) 2.00(2)
P-O (sum) 4.00(3)
Ge-O 1.830(5) 0.096(6) 5.11(5)
Al-O 1.76* 0.05* 1.36*
Annealed 835 4 ALO 1.84% 0.06* 165 0.478
Al-O 1.86%* 0.07* 1.98%*
Na-O 2.436%  0.255(9) 6.61*
0-0 2.506(5) 0.081(6) 3*
0-0 2.698(5) 0.171(8) 3.73(8)
P-O 1.490(4) 0.012(5) 2.00(2)
P-O 1.591(5) 0.052(6) 2.00(2)
P-O (sum) 4.00(3)
Ge-O 1.829(5) 0.091(6) 5.05(5)
Al-O 1.76* 0.05* 1.316%*
Annealed 845 2 ALO 1.84% 0.06% 1.895% 0.377
Al-O 1.86* 0.07* 1.752%*
Na-O 2.436* 0.255(9) 6.61%*
0-0 2.502(5) 0.079(6) 3*
0-0 2.680(5) 0.146(8) 3.26(8)
P-O 1.495(4) 0.020(5) 2.01(2)
P-O 1.590(4)  0.068(6) 2.01(2)
P-O (sum) 4.02(3)
Ge-O 1.831(5) 0.093(6) 4.99(5)
Al-O 1.76* 0.05* 1.36*
Annealed 845 4 ALO 1.84% 0.06% 1.60% 0.955
Al-O 1.86* 0.07* 2.04*
Na-O 2.436%  0.229(9) 6.61*
0-0 2.505(5) 0.079(6) 3*
0-0 2.701(5) 0.155(8) 3.43(8)

Table 7.10: Parameters obtained from Gaussian peak fits to the Dy (r) functions mea-
sured for the annealed NAGP glasses with z = 0.4. The fixed parameters are denoted
by an *. R, is given for the range 1.20-2.70 A. The fitted functions are shown in Figure
7-13.
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Sample Trr [K] t[h]  Atom pair 745 [A]  oag [A] no R, [%]

P-O 1.486(4) 0.010(7) 2.01(2)
P-O 1.594(5)  0.045(7) 2.00(2)
P-O (sum) 4.01(3)
Ge-0 1.818(5)  0.096(6) 4.64(5)
Al-O 1.76* 0.05* 1.584*
As-prepared - - Al-O 1.84%* 0.06* 1.785*%  0.517
Al-O 1.86* 0.07* 1.482%*
Al-O (sum) 4.85
Na-O 2.467%  0.300(9) 6.85%
0-0 2.503(5) 0.080(7) 3*
0-0 2.701(5) 0.165(8) 3.15(8)
P-O 1.490(4) 0.010(7) 2.01(2)
P-O 1.590(5)  0.053(7) 2.01(2)
P-O (sum) 4.02(3)
Ge-0 1.828(5)  0.098(6) 4.97(5)
Al-O 1.76* 0.05* 1.456*
Annealed 810 20  Al-O 1.84%* 0.06* 1.65% 0.460
Al-O 1.86* 0.07* 1.836%*
Al-O (sum) 4.94
Na-O 2.467%  0.220(9) 6.85%
0-0 2.503(5) 0.079(7) 3*
0-0 2.702(5) 0.147(8) 2.97(8)
P-O 1.494(4)  0.024(7) 2.01(2)
P-O 1.585(5)  0.059(7) 1.98(2)
P-O (sum) 3.99(3)
Ge-O 1.828(5) 0.101(6) 5.02(5)
Al-O 1.76%* 0.05* 1.44%*
Annealed 808 30 Al-O 1.84%* 0.06* 1.60%* 1.171
Al-O 1.86* 0.07* 1.92%
Al-O (sum) 4.96
Na-O 2.467%  0.220(9) 6.85*
0-0 2.505(5) 0.081(7) 3*
0-0 2.702(5)  0.159(8) 3.07(8)

Table 7.11: Parameters obtained from Gaussian peak fits to the Dy (r) functions mea-
sured for the as-prepared and annealed NAGP glasses with = 0.8. The fixed param-
eters are denoted by an *. R, is given for the range 1.20-2.70 A. The fitted functions
are shown in Figure 7-14.
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7.3.2 X-ray Difraction

T Qrspp [A7Y Qprp [A7Y] Q3 [A7Y  Qumax [A7Y]

0

1.945(1) 4.434(2) 6.550(3) 24.24
as-prepared

1.934(1) 4.42(2) 6.497(3) 24.18
annealed

; - - 24.98
crystal
0.4

2.038(1) 4.444(2) 6.479(3) 23.92
as-prepared

2.088(1) 4.418(2) 6.467(3) 24.34
annealed

- - - 23.54
crystal
0.8

2.088(1) 4.449(2)  6.443(3) 23.86
2.142(1) 4.425(2)  6.443(3) 24.10
] ; - 24.14

as-prepared
annealed

crystal

Table 7.12: The positions of the first three peaks Qrspp, Qprp and @3 in the Sx(Q)
functions. Also given are the Quax values used in the Fourier transformation. The

annealed glasses corresponds to t = 0.25 h at Ty = 873 K for x = 0; t = 2 h at
Tr1 = 845 K for x = 0.4; and t = 20 h at Tpp = 810 K for x = 0.8.

The positions of the first three peaks in the Sx(Q) functions are listed in table 7.12.
As in the neutrons, the Sx (Q) functions for the glassy materials show a peak at ~ 0.85
A~1) which indicates ordering on a length scale of 27/Q = 7.4 A [100]. The total
pair distribution functions Dy (r) for the crystalline and glassy materials are shown in
figures 7-17 and 7-18, respectively. The Dx(r) fits are shown in figures 7-19, 7-20 and
7-21. Their respective fitted parameters are listed in tables 7.13, 7.14 and 7.15.

The fitted Dx(r) function for the crystalline material with x = 0 gave n8 = 3.88(4)
and 10, = 5.90(4). The P-O coordination number found from fitting is smaller than
the value 78 = 4 expected from *'P MAS NMR and Rietveld refinement [225] but
according to diffraction analyses on phosphate materials [227-229] a P-O coordination
number smaller than 4 is typical. A possible explanation for this observation is the Q
space resolution of the diffractometer [230,231]. However, the inclusion of a second peak
increases the P-O coordination number to 4, which suggests a broader distribution of
P-O distances than found by fitting a single peak. The Ge-O distances of 1.847(1) and
1.871(1) A are in agreement with the short and long average Rietveld Ge-O distances
of 1.841 A and 1.873 A, respectively.
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For the compositions with 2 > 0 the P-O coordination numbers are 3.85(3) and 3.91(3)
for ¥ = 0.4 and @ = 0.8, respectively. The A8, obtained were 5.97(2) and 5.97(4) for
x = 0.4 and = = 0.8, respectively. The Ge-O coordination number is consistent with
the powder diffraction value ﬁge = 6. The P-O coordination number remain relatively

constant for the glassy NAGP but the ﬁge reduced in these disordered structures.
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Figure 7-15: The total structure factors Sx(Q) for crystalline NAGP with z = 0, 0.4
and 0.8. The vertical error bars are smaller than the line thickness at most ) values.
The curves are offset vertically for clarity of presentation.
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Figure 7-16: The total structure factors Sx(Q) for the as-prepared (blue) versus an-
nealed (red) NAGP glasses with z = 0, 0.4 and 0.8. The annealed glasses correspond
tot =0.25 h at Tppr = 873 K for the composition x = 0; t = 2 h at T = 845 K for the
composition z = 0.4; and ¢t = 20 h at Tpr = 810 K for the composition z = 0.8. The
vertical error bars are smaller than the line thickness at most () values. The curves are
offset vertically for clarity of presentation.
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Figure 7-17: Total pair distribution functions Dx(r) for the NAGP crystals. The blue
curves were obtained by Fourier transforming the corresponding reciprocal data shown
in Figure 7-15. The curves are offset vertically for clarity of presentation.
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Figure 7-18: Total pair distribution functions Dx(r) for the as-prepared (blue) and
annealed NAGP glasses (red). The curves were obtained by Fourier transforming the
corresponding reciprocal data shown in Figure 7-16. The curves are offset vertically
for clarity of presentation.
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x  Atom pair  r.p [A]  oas [A] il R, (%]

P-O 1.526(1) 0.037(2) 1.94(3)
P-O 1.538(2)  0.073(2) 1.94(2)
P-O (sum) 3.88(4)
Ge-0 1.847(1)  0.049(1) 2.95(3)
0 GeO 1.871(1) 0.074(1) 2.95(3)  2.95
Ge-O(sum) 5.90(4)
Na-O 2.310(1) 0.139(8) 6*
0-0 2.459(2) 0.076(2) 3*
0-0 2.607(2) 0.091(2) 4*
P-O 1.527(1)  0.026(1) 1.92(2)
P-O 1.530(1)  0.069(1) 1.93(2)
P-O (sum) 3.85(3)
Ge-O 1.845(1)  0.049(1) 2.98(1)
oy Ge0 L8S0(1) 0.078(1) 290(1)
Ge-O (sum) 5.97(2)
ALO 1.86%  0.091(3) 6*
Na-O 2.320(1) 0.122(2) 6.61*
0-0 2.466(1) 0.071(1) 3*
0-0 2.616(1) 0.074(1) 4*
P-O 1.521(1)  0.048(1) 1.96(2)
P-O 1.539(1)  0.055(1) 1.95(2)
P-O (sum) 3.91(3)
Ge-O 1.832(1)  0.068(1) 3.00(3)
(g GeO L8O0(1)  0.080(1) 2.97(3) o
Ge-O (sum) 5.97(4)
ALO 1.86%  0.097(3) 6*
Na-O 2.338(3) 0.128(3) 6.85*
0-0 2.493(1) 0.056(1) 3*
0-0 2.661(1) 0.086(1) 4*

Table 7.13: Parameters obtained from Gaussian peak fits to the Dx (r) functions mea-
sured for crystalline NAGP. The fixed parameters are denoted by an *. R, is given
for the range 1.30-2.70 A. The fitted functions are shown in Figures 7-19 (z = 0), 7-20
(x =0.4) and 7-21 (x = 0.8).
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x  Atom pair 7.5 [A] 0 [A] i Ry (%]

P-O 1.522(1)  0.043(1) 1.96(2)
P-O 1.560(3) 0.104(2) 1.96(3)
P-O (sum) 3.92(4)
0 GeO 1.825(1) 0.089(1) 4.98(2)  4.10
Na-O 2.310(1) 0.067(2) 6*
0-0 2.459(2) 0.139(8) 3*
0-0 2.607(2) 0.076(2) 4*
P-O 1.520(2) 0.067(2) 1.97(3)
P-O 1.548(2)  0.074(2) 2.02(3)
P-O (sum) 3.99(4)
Ge-O 1.825(1)  0.088(1) 4.86(3)
Al-O 1.76* 0.05* 1.488*
04 Al-O 1.84%* 0.06* 1.99% 4.88
Al-O 1.86* 0.07* 1.38%*
Al-O (sum) 4.86
Na-O 2.329(1) 0.091(3) 6.61*
0-0 2.466(1) 0.122(2) 3*
0-0 2.616(1) 0.071(1) 4*
P-O 1.516(1) 0.054(1) 1.95(1)
P-O 1.560(1)  0.080(1) 1.95(2)
P-O (sum) 3.90(2)
Ge-O 1.824(1)  0.094(1) 4.72(2)
Al-O 1.76* 0.05%* 1.584*
0.8 Al-O 1.84%* 0.06* 1.785* 3.34
Al-O 1.86* 0.07* 1.482*
Al-O (sum) 4.85
Na-O 2.338(3) 0.097(3) 6.85*
0-0 2.493(1) 0.128(3) 3*
0-0 2.661(1) 0.056(1) 4*

Table 7.14: Parameters obtained from Gaussian peak fits to the Dx (r) functions mea-~
sured for the as-prepared NAGP glasses. The fitted functions are shown in Figures
7-19 (x = 0), 7-20 (x = 0.4) and 7-21 (z = 0.8). Fixed parameters are denoted by an
*. R, is given for the range 1.30-2.70 A.
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x  Atom pair  r.p [A]  oas [A] ng R, [%]

P-O 1.529(2)  0.062(2) 1.95(3)
P-O 1.542(2)  0.075(2) 1.98(3)
P-O (sum) 3.93(4)
0 GeO 1.830(1) 0.084(1) 5.00(2)  4.66
Na-O 2.310(1) 0.067(2) 6*
0-0 2.459(2) 0.139(8) 3*
0-0 2.607(2) 0.076(2) 4*
P-O 1.524(1)  0.053(1) 1.95(1)
P-O 1.555(1)  0.080(1) 1.95(1)
P-O (sum) 3.90(1)
Ge-O 1.831(1)  0.086(1) 4.95(1)
Al-O 1.76* 0.05%* 1.316%*
0.4 Al-O 1.84%* 0.06* 1.895* 2.80
Al-O 1.86* 0.07* 1.752%
Al-O (sum) 4.96
Na-O 2.329(1) 0.091(3) 6.61*
0-0 2.466(1) 0.122(2) 3*
0-0 2.616(1) 0.071(1) 4*
P-O 1.522(1)  0.051(1) 1.95(1)
P-O 1.553(1)  0.079(1) 1.95(1)
P-O (sum) 3.90(2)
Ge-O 1.835(1)  0.091(1) 4.82(2)
Al-O 1.76* 0.05* 1.456%*
0.8 Al-O 1.84%* 0.06* 1.65% 3.18
Al-O 1.86* 0.07* 1.836*
Al-O (sum) 4.94
Na-O 2.338(3) 0.097(3) 6.85*
0-0 2.493(1) 0.128(3) 3*
0-0 2.661(1) 0.056(1) 4*

Table 7.15: Parameters obtained from Gaussian peak fits to the Dx (r) functions mea-
sured for the annealed NAGP glasses. The fitted functions are shown in Figures 7-19
(x=0), 7-20 (x = 0.4) and 7-21 (z = 0.8). Fixed parameters are denoted by an *. R,
is given for the range 1.30-2.70 A.
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Figure 7-19: The fitted Dx (r) functions for crystalline, as-prepared glass and annealed
glass (Trt = 873 K) with x = 0. The red circles are the data, the blue solid curves are
the fits and the other curves show the contribution from the P-O (green), Ge-O (black),
Na-O (magenta) and O-O (cyan) correlations. The displaced black solid curves gives
the residual (fit subtracted from the measured data). The Na-O and O-O correlations
are introduced to constrain the peaks fitted at smaller r values. The curves are offset
vertically for clarity of presentation.
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Figure 7-20: The fitted Dx (r) functions for crystalline, as-prepared glass and annealed
glass (Trr = 845 K) with = 0.4. The red circles are the data, the blue solid curves
are the fits and the other curves show the contribution from the P-O (green), Ge-O
(black), Al-O (yellow), Na-O (magenta) and O-O (cyan) correlations. The displaced
black solid curve gives the residual (fit subtracted from the measured data). The Na-O
and O-O correlations are introduced to constrain the peaks fitted at smaller r values.
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Figure 7-21: The fitted Dx (r) functions for crystalline, as-prepared glass and annealed
glass (Tt = 810 K) NAGP with z = 0.8. The red circles are the data, the blue solid
curves are the fits and the other curves show the contribution from the P-O (green), Ge-
O (black), Al-O (yellow), Na-O (magenta) and O-O (cyan) correlations. The displaced
black solid curve gives the residual (fit subtracted from the measured data). The Na-O
and O-O correlations are introduced to constrain the peaks fitted at smaller r values.
The curves are offset vertically for clarity of presentation.
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7.4 Discussion

Table 7.16 summarizes the mean distances and coordination numbers for the P-O and
Ge-O correlations obtained from Dy(r) and Dx(r) fits by calculating the direct av-
erage. The diffraction results for the glasses show that Ge-O coordination numbers
are smaller than ﬁge = 6, which indicates the presence of polyhedral GeOs and/or
GeQy units. This observation of a substantial difference between the crystal and glass

structures is supported by solid-state NMR experiments [224].

x Material rpo [A]  rpo [A] A9 (sum) 7rgeo [A] e
as-prepared  1.513(13) 1.573(15) 3.97(3)  1.826(2) 5.07(7)
annealed (a) 1.512(17) 1.568(26)  3.97(4)  1.831(1) 5.11(2)

0 annealed (b) 1.498(4) 1.584(5)  3.99(3) 1.831(5) 5.09(5)
annealed (c) 1.491(4)  1.588(5)  3.99(3) 1.835(5) 5.21(5)
crystal 1.517(10) 1.546(10)  3.93(5)  1.858(1) 5.94(3)
as-prepared  1.509(15) 1.568(19)  3.99(1)  1.826(2) 4.93(8)
annealed (d) 1.491(4)  1.590(5)  4.02(3) 1.831(5) 4.97(5)

04 annealed (e) 1.509(4)  1.571(5) 4.00(3)  1.830(5) 5.11(5)

" amnealed (f) 1.507(18) 1.572(17)  3.95(5) 1.831(1) 5.07(12)
annealed (g) 1.495(4) 1590(4)  4.02(3) 1.831(5) 4.99(5)
crystal 1.513(14) 1.545(13)  3.93(7)  1.861(2) 6.02(3)
as-prepared  1.510(12) 1.571(15) 3.96(4)  1.824(4) 4.84(12)

(g Anmealed () 1509(14) L5TL(18)  3.95(5) 1833(2) 4.97(15)
annealed (i) 1.494(4) 1585(5)  3.99(3) 1.828(5) 5.02(5)
crystal 1.512(10) 1.546(8)  3.98(5) 1.857(3) 6.03(4)

Table 7.16: The mean P-O and Ge-O bond distances and coordination numbers ob-
tained from Gaussian peak fits to the r-space functions measured using ND and XRD
for the as-prepared, annealed and crystalline NAGP samples. The shorter and longer
P-O distances, obtained by representing the nearest neighbor P-O correlations are dis-
tinguished. (a) annealed glass with Tpp = 873 K for 0.25 h, (b) annealed glass with
Trr = 876 K for 0.25 h and (c¢) annealed glass with Trp = 876 K for 0.5 h. (d) annealed
glass with Trr = 835 K for 2 h. (e) annealed glass with Trr = 835 K for 4 h. (f)
annealed glass with Tpp = 845 K for 2 h. (g) annealed glass with Tpp = 845 K for 4 h.
(h) annealed glass with Tpr = 810 K for 20 h. (i) annealed glass with Trr = 808 K
for 30 h.

In the crystals, 2”Al NMR shows that Al is six-fold coordinated but in glasses and
annealed glasses it is 4- 5- and 6-fold coordinated. The results on 3P NMR for the
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Area  digo FWHM

(%]  [ppm] [ppm]
P® 68  -25.3 17.5

Material Species

Glass: As-prepared ) 39 36.5 16.9
P®) 63  -24.8 16.6
Glass: Annealed at T = 873 K for 0.25 h p@) 37 36.3 153
pP®) 61  -24.8 17.0
Glass: Annealed at T = 876 K for 0.25 h P 29 36.3 155
P®) 49 248  17.0
Glass: Annealed at T = 876 K for 0.5h  P® 48 -36.3 15.3
py 3 313 27
Crystal p¢ 100 -37.4 1.0

Table 7.17: Deconvolution of the 3'P MAS NMR spectra for as-prepared, annealed
and crystalline NAGP with x = 0. The parameters describe the fractional area, digo,
and FWHM of the peaks fitted to the spectra. For one of the annealed glasses the
crystalline contribution to the line shape is indicated by a subscript. The errors on the
fitted areas are +1%. The errors on iz, and the FWHM are £0.5 ppm.

composition with z = 0 (Figure 7-22) show that P®) units are the majority of phosphate
species in the glasses [224,225], where the superscript denotes the number of BO atoms
per P atom. The spectrum of the as-prepared glass can be deconvoluted into two
Gaussian components at ~ —25.3 ppm and ~ —36.5 ppm [Figure 7-22(a)]. For the
NAGP crystals the spectrum differs significantly from the glasses, indicating that the
local structures in the glassy and crystalline materials are quite different. The spectrum
for the crystalline material has a chemical shift at ~ —37.4 ppm [Figure 7-22(d)],
which characterizes a nge where phosphorous is connected to four sixfold coordinated
Ge atoms. For the annealed glasses [Figures 7-22(b) and 7-22(c)] the data shows
that the material remains amorphous. However, some line shape changes indicates a
structural re-arrangement in the glass caused by nucleation. Table 7.17 shows that the
the principal line shape involves a change to the ratio of the relative areas of the two
line shape components, indicating a moderate increase in the fraction of P®) units,
which has the same local coordination environment as the crystalline phase. For the
sample annealed at Tt = 876 K for 0.5 h the change in peak areas is more dramatic

where a small amount of crystalline material is also detected.

To elucidate the observed changes between glassy and crystalline NAGP, a model was
proposed based on the oxygen coordination number [228]. Assuming that all oxygen
atoms occupy either NBO or BO sites with coordination numbers of one or two then

the fraction of NBO atoms is given by
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Figure 7-22: The single-pulse 3'P MAS NMR spectra (black curves) measured for the
NAGP materials with x = 0: (a) as-prepared glass, (b) glass annealed at Tpp = 873 K
for 0.25 h, (c) glass annealed at Ty = 876 K for 0.5 h, and (d) crystalline material.
In (a)-(c), two Gaussian peaks (blue and green) are used to fit the spectra. In (c), an
additional small peak (violet) represents a small amount of crystalline material. The
sum of fitted functions is given by the red curve. In (d), the spectrum is fitted to a
Gauss-Lorentz curve (violet).
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fNBO = NNBO/NO =2 — T_Lg — ﬁge — ﬁél, (7.1)

where Nnpo is the number of NBO and Ng is the total number of oxygen atoms. For

a fully polymerized network

g +1G° + iy =2 (7.2)

and fxpo = 0. For a fully depolymerised network

i +ng° + iy =1 (7.3)

and fxygo = 1. The number of O-5 bonds between atoms of chemical species 8 and

oxygen is equal to the number of 8-O bonds, i.e, Noﬁg = Ngﬁ(ﬂ), such that

Coﬁg = Cgﬁ(g). (7.4)

Hence, the fraction of NBO atoms can be re-written as

fnBo = (2¢0 — cPﬁg — cGeﬁge — cAlﬁgl)/co. (7.5)

The number of NBO atoms per phosphorus atom is given by Nxpo/Np = (co/cp) fNBO
where Np is the number of phosphorus atoms. The number of BO atoms per phosphorus

atom can be written as

Npo/Np =4 — (co/cp) fnBos (7.6)

assuming ﬁg = 4. The nearest neighbor O-O coordination number is written as

ng = fNBoTiNBO + fBOMRO, (7.7)
where the fraction of BO atoms fgo =1 — fxBo-

For the NAGP crystals with x = 0 the network connectivity is based on a corner sharing
tetrahedral PO4 and octahedral GeOg units in which each BO atom is shared between a
tetrahedron and an octahedron (Figure 7-1). Each BO atom has three nearest-neighbor
O atoms within a tetrahedron and four nearest-neighbor O atoms within an octahedron

such that ﬁ8 = ﬁgo = 7, as determined by the Rietveld refinement on the crystalline
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NAGP [225]. For these samples, fxpo = 0 since the AI3* ions substitute at the sites
of the Ge** ions such that ﬁgl = ﬁge = 6. For the case of the glasses, the coordination
numbers take values smaller than six, so NBO atoms appear. As the composition
changes from x = 0 to = 0.8 the fraction of NBO atoms increases leading to an

increase in Nxpo/INp and a decrease in Nxpo/na [Figures 7-24(c)-7-24(e)].

The Dx(r) and Dy(r) fits for the annealed glasses shows a small increase in the Ge-O
and Al-O coordination numbers as compared to the as-prepared glasses, which leads
to a reduction in fxpo as well as in both Nxpo/Np and Nxo/Nna. The Nypo/Np
ratios are consistent with a mixture of P®) and P® species, as found from 3'P NMR

experiments.

A structural model developed by Gammond et al [225] for the NAGP glasses, known
as the super-structural model, suggests ﬁge and ﬁgl values that are larger than four
in which the phosphate species are constrained to be either P4 or P®. The Ren
and Eckert model [232] for sodium phosphosilicate glasses provides a starting point
where super-structural units contain sixfold coordinated silicon atoms (Figure 7-23).
The formula of x = 0, can be rewritten as (NagPsGeO1s);/5(GeO2). BO atoms will
be denoted by @ and the number of BO atoms per Ge or P atom will be denoted by
a superscript. In the Ren and Eckert model the part of the glass NagPgGeOq2 is built
from the super-structural units [Ge(G)Pég)@w@Ll/gOﬁ]Q*, where the negative charge on
a unit is compensated by two Na™ ions. The other part of the glass, GeOs, is built
from charge neutral corner-sharing tetrahedral Ge(*) units. So the model contains P®),
Ge®, Ge® and Ge(® motifs. All NBO atoms will reside in the P(®) species carrying
a partial charge of -(2/6)e = -0.33e and e is the elementary charge.

The model gives ﬁge = 4.5 with x = 0, which is smaller than the value found from

diffraction experiments (Table 7.16). However, a larger Ge-O coordination number can
be obtained by using the NBO atoms within the P(®) motifs of a super-structural unit

to convert Ge® to Ge(® units according to the scheme

2 [P<3>®3 /20} + G, — 2 [P<4>@4/2} Ty [Ge<6>®6 /2] - (7.8)

In the crystal structures determined by Rietveld refinement [225], P(Y) —@—P® linkages
are absent, i.e, the phosphate chains in the model dissociate as Ge(®) species join to

expand a super-structural unit.

Consider a fraction, y, of the Ge®) atoms to be converted to Ge(® units. The propor-
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Figure 7-23: Two of the [Si(6)Pé3)@10@4/206]2_ super-structural units in the model of
Ren and Eckert [232] for NayPgSiOig glass, where charge-shuttling ensures that the
NBO atoms in the P3 phosphate motifs carry a partial negative charge.

tion of the initial super-structural units are converted to [Ge(G)Pé4)@6 D15/2)*" units

according to the equation

31—y G,y —

1 2- 3
Nat + 5 |:Ge(6)P6(3)®]_O®4/206:| + ?yGe(4)@4/2 +

1 4+

— 2—
Nat + % |GeOP{Y0100,4/,06] + . (GeOP060,55|  + (7.9)

3y 6 2= 31—y
7 {Ge( )@6/2] + TGG( )@4/2.

44
In the [Ge(G)Pé4)®6®18 /2] units each of the six P®) motifs has three BO atoms
without involving P — @ — P linkages.

The coordination number of Ge-O can be rewritten as

ﬁge =4fqew +6fqu© (7.10)
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where f @ is the fraction of Ge® atom, and Jae + faee = 1. From equation 7.9,

fae® = (14 3y)/4, (7.11)

which gives nQ, = 3(y + 3)/2. The fraction of NBO atoms is written as

fnso = (1 —y)/4, (7.12)

and fngo + fso = 1 The phosphate units are either P®) or P(*) motifs. P(®) has one
NBO and P® has only BO. The fraction of P(®) species is given by

fp» = NxBo/Np = (1 —y), (7.13)

Jp® + fpw = 1 and Nxo/Np + No/Np = 4. The number of NBO atoms per

sodium atom is

NNBO/NNa = 3(1 —y), (7.14)

and Nxgo/Nxa + Npo/Nna = 12. In the y = 1 limit, 28, = 6 and fxpo = 0 such that
Jpaw = 1.

Table 7.18 gives the parameters for NAGP with £ = 0 predicted by the Gammond

model. The average Ge-O coordination number for the composition z = 0 is ﬁge =

5.07(7) for the as-prepared glass versus nQ, = 5.11(2) for the annealed glass. For the
as-prepared glass y = 0.382(44) and it follows that fygo = 0.154(11), fp) = 0.618(20)
and NNBo/Nna = 1.85(13). For the annealed glass, y = 0.407(13), fxpo = 0.148(3),
fo = 0.593(20)and Nxpo/Nna = 1.78(4). The PG):PW ratio is therefore 1.62:1 for
the as-prepared glass versus 1.46(8):1 for the annealed glass. Then by converting PG
to P™) motifs the super-structural units grow on thermal annealing in order to generate

Ge® from Ge™® units.

In the crystal, the P®) chains dissociate as Ge(®) motifs are created, so all the phosphate
tetrahedra are P®) units. The results in table show that the super-structural units can
grow when the glasses are thermally annealed by converting P®) to P motifs in order
to accommodate more Ge(®) units. This finding is also supported by the NMR results
(Figure 7-22). Therefore, the super-structural units provide the nucleation sites for

crystal growth via an internal nucleation mechanism.
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Condition glass glass annealed glass annealed annealed
as-prepared 873 K for 0.25 h 876 K for 0.25 h 876K for 0.5 h
ﬁge 5.07(7) 5.11(2) 5.09(5) 5.21(5)
Yy 0.382(44) 0.407(13) 0.393(33) 0.473(33)
INBO 0.154(11) 0.148(3) 0.152(8) 0.132(8)
Nxgo/Nxa  1.85(13) 1.78(4) 1.82(10) 1.58(10)
fow/fow  1.62(22) 1.46(6) 1.54(16) 1.11(11)
frpe/ fp@ 2.13(6) 1.70(5) 1.56(4) 0.96(3)

Table 7.18: Parameters predicted for the x = 0 composition by the super-structural
model. The calculated ratio fpe)/fp) is compared to the measured in the 3lp MAS
NMR experiments.

The electrical conductivity in the NASICON system is predominantly ionic where the
ionic conductivity is given by o = nepu, where n is the effective carrier concentration,
e is the charge on the mobile Na™ ions and y is the ion mobility [233]. For the NAGP
crystals the electrical conductivity [Figure 7-24(a) and 7-24(b)] increases by almost
two orders of magnitude and the activation energy, F,, decreases as as the composition
changes from 2 = 0 to z = 0.8 when Ge*T ions are substituted by AI3T ions and
additional Na™ ions are introduced to compensate for charge deficit. The substitution
for AI** ions does not create NBO atoms, i.e, fxpo = 0 as seen from the super-
structural model. The conductivity is between 3.2 and 40 times larger than that of the

as-prepared glass.

For the glass, the composition dependence of conductivity for the crystals is roughly
matched by scaling [Figure 7-24(a)]. o also increases with = but the mobility of these
ions is much smaller in the more disordered glass structure. NBO atoms appear in the
glass as part of P(®) motifs on the super-structural units. They are negatively polarized
and probably influence the Na™t ion mobility, although the role that they play is still

unclear.
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Figure 7-24: Composition dependence of the (a) electrical conductivity o at 573 K and
(b) activation energy E, in crystalline versus as-prepared glassy NAGP. (c)-(e) Several
of the parameters describing the NBO atoms in as-prepared vs annealed NAGP glasses.
In (a) and (b), the crystalline materials were obtained from the as-prepared glass either
(i) by thermal annealing at a temperature in the range 917-939 K for 3 h or (ii) by two
stage process in which crystals were first nucleated by heating for 2 h at a temperature
between T, = 851 K and T, = 937 K and the resultant material was then annealed at
1023 K for 18 h. In (a) the results for the glass are scaled by a factor of 27. In (b) the
error bars are smaller than the triangle size. For the x = 0 composition, the annealed
glass corresponds to Tpp = 873 K. For the x = 0.4 composition, the annealed glass
corresponds to Tt = 845 K [225].
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7.5 Conclusion

The structure of crystalline Naji,Al, Gea_,(POy4)s with x= 0, 0.4 and 0.8 was inves-
tigated using X-ray diffraction. The results indicate tetrahedral PO4 units where the
distribution of P-O distances is broader and can be accommodated by using two Gaus-
sian peaks to describe the nearest-neighbor P-O correlations. The ionic conductivity
increases with = as more Na™ ions are introduced. The ion transport does not involve
NBO atoms because they are absent from the crystal structures. These results therefore
conform the expected NASICON structure.

The structure of the as-prepared and annealed NAGP glasses was investigated by neu-
tron and X-ray diffraction. The pair-distribution function analysis used 3'P and 27Al
NMR results to help interpret the data. The Ge-O and Al-O coordination numbers
are lower than the value 6 found for crystalline samples, which indicates the presence
of NBOs. The Ge-O coordination number is higher for the annealed than for the as-
prepared glasses. However, no significant change in the Ge-O coordination number was
observed between the different annealing times. These results show that substantial

structural reorganisation must be undertaken during the crystallization process.

The conductivity of the glass increases with concentration of Na™ ions, where at the
same time there is an increase in both fypo and the ratio NBO:P but a decrease in
the ratio NBO:Na. The effect of NBO atoms in the Na™ ion mobility is in need of
further investigation. A structural model is proposed for the z = 0 by adapting the
Ren and Eckert model [232] for phosphosilicate glasses. In the model, the structure
can be modified by using the donor function of a doubly-bonded NBO on a P®) to
convert Ge®) atoms to higher coordinated Ge atoms, thereby converting P to P(*)
motifs and increasing the size of a super-structural unit. The P@ gpecies have a formal
positive charge, so they do not attract sodium ions. Accordingly, they interact more
weakly with Nat ions than the P®) species. An explanation for the structural model
is provided by a deconvolution of the 3P MAS NMR spectra [225] for the as-prepared

glass.

When the glass is thermally annealed, the 3'P MAS NMR spectra show a small in-
crease in the fraction of P species [225], indicating a further progression to the
super-structural unit. This modification is also seen by a moderate increase in the Ge
coordination number found from the diffraction experiments and a reduction in fNgo-
The P® species generated within the modified super-structural units by the reaction
of P®) motifs with Ge(® units therefore provide the nucleation sites for crystal growth

via an internal nucleation mechanism.
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Chapter 8

The Na;,,TiySi,P;_,01, system for solid

electrolyte applications

8.1 Introduction

The scientific and technological challenges of finding new devices that can store energy
and replace energy sources such as fossil fuels has boosted the development of batteries.
Among the batteries that are widely used in electrical cars and in electronic devices
such as cell phones and notebooks are those containing lithium ions. Although the
technology of these batteries has improved in recent years, there is a limited natural
abundance of Li and its limited geographic distribution has launch a search for less
expensive alternatives. Studies in recent years have shown that sodium based batteries
constitute an excellent alternative for energy storage since it is also widely available
and has less toxicity than lithium [234-237].

Here, sodium (Na) super-ionic conductor (NASICON) materials have received signif-
icant attention in view of their large sodium-ion conductivity and structural stability
in the solid state [238-240]. An example is provided by the crystalline NaTis(POy4)3
[241, 242] where the crystal structure is based on a negatively-charged framework of
corner-sharing TiOg octahedra and tetrahedral POy4 units. Each octahedral TiOg is
connected to six tetrahedral units and each tetrahedral PO, is connected to four octa-
hedral units [243,244]. The Na% ions reside in the interstitial sites of the framework
and are free to move around these sites. A strategy for increasing the ionic conductiv-
ity of NaTip(POy)3 is to replace P5T ions by Si** ions and thereby increase the Na*t

content of the material, thus ensuring charge neutrality [245-247].

273
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These Najy,TisSi,P3_; 012 (NTSP) materials can be made via a glass-ceramic route,
although the extent to which Pt ions are replaced by Si** ions remains unclear
[242,248,249]. The glass-ceramic route can reduce the porosity of the final materi-
als and control its micro-structure via thermal treatment. Hence, there is an interest
in the structure of the parent glass and how it evolves as the system crystallizes. In the
NASICON system Naj 4, Al,Gea_;(POy)3 (NAGP) with z = 0, 0.4 and 0.8, the internal
crystal nucleation proceeds via super-structural units that are built into the glass struc-
ture (Chapter 7). Vitreous NASICONSs are also of interest because they contain five-
fold and/or sixfold coordinated network-forming units, thus transcending Zachariasen’s
rules for glass formation [181]. In this chapter, the structure of Naj;,Ti2Si; P3O0
glasses with x = 0.8 and x = 1.0 was investigated by combining X-ray and neutron
diffraction. This combination offers an effective way to obtain information on the coor-
dination environment of Ti-O since it’s correlations with other elements have a negative
weighting in neutron diffraction because of the negative neutron scattering length of
Ti [38] versus a large positive weighting in X-ray diffraction due to the large atomic
number of Ti (Z = 22).

8.2 Experiment

8.2.1 Sample Preparation

Powders of sodium carbonate (NaaCOs3, Vetec 99.9%), titanium dioxide (TiO2, Aldrich
> 99.9%), dihydroxy ammonium phosphate ((NH4)oHPOy,, Aldrich > 98%) and silicon
dioxide (SiO2, Zetasil2 > 99%) were used as starting materials. All the reagents were
mixed in a rotary ball mill with alumina balls for 12 h, after which they were placed
in a platinum crucible and heated for 6 h to temperatures ranging from 400 to 700 °C
to remove volatile compounds such as COs from the NapCO3 and NHz and HoO from
(NH4)2HPO4 [242].

The homogenized mixture was then heated to temperatures of 1400 - 1500 °C for 30
minutes and the resulting liquid was splat-cooled (pressed between two metal plates).
The glassy materials were grey and optically opaque (Figure 8-1) due to the presence

of titanium and were investigated in their as-prepared state.

The characteristic temperatures of the NTSP glasses (Table 8.1), namely glass transi-
tion temperature (7,) and crystallization temperature (7)) were determined by differ-
ential scanning calorimetry (Netzsch DSC404) [242] with a heating rate of 10 °C/min
and a temperature range of 30-1000 °C.
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Figure 8-1: NTSP glass with composition x = 1.0.
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X NagO TiOQ SiOQ P205 Tg Tx 1% no
0.8 188 41.7 167 229 677 729 2.8719(9) 0.0775(1)
1.0 20.0 40.0 20.0 20.0 635 758 2.8397(4) 0.0767(1)

Table 8.1: Nominal composition and characteristic temperatures of the NTSP precur-
sor glasses. T, (K) is the glass transition temperature, T, (K) is the onset of the
crystallization temperature. p is the measured mass density (g/cm?) and ng is the
corresponding number density (A=3).

8.2.2 D4c Experiment

The neutron diffraction experiment was carried out using the D4c diffractometer at
the Institut Laue-Langevin in Grenoble with an incident neutron wavelength of A =
0.4955(1) A. The samples were held at room temperature (~298 K) in a cylindrical
vanadium container of inner diameter 6.8 mm and wall thickness 0.1 mm. Diffraction
patterns were measured for each sample in its container, the empty container, the empty
instrument and a cylindrical vanadium rod of diameter 6.08 mm for normalization
purposes. A diffraction pattern was also measured for a slab of neutron absorbing
10B,C in order to estimate the effect of the sample’s attenuation to the background

count rate [101] at small scattering angles.

The counting times for the empty container and the sample in the container were

optimized to decrease the statistical error on the container-corrected intensity [101].

x WSi0 WpPO WTiO WNaO woo G(0)
0.8 0.06577(6) 0.2230(9) -0.1361(3) 0.1296(9) 0.6888(5) -0.1991(3)
1.0 0.08107(9) 0.2005(7) -0.1343(3) 0.1419(11) 0.6803(5) -0.1975(3)

Table 8.2: The neutron weighting factors (in barn) for the partial pair distribution
functions of the NTSP glasses with = 0.8 and « = 1.0 used in the Dy (r) fits.

8.2.3 6-ID-D Experiment

The high energy X-ray diffraction experiment on the Naj,TisSiP3_,015 was done at
room temperature using the 6-1D-D diffractometer at the APS. The photon energy of
the square incident beam was 100.233 keV, corresponding to a wavelength of 0.1236 A.
The ground glasses were loaded into kapton polyimide tubes of 1.80(1) mm internal
diameter and 0.051(6) mm wall thickness.

The scattered X-rays were detected using a Varex 4343CT amorphous silicon flat panel

detector that was placed at &~ 311(1) mm from the sample position as deduced from the
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z  Qpspp [A71] Qpp [A71] Q3 [A7Y] Qmax [A7Y]
08 1587(1)  2.824(1) 5.286(2) 2340
1.0 1549(1)  2.814(1) 5.307(2) 2245

Table 8.3: The positions of the first three peaks Qrspp, @pp and Q3 in the Sy (Q)
functions. Also given are the Qumax values used in the Fourier transformation.

diffraction pattern measured for crystalline CeOs. Diffraction patterns were measured
for each sample in its capillary, an empty capillary and the empty instrument. The
data were converted to one-dimensional diffraction patterns using FIT2D [84]. The pro-
gram PDFgetX2 [85] was used to correct for background scattering, beam polarization,

attenuation and Compton scattering.

8.3 Results

The measured S(k) functions for neutrons and X-rays are shown in figures 8-4 and 8-7,
respectively. It is observed a difference between ND and XRD in accordance with the
different weighting factors for the partial structure factors (Figures 8-2 and 8-3). The
Sx(Q) function for 2 = 1.0 show a small Bragg peak at ~ 1.55 A, which is indicative

of a small amount of crystallization.

8.3.1 Neutron diffraction

The position of the first three peaks in Sy (Q) are listed in table 8.3. The total pair
distribution functions Dy (r) are shown in figure 8-5 and the weighting factors of the

partial pair distribution functions are given in table 8.2.

The Dy (r) fits are shown in figure 8-6. The first peak at ~ 1.55 A is attributed to P-O
and Si-O correlations and the second peak at ~ 1.95 A is attributed to Ti-O correlations.
The latter appears as a negative peak because of the negative scattering length of Ti.
In the crystalline structure of NaTia(POy)s, the nearest neighbor Na-O correlations
appear at around 2.29-2.50 A. For tetrahedral PO4 and SiO4 motifs with P-O and Si-O
bond distances 1.526 A and 1.647 A, respectively, the nearest neighbor O-O correlations
are expected to be at roo = \/8/737“po =2.492 A and roo = \/%rs@ =2.692 A. The
Na-O and O-O correlations in the Dy (r) functions were fitted in order to constrain the

peaks fitted at small r values. The fitted parameters are summarized in table 8.4.
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Figure 8-2: The weighting factors wag(Q) of the partial pair distribution functions for

the neutron diffraction (ND) versus X-ray diffraction (XRD) experiments on the NTSP
glasses with z = 0.8. The X-ray values were calculated for @) = 0.
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Figure 8-3: The weighting factors wag(Q) of the partial pair distribution functions for
the neutron diffraction (ND) versus X-ray diffraction (XRD) experiments on the NTSP
glasses with x = 1.0. The X-ray values were calculated for @ = 0.
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Figure 8-4: The Sy (Q) functions for glassy NTSP. The vertical error bars are smaller
than the line thickness at most @ values. The z = 1.0 data sets are shifted for clarity
of presentation.
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Figure 8-5: Total pair distribution functions Dy (r) for the NTSP glasses. The curves
were obtained by Fourier transforming the reciprocal data shown in figure 8-4 after
spline fitting. The x = 1.0 data sets are shifted for clarity of presentation. Arrows
indicate peak assignments based on the element-oxygen distances found in the crystal
structures [243-247]. Although Na-O correlations are expected at r =~ 2.5 A, the large
neutron scattering length and atomic concentration of O in NTSP glasses means that
0O-O correlations dominate the third peak. The peak assigned to Ti-O is negative
relative to the other correlations.
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Figure 8-6: The fitted Dy (r) functions for glassy NTSP. The red circles are the data,
the blue solid curves are the fits and the other curves show the contribution from P-O
(yellow), Si-O (black), Ti-O (green), Na-O (magenta) and O-O (cyan) correlations.
The displaced black solid curve gives the residual (fit subtracted from the measured
data). The Na-O and O-O correlations are introduced to constrain the peaks fitted at
smaller r values.
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x  Atom pair 7,5 [A]  0.p [A] nl R,y (%]

P-O 1.522(2) 0.026(5) 4.01(2)
Si-0 1.648(3) 0.020(4) 4.01(2)
Ti-O  1.939(4) 0.110(6) 5.16(4)

08 Na-O 245005 0.125(6) 5.005) 043
0-0 2.529(5) 0.087(6) 3.00(5)
0-0 2.750(5) 0.101(6) 3.00(5)
P-0O 1.517(2) 0.041(4) 4.01(2)
Si-0 1.623(3)  0.005(5) 4.01(2)

Lo TFO  L955(1) 0.111(6) 485(1) .
' Na-O  2.493(5) 0.057(6) 5.00(5)
0-0 2.592(5)  0.180(6) 3.00(5)
0-0 2.689(5) 0.141(6) 3.00(5)

Table 8.4: Parameters obtained from Gaussian peak fits to the Dy(r) functions for
glassy NTSP. The fitted functions are shown in figure 8-6. R, is given for the fitted
range 1.30-2.75 A.
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8.3.2 X-ray diffraction

The positions of the first three peaks in Sx(Q) are listed in table 8.5. The total pair
distribution functions Dy (r) are illustrated in figure 8-8. The Dx (r) fits are shown in
figure 8-9 and the fitted parameters are listed in table 8.6. In a similar way to Dy (r),
the first peak in Dy (r) is attributed to P-O and Si-O correlations and the second peak
is attributed to Ti-O where the latter in the case of the X-rays appears as a peak, on
account of the large atomic number of Ti (Z = 22). The third peak is attributed to
Na-O and O-O correlations and is much smaller compared to Dy (r) due to the small

weighting factor for O-O correlations.

z Qrspp A7 Q3 A7 Q4 [A7Y  Qumax [ATY]
0.8 2.085(2)  4.192(2) 6.172(2)  27.12
1.0 2180(2)  4.195(2) 6.239(2)  25.88

Table 8.5: The position of the first three peaks Qrspp, @3 and Q4 in the Sx(Q)
functions for the glassy NTSP. Also given are the Qumax values used in the Fourier
transformation.

x  Atom pair 75 [A]  gap [A] ng R, [%]

P-O 1.535(1) 0.038(1) 4.01(1)
Si-0 1.659(1) 0.038(3) 4.01(1)

g O 1L949(1) 0.108(1) 517(4) o
Na-O  2.322(1) 0.138(2) 5.02(5)
0-0 2.510(1)  0.063(2) 3.01(5)
0-0 2.690(1) 0.075(1) 3.35(5)
P-O 1.531(1) 0.032(1) 4.01(1)

Si-O 1.658(1) 0.010(5) 4.01(1)
Ti-O 1.954(1) 0.111(1) 4.87(3)

1.0 5.81
Na-O  2.331(1) 0.140(2) 5.00(5)
0-0 2.509(1) 0.076(2) 3.01(5)
0-0 2.690(1) 0.080(1) 3.39(5)

Table 8.6: Parameters obtained from Gaussian peak fits to the Dx(r) functions for
glassy NTSP. The fitted functions are shown in figure 8-9. R, is given for the fitted
range 1.30-2.74 A.
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Figure 8-7: The Sx(Q) functions for glassy NTSP. The vertical error bars are smaller
than the line thickness at most @) values. The z = 1.0 data sets are shifted for clarity
of presentation.
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Figure 8-8: Total pair distribution functions Dx (r) for the NTSP glasses. Dx(r) was
obtained by Fourier transforming the reciprocal data shown in figure 8-7. The z = 1.0
data sets are shifted for clarity of presentation. Arrows indicate peak assignments
based on the element-oxygen distances found in the crystal structures [243-247].
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Figure 8-9: The fitted Dx(r) functions for glassy NTSP. The red circles are the data,
the blue solid curves are the fits and the other curves show the contribution from P-O
(yellow), Si-O (black), Ti-O (green), Na-O (magenta) and O-O (cyan) correlations.
The displaced black solid curve gives the residual (fit subtracted from the measured
data). The Na-O and O-O correlations are introduced to constrain the peaks fitted at
smaller r values.
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8.4 Discussion

The neutron and X-ray diffraction results are consistent with a glass structure con-
taining tetrahedral POy and SiO4 motifs. The mean Si-O bond length of 1.647 A is
8% longer than the mean P-O bond length of 1.526 A leading to tetrahedral volumes
of 2.293 and 1.825 A?, respectively. Hence, the volume of a SiOy4 tetrahedron is 26%
larger than that of a POy tetrahedron. In the crystal structure of NasTiz(SizOg)(POy)
tetrahedral SiO4 and POy units coexist [250,251], the Si-O bond length is 4-5% longer
than the mean P-O bond length, leading to a tetrahedral volume that is 12-17% larger
for SiO4 compared to POy.

The difference between the Si-O and the P-O bond lengths found for the NTSP system
is likely to inhibit the incorporation of Si into the P sites of the NASICON NaTiy(POy)s
crystal structure. For example, in experiments on the Naj,Ti,Zro_,Si;P3_,012 sys-
tem (0 <z < 3,0 <y < 2) the aim was to find the influence on the ionic conductivity
of substituting Zr** by Ti'T ions at fixed . It was suggested that the framework for
the fully titanium substituted NASICON with y = 2 does not accept the substitution
of POy by SiO4 groups [25].

In the previous chapter, the ionic conductivity of the NAGP system increased with
concentration of Nat ions by replacing Ge** ions at the octahedral sites of the crystal
structure by AI>* ions. An increase in conductivity with x for the NTSP materials is
also observed (Figure 8-10) in an electrical characterization study done by [242]. As
can be seen from figure 8-10, the inclusion of silicon leads to a considerable decrease
in the activation energy when compared to that of the glass produced without silicon
(NTP). When adding silicon the ionic conductivity of the NTSP samples increased by
up to four orders of magnitude, where the composition x = 1.0 exhibits the lowest
activation energy (0.31 eV) and the highest ionic conductivity of 1.0 x 10™* S cm™! at
room temperature and 1.7 x 1072 S ecm ™! at 300 °C.

This was attributed not only to the increase of sodium ion concentration but also to
the expansion of the NASICON unit cell in response to the introduction of larger Si**
cations. The increase of the unit cell volume enables sodium ions to move more easily in
the NASICON crystal structure, which is reflected in the decrease in activation energy.
However, there is a decrease in the fraction of the NASICON phase formed at « > 1.0
as the silicon is increased, which is accompanied by a sharp rise in the fraction of the
crystalline phase Na(TiO)(PO,) as determined by Rietveld refinement studies [242]. A
progressive instability of the NASICON phase with increasing = has also been found
in other studies [249].



8.4. DISCUSSION 289

10_1§ 1 L I . I ' I L ] " I L I J 07
10_2_; A O L
] O o g 9 loe %
~ 1074 =,
< -
a 10* o
2 A -0.5 =
.| +—
k 10°+ & i .3
2 ] —» Q
© 10 haad
; 4 <
1074 O '
? A 0.3
10-8 I " I . I . I K I " 1 ¥ I v

00 02 04 06 08 10 12 14

Figure 8-10: Variation of opyta at 300 °C and activation energy as a function of silica
content z in the Najy,TisSi,P3_; 019 system. The values were taken from [242].

In crystalline NaTiy(POy4)3 the Ti atoms are in an octahedral coordination environment
with three short Ti-O bonds of 1.884-1.896 A and three long Ti-O bonds of 1.964-
2.107 A [243,244]. For the NTSP glasses investigated in this work the Ti-O bond
length was expected to increase with the Ti-O coordination number to allow the Ti-
centered polyhedra to incorporate a larger number of oxygen nearest neighbors. The
mean Ti-O bond length is, however, 1.944 A for z = 0.8 and 1.955 A for z = 1.0.
These results do not appear to be related to a distortion of the Ti-centered polyhedra
because the peak width for the Ti-O nearest neighbors is comparable in both of the
glass compositions. The mean Ti-O coordination number is 5.17(4) for x = 0.8 versus
4.87(3) for = 1.0. The Ti coordination environment is sub-octahedral as found for

the coordination environment of Ge and Al in the NAGP glass system (chapter 7).
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8.5 Conclusion

The neutron and X-ray diffraction results for Naj;,TisSi,P3_,O10 with z = 0.8 and
x = 1.0 are consistent with network structures containing tetrahedral PO, and SiO4

units with the Ti atoms residing in a sub-octahedral coordination environment.

The substitution of Si for P in the NASICON structure is possible. It would be helpful
to have molecular simulations on the samples and to know the extent to which the P-O
and Si-O bond lengths in the glass vary with the nature of the NASICON system, to
help assess the viability of substituting PO4 by SiO4 units in NASICON materials. Full
crystallization studies on Naj;,TisSi,P3_,O19 will be interesting to provide informa-
tion on the Na sites which would also help to further constrain the XRD and ND data,

where there is overlap of Na-O and O-O correlations in the D(r) functions.



Chapter 9

Overall Conclusions and Future

Perspectives

In this work diffraction techniques were used to study the atomic level structure in
aluminosilicate glasses and crystalline and glassy NASICON materials. The combi-
nation of the diffraction results with 27Al and 3'P MAS NMR has allowed a detailed

investigation of the structure of these materials.

The results of ND, XRD and 2?Al MAS NMR for (ZnO),(Aly03),(SiO2)1—5—y glasses
show that most of the aluminum atoms are in a AlOy4 tetrahedra but AlOs; and AlOg
species are also present in the glass network. Tetrahedral SiO4 is present in all the glass
compositions. The NMR results helped extract the local coordination environment of
Zn atoms with more accuracy. Zinc is used for charge-stabilizing Al in tetrahedral
configuration (charge-compensating role) but when there is an excess of Zn?* ions
(R > 1 regime) they create NBO atoms in the glass network (network modifier role).
It would be helpful to have more compositions in the peraluminous regime to be able
to have a complete understanding of zinc in aluminosilicate glasses and compare with
magnesium in this region. Using aerodynamic levitation for sample preparation would
be helpful in order to extend the glass-forming region and give a wider view in the zinc

behaviour.

(MgO)4(Al203),(Si02)1—¢—y glasses were investigated by X-ray diffraction and com-
bined with 2”Al MAS NMR spectroscopy experiments to constrain structural informa-
tion on the Al-O coordination number and to be able to extract the Mg-O coordination
number. The results were interpreted with the aid of a structural model developed for

amorphous aluminosilicate. In the case of R = x/y > 1, the glass structure consists

291
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primarily of SiO4 and AlQOy4 tetrahedral units which are linked through bridging oxy-
gen (BO) atoms. The Mg?* ions either associate with non-bridging oxygen atoms or
stabilise the formation of Al-centred tetrahedral units by balancing the negative charge
associated with AlO4. For compositions with the case of R < 1, there are an insuffi-
cient number of Mg?* ions to stabilise all the AI>* in tetrahedral geometries. In this
regime where there is an alumina excess, AI*t ions behave in a similar way to Mg?*
ions, i.e, as modifiers/charge-compensating species. The X-ray diffraction results were

in agreement with previous neutron diffraction work done on these samples.

Neutron diffraction with isotope substitution was used to measure the structure of
diopside, CaMgSioOg. The diffraction results show a broad asymmetric distribution of
Mg-O nearest neighbors. The measured coordination number is ﬁl%g = 4.40(5) where
the Mg?* ions adopt a network-modifying role. The results demonstrate the power of
neutron diffraction with magnesium isotope substitution to provide unambiguous site-
specific information on the glass structure. In particular, it removes the uncertainty
associated with the overlap between the Mg-O and Ca-O correlations in the fitted
functions. A different range of compositions along the MgO-Ca0-SiOs system is needed
to further investigate the role of Mg?t and Ca®t. Another interesting study would be
analysing the isotopic and natural CaMgSisOg at higher pressures in similar conditions

to where the mineral diopside is found in the Earth’s mantle.

The structure of crystalline and glassy Naj;,Al,Gea_,(POy4)3 with x = 0, x = 0.4 or
x = 0.8 was investigated by X-ray and neutron diffraction. 2Al MAS NMR experi-
ments helped constrain the Al-O coordination number in the pair distribution function
analysis. >'P MAS NMR helped interpreting the diffraction results and supported the
structural model based on the formation and growth of NasPgGeO1g super-structural
units. The results for the amorphous materials revealed a significant fraction of sub-
octahedral Ge/Al-centred units, whereas in the crystalline materials Ge and Al are
present in octahedral units. For the more disordered structures NBOs appear. The
effect of NBOs in the sodium ion mobility is in need of further investigation in these dis-
ordered structures. Further work in molecular dynamic simulations may help elucidate

this behaviour.

Finally the structure of glassy Naj;,TisSiPs_;012 with x = 0.8 or x = 1.0 was
investigated by X-ray and neutron diffraction. The results are consistent with network
structures comprising tetrahedral PO, and SiO,4 units. Here the Ti atoms reside in
a sub-octahedral coordination environment in a similar way to Ge. Further work to
study this NASICON structure is needed, especially with a wider range of compositions
to help assess the viability of substituting POy by SiO4 units. Diffraction results on
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the full crystalline materials could help interpret the nucleation growth in the more
disordered structures. 3'P MAS NMR results would be helpful to elucidate the effect
of the phosphorous atoms in crystalline and glassy materials. This could help to infer
if the super-structural units within a Ti®) are present as in the Naj,Al,Ges_,(POy)s
system.
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