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ABSTRACT

Glass materials surround us, impacting our lives on a daily basis, whether geologically
deposited by volcanic activity or synthesized in large volume by industry. These
amorphous oxide materials are vastly important due to their variety of applications
including solid electrolytes, cookware, and storage of high-level nuclear waste.
Although they are used for different applications, one common characteristic of these
materials is the absence of long-range periodic order. This makes it difficult to use
traditional solid-state characterization methods such as x-ray and neutron diffraction
to study glass structure. Nuclear magnetic resonance (NMR), is ideally suited to study
materials that exhibit short-range non-periodic order as it probes directly at a nucleus
of interest and is sensitive to its local structural environment. This ability of solid-
state NMR is illustrated by revealing local structural features in various oxide
materials presented in this thesis. Within is a compilation of studies looking at basic
borates, followed by borovanadates and complex borosilicate glasses. A multinuclear
application of using quantum chemical calculations, single and double resonance
methods and charge-balance models are discussed to deconvolute the complex
structures of these disordered materials. This is followed by a study of a difficult low-
gamma nucleus, 73Ge, (once considered “impossible” for solid-state NMR) which is
explored for future material studies by looking at 73Ge NMR of crystalline and glassy
germanates. 73Ge chemical shifts were related to coordination environments and

quadrupolar coupling constants were related to bond length distortions.
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1. INTRODUCTION

Glasses are extensively used products within our industrialized society. To the reader,
it may seem as a fairly bold statement but in an age where we are surrounded by the
notion of being “green”, i.e., using recyclable energy efficient materials, one will see
how glass is widely used in many areas and its uses continue to expand. Let us take a
moment and think about a typical morning and what items one may see or use that
incorporate glass science. For example, brushing one’s teeth while looking at a mirror
(silica glass with a backing of Ag- or Al-film), perhaps turning on the television (alkali-
Ba-silicate) for local news or checking one’s iPad® (e.g., Gorilla Glass®, Alkali
aluminosilicate) for a weather update. While enjoying a good breakfast you pour a
glass (soda-lime glass) of orange juice and you may see a hummingbird drinking
nectar outside the kitchen window (Ca-Na-borosilicate). The vehicle you use to get to
the office is engineered with impact resistant (shatterproof) windows. Sitting at one’s
desk reading email, the connection to the cyber world is made possible by fiber optics
(Si02), perhaps one of the most significant discoveries of this past century. There are
many other applications, some of which are definitely not everyday occurrences; glass
science and technology is vast, versatile and will continue to grow in all aspects of
civilization. The basic physical properties that make these materials viable are their
unique structural properties, which can be tuned, creating endless possibilities.
However, the structural properties are difficult to probe and comprehend due to the

inherent absence of periodic long-range order within these materials. This thesis is
1
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written to provide tools and methods that can be used in determining local structure
for a variety of amorphous oxide materials. Two particular applications, which will be
explored and discussed, include ionic conducting materials and high-level nuclear
waste sequestering using borosilicate glasses. We will begin by defining what is a

glass.

1.1. WHAT IS A GLASS?

A glass is a solid that in general terms is obtained from a supercooled liquid, whereby
the onset of crystallization is by-passed (Figure 1.1). In principle, any material
(inorganic or organic) can be considered a glass if its structure is as follows: “A state
of matter that possesses most of the macroscopic and thermodynamic properties of a
solid while retaining the structural disorder and isotropic behaviour of a liquid”.! An
alternate definition is “an amorphous solid completely lacking in long-range, periodic
atomic structure and exhibiting a region of glass transformation behaviour
(temperature range and time where the liquid by-passes crystallization forming a
glass)”.2 One distinguishing property of a glass is that it has a glass transition
temperature, Ty (Ty, is the region where the onset of glass transformation occurs). The
values are typically determined using differential scanning calorimetry (DSC); an
endothermic response is Ty, continued heating is the onset of crystallization, Tc (which
exhibits exothermic behaviour) other properties of interest include refractive index,
density and hardness that can vary with composition.2 One of the most commonly

found class of glasses is oxide glass. Oxide glasses are typically characterized by local-
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(<5 A) and medium-range order (5-10 A) while long-range periodic order is absent

(Figure 1.2).
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Figure 1.1. (a) The temperature dependence of the enthalpy during glass and crystal
formation. Cooling of a melt slowly allowing the system to reach a thermodynamic
equilibrium will allow the formation of a crystalline material. As this material is
further cooled the overall enthalpy will continue to decrease due to the heat capacity
of the crystal. If we can rapidly cool a melt, by-passing the on-set of crystallization, a
supercooled liquid is obtained. As this liquid continues to cool, very little change in
enthalpy occurs (little change in structure) but the viscosity increases. This liquid
eventually becomes so viscous that rearrangment cannot occur within the network
and a glass is formed. (b) Arrhenius plot illustrating both strong and fragile glass
formers. This shows how the viscosity of a glass is affected by sample temperature.
For a strong liquid with discrete local-structural units the viscosity increases linearly
as the temperature decreases, while a curved line indicates a fragile (poor) glass

former, with viscosity changing in a non-linear manner.
3
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Figure 1.2. Two-dimensional representation of (a) crystalline-SiO2 and (b) vitreous-

SiO2.

These oxides are typically excellent solvents; that is, they have the ability to
incorporate a variety of elements while maintaining their glass formation region. The
ability to mix with a diversity of other oxides at various concentrations causes
structural changes to the glass forming oxide. The added oxide potentially provides
the ability to tune and in theory create a material with the desired physical properties.

There is a balance between the melt, crystallization tendencies, and nucleation
sites that determine the ease of vitrification. In addition, one must also contend with
volatility, melting temperatures, concentrations, and quench rates in determining
possible glass formation. Materials that form good glasses are those that exhibit
liquid-like behaviour (i.e., the solid is a good representation of the liquid) while in a
solid form. Speciation and connectivity can be determined in the solid phase, which

can provide information regarding the properties in the melt.

4
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Amorphous oxides are typically categorized into one of two categories, as a
strong-liquid or as a fragile-liquid. These terms are assigned on the basis of the
viscosity behaviour for oxides as the temperature is decreased from the melt to the
solid (known as Angell plots, Figure 1.1). If oxides display Arrhenius behaviour
(linear-relationship), they are considered strong liquids, indicating good candidates
for glass formation. Strong-liquids (good glass-formers) are species that will exhibit
similar properties in the solid-state as they do in the liquid-state, with comparable
heat capacities, a high degree of short-range order, and a tendency towards covalent
bonding.? Fragile-liquids on the other hand are the opposite in nature. As the melt is
cooled the viscosity exhibits non-linear behaviour resulting in larger changes in heat
capacity, poorly defined short-range order, and ionic bonding. This non-Arrhenius
behaviour causes these materials to be less favorable as it is more difficult to relate
the structure-property relationships between the solid and liquid. This behaviour is
typically found in weak inter-molecular interactions (such as hydrogen bonding or
van der Waals forces) often occurring in organic-based glasses. Moderately-strong
liquids fall between the two extremes mentioned above (e.g., Mg0O, Al,03 and TiO32).
These materials do not form glasses generally on their own but can be added to
strong-liquids, enabling a glass to form. These species are often referred to as
intermediate glass forming oxides. To create a glass typically a combination of strong,
moderate and fragile liquids are melted together followed by a quench. The oxide
species combined will exhibit either network forming or network modifying

characteristics.

5
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1.1.1. WHAT IS A NETWORK FORMER
The terminology of a network former was coined by Zachariasen3 in 1932, and it is the
most common method used today for describing glass structure. For oxides, a network

former, AmOn must exhibit four structural behaviours.

1. Oxygen atoms are linked to no more than two atoms A,
2. The oxygen coordination around A is small (i.e., 3 or 4),
3. Oxygen polyhedra share corners but not edges or faces,
4, At least three corners are shared

If the oxide in question meets these requirements, it provides a strong
indication that it will act as a network former in a three-dimensional array. Typical
oxide formers include B203, SiO2, P20s and GeO». Generally, these four conditions are
first considered when looking at a system to determine whether or not a species is
involved in the formation of the network. Network formers are cations that have a
fractional ionic character near 50% when forming a bond with oxygen.

Intermediate network formers such as Al;03, Ga203, and TiO2 do not obey the
Zachariasen rules. However, when added to a strong glass former in moderate
amounts, glass formation will occur typically causing a stronger material, as they can
assist in increasing polymerization (i.e., inhibiting the formation of non-bridging
oxygens). These oxides become an integral part of the glass-forming network,
increasing connectivity. Higher levels of intermediate oxides (not considered here)
may inhibit glass formation altogether, as this will typically induce crystallization or

solid-solid phase separation (i.e., crystalline and amorphous phases).

6
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1.1.2. WHAT IS A NETWORK MODIFIER?
Modifiers are ionic cations that are added to a former, thereby introducing a charge
differential. Since the system must maintain charge neutrality they cause the formers
to change, modifying the glass network. In other words, cations that exhibit very low
electronegativity will not act as formers. Instead, these highly ionic oxide species
contribute indirectly to the connectivity. They are added to provide a desired physical
property; such as increased strength or higher refractive indices. Common modifiers
include: alkali and alkaline earth metal oxides, as well as oxides of the heavier

elements such as, Agz0, PbO, Bi»03 or Asz0s.

1.2. SHORT RANGE ORDER OF COMMON GLASS

FORMERS

A variety of short-range structural units are known to occur in a wide range of oxide
glasses. Silicates, borates, vanadates, germanates are network formers of particular
importance as are intermediate network forming additives, like aluminates and
gallates. Figures 1.3 to 1.8 display the local structural building units within these
materials (with the associated abbreviations) that may occur with an appropriate

modifier.

1.2.1. SILICATES
SiO2 is an archetypal glass former comprised of silicon cations interconnected
covalently with oxygen anions throughout a 3D web of Si-O-Si bonds. Silicates have
the ability to form five local structures (all of which are four-coordinate) as modifiers

are added. Silicates sit in a pseudo-tetrahedral arrangement with the concise notation,
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Q. Q is used as it represents a quaternary species. A superscripted number (x) is
added to identify the number of bridging oxygens (BO), whereby the balance (4-x) is
the number of non-bridging oxygens (NBO). The five silicate species include four BOs
(Q%), three BOs (Q3), two BOs (Q?), one BO (Q1) and all NBOs (Q9).24 Excluded from
this discussion due to their observation typically only in extreme cases (i.e., high
temperature and/or high pressure), are those silicates with five- and six-coordinate

environments ([°ISi and [6]Si).56

f °o o
>s3°

Q* O Q° 3 Q>3
Q' 3 Q’

Figure 1.3. Short-range order species found in silicate-containing glasses, grey circles

9

are silicon while red circles are oxygen.

1.2.2. BORATE SPECIATION
Borate glass is connected into a 3D array of B-O-B bonds but differs from the silicates
in that boron is three-coordinate and contains a high fraction of borate rings (~70%,

B303) while the balance is comprised of non-ring BO3 units (~30%).7 Borates exhibit
8
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five possible short-range order structural units and two different coordination
environments.#8° The ring and non-ring structures in B203 are three-coordinate
boron ([31B); both exhibiting three bridging oxygens (BO). These structures are
referred to as T3 units (T represents trigonal and the superscript gives the number of
bridging oxygens). [31B with two BOs, and one non-bridging oxygen (NBO) is denoted
as T2, while BIB with a single BO and two NBOs is abbreviated as T! and [3!B with three
NBOs is called a T? unit. A four-coordinate boron with four BOs also exists, with a
negative charge delocalized over the borate unit ([*1B), due to boron being trivalent,
B3+. Ring structures will be discussed below as they are medium, not short-range
ordered structures. The local structure for the three-coordinate species are pseudo-

trigonal planar while the four-coordinate boron is pseudo-tetrahedral (Figure 1.4).

Figure 1.4. Short-range order species found for borate-containing glasses, blue circles

are boron and red circles are oxygen.
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1.2.3. VANADATE SPECIATION
V205 is a unique glass former as it is a transition metal oxide glass former that is
difficult to vitrify. It contains a doubly bound oxygen that does not participate directly
in network formation (non-covalent interactions), unlike the silicates where all
oxygens are covalently bound. The structural units are comprised of V>+, forming five
local structures. The five local structures include a five-coordinate species (VOs,2) and
four, four-coordinate pseudo-tetrahedral vanadium environments (VOO3z,2), similar to
a phosphate group (PO4) in terms of structure. Vanadium can have a variety of
oxidation states (3* 4* and 5*) in crystalline systems but oxide-glasses typically
contain diamagnetic V5+.10 The four-coordinate vanadium oxide species comprises one
oxygen doubly-bound to vanadium and three oxygens that can participate in a
network formation as either BOs or NBOs. The five possible structures are: five-
coordinate vanadium (in a square pyramid structure)!12 with five BOs ([°1V), and four
pseudo-tetrahedral vanadates; three BOs (Q3); two BOs and one NBO (Q?); one BO and
two NBOs (Q1); and three NBOs (Q?). As in the case for silicates, the notation Q is used

and the superscript number represents the number of BO species (Figure 1.5).10.13
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5] v

Figure 1.5. Short-range order species found in vanadate-containing glasses, green

circles are vanadium and red circles are oxygen.

1.2.4. ALUMINATE AND GALLATE SPECIATION
Aluminium and gallium oxides are treated together as glassy materials due to their
similar behaviour and coordination environments. Even though they do not conform
to the rules set out by Zachariasen (and are thus not glass formers on their own) they
are used as additives to good glass formers because both species typically increase
polymerization. The local coordination surrounding these cations is four, similar to
that seen in [“IB where four oxygens are bridging with a negative charge delocalized
around the species. The short-hand notations are [“Al and [#lGa. Certain glasses
contain environments of five- and six-coordinate metal centres ([5/[6]Al/Ga);214 the
resulting local structure is pseudo-trigonal bipyramidal and pseudo-octahedral.

Glasses that exhibit these higher coordination numbers can be thought of as a four-

11
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coordinate bridging species (covalent) with either one or two oxygens coordinating at
a longer (i.e., more ionic bonding) interaction whereby the charge is maintained as -1,

delocalized over the aluminium or gallium cation (Figure 1.6).

BiAl/Ga

Figure 1.6. Short-range order species found in aluminate- and gallate-containing

glasses, light blue are Al (Ga) and red are oxygen atoms.

1.2.5. GERMANATE SPECIATION

Germanium is below silicon within group 14 of the periodic table. As a result of the
similar characteristics seen within a group, similar quaternary (four-coordinate)
structures as those seen in silicates are observed. The notations for germanates are
similar to those used in silicates, with Q* denoting four BOs, Q3 consisting of one NBO
and three BOs, and so forth until Q° occurs with four NBOs (Figure 1.7). Higher-
coordinate (five and six) environments could also exist because germanium is a larger
cation (the “germanate anomaly”, Chapter 6). The six-coordinate environment
contains six BOs and is abbreviated as [6]Ge.2!> The five-coordinate environment
would be in a pseudo-trigonal bipyramidal structure as seen for the aluminum and
gallium species above (Figure 1.6).

12
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Figure 1.7. Short-range order species found for germanate-containing glasses, purple

are Ge atoms and red represent O atoms.

1.3. How LocAL STRUCTURAL UNITS FORM

For a given network former, oxygens will be bridging in a three-dimensional array (or
be doubly bound to the cation as in the case of V205 and P;0s). Incorporation of a
network modifier will introduce excess positive charge, creating an imbalance. To
maintain charge neutrality within the network, formers must break oxygen linkages to
either form NBOs and/or increase their coordination number. The changes in the
structure will affect the physical properties (i.e., melting temperature, density and
refractive index). Considering how each compensates the new charge, one can see that

SiO2 and B203 are two examples of how the starting oxide is modified by alkali
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(modifier) addition (Example 1.1 and Example 1.2). Knowing the structural changes
that govern these properties proves a difficult task due to the lack of long-range

periodic order.

Example 1.1. Na;O added to v-SiO; causes Q3 speciation, decreasing network
polymerization. As the Na* adds to the Q* units, Q3 (bearing a single NBO) forms to
maintain charge balance. Note the Na* (purple) ions are adjacent to a NBO (red) that

are connected to Si (grey).

Example 1.2. K20 added to v-B203 causes [41B speciation, increasing polymerization in
the network. Addition of K* causes the [31B to change to [“IB (increase in coordination
number) where the delocalized negative charge neutralizes the K*. Both K* ions

(purple) interact with [#IB (blue) that are surrounded by O (red).

14
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Boron is an excellent glass former and B:03 is a favoured oxide due to its
abundance and low melting point (T, = 450°C).16 Borates are unique when compared
to other formers such as the silicates, as boron undergoes a change in coordination
environment over a large modifier range prior to the formation of NBOs. This unique

behaviour will be discussed further in later chapters.

1.4. STRUCTURE DETERMINATION METHODS FOR
GLASSES

Determining short- and medium-range structure in glasses is a difficult task.
Traditional methods employed for studying crystalline solids such as x-ray and
neutron diffraction cannot be performed easily for amorphous solids. When they are,
often only limited information can be extracted. Amorphous materials that lack long-
range periodic order do not provide well defined diffraction peaks. This occurs as
glasses comprised of short-range order do not have well defined periodic structure
causing diffraction peaks to broaden and essentially coalesce into a broad, low
intensity diffraction peak spanning many degrees. Other areas where x-ray diffraction
struggles is lighter elements (e.g., H, Li and B), due to the low electron density and
differentiation between similar elements (e.g., Mg, Al and Si) when mixing occurs. The
latter situation exists due to the electron environments (12 vs. 13 vs. 14 electrons)
being similar, position mixing creates difficulties in identifying unique positions.1”
Other methods used for studying disordered materials include vibrational
spectroscopy (IR, Raman), x-ray absorption fine structure (EXAFS), molecular

dynamics (MD) and nuclear magnetic resonance (NMR).
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1.4.1. VIBRATIONAL SPECTROSCOPY
Vibrational spectroscopy is based on measuring a change in energy as the atoms
vibrate, creating transitions in energy states. IR and Raman spectroscopy provide
vibrational spectra which exhibit a spectral signature from atomic vibrations in the
region of 0 to 4000 cm1.18 Vibrational spectroscopy is an attractive method in
Chemistry due to its inherent sensitivity to the response of molecular vibrations.l”
This method is ideal for organic molecules which typically have resonances which
span a range of ~ 4000 cm-! and this spectroscopy is commonly used to determine
characteristic functional groups such as, -NHz, -OH, -CN and -CO. Inorganic materials
are typically heavier than organic materials with reduced stiffness and longer bonds
causing the vibrational mode to decrease in energy (lower wave number). As the mass
of the atoms is inversely related to frequency (v, cm'1) and the spring constant (k) is
related to the stiffness of the bond, inorganic vibrations are typically compressed into
a narrower spectral range, i.e,, 0 to 1000 cm1.19 For example, this narrow region
causes difficulties when differentiation is required between B-O, Si-O and Al-O
stretches. The resolution of sites (bond-stretches) and identification of particular
species is often difficult, and a quantitative analysis is nearby impossible in many
cases. Further drawbacks associated with Raman and inorganic materials is that
fluorescence can occur, causing the detector to become saturated.l” Two aspects that
are attractive for this method are the sensitivity and ability to identify hydroxyl
groups (i.e., -OH and H20), and the possibility of identifying medium-range order such

as rings (ring breathing modes). Larger structural units (superstructures) can be
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identified using characteristic shifts, such as borate rings (808 cm-1) and other rings

like triborate (770 cm-1).1°

1.4.2. X-RAY ABSORPTION SPECTROSCOPY
X-ray absorption fine structure spectroscopy uses the photoelectric effect from x-rays
to interact with an atom of interest to retrieve local structural information.1® There
are two slightly different methods used to study glasses that are under the scope of
XANES (near edge) and EXAFS (extended).!” These techniques measure the
absorption of x-rays as they interact with the material. If the energy of the x-ray is
comparable to the energy needed to eject an electron, a response is recorded, giving
rise to an absorption energy, this is typically called an absorption edge.1%17 Because
each element and local structure has a characteristic “edge” (in theory), structural
information can be extracted from this behaviour. Relating these data to the sample,
the atom(s) and local environment(s) can be determined based on recorded energies.
It is most often used to study interatomic distances, coordination, and chemical nature
(short-range order) in heavier elements (greater electron density). Certain
disadvantages do exist, including insensitivity to light atomic species and the difficulty
in fitting these spectra quantitatively and reliably. Small (light) atoms (Li to S) suffer
from low intensity back scatter, which is due to their low electron density.l” Electron
ejection is also easier (i.e., lower energy required to eject an electron) which causes
the scale for materials bearing many light atoms (Li, B, O, Si, etc.) to be compressed
within a small region (few eV). This small region could potentially create difficulty in
distinguishing between similar environments (e.g., T? vs. T1) or similar sized element

compositions (e.g., MgAlSiOx and CaTiVSiOx).1” Furthermore, acquiring quantitative
17
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data can be challenging, requiring a large set of crystalline materials as standards to

determine accurate and precise values for a proposed structural model.

1.4.3. MOLECULAR DYNAMIC CALCULATIONS
For the study of dynamics and local structures governing dynamics, quantum and ab-
initio based molecular dynamic (MD) calculations are often used. This method
encompasses a large series (100’s) of atoms in a given space. These clusters of ions
are typically treated at elevated temperatures (3,000 to 4,000 K) and allowed to move
throughout space in a predetermined volume randomly generating a disordered
phase while the convergence energy is accomplished in about 10,000 steps (varies
with system size).20 At certain points in time the fictitious temperature is decreased
(in large steps) until the system is “frozen”, that is, it becomes glassy. The results of
MD calculations reveal dynamic information based on the overall random structure,
which in turn provides theoretical information on the system of interest. Advantages
of MD simulations are that large scale systems can be calculated, including ionic and
metallic glasses, that are typically difficult (nearly impossible) to synthesize. It also
provides a good visual basis for cation mobility within a disordered lattice. A few
drawbacks do exist, one being the unrealistic quench rates, typically on the order of
1011 K/s, whereas conventional laboratory and industrial quench rates are 10 to
10,000 K/s. Computational codes are also optimized for ionic and metallic glasses,

often hindering at times the proper treatment of covalent oxide systems.10
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1.5. NUCLEAR MAGNETIC RESONANCE

Nuclear magnetic resonance (NMR) is one of the most widely used methods for
studying local structure within amorphous materials. Sensitivity can be an issue for
certain nuclei in a system, but the structural information that can be gathered cannot
be matched by the other methods discussed above. NMR is quantitative, sensitive to
the local environment and is selective to a particular nucleus of interest. In addition,
modern technology and pulse sequences developed in the past 20 years enable
secondary coordination (medium-range order) to be probed, providing a better
understanding of these (disordered short-range ordered) materials.

NMR is a spectroscopic method that uses a static magnetic field and a rotating
magnetic field to study local environments in a variety of nuclei. Within the periodic
table almost every element has at least one isotope that contains the intrinsic physical
property of nuclear spin. The nuclear spin number is determined by the number of
protons and neutrons within the nucleus. This spin is denoted as I, the spin quantum
number and can vary from 0 (not NMR active) to 1=9/2 for non-integer, non-
radioactive nuclei.

All NMR active nuclei (I>0) have a magnetic moment, p. This can be described
by the interaction between the spin-quantum number, I, and another intrinsic nuclear
property, the gyromagnetic ratio (y).

p = vhl (1.1)

For example in a [=1/2 system (e.g., 1H), the magnetic moments (i.e., nuclear
spins) within a sample are introduced into a strong magnetic field (B,), these will

orient themselves with respect to B, and precess around an axis (which we will define
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as the z-axis) at a characteristic frequency, known as the Zeeman interaction. This is
the simplest spin system considered (i.e., isolated spin system in a static field with no
other interactions). The precessing spins can only take a certain number of states
(21+1) for a given field. Since these states have different energies this forces the
degeneracy to be lifted, causing evenly spaced energy spin-states (see below, 1.3). If
we use the quantum mechanical description of the Zeeman interaction we can define

this as the Zeeman Hamiltonian, H, as shown in equation 1.2.2

H, = -p+B, = -hyi,B, 1.2)

The most commonly studied nucleus, 'H, has a spin of 1/2, which gives rise to
two degenerate states and allows for a single transition (1/2 to -1/2). The energy
splitting of these levels is directly proportional to the field (Figure 1.8). When
quadrupolar nuclei such as, 23Na (I=3/2), 170 (1=5/2), 45Sc (I=7/2) and 3Nb (I=9/2),
(which respectively contain four, six, eight and ten degenerate energy levels), are
introduced into a magnetic field, multiple splittings will occur (i.e.,, multiple single-

quantum transitions). The number of energy levels of a given nucleus is given by

Number of energy levels = 21+1 (1.3)
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Figure 1.8. Zeeman interaction of an I=1/2 nucleus (e.g., 1H, 13C, 31P, etc.) as the

magnetic field strength increases.

The magnetic moment precesses around the magnetic field at some rate, which
is known as the Larmor frequency, vo.
Vo =YBo/2m (1.4)
The Larmor frequency falls into the radiofrequency range (MHz) and is therefore a
low energy method within the electromagnetic spectrum. The splitting caused by the
Zeeman interaction can be expressed as an energy term, AE. The energy difference is
proportional to the magnetic field.
AE = yhB, (1.5)
In the absence of a magnetic field, the nuclear spins occupy degenerate energy
levels. The Zeeman interaction imparts a change in the population distribution of the
nuclear spins, based on two energy levels (I=1/2). The difference in population will be
proportional to B,, where a stronger field causes a greater population of the lower

level. The population difference between the energy levels can be described by the
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Boltzmann distribution. This allows the probability of the relative populations to be

determined between the two energy states.

-AE
Nop _ (1.6)
N1/2

For an I=1/2 spin, the total number of spins must equal the sum of the two
energy levels. Thus N = N1z + N.1/2, and the difference is n = N1/2 - N.1/2. Combining
these equations, the value of Ni/2= (N+n)/2 and for N.i/2=(N-n)/2. The Boltzmann

equation then becomes:

-AE
-AE
N-n -——= 1—e*
=e —>I’l=N—_AE
N+n

l+e

(1.7)

In NMR it is appropriate to make the high temperature approximation,
AE/kT<<1, resulting in n=N(AE/2kT), where AE = E.1/2-E1/2=yhB,.#21 Therefore one
can increase the sensitivity by increasing B, and/or decreasing temperature. Only a
small proportion of spins will contribute to the signal, on the order of 1/1000 to
1/10000.22

This population difference is what enables NMR to be performed on a given
nucleus. The energy difference(s) between the levels is small, causing the population
difference to be small, requiring many spins for a signal to be observed. Applying a
pulse at a specific Larmor frequency causes a perturbation of those nuclear spins to
the higher energy level. After the pulse, these promoted spins will precess about B,

generating a measureable magnetic field as the system relaxes back to equilibrium.
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This new albeit small generated rotating magnetic moment, induces an electro-
magnetic field in the receiver coil (uV, typically) which is recorded as a free induction
decay.21.23 This magnetic field that is generated by the precessing magnetic moments
is related to an induced electric field according to Maxwell’s equations.23 Strong pulses
and higher fields are favoured to promote more nuclear spins into higher energy
levels. This results in a stronger and more sensitive signal. For I>1/2 nuclei the same
approach is taken, but one must deal with more energy levels and different population
distributions. This could result in fewer “observable” spins as a variety of transitions
between spin populations could occur including various coherences decreasing
sensitivity even further. The magnetization that we record is governed by two
relaxation rates, spin-lattice (T;) is the time for the Boltzmann distribution to develop
(time required between pulses), and spin-spin (72), which is the coherence life-time

(i.e., the signal that is detected).

1.6. ANISOTROPIC INTERACTIONS IN SOLIDS

Above we introduced the Zeeman interaction (H;), which causes an energy splitting
when magnetic moments are introduced into a magnetic field. To express any system
one needs to consider the total internal nuclear electromagnetic interaction (Hinternal)
that is experienced within a sample. These interactions include J-coupling (H;j), dipolar
coupling (Hp), chemical shielding (Hcs), Knight shift (Hks), paramagnetic interaction
(Hp) and quadrupolar interaction (Hq2). The magnitudes of these interactions vary
and range from a few Hz to MHz. Three internal interactions that are of particular

importance to solid state NMR include: i) chemical shielding, ii) dipolar coupling and
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iii) quadrupolar coupling. The anisotropic portions of these interactions have no effect
on the observed frequencies in liquids and gases (in most cases). Rapid rotation and
free-motion averages the chemical shielding anisotropy (CSA) and dipole-dipole
interaction but becomes slightly more complex for the quadrupolar interaction as T2
(defined below) can become very short, potentially causing the sites to become
“invisible”. In some cases it can be easier to study quadrupolar nuclei in the solid state
as the lack of motion in the solid can lengthen T2. A description of these interactions
follows:

Hintemal = HJ + HD +HCS+ HKS + HP + I_IQ1 + HQ2 (1°8)

1.6.1. CHEMICAL SHIELDING INTERACTION
The chemical shielding interaction involves the local electron density
within a system and the effect it has on the nucleus. The interaction is expressed

below where o is the shielding tensor.

H.=y,hl*0*B, (1.9)
The shielding felt by a nucleus is based on their electronic environment, giving
rise to a resonance frequency. To understand shielding, let us focus on a bare nucleus
(i.e., no electrons), this would have a characteristic Larmor frequency.?* Since a
nucleus is not free of electrons, electronic coupling with the surrounding field (Bo)
causes a new transition frequency, v (although small). This effect changes the field at
the nucleus, which is defined as shielding (i.e., the effect on the nucleus caused by

surrounding electrons).

LA

4

v=(1-0) P

(1.10)
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As the electronic interaction for a nucleus is three dimensional, one can
describe the orientation of a nucleus (within a B,) using a 3 x 3 tensor. This tensor

provides information of the electronic environment of the nucleus and B,.25

0= O'21 022 023 = O-isa + O-sym + Ganti (1°11)

This potentially allows up to nine independent components to be used in the
description of the chemical shielding interaction within the surrounding field. The
tensor is comprised of three contributing terms, isotropic, symmetric and anti-
symmetric. The anti-symmetric component of the tensor has no measurable effect on
the lineshape at conventional fields. Because of this we can remove it from our
discussion (the anti-symmetric portion of the tensor affects higher order terms, since
the Zeeman interaction is always larger than any contribution from shielding for a

system).25.26

o=|0, 0, O,|=0,,+0, (1.12)

The isotropic matrix provides the position of the centre of the spectrum, while
the symmetric tensor will provide the lineshape for the system. If we operate in the
principal axis system, PAS (coordinate system in which the tensor is diagonalized) we

can form a diagonal matrix with three diagonal elements, these are used to define the
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chemical shift tensor, where 011 < 022 < 033. The remaining three elements are the

Euler angles (a, B and y) that provide the directions of the PAS in the molecular

frame.2526
o0, 0 0
Ops =0 0y 0 (1.13)
0 0 o,

Within an experimental scenario we rarely refer to actual shieldings. Instead
one often uses the term chemical shift. This creates the chemical shift convention
where Vunknown is the frequency of your sample and vrer is the frequency of your

reference.

v -V
M] . 106 (1.14)
v of

r

unknown

The relationship between chemical shift and chemical shielding is simply

0., -0
_ w} .10 (1.15)

1 - Gref

unknown

This is further simplified since orerx 0 (for most systems) and the chemical shift is

6unkm)wn = [Oref - Gunknown ] ¢ 106 (1°16)

Therefore the shielding tensor in equation 1.13 can be recast in terms of chemical

shift
6, O
Ops=|0 6,, O (1.17)
0 0 4,
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By convention these three components are ordered as 811 = 822 = 833. Three
useful parameters are typically reported: average shift (isotropic shift, 8is), full

breadth of the anisotropy (span, (1) and the ‘shape-factor’ of the anisotropy (skew, k).

Sy = (0, +0,, +04,)/3 (1.18)
Q =4, -0, (1.19)
3(8,, -9,
K= ( 22 LSO) (1.20)
Q

The chemical shift anisotropy interaction is typically found to be on the order
of a few ppm to 100’s of ppm. At higher fields this interaction increases linearly, i.e.,
10 ppm CSA for 'H at 100 MHz is 100 Hz versus 10 ppm CSA for 'H at 800 MHz is 800

Hz. To minimize this interaction (in Hz) lower B, fields are preferred.
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O0; | ‘ i c

5iso N b

a

150 50 0 -50 -150 ppm

Figure 1.9. Chemical shift anisotropic interaction: (a) powder pattern, (b) isotropic
shift, 8iso and the three chemical shift tensors (c) 633, (d) 622 and (e) 811. The simple

molecule is shown in different orientations with respect to the magnetic field. These
28
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three orientations represent the principal tensor components, while the whole
powdered sample pattern is shown in (a). As the orientation of the molecule is now a
distribution within the field a different shielding will be observed giving rise to the

anisotropic powder spectrum.

1.6.2. DIPOLAR COUPLING INTERACTION
The dipolar coupling interaction in its simplest form can be viewed as two bar
magnets. If these approach each other either an attraction or repulsion force occurs.
We can express the interactions between these two magnets as magnetic dipoles p1

and p; as

U=(4M_;5){M;;3u2 _3(wr3(5uz‘r)} (121)
where r is the distance between dipoles, U is the energy of the interacting dipoles and
o is the vacuum permeability constant.

Nuclear spins contain an intrinsic nuclear magnetic moment (, above) that
will precess around a strong magnetic field. These nuclear spins (I and S) can interact

through space (Figure 1.10) just as in the case of the bar magnets, causing a small

splitting to the Zeeman interaction.
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V4

Figure 1.10. Two spin-1/2 nuclei interacting with one another in space, showing the

effect of the dipolar interaction.

This small splitting in energy is caused by the dipole-dipole interaction and is
observable as an broadening in a spectrum. If this interaction occurs between the
same nuclear spins, I=S (e.g., 1H-1H or 7Li-’Li), this is known as a homonuclear dipolar
coupling, whereas a heteronuclear coupling occurs when I#S (e.g., 1H-31P).1327 The

dipolar interaction (Hp) is shown in equation 1.22.

H, = l(f—;)(%ﬁ)l{A+B+C+D+E +F} (1.22)

Where yrand ys are the gyromagnetic ratio terms for nuclear spins I and S. The

six alphabetic terms (A-F) that contribute to the dipolar interaction are defined below.
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A=1, IZZ(3cos 0-1

)
](3005 0 - 1)

1
B= —Z[11+12_ +1_1,

+

3
——[IHIZZ +1,,1,, |(sinfcosB)exp(-ig)

A
I

3 (1.23)
D= 5[11 L, +1,1,_ |(sinfcosB)exp(+igp)
3
E= —Z[IHI2+]sin2 Oexp(-2i¢)
3
F-= -2[11_12_]sin2 Oexp(+2i¢)

Of these six terms we can conveniently remove four (C to F) as these are time-
dependant terms known as the non-secular portion of the dipolar Hamiltonian. These
contribute to the relaxation behaviour however their effect on the spectrum or energy
splitting is negligible, enabling us to neglect these terms.#?3 The A and B terms
comprise the secular portion of the dipolar interaction, which are time-independent.
These cannot be set to zero and can contribute to homonuclear (A and B terms) and

heteronuclear (A term only) dipolar interactions.

1.6.2.1.HOMONUCLEAR DIPOLAR COUPLING
The homonuclear dipolar interaction occurs between two spins of the same nuclear
species (e.g., 1H-1H or 7Li-’Li). The two most important terms within Hp are the
distance (r3) and the gyromagnetic ratio, y. As shown in equation 1.22, if y becomes
smaller and/or the distance between the nuclei increase, the overall dipolar
interaction will decrease. Therefore high-y nuclei (e.g., 1H, 7Li, 1°F and 31P) cause a
larger concern for homonuclear dipolar interactions than lower-y nuclei (e.g., 2°Mg,

89Y and 199Ag). Both the A and B terms have a ‘3cos?6-1" term, which further can be
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used to remove or alleviate the dipolar interaction, vide infra. However, the B-term
complicates this for the homonuclear (but not the heteronuclear) case as it also
contains the ‘flip-flop’ operator. This ‘flip-flop’ term allows transitions between
different spin-states for coupled nuclei. For example, if we have two coupled spins
(I=1/2), the aa(1/2,1/2) and Ba (-1/2,1/2) levels are linked, which can flip back and
forth. As this allows for the coupled spins to change-states over time (e.g., 1/2 to -1/2
or o -> ) reaching an isotropic value can be difficult using conventional averaging

methods.

1.6.2.2. HETERONUCLEAR INTERACTION

Since the highest probability of the flip-flop process occurring is when no external
energy is required; the heteronuclear dipolar coupling interaction (i.e., [#S) is less of
an issue due to the effects of the B term becoming negligible. In the heteronuclear case
the energies of spins [ and S are different (i.e., requiring external energy), preventing
the ‘flip-flop’ operator to change in the B term. The A term, however will cause
broadening depending on the orientation of the two spins with respect to B..

The dipolar Hamiltonian presents one crucial feature, (absent from all the
other NMR interactions) which is the relation between dipolar coupling and inter-
atomic distance. This opens up the opportunity to determine atomic distances

between spins.

1.6.3. R UADRUPOLAR INTERACTION
The quadrupolar interaction is present within ~74% of NMR active nuclei in the

periodic table, meaning they possess an electric quadrupole moment (eQ). All spin-
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active nuclei with I > 1/2 have a non-spherical nuclear charge distribution (Figure

1.11).
Charge Distribution Total Electric Charge Lo Electric Quadrupole
in Nucleus Monopole Electric Dipole

O0a©
= +
0+ 9 +%

Figure 1.11. Overall charge distribution caused by the electric monopole, dipole and
quadrupole interactions for a I>1/2 nucleus. Note: Physicists have shown that the

electric dipole is zero and does not exist.

This interaction is observed in spectra when the electric quadrupolar moment
(intrinsic to the nucleus, eQ) interacts with the electric field gradient (V) from the
surrounding atomic environment causing a change in the energy levels.

The electric field gradient V is of interest as it can relate information of the
local environment in which the nucleus is situated. If we think of this charge
distribution in an electrostatic potential (p(r)), the energy will be defined by E and the
volume surrounding the nucleus is V(r). We can describe the electrostatic potential

using a Taylor expansion (1.26).4
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E = [p(r)* V(r)dr

VvV 1 o7V
V() =VO) + Y i—|_,+=
(r) =V(0) Ez il 2 205
(1.24)
Vi_ﬂ
ol
&V
i~ aa

Where Vj; is the Cartesian components of the electric field gradient at the origin, V.
Here, V is a second-rank symmetrical tensor. Within the PAS Vis diagonal with |Vzz| 2

|Vyy| = |Vxx|, with the largest component defined as Vzz and Vxx+Vyy+Vzz=0.2829

Ve 0 0
V={0 V, 0 (1.25)
0 0 V,

The quadrupolar interaction within the PAS is defined below where operator |
is the angular spin momentum, {7 is the Z-component of the angular momentum and
the raising and lowering operators are 1. = Ix+ily and I-=1x-ify.3

hi ——Co 32 1T+ 1)+ 212 +12) (1.26)
¢ 412I-1) 277 T )

This interaction is described by the quadrupolar coupling constant (Cq) and the

asymmetry parameter (1) defined below.

c, =Lz 1.27)
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n=—X 1 (1.28)

It is this interaction between Vzz and the quadrupolar moment (eQ) that causes
an effect in the spectrum as described by Cq and n (where Cq can typically range from
0 Hz to 100’s of MHz and n is between 0 and 1).

The three tensor components, Vxx, Vyy and Vzz describe the electric field
gradient (arising from the charge distribution outside the atom). The coupling
between the eletric field gradient and the quadrupole moment will manifest in the
observed spectrum and be accompanied by a characteristic shape based on the local

symmetry at the nucleus (Figure 1.12).
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Figure 1.12. Second order quadrupolar lineshape of the central transition as the three

EFG tensors change. I: non-spinning and II: magic angle spinning (discussed below)

with (a) =0, (b) 0.2, (c) 0.4, (d) 0.6, (e) 0.8, (f) 1.0.

1.6.3.1.00UADRUPOLAR — ZEEMAN INTERACTION
The quadrupolar interaction acts as a perturbation of the Zeeman interaction (when
in a high field scenario), thus enabling the quadrupolar Hamiltonian (Hgq) to be split

into first- and second-order contributions (Hq = Hq! + Hg?).**%*

- %{ stz -y, o[, 10, v, [ 1w v - iEVQ} (1.29)

H - &\P[ﬁg -1y, (1.30)
4121-n\2
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U{)

0

H? = A(L
4121 -1)

Where v, is the spectrometer frequency, Vo, V1, V.1, V2 and V.; are

11
V,=3 szz

V1 = —VX —iVYZ
V—l = VXZ _iVYZ

1 .
V, = E(VXX V) +iVyy

1 .
v 2 = E(VXX _Vyy) _lvxy

2
) W.L,ar -si; -n+vy el 21 -n} @31

Within the PAS the elements simplify to Vo = v3/2¢Vzz, Vi1 = 0 and Vaz = (Vzzom) /2.4

It is important to note that the central transition (1/2 to -1/2) is unaffected by

the first-order interaction (it only experiences the second-order and higher symmetric

terms) and the satellite transitions (all transitions other than 1/2 to -1/2) are mostly

affected by first order interactions, with slight effects from higher order terms (Figure

1.13).
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Ist Order 2nd Order
Strong B, Quadrupolar Quadrupolar
No B, Zeeman Interaction Interaction Interaction

-9/2

A -2

-5/2
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32
572
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Figure 1.13. The Zeeman+Quadrupolar interaction for a I=9/2 nucleus illustrating the
effects of the Zeeman interaction and the 1st and 2" order quadrupolar interactions

on the nuclear energy levels.

The first-order interaction causes the former evenly spaced energy levels
resulting from the Zeeman interaction to become unevenly split causing a change in
the peak shape. The satellite transitions either increase or decrease under first order,
creating a new energy difference between the single-quantum transitions, however
the central transition is unaffected to first order. The energy differences between
analogous spin states (i.e.,, +3/2, #5/2, +7/2 and +9/2) stay the same. The second-
order interaction affects all the energy levels, although the effect is greater for the CT,

as it is unaffected to first-order (Figure 1.13).
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Figure 1.14. (a) powder spectrum of all nine single quantum transitions for an 1=9/2
nucleus, (e.g., 73Ge or Nb). The “~” represents the CT that is off-scale due to
increasing the scaling for the satellite transitions. Each satellite transition is labeled
accordingly, with each satellite caused by a single quantum transition (i.e., 9/2<->7/2
or -5/2 <->-7/2) and (b) Enlargement of the central transition (1/2 to -1/2) from the
powder spectrum in (a), showing the effect of the second-order quadrupolar

interaction.

Determining Cq, n and &iso parameters from a spectrum can be difficult when
they span many kHz to MHz. The magnitude of the quadrupolar coupling can be

estimated by measuring the total breadth of the spectrum (4vsun in Hz),

AV, =[1-2m, (1.32)
3y 1.33
vV, =" — .
¢ 212I-1) (1.33)
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where m is the satellite transition of interest +3/2, +5/2, +7/2 or £9/2 and vq

is the quadrupolar frequency (Figure 1.15).

AVpartial

cT

ST ST

— T
600 200 0 -200 -600 kHz

Figure 1.15. The full separation (Avfn) measured in Hz is used to calculate the
quadrupolar coupling interactions. The breadth of the satellites (Avpartial) provides a

way to measure the asymmetry parameter as discussed below.

The asymmetry parameter can be measured from the breadths of the satellite

transitions and breadths of the horns using,

1-n
Avpartial=AvfulZ|: 2 :l (1'34)
Since the CT is broadened by the second-order quadrupolar interaction,

determining the isotropic shift requires a little more effort. One needs to take into

account the field dependence of the second-order interaction and the inherent
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relationship to the isotropic shift. From the spectrum, one can easily determine the
centre-of-gravity shift (8cgs) and knowing the Cq and 1, we can determine the isotropic
Shift ((Siso)

3] 3(Cy)” (1.35)

1 1
0., =5ffp+—(1+—n2)[l(l+l)—— _—
8 3 412121 -1yv,

30

The second-order quadrupolar broadening based on the quadrupolar coupling
constant can also be calculated. This is useful in determining what sort of
contributions to linewidths are expected for systems that have a small quadrupolar
interaction, such as encountered in 7Li, °Be and 133Cs NMR. We will abbreviate the

second-order quadrupolar effect as SOQE and v, as the Larmor frequency (Figure

1.16).

2
Vv
0
1.36

v (1.36)

1 3\ 2
SOQE = 5(1(1 +1) - Z)(1 " g”)
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isotropic
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Figure 1.16. (a) Isotropic shift (8iso) and (b) full second order quadrupolar lineshape
of the central transition. Note the centre-of-gravity in (b) does not correspond to the

isotropic shift.

1.6.4. SOLUTION VERSUS SoOLID NMR
Although one or more of these anisotropic interactions exist they are typically only
observed in solids. Solution NMR is identical to solid-state NMR in terms of the theory.
However, the inherent anisotropic interactions that broaden solid spectra typically do
not occur in solutions due to the molecules’ ability to rotate freely within a liquid
phase.3! The rapid motion in solution averages these interactions leaving behind the
isotropic component, which is the isotropic shift. However, with averaging one loses
vital information regarding local structure. This information is retained in solids and
solid-state NMR spectroscopists have other methods to get “solution-like” spectra

while maximizing the local structural information from a solid.
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1.7. THE “MAGIC” IN MAGIC ANGLE SPINNING

Solid spectra traditionally were collected under non-spinning conditions. The
powdered samples are comprised of millions of tiny ‘crystallites’ representing the
material with their orientation in the field being arbitrary. Each crystallite has a
slightly different resonance frequency based on the orientation, resulting in a powder
spectrum (powder pattern). This powder pattern would contain all the information on
the system with any and all relevant anisotropic interactions already mentioned. This
method is functional but suffers from multiple interactions that broaden the signal,
creating challenges in determining the magnitudes of each interaction. In addition,
most solids have multiple sites, which cause further overlap, impeding the
deconvolution of the individual anisotropic contributions. Dissolving these in solution
is not a possible route either for determining isotropic chemical shift as many
inorganic solids will decompose, change structurally when introduced into a solvent,
or are insoluble. A method would need to be developed in order to overcome these
inherent drawbacks, other than solution state NMR where only the isotropic shift can
be observed.

In the late 1950’s Andrew32 and Lowe3233 independently suggested a ground-
breaking concept with their introduction of a new tool for the solid state
spectroscopist. Their concept was to rotate a solid powder at a fixed angle at a high
rate (typically hundreds to thousands of hertz). They realized that many of the larger
anisotropic interactions had a common spatial term that existed when the powder

was placed in a field, namely P2(cos8).
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3c0s’ 6 -1
P,(cos0) = % (1.37)

Although 6 within the magnetic field can vary from 00 (perpendicular to B,) to 90°
(parallel to B,), only one angle (54.73°) causes this term to be zero under spinning
conditions. In theory, if one were able to spin the sample infinitely quickly, many of
the anisotropic terms would be zero. This was the creation of magic angle spinning
(MAS) and is the most common application for solid state NMR today.

Spinning infinitely quickly is obviously impossible. Therefore MAS often
reduces these interactions and at times can remove them completely depending on
their magnitude. Generally, the spinning frequency has to be in the order of the
interaction (or faster) for the interaction effect to be removed. For example, 207Pb
(I=1/2) bearing material under non-spinning conditions has a span of 40 kHz at a
magnetic field of 14 T. The sample should be spinning at a frequency >40 kHz, for one

to observe a “solution-like spectrum”, which is the isotropic peak (Figure 1.17).
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a

150 100 50 O -100 ppm

Figure 1.17. Chemical shift anisotropy interaction, (a) non-spinning, (b-d) increasing
spinning speeds, (e) infinite spinning at the magic angle and (f) MAS rotor at the magic
angle with respect to the magnetic field. Slow spinning maintains the overall line
shape of the non-spinning spectrum however compresses the signal into narrower
peaks, increasing signal to noise. Increasing the spinning frequency causes the

spinning side bands to be removed and leaves behind the isotropic resonance (e).

Spinning not only improves resolution but provides another significant
contribution to solid-state NMR by improving sensitivity. The spinning causes a broad
spectrum to be compressed into a series of smaller lines thereby focusing the intensity
into smaller packets. Using a combination of non-spinning and MAS, the extraction of

various interactions can be performed. For example, the isotropic shift can be
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determined by collecting MAS data at various spinning rates. The various rates enable

the identification of spinning side bands (ssb) and the true isotropic shift (which will

not change position with spinning frequency, unless temperature dependent).

The quadrupolar interaction is dependent on two different spatial terms

P2(cosB) and P4(cosB). The P, term is removed by MAS, whereas the P4(cos8) term is

only partially averaged (Figure 1.18).

1
P,(cos0) = g(35 cos* 6 —30cos’ 0 + 3)

(1.38)

The spinning axis required for this term to be averaged can be either, 6 = 30.6°

or 70.104 The MAS angle does not remove this interaction completely, but does

however decrease the magnitude by approximately 60% (Figure 1.17).
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Figure 1.18. Angular dependence of the P2 and P4 terms; P4 is of concern only for the

second-order quadrupolar interaction.
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Figure 1.19 shows how the breadth of the CT changes between a non-spinning
and spinning quadrupolar nucleus. It is clear that the breadth changes drastically as
we partially average the P4 term. The centre-of-gravity also changes. The non-spinning
spectrum (Figure 1.19) is approximately split 40/60 at 0 ppm whereas the left-edge of
the MAS spectrum is located at that position. MAS enables us to measure or estimate
more accurately the isotropic chemical shift for quadrupolar nuclei. Although the
second-order quadrupolar interaction still exists, there are two probe designs that
allow it to be removed. This is achieved using double angle spinning (DAS) or double
rotation (DOR) probes that can spin a sample at two different angles, averaging both
the P2 and P4 terms. DAS involves a two-dimensional experiment where we have
evolution of two different angles. This switching of angles allows for an isotropic
dimension to be achieved. DOR employs a double rotor device that spins the sample at
both angles simultaneously, enabling the P> and P4 terms to be averaged, resulting in
an isotropic spectrum.* DOR probes however have limited spinning frequencies due
their inherent design (they have a large outer rotor that limits the spinning speed).
Commercial MAS probes have spinning speeds up to 70 kHz and have improved
significantly in the past ten years when the limit was on the order of 30 kHz. This has
allowed major advancements to be made in the solids community where work
continues. Recently (within the past four years) a homebuilt probe within Ago
Samosons NMR group was recorded to spin at 100 kHz, thereby paving the way for

future advancements in NMR.
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Figure 1.19. Effect of MAS on the breadth of the second-order quadrupolar

interaction; (a) MAS and (b) non-spinning.

1.8. NMR IN GLASSES

The anisotropic interactions described above occur in both crystalline and amorphous
(disordered) solids. However, due to the inherent nature of the disordered solid (lack
of long-range periodic order), we do not observe the distinct NMR powder patterns
depicted above. The inherent disorder causes a range of anisotropic interactions, with
a slightly different powder pattern for each powdered ‘crystallite’ (Figure 1.20).
Glasses typically display a statistical distribution of sites. This distribution occurs
because glasses are comprised of 1,000’s of slight variations of some local structure. In
other words crystalline species are a single defined unit that is periodically ordered
whereas glasses contain many similar units however each exhibiting slightly different

distortions in their polyhedron. This distribution is often observed as a Gaussian peak
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shape due to the range of bond angles and bond lengths in the amorphous material.
Structural information for these systems can still be gathered regarding the chemical
shift, quadrupolar interaction and other potential interactions. By combining MAS
methods and various magnetic fields, (recall, chemical shielding anisotropy (in Hz)
increases with magnetic field, whereas the second-order quadrupolar interaction
decreases with field) local speciation can be teased out if one has competing
interactions. This is a common approach for crystalline materials where the
interactions can be more easily defined. In certain instances, resonance lineshapes do
not exhibit a Gaussian distribution, and instead a broad peak with a low frequency
asymmetric tail occurs. This is known as a Czjzek distribution3# and is caused by a
distribution of quadrupole interactions within the system (often observed when the

quadrupolar moment is large).

b
a
20 18 16 14 12 10 8 6 4 ppm

Figure 1.20. An example of a central transition for a (a) crystalline and a (b) glass

sample.
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2. S YNTHESIS AND
METHODS

2.1. GLASS AND CRYSTALLINE FORMATION

All solid materials presented in this thesis were formed from traditional solid-state
synthesis methods. Starting materials such as oxides, hydroxides and carbonate
powders were mixed in stoichiometric quantities using an agate mortar and pestle
(without the use of liquid solvents) followed by a variety of heat treatments unique to
each material. Common heat treatments for starting materials include a
decarbonation process, between 500 and 750°C and dehydration or re-crystallization
process between 400 and 900°C. Samples were subsequently weighed to confirm
proper decarbonation and to ensure that no other components have evaporated.
Powders or melts were re-ground to ensure homogeneity, then placed into crucibles
of platinum/gold(5%) or alumina (Al203). Treatments follow one of two approaches,
either crystalline synthesis or amorphous quenching. Crystalline samples were
treated at temperatures just below their respective melting temperatures and allowed
to sit in the furnace for one to seven days. During that time, certain heat treatments
(systematically lowering the temperature) may be applied. The crystals were re-
ground and placed back into the furnace for 24 to 48 hours, promoting an increase in
crystalline purity, followed by slow cooling (either in the furnace or simply by air).
The amorphous samples are heated until the melting temperatures were reached
(borates and borovanadates ~850 to 1150°C, borosilicates, silicates and germanates
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~1250 to 1550°C), and samples were left to mix homogeneously for 20 to 180
minutes. The melt was then quenched rapidly by dipping the crucible in deionized
water. Other methods used to form glasses from melts included plate-quenching (cold
steel plates) or roller-quenching (two large spinning steel cylinders). Plate-quenching
involves a large steel plate with a large surface area, as this is used to induce
vitrification as the melt was poured onto the plate. In some instances a second plate is
used. It will be placed on top of the poured melt, increasing the cooling efficiency of
the melt. Roller-quenching entails pouring the melt between steel cylinders that are
rotating. The large surface area and narrow space between rollers allows for very fast
cooling, by-passing the onset of crystallization. These latter two methods are typically
used for difficult glasses (e.g., borovanadates and high-R compositions). Two furnace
options are possible; for moderate temperatures (T < 1100°C) a Thermolyne® 1300
box furnace was chosen, for elevated temperatures (T < 1700°C) and specified heat

treatments a Deltech® vertical-tube furnace was required.

2.2. STRUCTURE DETERMINATION OF CRYSTALS

AND GLASSES

Three NMR spectrometers were used for the study of the materials presented in this
thesis, employing a variety of pulse methods (section 2.3). The “work horse” (whereby
80% of the materials described were studied) is the Varian UN'TYINOVA 600 (14.1 T)
spectrometer. These experiments employed a variety of probes, each with unique
features that were individually selected based on the property under investigation. All

experiments done on this spectrometer used 3.2 mm double and triple resonance, 5
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mm double resonance and 1.6 mm triple resonance Varian-Chemagnetic and Varian
MAS probes. The 5 mm experiments were performed using 5 mm o.d. (160 pL fill
volume) ZrO; or SizN4 rotors with maximum spinning frequency of 12.4 kHz. The 3.2
mm probes use ZrOz 3.2 mm o.d. rotors, with varying fill volumes (11, 22 and 36 pL),
and a maximum spinning frequency of 24 kHz (11 & 22 L), while the 36 pL rotors
were limited to 16 kHz. The 1.6 mm probe uses ZrO; rotors with a sample volume of ~
8 uL (~ 8 to 15 mg) and maximum spinning frequency of 40 kHz.

The Bruker Avance 11 900 (21.1T) spectrometer at the National Ultrahigh-Field
NMR Facility for Solids at the NRC in Ottawa, Canada, was used for all ultrahigh-field
experiments. The experiments were performed using double resonance MAS probes
with stator sizes of 1.2 mm, 2.5 mm, 4 mm and 7 mm. Rotors are constructed from
Zr0O; and have maximum spinning frequencies of 65 kHz, 35 kHz, 18 kHz and 7 kHz
(using a thick walled rotor) respectively. Certain non-spinning experiments were
carried out with a 7mm MAS probe and thin walled rotors, providing a larger sample
volume (~ double).

The moderate-field Bruker AMX 500 (11.7 T) spectrometer was used to
acquire certain spectra that could not be recorded on the Varian spectrometer. The
intermediate frequency (I.F.) for the Inova spectrometer is at 73Ge Larmor frequency.
These experiments involved two solution based probes (a 10 mm broadband probe
and a 5 mm inverse probe) and a 5 mm home-built non-spinning low gamma
broadband solids probe with replaceable coils, designed specifically for the project

outlined in Chapter 6.3°
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2.3. DESCRIPTION OF NMR PULSE SERQUENCES

Over the past 60 years there has been significant work in the development of pulse
sequences for the manipulation of spins. Pulse sequences are used to manipulate
spins in a variety of ways, however in its most basic form, a RF pulse is turned on for
some period of time, then shut off, allowing the collection of an NMR signal. Recall in
Chapter 1, when a sample is introduced into a strong magnetic field the magnetic
moments will orientate and precess about B,. For an NMR signal to be recorded, a
pulse will be applied to tip the precessing spins away from the z-axis into the xy plane.
If the applied pulse causes the spins to rotate by 90° then this is termed a m/2 pulse.
The spins will now dephase in the xy plane (relaxation time, T>) and eventually return
to precessing along the z-axis (relaxation time, T7).23 The transverse magnetisation
induces a very small voltage into a coil, which is recorded over some period of time,
commonly known as a free induction decay (FID).#22 This section will outline key

features and pulse sequences used within this thesis to study a variety of materials.

2.3.1. BLOCH SEQUENCE
The Bloch decay (single pulse) sequence, named for Felix Bloch,3%37 is a basic and
widely-used method. The sequence (Figure 2.1a) is comprised of a single /2 (909)
pulse. The pulse length can be adjusted to place any amount of magnetization into the
observable plane, typically 10° to 90°. The rf-pulse will cause the z-magnetization to

be tipped towards the xy plane, enabling the receiver to detect a signal.

53

V. K. MICHAELIS



SYNTHESIS AND METHODS

TT/2

™2 m

Figure 2.1. Schematic (a) Bloch and (b) Echo pulse sequences.

2.3.2. ECHO SEQUENCE
The next pulse sequence, developed in 1950 by Erwin Hahn,38 included the addition of
a second pulse following the Bloch pulse. The Hahn-echo sequence (or spin-echo), is a
/2 pulse, followed by a delay (ti1), then a second pulse (typically m) followed by
acquisition after some delay, t; (Figure 2.1b). The first pulse places the magnetization
into the xy plane. As the spin coherence dephases (after some time, ti (us)), the
second pulse flips the spin coherence forcing the magnetization to refocus when tz=t;
and the data are detected. This sequence is often required for studying low-y nuclei to

alleviate baseline imperfections and artifacts, since these species often suffer from

54

V. K. MICHAELIS



SYNTHESIS AND METHODS

probe ringing. The echo is also used when some component in the probe (a stator,
screws or rotor) are constructed from materials that contain the same element of
interest. These components typically have broad resonances, which can be removed
or minimized by using an echo. This sequence is also commonly employed for T
relaxation measurements due to the removal of any inhomogeneous broadening
caused by the magnetic field.23 In solids, a common modification to the echo is to
apply a /2 pulse instead of the 1 pulse. This sequence also depends on a different
phase shift for the two pulses. This gives better lineshapes of broad central
transitions. This latter sequence is referred to as a solid-echo or quadrupolar-

echo.22,39,40

2.3.3. INVERSION RECOVERY
The inversion recovery sequence is employed to study T; (spin-lattice) relaxation for
a particular nucleus. This method is similar to the Hahn-echo, incorporating two
pulses and a single varied delay. However, the pulses are reversed with the m/2-pulse
following the initial  pulse (m-ta-t/2). The m-pulse flips the magnetization (along +7Z)
onto -Z (spins inverted). A delay follows (t.), allowing a certain amount of
longitudinal relaxation to occur. The m/2 pulse causes the magnetization in z to
precess in the transverse (xy) plane, enabling a signal to be observed. The sequence is
repeated numerous times using several t. values (Figure 2.2a). As t. increases, the
observed resonance intensity will change until full relaxation occurs. These intensities
can be measured as a function of the delay time, typically showing a single exponential
response. Fitting this response allows the extraction of the spin-lattice relaxation

constant, T; (or rate, R; = 1/Ti).
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A drawback of this sequence is that full inversion of the magnetization must be
preceded by a delay, d; 2 5 x T; to ensure that steady-state equilibrium has been

reached (requiring an educated guess, which is difficult for long T; systems).2341

1L} /2
a
t,
/2 /2
bl |
- e

Figure 2.2. Pulse sequence schematic for (a) inversion recovery and (b) saturation

recovery.

2.3.4. SATURATION RECOVERY
A method that can by-pass the issue of beginning from equilibrium is the saturation
recovery experiment (Figure 2.2b). This involves a train of m/2 pulses, which saturate

the spin populations (i.e., steady-state). This comb of /2 pulses is then followed by a
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delay t,, and an observation pulse, (90°),- ta — 90°. The delay is varied over a range of
values until a consistent maximum is obtained (as in the inversion recovery method).
Acquisition should commence immediately after the second m/2 pulse, to avoid
potential loss of signal. Processing the spectral intensities versus the delay time t, will
reveal an exponential recovery from which T; can be determined. The advantage of
this sequence is that the repetition rate of the experiment can be less than 5 x Ty
(unlike inversion recovery) due to the 90° pulse comb saturating the spins, and it is
useful for species with long T; relaxation. A drawback is that the separation between

the saturating pulses must be less than T3, but longer than 7> to impede spin-locking.

2.3.5. CARR-PURCELL-MEIBOOM-GILL
A modification of the spin-echo pulse sequence, known as the Carr-Purcell-Meiboom-
Gill (CPMG) sequence, utilizes a spin-echo followed by a train of echo-acquisition
pulses (Figure 2.3a). Although this is commonly called the QCPMG sequence or
spikelet experiment for quadrupolar nuclei, it has the same basis as the more
traditional CPMG.4244 The FID signal decays in a systematic exponential method
whereby T2 can be measured from the observed echoes within. The sequence behaves
identically to the echo, however the series of echo-acquisition steps keep refocusing
the magnetization within the xy plane until all of the transverse magnetization is gone
(i.e., spin-spin relaxation). Quadrupolar solids suffer from low receptivity due to the
resonance being dispersed over a large spectral range. CPMG causes the overall
envelope of the powder pattern (normally determined from an echo or single pulse),
to become a series of narrow spikelets (narrow lines) that are evenly separated. These

spikelets maintain the same overall powder pattern (observed from an echo) but force
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the signal intensity into sharper lines, increasing sensitivity, improving S/N and
decreasing acquisition times. The gain in signal-to-noise is dramatic for low-y species
or systems with large quadrupolar coupling constants where sensitivity is

lacking.43:4546

/2 m
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Figure 2.3. Schematic for (a) Carr-Purcell-Meiboom-Gill, CPMG and (b) exchange

spectroscopy, EXSY pulse sequences.

2.3.6. EXCHANGE SPECTROSCOPY
Two dimensional exchange spectroscopy, EXSY#7 is a method that can be used to
determine positional exchange (i.e., dynamics) between sites, usually in the range of
us to s. It involves three /2 sequences and a mixing time, tmix between the 2rd and 3rd

/2 pulses. The first two pulses allow the spins to “talk” to each other, setting up and
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identifying their initial positions or environments (Figure 2.3b). After the second
pulse transfers the magnetization back onto the -Z axis, a mixing time allows the
species of interest to exchange positions from one site to another. The third pulse
transfers this mixing time coherence and records the new environment for these
spins. Since this is a two-dimensional technique, one needs to consider their evolution
time (that is the number of slices defining the second dimension, typically rotor
synchronised when using MAS). A diagonal response is observed in the spectrum
when there is no mixing (i.e., single pulse experiment is observed). If site exchange
and/or mixing occurs a cross peak will develop within the two-dimensional spectrum
and will display which sites are exchanging. For glasses the diagonal will begin to
spread into a circular shape as the disordered solid does not have discrete “isolated”
sites in most cases. The mixing time can be varied from zero (no-mixing) to T;
depending on the system and type of dynamics present. It is best applied when the

exchange rates are on the same order as the relaxation time T; or slower.26:48

2.3.7. ROTATIONAL EcHO DOUBLE RESONANCE

In order to study proximity and spatial arrangement of a system, one can often
employ the Rotational Echo DOuble Resonance (REDOR) method.*?5% This double
resonance experiment depends on the manipulation of the dipolar coupling
interaction present between two nuclear spins I and S. This interaction is removed
under MAS and may be re-introduced using the REDOR sequence (Figure 2.4).426

REDOR is collected under MAS conditions with a Hahn-echo pulse sequence on I,
acquiring a spectrum without the existence of dipolar interactions. The S portion of

the sequence contains two 1 pulses, one timed to be at %2 a rotor cycle, Tr/2 and
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another at a full rotor cycle, Tr. The second spectrum is collected by re-introducing
the dipolar interaction using intermittent S pulses. These T-pulses cause the net-spin
magnetization to be inverted whereby I and S spins become anti-parallel (Figure
2.4b). This flipping effectively re-introduces the dipolar interaction that was initially
removed by the MAS, resulting in two spectra, one with no dipolar interaction and one
with the interaction re-introduced. The difference between these spectra can be used
in conjunction with others in a series of measurements to establish a relationship for
the strength of the dipolar interaction between I and S, and extend this relationship to
include distance (equation 2.1). If disorder exists, bond lengths cannot be determined

and this technique is used for proximity and potentially slow-range mobility.
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a /2 T b

RP. | |

0 T./2 T.

Figure 2.4. (a) REDOR pulse sequence, where I is the observed nucleus and S is
nucleus where recoupling occurs during the rotor synchronized period (R.P.). Under
MAS, the dipolar interaction between I and S (b) is averaged out, but applying a m-
pulse on channel S causes the net dipole vector to change, reintroducing the dipolar
interaction. A two-spin model (green=S and grey=I) can be probed to determine the

average interaction between I and S.
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2.3.8. MULTIPLE-QUANTUM MAGIC ANGLE SPINNING
The multiple-quantum magic angle spinning (MQMAS) sequence was developed

approximately 15 years ago, revolutionizing the study of quadrupolar nuclei. MQMAS
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is a two dimensional method by which an “isotropic” spectrum for quadrupolar nuclei
can be obtained with a simple MAS probe. This sequence uses the fact that symmetric
transitions (i.e.,, 1/2 to -1/2, 3/2 to -3/2, etc.) are unaffected to first-order by the
quadrupolar interaction. Also, the second-order quadrupolar interactions are
correlated in some manner between these symmetric transitions. Under MAS
conditions, all symmetric transitions are only affected by the second-order
quadrupolar interaction and a correlation in quadrupolar frequencies exists between
a triple-quantum (3/2 to -3/2) and single-quantum transition (1/2 to -1/2). A
spectrum is comprised of an isotropic and anisotropic part whereby the anisotropic
portion causes broadening and can be potentially removed. The 1Q and 3Q
coherences evolve at different time intervals, thereby a time exists where the
anisotropic interactions can be removed, and an isotropic spectrum can be measured.
Half-integer quadrupolar nuclei can be studied using this method, typically using two
pulses and two delays. The first pulse (p1) causes triple quantum (5Q, 7Q and 9Q are
possible as well) population transfer (3/2 to -3/2) and evolves during ti. The
application of a 2 pulse and the transfer of 3Q to 1Q are needed in order to observe
the coherence. After a second delay, t2 (tz=k*t1, where k depends on the spin quantum
number and coherence pathway) the top of the echo can be collected, this will be an
isotropic component (i.e., no broadening observed from the second order quadrupolar
interaction). The consequence is that the whole echo is comprised of both components
with the tops being isotropic. To obtain an isotropic spectrum, we collect a 2D data set
with a series of experiments, which are carried out at different evolution times with
the echo maximum containing no second order anisotropy. These tops can be selected
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to create a two-dimensional spectrum where fi is the isotropic dimension and f is the
standard MAS dimension.

A variety of sequences and modifications exist on the MQMAS experiment that
will not be discussed here. However, one commonly applied sequence is the three
pulse shifted-echo sequence, in which three pulses are applied in total, two of the
pulses are hard (high power) pulses that transfer the spin magnetization to a higher
order quantum coherence and to single quantum coherence. The third pulse (soft
selective T refocusing pulse) creates a pure absorption lineshape with no phase

correction required.#2651
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Figure 2.5. MQMAS pulse sequence with two hard pulse (p1 & p2) and a soft
refocusing third pulse (p3). The associated coherence table with depicted refocusing
times (mirror images) show how the second order quadrupolar broadening (SOQB)

interaction can be removed. The k-values are shown for a triple-quantum transition.
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2.4. QUANTUM CHEMICAL CALCULATIONS

Quantum chemical calculation methods are used to study the theoretical interactions
inherent to chemical structure and to confirm experimental results for both
amorphous and crystalline materials. The particular interactions of interest are
chemical shieldings and electric field gradients, as these can be used to connect
measurements to structure and local environment. As our interest lies in calculating
NMR interactions, density functional theory (DFT) is used in three programs
Gaussian03, CASTEP and WIEN2k.

Density functional theory calculates the energy and properties of a many-
electron system by using functionals of electron density (correlation-exchange
functional) unlike ab-initio methods, which calculates them from the full wave-
function.2052 We use these calculations in turn to extract EFGs and shieldings from an
energy minimized structure and compare these calculated results with those
measured experimentally. Other levels of theory are available such as molecular
mechanics (e.g., Amber), semi-empirical (e.g., AM1, PM3) and ab-initio (e.g., Hartree-
Fock). DFT provides us with a method that is more advanced and efficient for studying
larger solid based clusters, and is more reliable and accurate than the “simple” ab-
initio Hartree-Fock method. DFT>3 is more efficient at larger scale calculations than
ab-initio because it allows the many-electron problem to be treated as one involving
independent particles, instead of requiring a full N-electron wavefunction. This also
replaces the explicit electron exchange and repulsion terms (found within ab-initio)
by global exchange and correlation terms, which results in considerable savings. This

allows DFT to scale N2 - N3 whereas ab-initio (HF) scales ~N3 - N4,
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2.4.1. GAUSSIANO3
Gaussian03 is a commercially available electronic-structure modeling program with
the capacity to perform energy minimizations, geometry optimizations and calculate
NMR interactions.>* A variety of levels of theories are available including molecular
mechanics, semi-empirical, ab-initio and DFT. For calculating NMR interactions we
generally use B3LYP,55 which is a hybrid-DFT method in combination with higher-
level basis sets as these are found to be the most accurate in reproducing
experimental trends in NMR. First, the clusters for amorphous models are calculated
at lower basis sets (i.e., 3-21g and 6-31g*)>657 for geometry optimizations. Glasses are
disordered structures by definition; therefore the same structure for one polyhedron
to the next is not expected, this can allow for lower level optimizations. However, one
should take care with this statement as this is not always the case and higher-level
calculations are required at times for optimizing prior to moving forward to the next
step. For reliable NMR calculations (e.g, EFGs and shieldings) the lower level
optimized clusters (exact clusters will be defined later) are submitted for high-level
triple-zeta basis set NMR calculations (i.e., 6-311g++(d,p) and aug-cc-PVTZ).58-63 The
“d,p” terms (also known as, “**”) are polarization functions that are added to the basis
set (e.g., 6-311g) while the “++” represent diffuse functions. Basis sets have by default
s, p or d functions appropriate to the atom, but including additional functions grant a
larger basis set space, for improved description of the system. Properties derived from
the electronic structures of the model (e.g., IR, Raman, NMR, etc.) depend on high-level
calculations. Polarization functions grant the system greater electronic
flexibility.2052.64 Diffuse functions are added to allow for more spatial flexibility near
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the edges of the computational space preventing unnatural breaks.2%.5265 The limiting
factor for a chosen basis set is the trade-off in the calculated result and computational
cost on the servers. B3LYP is typically chosen as it allows us to calculate a high-level
basis set in a reasonable period of time with accurate results.2? These calculations
typically confirm experimental trends however often poorly match the experimentally

determined values for solids.

2.4.2. CASTEP
CASTEP is a newer computational program that has recently been commercialized for
quantum chemical calculations.®® We have used CASTEP to model NMR interactions
(EFGs and shieldings) in crystalline materials. It is attractive because it was designed
specifically to model solids that exhibit long-range periodicity. The theory
implemented for our calculations was DFT-based and treats the low-lying electrons
(core) via pseudopotentials. CASTEP is also efficient as it has incorporated a phase
factor and makes use of cell periodicity. This simplifies the calculation since the phase
factor can be described as a plane-wave, and as a linear combination of reciprocal
lattice vectors or as orthogonal wave-vectors.6” Parameters for CASTEP included
implementing the Perdew, Burke and Ernzerhof (PBE) functional under the
generalized gradient approximation (GGA).%86° Three basis set levels were used
including medium, fine and ultrafine. Shieldings were calculated using the gauge
included projector-augmented wave method (GIPAW) and scalar relativistic effects
were included using the zeroth-order regular approximation (ZORA)7% implemented
within CASTEP.7172 For heavier elements pseudopotentials are used to model the

chemically most inert core electrons and help account for relativistic effects. As NMR
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interactions are most sensitive to their local structure and the shieldings affected by
the electron environments we often incorporate ZORA into NMR calculations of

heavier atoms.20,52

2.4.3. WIENZ2K
WIENZ2K is a software program that employs DFT-based theory to calculate a variety
of interactions. We use this program to calculate NMR parameters (EFGs only) for
crystalline systems. The same method used for CASTEP was employed for WIEN2k;
Perdew, Burke and Ernzerhof (PBE) functional under the generalized gradient
approximation (GGA).%86% The periodic boundary space chosen for most calculations
varied between 15,000 and 100,000 kpoints, defining the grid-space for the periodic
boundary condition (i.e.,, a supercell). These were increased until an appropriate
convergence was achieved (i.e., changes in quadrupolar couplings were only observed
in the third decimal place, XX.xxx).”3 The energy convergence criterion was set to 10-#
to 10-6. RKMAX determines the matrix size convergence where KMAX is the plane
wave cut-off and R is the smallest of all atomic sphere radii, one typically uses a value
between 5 to 10.73 For our calculations this was set between 7 to 9. WIEN2k
calculations provided the best agreement with experimental results. This can be
explained by its ability to combine an all electron structure calculation (i.e.,, no
pseudopotentials) and periodic boundary conditions for solids. Unfortunately the

ability to calculate shieldings has not been implemented at this time.
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2.5. PoOwDER X-RAY DIFFRACTION

Powder x-ray diffraction is employed to study both crystalline and amorphous
materials. Glass samples can be verified using x-ray diffraction to indicate the
presence of crystalline phases. In addition it can provide evidence of any possible
crystalline inclusions or impurities that are invisible to the eye or polarized light
microscope. Amorphous materials will resemble broad featureless peaks indicating
complete vitrification. If a small crystalline impurity exists, sharp diffraction peak(s)
will be present.

Crystalline reference materials may need to be synthesized during certain
stages of the study to interpret amorphous structure. These crystals are then
characterized by x-ray diffraction to identify purity. Samples are ground into a fine
powder and mounted on quartz slides using grease. The samples were assessed using
a PANAlytical X'Pert Pro Bragg-Brentano powder x-ray diffractometer employing a Cu
Kq radiation source, an X'Celerator detector and a Ni-filter diffracted beam. Data were
typically collected at room temperature using a 20 range of 10° to 90° at 0.0167°
increments with a 65-75s step time. These parameters can change, depending on the

materials and the questions needing to be answered.

2.6. SIMULATION SOFTWARE

NMR data require further treatment to extract information regarding the interactions
that are contributing to the observed spectra and their respective parameters. This is

often done using a variety of software applications that allow a user to analyze and
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simulate experimental data. There are four such methods that are of interest and

include: WSolids®, STARS®, SpinWorks® and SIMPSON®.

2.6.1. WSoOLIDS"
WSolids is a frequency based software program that is used to simulate common
solid-state NMR interactions. This software can be used with both Bruker and Varian
data to visualize and analyze one-dimensional spectra.’4 It is written in C** and
operates on any Windows® machine employing a multiple document interface (MDI),
which allows for multiple screens. This is a numerical simulation program where the

user inputs the suspected NMR interactions, enabling the parameters to be extracted.

2.6.2. STARS"
STARS® is a time-domain density matric program that can simulate NMR interactions
and can be used for analysis on spectra that are collected on Varian® spectrometers.
This program is based on the Alderman algorithm and optimized using the MINUIT®
program, which enables fast and efficient simulations of CSA and quadrupolar
interactions. In addition, it has the ability to fit various interactions on different sites
and enables quantitative results to be obtained from the simulations.”>7? A key
feature of STARS® is its ability to simulate spectra under MAS conditions and identify

the artifacts that may develop if the magic angle is poorly set.

2.6.3. SPINWORKS®
SpinWorks® is a processing software that can Fourier transform a variety of
spectroscopic data formats. For solids it provides a method for peak fitting,

integrating and iterative analysis of larger data sets. It also has the ability to process
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2D experiments such as MQMAS. Although MAS and quadrupolar nuclei are not
supported in the simulation code, it is useful when the line shape is Gaussian (i.e., no
SOQE is observed) as only the CT is of concern for peak fitting or measuring chemical
shifts. This software has been developed and designed by Dr. Kirk Marat in house at

the University of Manitoba.8°

2.6.4. sSIMPsSON®
SIMPSON (SIMulation Program for SOlid-state NMR spectroscopy) treats calculations
based on a “virtual spectrometer” that utilizes an input file containing the particular
interactions of concern together with the experimental parameters (Bo, spinning rate,
pulse width, etc.). One selects the nuclear spins of interest and the interactions for
simulations. Simulations are based on the Liouville-von-Neumann equation of motion,
and employ a series of density matrices to describe the spin system.8! The result is
delivered in a variety of formats including raw and a FID option that will illustrate the
calculated spectrum. However, since this is based on a density matrix system and
quadrupolar nuclei are described by large matrices, the calculations can become quite

complex (i.e., time-consuming) when many quadrupolar spins are introduced.
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3. BINARY BORATES

B203 is an excellent glass former that can incorporate a variety of network modifiers.
Vitreous B203 (v-B203) is a unique structure that is composed of a series of three-
coordinate boron (B!B) with bridging oxygens, forming both ring ((3)BR) and non-ring
(131BNR) T3 units (Figure 3.1). The properties are tuned by the addition of a modifier
(e.g., Li20), which will cause the formation of four-coordinate boron and eventually
lead to non-bridging oxygens (NBO) on the three-coordinate units (Figure 1.3). When
a single network modifier is added to B03, the resulting composition is termed a
binary borate. Binary borates in the form of glasses, crystals and minerals are vast.
The mineral Borax, Na2B4+07°10H0, is a common additive in glasses for its flux (lower
working temperature) ability.? Other uses include flame-retardants, agricultural
micro-nutrients and a variety of ceramic applications.82-84 Crystalline lithium borates
have ionic conducting ability. Vycor®, a porous silicate used in filtration applications,
is formed from a phase-separated borosilicate which is washed to remove the borate

phase.210
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Figure 3.1. B203 structural units (a) ring comprised of T3 units and (b) [31B non-ring
T3 units. Boron (blue) and oxygen (red); excess oxygens and boron were removed for

clarity.

NMR is an ideal means of determining boron speciation, as both [3!B and [*IB
species can be resolved and quantified at moderate field strength, because they have a
large chemical shift difference (~15 to 20 ppm). Furthermore, the quadrupolar
coupling constants for both species are different, providing an additional tool for local
structure elucidation.89:85-91

Alkali speciation can also be informative, but it is not as commonly studied. In
this section, we will discuss a variety of techniques used to obtain qualitative and
quantitative information regarding network-forming species (B) and alkali modifier
cations (Li, Na, K, Rb and Cs) probed by NMR. Emphasis is placed on developing higher
resolution methods, the role of the alkali modifiers in borate glasses and new methods

for probing slow cation mobility.
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3.1 CRYSTALLINE LITHIUM BORATES

B203 is an excellent glass former and very difficult to crystallize on its own, but the
addition of alkali oxide enables a variety of crystal structures to be formed. Three
structures of particular interest, include lithium meta-, pyro- and orthoborate, with
lithium to boron ratios of 1:1, 2:1 and 3:1 respectively. These crystal compositions
(cause B to) contain NBO environments. 11B MAS NMR was used to verify the
crystalline species through measurement of the chemical shifts and quadrupolar
interactions, which will also be used as a basis for characterization of amorphous
materials further on. The lithium environment(s) were studied using ¢/7Li MAS NMR,
where 7Li is the preferred NMR nucleus of the two due to its high gyromagnetic ratio
(10.39 rad/T s), high natural abundance (93%) and relatively small quadrupolar
interaction (typically on the order of a few 100 kHz). The other NMR active nucleus,
6Lj, also has a small quadrupolar interaction but suffers from a low natural abundance
(~7%) and a low gyromagnetic ratio (3.93 rad/T s), limiting its receptivity for studies
in NMR. Relaxation of ¢Li in non-paramagnetic materials is also less efficient, causing
further difficulty. As such, many studies use ¢Li MAS NMR for spectral resolution,
while sacrificing signal-to-noise and sensitivity. An alternative method involving °Li
enrichment will be discussed below that allows for better sensitivity, good resolution

and ease of acquisition for both crystalline and amorphous systems.
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3.1.1. MATERIALS AND METHODS

3.1.1.1.5YNTHESIS

Three sets of crystalline lithium borates and five sets of amorphous lithium borates
were synthesized using typical solid-state chemistry. Stochiometric amounts of B203
(from dehydrated boric acid: 2ZH3BO3 — B203 + 3H20) and lithium carbonate (Li2CO3)
were mixed together. Each material was made in duplicate: naturally abundant (N.A.)
samples were synthesized from regular Li2COs3, while the 7Li-depleted (D) samples
were synthesized using isotopically enriched ¢Li»CO3 (°Li - 95% / 7Li - 5%). Crystalline
borates were synthesized by heating the samples in platinum/gold(5%) crucibles
between 600 to 800°C with periodic grinding over 48 hours. Amorphous borates were
synthesized by heating the powders in platinum/gold(5%) crucibles at 900°C for 20
minutes and then quenching in deionized H20 (deionized water prevents mineral
deposits on the bottom of the crucibles).

Crystalline lithium metaborate undergoes compression from a 3D framework
to a 2D sheet when it is packed or compressed (i.e., by placing into a sample rotor).?
This can be observed in the 11B spectrum where the powder pattern contains rounded
corners resembling a disordered structure (not shown). Mixing the crystalline
metaborate (N.A. and D) with quick-set epoxy helps in minimizing this compression;

the sample is allowed to harden, then sanded to a fine powder.

3.1.1.2.POWDER X-RAY DIFFRACTION
Crystalline compositions were confirmed using a PANalytical X'Pert Pro Bragg-

Brentano powder X-ray diffractometer. The radiation source was Cu-Kq with an
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X’'Celerator detector and a Ni-filter diffracted beam. Data were acquired at room
temperature (21°C) over a 20 range of 159 - 750 with a 0.00759 step size. Powder
crystalline samples were mounted on a zero-background quartz sample holder using
grease. Diffraction patterns were matched using the PANalytical X'Pert Highscore Plus

software® to confirm lithium borate phases.

3.1.1.3.NUCLEAR MAGNETIC RESONANCE
MAS NMR spectra were acquired using a 3.2 mm double resonance (H/F-X) Varian-
Chemagnetics probe on a Varian UNITYINOVA spectrometer equipped with a 14.1 T
magnet (Oxford). Powdered samples ranging from 20 to 35 mg were packed into 3.2
mm o.d. (22 ulL fill volume) ZrO; rotors and spun from 6.000 (+ 0.001) to 20.000 (+
0.005) kHz. 1B was referenced using boric acid (0.1 M) at 19.6 ppm while ¢/7Li used

aqueous lithium chloride (9.7 M & 1 M, respectively).492

3.1.1.3.1. BorRoN-11& LITHIUM-6/7 MAS5 NMR

11B MAS NMR spectra were acquired on all the samples using a Bloch sequence with a
pulse width of 0.7 us (~17° tip angle). Spectra were acquired with 16 to 4,000 co-
added transients and recycle delays between 10 to 1,000 seconds. 7Li MAS NMR
spectra were obtained using 4 to 1,640 co-added transients and recycle delays
between 15 to 3,000 s. The Bloch sequence was used with a pulse width of 0.5 us
(~13° tip angle). °Li MAS NMR spectra were acquired with 4 to 64 co-added
transients, and recycle delays between 60 to 15,000 seconds. The pulse width was 0.5

us with appropriate power to match the 139 tip angle used in the 7Li experiments.
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3.1.1.3.2. LITHIUM-6/7 ORTHOBORATE RESOLUTION AND 5/N
6Li versus 7Li resolution (and S/N per spin) data were acquired using a spinning speed
of 6 kHz, 4 co-added transients, with 360 to 15,000 second recycle delays and

appropriate power levels to obtain an vif of 36 kHz.

3.1.1.3.3. LITHIUM SPIN-LATTICE RELAXATION

’Li relaxation measurements employed the saturation recovery pulse sequence with a
24-pulse comb to ensure complete saturation of the crystalline samples. Sample
rotation was maintained at 16.000 + 0.002 kHz, with recycle delays of 1s. The pulses
were optimized at 3.75 us (solid 90°) with 20 ms delays between pulses and t-delays
varying from 1 to 20,000 seconds. °Li relaxation measurements were also performed
on the natural abundant and depleted orthoborate samples using identical

parameters.

3.1.2. RESULTS

3.1.2.1.BORON-1 1MAS NMR
11B MAS NMR for the three sets of lithium borate phases (Meta (LiBO2), Pyro (Li4+B20s)
and Ortho (Li3B03)), allow us to determine (i) whether [*IB was present as an impurity
(these samples should contain no four-coordinate boron according to their crystal
structures) and (ii) evidence that depleting the sample of 7Li caused no observable
spectroscopic change (i.e., the N. A. and D 11B spectra were identical). Spectra for the
lithium borate glasses confirmed appropriate compositions based on the fraction of

four-coordinate boron (N4) when compared to previous studies.?%3
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11B MAS NMR for the three samples (three N.A. and three D) revealed BIB
spectrum (Figure 3.2) of pure orthoborate species. The meta- and pyroborate seem to
have an impurity, although powder x-ray diffraction indicates a single pure crystalline
phase for both species. The central transition of the orthoborate has a quadrupolar
coupling of 2.6 + 0.1 MHz as seen in similar alkali borate crystals.? Each [31B resonance
displays a systematic increase (higher frequency) as one goes from T? (meta) to T
(ortho) species, confirming the borate assignments. The asymmetry parameter, 10,
provides information on the local symmetry for each borate, as the boron site changes
from pseudo-Czy (meta & pyro) to pseudo-D3n (ortho). n is zero for the orthoborate,
which indicates that the B unit has axial symmetry (Vi and Vyy are within the plane of
the BO3 unit, while the V; is orthogonal to this plane). The shift is caused by bridging-
oxygens (BO) breaking down and forming non-bridging oxygens (NBO).° The
pyroborate is hygroscopic and readily picks up water during packing of the sample.
The 1B MAS NMR spectrum for pyroborate suggests an impurity of B(OH)s3, or this
particular crystal contains two BIB resonances (the atomic coordinates are not known
for this crystal), although powder x-ray diffraction indicated a clean phase with no

evidence of impurities.
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Figure 3.2. 11B MAS NMR of the metaborate (T?), pyroborate (T!) and orthoborate
(T9). The orthoborate is a pure phase with no evidence of impurity. The pyroborate
seems to contain an impurity or more than a single boron site as the shape of the CT
does not conform to traditional T? units. The metaborate is pure however affected by

imperfect crystal packing, which results in a poorly defined powder pattern.

3.1.2.2.LiITHIUM-7 MAS NMR

3.1.2.2.1. LITHIUM METABORATE

The crystalline metaborate contains a single lithium environment.?* The quadrupolar
coupling constant is 70 + 10 kHz (both N.A. and D measured from the spinning
sideband (ssb) manifold), with 8iso = 0.1 ppm (N.A.) and 0.49 ppm (D) and full-width

at half maximum intensity (FWHM) of 1030 Hz (N.A.) and 150 Hz (D), Figure 3.3.
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Figure 3.3. Central transition of 7Li MAS NMR of the (a) meta, (b) pyro and (c)

orthoborate crystals. (N.A.) Natural abundance samples and (D) depleted samples.

3.1.2.2.2. LITHIUM PYROBORATE
The pyroborate crystalline atomic positions are not known. Powder x-ray diffraction
was used for phase identification and the space group for LisB20s has been previously
determined to be orthorhombic, Pb21a.9> According to the International Tables for
Crystallography®®, the pyroborate contains two to eight crystallographically distinct
lithium sites. The &iso is 0.6 (N.A.) and 0.59 and 0.22 ppm (D), revealing two maxima
with an approximate 1:1 ratio. This suggests two distinct lithium environments for
this structure. The quadrupolar interactions were 200 + 10 kHz (N.A.) and 180 *+ 10
kHz (D), determined by measuring the extent of the ssb manifold (Figure 3.6). The
difference in the quadrupolar couplings is not significant. The cause of this difference

is thought to occur due to the decrease in signal from depleting Li (i.e., fewer 7Li spins
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in the depleted sample cause lower S/N if identical number of acquisitions are used).
Longer acquisition times would be required to observe the total breadth of the

satellites.

3.1.2.2.3. LiITHIUM ORTHOBORATE

Orthoborate contains three different lithium environments but a single resonance is
observed at 0.6 ppm for the N.A. sample. The D sample yields two sites (0.81 ppm and
0.3 ppm) in the ratio of ~2:1. Resolution of the three sites is hampered due to the
narrow chemical shift region however the integrated intensities support the crystal
structure of three distinct lithium sites (Figure 3.3 and Table 3.1).°7 The FWHM is also
drastically reduced from 1290 Hz (N.A.) to 230 Hz (D), while comparable quadrupolar
couplings of 150 + 10 kHz (N.A.) and 140 + 10 kHz (D) are determined (from the ssb
manifold).

Table 3.1. 7Li MAS NMR parameters for N.A. and D crystalline lithium borates

8iso FWHM CQ 8iso FWHM CQ

Sample N.A.(ppm) N.A.(Hz) N.A.(kHz) D (ppm) D (Hz) D (kHz)

(+0.1) (= 10) (+10) (£0.05) (+10) (+10)
Meta 0.10 1030 70 0.49 150 70
0.59 &
Pyro 0.60 1190 210 190 180
0.22
Ortho 0.60 1290 150 081&03 230 140
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3.1.3. DiscussiaN

3.1.3.1.LITHIUM-7 MAS NMR

The three N.A. (93% 7Li) samples revealed a central transition (CT, -%2 - +%)
characteristic of a single resonance, with no site resolution (Figure 3.3). The widths
(FWHM) of the central transition are between 4 and 5 ppm (1,000 and 1,300 Hz).
These measured breadths were obtained using a spinning frequency of 20 kHz,
believed to average out most of the anisotropic interactions with the exception of the
second-order quadrupolar interaction. Unfortunately, these measured breadths
almost span the known chemical shift region for lithium oxides, preventing the
resolution of multiple lithium sites.??

The anisotropic interactions that would affect the observed linewidth include:
relaxation (72), field inhomogeneities, dipolar couplings, CSA and quadrupolar
interactions. Lithium oxides have small quadrupolar couplings (< 300 kHz)13:8490.94 5o
the broadening resulting from the second-order quadrupolar interaction is rather
small (< 10 Hz, eqn. 31)°8 when using moderately high fields (e.g., 14 T). The CSA
interaction is small for lithium species and will not contribute significantly to the
observed linewidth under MAS.84 The relaxation times (77 and T>") indicate long T>’s
(with contributions in breadth on the order of ~100 to 300 Hz), which therefore,
contribute very little to the breadth of the CT for the N.A. samples. Due to the narrow
breadths of these lineshapes, shimming (~ 9 Hz), fluctuations in spinning rate (< 5 Hz)
and proper magic angle adjustment (< 10 Hz) are important points to consider when
minimizing linewidths. Accepting these statements and measuring the interactions

above provides clear evidence for a major contribution from the homonuclear dipolar
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coupling interaction. Dipolar coupling often causes a broad unresolved lineshape as
seen in Figure 3.3.138498 To confirm our hypothesis, the dipolar coupling interaction
must be minimized or removed. The strength of the homonuclear dipolar interaction
will decrease if one lowers the occurrence of neighbouring 7Li atoms. This is
accomplished by depleting the samples (N.A. - 93% vs. D - 5%) via °Li to decrease the
’Li-7Li interactions, while maintaining the crystal structure (i.e., by diluting the 7Li
spins, using 95% ©Li2C03). Our work on the depleted 7Li borates (5% 7Li) exhibited
higher resolution providing evidence that the main broadening feature in these
borates is in fact the dipolar coupling interaction. Depletion also enabled multiple
lithium sites to be resolved for both the pyro- and orthoborate species, providing
evidence that at least two lithium sites are present in the unknown pyroborate
structure. The efficiency of isotopic depletion was tested further using variable
spinning rates (6 kHz to 20 kHz) for the depleted samples. The spectrum acquired at
20 kHz did narrow slightly (<5 Hz), indicating the isotopic depletion method averages
the dipolar interaction even at slow spinning. The change in linewidth by 5 Hz could
be due to residual dipolar coupling but is most likely due to sample heating, possibly
causing an increase in lithium mobility. The remaining breadth will be the sum of the
interactions indicated above, T> and the field inhomogenity. The depletion method
seems to be ideal for measuring 7Li isotropic chemical shift and quadrupolar
information without a contribution from the dipolar interaction. Additionally,
accurate quadrupolar coupling constants can be measured due to the ability to spin
slowly, enabling a very well defined ssb manifold. The satellite transitions (ST) are
affected by first-order quadrupolar interactions, with broadening from (10’s to 100’s
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kHz). Under MAS, the same manifold that makes up the satellite transitions develops
into spinning sidebands, concentrating the signal into a series of sharp lines, providing
the ability to observe the broad ST. Therefore, to measure the quadrupolar coupling
constant, non-spinning is more accurate but more difficult, while slow MAS provides
adequate measurements that are much easier to accomplish. The dipolar interaction
for these borate crystals accounts for 850 to 1100 Hz of the broadening on the central

transition even at fast spinning rates (~23 kHz) for non-isotope depleted samples.

3.1.3.2. LITHIUM-6 vS. LITHIUM-7 MAS NMR

Analysis of the N.A. samples was carried out using °Li MAS NMR. The °Li results can be
compared with the depleted 7Li results to determine the effectiveness of this method.
The resolution and speed attained using isotopic depletion seems to be a good
alternative to traditional °Li MAS NMR, alleviating longer relaxation times, low N.A.
and difficulty in extracting the quadrupolar interaction (as few ssbs are seen with °Li).
The lithium metaborate sample (in epoxy) was not studied by ¢Li MAS NMR because it
was already diluted (from epoxy treatment) significantly, thereby reducing the °Li
signal. Additionally there is only one crystallographic site so further resolution
enhancement is not required. Lithium pyroborate data were acquired for three days
(with long recycle delays), but no observable signal was detected. We believe the
relaxation process is inefficient (with T:'s longer than 3000 s) and therefore the
system was saturated, resulting in no signal being observed. The orthoborate sample
revealed better resolution (two signals in a ratio of ~2:1) using ¢Li MAS NMR (Figure
3.4), although they required three days of acquisition and did not reveal enough

information to extract any quadrupolar coupling constants.
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The lower receptivity (difficult to obtain a signal due to the nucleus being low-
y and low natural abundance) for ¢Li NMR, combined with the long relaxation times
intrinsic to these compounds necessitates long acquisition times for both crystals and
glasses. The ¢Li MAS NMR spectra of the depleted sample (95%-6Li) would be a
natural choice as the spin-active nuclei (°Li) are now abundant (95%). Although
multiple field experiments are not often required for lithium NMR, the frequency
difference between ¢/7Li allows one to do this artificially. Specifically, the
gyromagnetic ratio of °Li is about 40% that of 7Li, so one can use a single magnet to
confirm parameters by acquiring signals from both nuclei. This can be useful when
dealing with competing interactions such as CSA and Cq. ¢/7Li MAS NMR using
depleted samples showed similar resolution but determining which sample can be
acquired most efficiently with regards to S/N and acquisition time per active spin is

required to further validate isotopic depletion.
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Figure 3.4. ¢/7Li MAS NMR of the orthoborate sample; (a) 7Li MAS NMR of N.A., (b) °Li

MAS NMR of N.A. and (c) 7Li MAS NMR of D samples.

3.1.3.3.LITHIUM-7 SPIN COUNTING
The orthoborate sample is ideal for spin counting. It is the most lithiated species
(containing three Li for every B), has a favourable relaxation rate (discussed below)
and displays multiple lithium site resolution. The four combinations of interest for
NMR are: 7Li-93% (N.A.), 7Li-5% (D), °Li-95% (D) and °©Li-7% (N.A.). The NMR
acquisition of these four samples was carefully controlled, using identical pulse
durations/power, number of scans, appropriate relaxation delays, spinning frequency
and sample masses. This provided four spectra that can be rated for sensitivity,
resolution and signal obtained in the same amount of time per NMR spin-active

nucleus.
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The strongest signals were observed using 7Li MAS NMR on the N.A. sample
and °Li MAS NMR on the D sample (as one could expect due to each containing 93%
and 95% NMR active spin, respectively). If we consider the acquisition time, the 7Li-
5% depleted sample (“Li MAS NMR) is the more obvious choice with a recycle delay
on the order of 3000 s. The second choice is the ¢Li-95% depleted sample (°Li MAS
NMR), although it is better resolved between the two sites, the recycle delays are one
of the worst, being in the order of hours, di > 15,000 s (d1 > 4 hrs.). The 7Li-93%
natural abundant (’Li) is third, while the least favourable is the 7% ©¢Li (N.A.) sample
(Table 3.2). The S/N is based on the maximum signal strength recorded divided by the
number of spin active nuclei present within the sample. These were determined from
the sample masses, working down to the number of atoms based on Avogadro’s
number. The resolution is rated by the degree of separation for the two resonances;

all samples showed two resolved peaks with the exception of the N.A. ’Li spectrum.

Table 3.2. °Li and 7Li MAS NMR spin-counting for N.A. and D. lithium orthoborate

crystal.
# Li spins
Sample S/N Mass (g) Delay (s) Resonances
X 1021

LizBO3-NA-7Li 1540 ~3.8 0.0259 3,000 1

LizBO3-D-"Li 620 ~0.20 0.0259 3,000 2
Li3zBO3-NA-SLi 220 ~0.12 0.0226 15,000 2

LizBO3-D-¢Li 5175 ~3.9 0.0226 15,000 2
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3.1.3.4.LITHIUM-7 RELAXATION

’Li relaxation was studied on the N.A. and D samples using the saturation recovery
method. Peak intensities were fitted to a bi-exponential function as shown in Figure
3.5 (single exponential fits gave a poor representation of the data). Bi-exponential
behaviour can be explained by two different responses (a slow and fast) occurring
within these crystals (Table 3.3). The bi-exponential relaxation seen in these crystals
can be explained by three potential pathways, a.) lithium dynamics, b.) multiple
relaxation mechanisms or c.) various coherence transfer pathways. If two motion
pathways were involved, this could be seen in the lithium dynamics, although this is
highly unlikely as lithium mobility in borates is known to be ionic hopping.8
Furthermore, since multiple sites are observed for two of the depleted samples,
lithium hopping at room temperature cannot be occurring because one would expect
to observe coalescence of these peaks in this instance. Variable temperature
saturation recovery may be able to reveal more in this regard; however, for our
purposes here these are not necessary. Both quadrupolar and dipolar interactions are
strong in ’Li materials and would display the two relaxation mechanisms involved.
The relaxation data reveal very similar T;’s for both the N.A. and D samples, providing
evidence that the quadrupolar mechanism dominates. If the relaxation mechanism
involved a significant contribution from the dipolar interaction, the spin-lattice
relaxation times should increase for the D samples.84 Therefore, the observation of
slow and fast relaxation processes is best explained by various coherences

(transitions) that can take place when studying quadrupolar nuclei, [=3/2.
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Saturation recovery on the depleted orthoborate (95% ©¢Li) sample using °Li
MAS NMR revealed similar bi-exponential relaxation with a T;longer than 60 minutes.
The 7Li value for the same sample was ~ 5 minutes (7; = 320 s), over an order of
magnitude less. Another benefit of isotopic depletion presents itself when a
contribution from dipolar relaxation exists or is thought to exist as one can study its
behaviour on the lithiated material by acquiring both a N.A. sample (where the
interaction is present) and a D sample (where the interaction is minimized). If dipolar
relaxation made a significant contribution to the relaxation in the N.A. sample, the
relaxation time of the D sample should increase. Although the meta- and orthoborate
seem to have similar T;(U values, the lack of a pyroborate crystal structure prevents us
from saying more regarding the differences observed in T; measurements for the

three crystals.
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Figure 3.5. 7Li MAS NMR saturation recovery data fitted using a bi-exponential curve

for N.A. lithium orthoborate.
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Table 3.3. 7Li MAS NMR bi-exponential spin-lattice relaxation parameters for N.A. and

D samples
Crystal N.A. - T1(1 (s) N.A. - T1(2 (s) D - T1® (s) D - T1® (s)
Meta 90 £10 900 + 40 130+ 15 1060 + 180
Pyro 40+ 6 510+ 70 10+5 625+ 40
Ortho 90 +10 250 + 20 90 +10 310 £ 35

3.1.3.5.LITHIUM-7 IN BORATE GLASSES

The decrease in broadening interactions using isotopic depletion was successfully
achieved in crystalline materials. In an effort to improve resolution in glass speciation,
lithium borate glasses were also attempted. For amorphous materials, the distribution
of sites introduces a new broadening mechanism. For example, a crystalline material
with one distinct lithium site has the same local geometry and interactions throughout
the periodic cell. Glasses are comprised of many lithium cations all exhibiting small
differences in local geometry (bond length and bond angle), causing a statistical
distribution of environments. Lithium borates are an ideal system for this test as one
can modify speciation in the glass based on lithium concentration. Possible lithium
environments include [*IB, T3, T2 and T? speciation. Five lithium borates (both N.A. and
D) were selected, spanning the compositional range R=0.1 to 2 (R = Li20/B203). These
compositions were chosen as they contain the four distinct borate environments

mentioned above.

Figure 3.6 shows that the overall breadth of the resonances for these borates

decreases due to a reduction in homonuclear dipolar coupling that occurs upon
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isotopic depletion. The isotropic chemical shift and quadrupolar coupling constant
results for these glasses are given in Table 3.4. Unfortunately, the small chemical shift
range and distribution of sites masks any evidence of multiple lithium sites, although
lithium motion may contribute also at room temperature. If this were the case, two
distinct lithium sites could coalesce into one, thereby inhibiting resolution. Lower
temperature experiments (< -40°C) might solve this issue, with the ability to slow
down the lithium mobility. The depletion technique in glasses does provide narrower
line-widths, allowing a more accurate isotropic chemical shift to be recorded, and may
provide details in multi-component glasses at higher fields combined with lower
temperatures. The higher field enables an increase in spectral resolution, thus
providing better site resolution. Higher fields can also prevent further resolution as
the distribution of sites will also broaden due to the variance in geometry; finding a

balance would be optimal.
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Figure 3.6. 7Li MAS NMR of LiB R=2.0 glass showing (top) depleted spectrum and
(bottom) natural abundant spectrum with the full breadth of the spinning sideband

manifold.

Table 3.4.7Li MAS NMR N.A. and D NMR parameters for glass samples

6iso FWHM CQ 8iso FWHM CQ
Sample,
N.A.(ppm) N.A.(Hz) N.A.(kHz) D (ppm) D (Hz) D (kHz)
(£0.1) (£10) (¥10) (+0.01) (+¥10) (#10)

0.1 -0.4 350 150 -0.43 270 150
0.5 -0.2 570 222 -0.16 300 220
0.8 0.1 690 222 0.10 280 200

1 0.1 790 220 0.13 280 200

2 0.5 1100 216 0.56 200 190
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3.1.4. SUMMARY
Lithium-containing crystalline phases and glasses were studied in an effort to obtain
multiple site resolution using isotopic dilutions. Enriching the samples with 95% °Li
causes the dipolar interaction to be essentially removed (similar to the way 2H is used
to replace 'H in organic solids) for both crystalline and glassy materials. In addition,
this may also prove to be useful in studies where the relaxation mechanism is
uncertain (i.e.,, whether it is predominantly quadrupolar or dipolar) and can be
determined in an easy and inexpensive (<$10/g) manner. The identification of
different lithium environments still seem to elude us in amorphous oxides. However,
similar line-narrowing advantages are seen. Isotopic dilution provides an alternative
to the use of expensive fast MAS probes and circumvents complex decoupling
sequences (e.g, Dumbo, eDumbo, etc.), which can be difficult to optimize for

quadrupolar nuclei that contain long delay times.*

3.2. AMORPHOUS ALKALI BORATES

Alkali borate glasses have been extensively studied due to their potential importance
as fast ion conductors®-192 and alkali borosilicates as model systems for highly
durable nuclear waste-forms.193104 One of the most valuable techniques for probing
short-range structure in glasses is NMR spectroscopy.105-107 11B NMR has been used
for decades to quantify the types of borate polyhedra in borate glasses85108109 gnd
has played an important role in developing structural models of borate-based
glasses.?110-113 [ess widely studied are the alkali modifier cations. This is partly

because the low field strengths characteristic of network modifiers result in highly

93

V. K. MICHAELIS



BORATES

disordered and irregular local environments. This leads to large distributions in
chemical shifts and quadrupole parameters, resulting in NMR peaks that are generally
broad and featureless, making precise assignments difficult. The heavier alkali cations
(K, Rb, Cs) have also traditionally been considered ‘difficult’ nuclei to probe because of
their unfavourable NMR characteristics. 3°K (93.3% N.A., Q of 5.85 fm? and y of 1.25 x
107 rad/T s) has a very low gyromagnetic ratio, and hence suffers from low sensitivity
and practical acquisition problems.114 87Rb (27.3% N.A., Q of 13.35 fm? and y of 8.78 x
107 rad/T s) can have very large quadrupole couplings for low-symmetry sites,
resulting in extremely broad peaks, if observable at all. 133Cs (100% N.A., Q of -0.34
fm2, and y of 3.53 x 107 rad/T s) is highly polarisable and thus gives rise to a very
broad range of chemical shifts, which can be difficult to disentangle from the spinning
sidebands of the satellite transitions. However, improvements in NMR
instrumentation have made it much easier to observe these nuclei in amorphous
materials. The use of higher magnetic fields reduces the effect of quadrupole
interactions on spectral appearance.l15-117 Faster-spinning MAS probes facilitate
separation of central peaks from satellite transitions. Moreover, the chemical shift
ranges of some of these nuclei (e.g., 133Cs and 87Rb) are sufficiently large to be
sensitive to subtle structural changes. Valuable NMR studies of alkali cations,
including those by Eckert111.118-120 and Stebbins121.122, allow the determination of the
coordination environment. Common to all these studies is that structural information
is inferred from spectral changes as a function of cation concentration.

We report the direct NMR observation of alkali cations in five binary alkali-

borate glass systems with an emphasis on 133Cs composition dependence. Spectral
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changes are interpreted in terms of changes in the alkali coordination sphere. In
addition to providing a systematic comparison of the group I modifiers, we extend the

known regime of study to glasses with higher alkali content.

3.2.1. MATERIALS AND METHODS

3.2.1.1.8YNTHESIS
Stoichiometric amounts of alkali carbonate (M2CO3, M = Li, Na, K, Rb & Cs) were mixed
with diboron trioxide and heated in a platinum/gold(5%) crucible from 450°C - 700°C
for decarbonation. The decarbonated samples were heated between 900 - 1050°C to
obtain the melt phase. The melt phase was maintained at these temperatures for 20 to
25 minutes, ensuring homogenous mixing. Quenching of the melt is achieved by
immersing the crucible in deionized water (or liquid nitrogen) forming a clear,
bubble-free, homogenous glass. A few higher-alkali-content glasses required the faster
quench rate afforded by the use of liquid nitrogen. Glasses were checked visually for

crystallinity using a polarized light microscope.

3.2.1.2.NUCLEAR MAGNETIC RESONANCE
NMR experiments were conducted on a Varian YN'TYINOVA 600 spectrometer with a
3.2 mm double resonance MAS probe (1B, ©7Li, 23Na, 87Rb, 133Cs) and a 5.0 mm
double-resonance MAS probe (3°K). Spectral acquisition details are given in Table 3.5.
Samples were ground to a fine powder with an agate mortar and pestle, and packed
into 22 pL (3.2 mm) or 90 pL zirconia rotors (5 mm). Sample amounts were 20-50 mg
(3.2 mm) and ~170 mg (5 mm). High-cesium borates (R > 0.6) are rather hygroscopic,

requiring the samples to be ground and packed using a glove box (dry-N:
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environment). All spectra were acquired at regulated temperatures. 11B populations of

the central transition were corrected for satellite transition contributions as described

by Massiot et al.123

High field 21.1 T data (3°K and 8’Rb) were acquired on a Bruker Avance II

spectrometer equipped with a 2.5 and 4 mm double-resonance probe. A 90°-t-180°-t

(vrif of 83 kHz) Hahn-echo sequence was employed with the interpulse delays

synchronized with spinning rates of 30 and 17 kHz.

Table 3.5. NMR experimental parameters for alkali borate glasses

Nucleus VL Sequence VR Vrr & Pulse Delay Collected Reference
(MHz) q (kHz) Width (S)  Transients PPM
0.1M H3BO3
11B 192.4 Bloch 16 50 kHz, 0.5 ps 10-15 32-64
(19.6)
9.7 M LiCl
6Li 88.2 Bloch 16 50 kHz, 1 ps 60 32
(0.0)
9.7 M LiCl
7Li 233.0 Bloch 16 41.6 kHz, 0.6 us  20-30 32
(0.0)
1 M NacCl
23Na 158.6 Bloch 17 50 kHz, 0.8 ps 5-15 64
(0.0)
27.9 10 25 kHz, 5 us 1-5 12k 1 M KCl
39K Echo
42.0 17.241 33.3kHz 38pus  5-10 6k - 10k (0.0)
196.2 18 62.5 kHz, 2 ps 5 2k 1 M RbCl
87Rb Echo
294.5 30 83.3kHz, 1.5ps  1-2 15k - 19k (0.0)
0.5 M CsCl
133Cs 78.6 Echo 18-19  31.25 kHz, 4us 60 64
(0.0)
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3.2.2. RESULTS

3.2.2.1.BOrRaN-11 MAS NMR

1B MAS NMR spectra were acquired and analyzed in order to determine the fraction
of four-coordinate boron (N4). Figure 3.8 shows the spectral resolution of the three-
coordinate boron (5 to 20 ppm) and the four-coordinate boron (-4 to 4 ppm). The
breadth of the BIB reflects a sizable quadrupole coupling constant, Cp = 2.6 MHz,
typical of three-coordinate borons in borates.?105 The tetrahedral boron peak (Cp =
400 kHz) is much narrower because of its high site symmetry. In contrast to the BO3
region where the apparent doublet lineshape is due to the second-order quadrupole
effect, the two peaks in the BO4region for rubidium and cesium borates are due to two
distinct BO4 species arising from medium-range order.8” Such an observation is clearly
made for rubidium and cesium from R=0.03 to 0.7. For comparison, Figure 3.7 shows

the deconvolution of the spectrum for pure B203 into ring and non-ring T3 units.

Rl L) LU L Ly L ) L L L L L L) L L L L L) L L L |
2 18 14 10 8 6 4 ppm

Figure 3.7. Vitreous B;03 contains two sites, (top) experimental and (bottom)

simulation of ring (10 to 18 ppm) and non-ring (6 to 14 ppm) T3 units.
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Figure 3.8 illustrates that the BO4 fraction, N4 increases linearly with R to
nearly R=0.5. As is well known,?87.108 31B converts to [4IB in order to maintain charge
balance with the addition of positive cations. Above about R=0.48, two processes
serve to charge-compensate the alkali ions: formation of tetrahedral boron and non-
bridging oxygens (NBOs) on trigonal borons. The deviation from the straight line
(above R=0.5) can be interpreted as the onset of NBOs. This deviation is less
pronounced for the lighter (Li and Na) alkalis than for the heavier (K, Rb and Cs)
alkalis, implying that the latter prefer NBO over BO4 at higher alkali content. N4 values
change significantly above R=0.48, where lithium seems to prefer the presence of
four-coordinate species observed as a slow decrease in N; with R. The larger alkalis
(Na, K, Rb, & Cs) display fewer [“B than lithium beyond R=0.48, indicating a

preference for NBOs.

a /3/B Mg
Li b
0.5
Na - .
0.4 1 ik ]
mA = : A
K 0.3 1 o 4
N4
0.2 1 .
Rb
]
0.1 1
é BLi ®Na *K WRb ACs
Cs 0 : : . :
0 0.2 0.4 0.6 0.8 1
R

18 14 108 6 4 2 0 ppm
Figure 3.8. 11B MAS NMR spectra of (a) R=0.2 alkali borate glasses with R=0.2 and (b)

boron N, fractions.
98

V. K. MICHAELIS



BORATES

3.2.2.2. ALKALI ENVIRONMENTS

3.2.2.2.1. LITHIUM MAS5 NMR
6Li (I=1, Q of -0.0808 fm2, N.A. of 6.5%) and 7Li (I=3/2, Q of -4.01 fm?, N.A. of 93.5%)
nuclei were investigated. As expected, the observed changes in shielding of the nuclei
are the same for both isotopes, revealing a subtle shift to higher frequency as R
increases (Table 3.6). The 6Li spectra consist of a single, narrow peak for all glasses
(Figure 3.9). The satellite transitions of ’Li appear as a sideband manifold extending
over 600 ppm (Figure 3.6). The extent of the satellite transition envelope allows an
estimation of the 7Li Cp of 190 * 10 kHz. This small value would produce a negligible
second-order shift (<10 Hz) of the central transition, hence the peak maxima are
taken as the isotropic shifts (Figure 3.10). The central transition of 7Li shows a
somewhat larger full width at half maximum than °Li due to more extensive
homonuclear dipolar interactions at 92.5% natural abundance. However the peak

shift with lithium concentration is identical to that of ¢Li.

4 2 0 -2 -4ppm

Figure 3.9. °Li MAS NMR spectra of R=0.2, 0.5, and 0.7 lithium borate glasses.
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Figure 3.10. ’Li MAS NMR of lithium borate glass with (a) R=0.7, (b) R=0.5 and (c)
R=0.2. The vertical line is provided as a visual guide, indicating a shift to higher

frequency as alkali concentration increases.

3.2.2.2.2. 50pium-23 MAS5 NMR

Figure 3.11 displays typical 23Na MAS NMR spectra for the sodium borate glasses. The
symmetrical peak shapes indicate that distributions in the quadrupolar coupling
constants do not dominate the chemical shift distribution. Nevertheless, the
quadrupolar parameters are known to be too large to permit the peak maxima to
reliably approximate the isotropic chemical shifts.11? A likely variation of Py from 1.5
to 2.5 MHz1° (Pq = Cq (1+1m?2/3)1/2) results in quadrupole couplings causing a variation
of ca. 1 ppm in the second-order quadrupole induced shift. Nevertheless, the fact that
the peak shapes and widths change little with alkali loading suggests that the shift in
the peak maximum represents the true change in the isotropic chemical shift. The 23Na

peaks shift to higher frequency with increasing sodium content (Table 3.6), as
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previously observed!11118119 for Jow alkali loadings. In addition, we have measured

shifts at higher Na-loadings and find that this trend continues.

f

C

30 20 10 O -20 -40 ppm

Figure 3.11. 23Na MAS NMR of sodium borate glass with (a) R=0.7, (b) R=0.5 and (c)
R=0.2. The vertical line is provided as a visual guide, indicating a shift to higher

frequency as alkali concentration increases.

3.2.2.2.3. POTAS5I1uUM-39 MAS5 NMR

39K possesses a moderate quadrupole moment (Q of 5.75 fm?2) but a very low
gyromagnetic ratio (y of 1.250 x 107 rad/Ts)124 making it notoriously difficult to
acquire spectra even in crystalline samples. Due to the low sensitivity, a larger
sample-spinning rotor was used. This choice entails a trade off in the maximum
spinning speed, making it impossible to resolve the broad central peak from the
spinning sidebands. Consequently, the spectra consist of a broad asymmetrical peak

atop a broader undifferentiated signal (Figure 3.12). This, in connection with the large
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quadrupole interaction (Cp of 2.5 * 0.5 MHz) estimated from the second-order
broadening of the central transition, makes it nearly impossible to measure the
isotropic chemical shift from the MAS spectrum. Nevertheless, a direct comparison of
the spectra reveals a shift of the central peak to higher frequency with potassium
loading. Although the shift appears subtle against the backdrop of 400 ppm broad
peaks, the peak maximum shifts nearly 40 ppm (23Na shifts by only 10 ppm over the
same composition) from R=0.2 to 0.7 (Table 3.6). Note that a crystalline impurity too
small to be detected optically overlaps with the R=0.7 peak, but because of its

sharpness, it does not interfere with the analysis.
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1500 500 O -1000 ppm

L L L
1000 500 0 -500 -1000 ppm

Figure 3.12. 3°%K MAS NMR of potassium borate glass (a) R=0.7, (b) R=0.48 and (c)
R=0.2. Ultrahigh-field data (21 T) for (d) R=0.54 reveals higher S/N and a narrower

CT with some asymmetry to lower frequency (14 T).
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3.2.2.2.4. RuBIDIUM-87 MAS NMR
87Rb has a moderately high y, but suffers from very large Cy values which, like 39K,
make it impossible to resolve the central peak from the spinning sidebands at
conventional magnetic fields and spinning speeds. While some common rubidium
salts have small Cp’s (e.g., RbCl, RbCl04, RbNO3, RbSO4 and RbCr04) 125126 we have
acquired the 87Rb spectrum of the more relevant a-RbB305 and found a Cp=15.3 + 0.3
MHz and n=0.55 # 0.1 (Figure 3.12). Observed linewidths at 14.1 and 21.1 T were
inconsistent with the range of quadrupole coupling constants available for simple
rubidium salts (Cq of 2.3 - 9.4 MHz).125126 [n order to verify that much larger
quadrupole couplings could be present to explain the observed spectra, rubidium
triborate crystal was synthesized to probe the magnitude of the quadrupole coupling
in boron oxide materials. A 87Rb NMR spectrum of rubidium diborate crystal was also
acquired. Although the presence of four crystallographically distinct sites limits
precise extraction of all parameters, the Cq’s are of the same magnitude as the
triborate crystal. At 14.1 T we estimate that spinning speeds in excess of 60 kHz
would be required to obtain reasonable resolution of the isotropic peak from the
second-order quadrupolar broadened central transition and spinning sidebands. In
rubidium borate glasses, differentiation between the centre band and the spinning
sidebands is very subtle (Figure 3.13), even at 21.1 T, the highest commercially
available magnetic field at the time of this study. Due to all of these issues with 87Rb
MAS NMR, we are the first to report rubidium NMR on an oxide glass. However, as in
the case with 39K, a direct spectral comparison shows a clear peak shift to higher

frequencies with increased rubidium loading (Table 3.6). Spectra collected at higher
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field are narrower due to the improved suppression of the second-order quadrupole
broadening by the Zeeman interaction; but the shift in the peak maximum is identical

to that observed in data collected at lower field.

800 600 400 200 0 -200 -600 ppm
14T
2IT

5(;0 (I) —5|00 ppm

Figure 3.13. 8Rb MAS NMR of rubidium borate glass (a) R=0.7, (b) R=0.48 and (c)

R=0.2. Ultrahigh-field data (21 T) for (d) R=0.54 reveals higher S/N and a narrower

CT than at lower field (14 T).
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Table 3.6. Centre of gravity chemical shifts (8cgs) for all alkali borate glasses collected

at 14.1 T.
7Li c.g.s. 23Na c.g.s. 3%K c.g.s. 87Rb c.g.s. 133Cs c.g.s.
R
(ppm) (ppm) (ppm) (ppm) (ppm)
(M20/B203)
+0.05 + 0.5 +10 +10 5
0.03 n.d. -16.6 n.d. n.d. -25
0.1 -0.62 n.d. n.d. -52 -14
0.2 -0.56 -16 -48 -50 9
0.3 -0.5 n.d. n.d. n.d. 39
0.4 -0.52 -10.3 n.d. -9a 51
0.5 -0.41 n.d -26 3b 89b
0.7 -0.21 -5.7 -9 16 122
0.8 n.d. -1.4 n.d. 20 115
0.9 0.02 n.d. n.d. n.d. 121
1.1 n.d. n.d. n.d. n.d. 121
2.5 0.56 n.d. n.d. n.d. n.d.

(a) R=0.48 and (b) R=0.54, n.d., not determined

3.2.2.2.5. CESIUM-133 MAS NMR

133Cs (I = 7/2) has a small quadrupole moment and a moderate y, making NMR spectra
relatively easy to acquire for this receptive nucleus. 133Cs also has a large chemical
shift range, with correspondingly high sensitivity to small changes in local structure.

Accordingly, the broad NMR peaks shown in Figure 3.14 are dominated by a
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distribution of chemical shifts. The spinning sideband envelope yields an estimated Cj
of 540 + 20 kHz. This small Cg corresponds to a second-order quadrupole shift of 11
2 Hz, hence the peak maxima are taken as the isotropic chemical shifts. Among all the
alkali cations, 133Cs shows the strongest chemical shift correlation with concentration,
with a shift to high frequency of 122 ppm increasing upon the cesium content from

R=0.03 to 0.6 (Table 3.6). Above R=0.7 the 133Cs shifts plateau at 121 + 5 ppm.

a
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Figure 3.14. 133Cs MAS NMR of cesium borate glasses, (a) R=0.2, (b) R=0.54, (c) R=0.7,

(d) R=0.9 and (e) R=1.1.

107

V. K. MICHAELIS



BORATES

3.2.3. DiscussiaN

3.2.3.1.BORON SPECIATION
The four-coordinate boron population is independent of the type of alkali up to about
R=0.48, as previously documented.87.127 Beyond this alkali loading, the heavier-alkali
borate glasses preferentially generate trigonal boron environments with non-bridging
oxygens, whereas lithium borates continue to form a higher proportion of tetrahedral
boron in response to increasing modifier content.110 [n fact, the data at R=0.7 clearly
indicate that the balance of tetrahedral boron and NBOs is strongly dependent on the
nature of the alkali modifier at high alkali content. Heavier alkali ions appear to
stabilize NBOs, whereas lighter alkalis - particularly lithium - appear to stabilize
tetrahedral boron. These results are in qualitative agreement with recent molecular
dynamic simulations of cesium and lithium borate glasses which reveal smaller
numbers of NBO-bearing borons for lithium borates.128129 This preference may be
related to the size of the ions: the sum of the van der Waals radii of Li* and 0% readily
permits one lithium to interact with two bridging oxygens of a single tetrahedron,
with reasonable bond angles. The larger alkalis are too big to fit between oxygens
associated with a single tetrahedron, and may prefer to interact with oxygens with a
larger partial negative charge, such as a non-bridging oxygen. In other words, much
smaller lithium cations could fit “better” between two (and three) oxygens on a single
edge (or face) of a BO4/2 tetrahedron than larger cations. An alternative consideration
is attempting to account for the electropositive character of Li* and Cs*. Cs* is more
electropositive than Li* causing the delocalized negative charge on a [4IB polyhedron

to become more localized, possibly forcing NBOs to form (i.e., localizing the negative
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charge onto a single oxygen). Li* being less electropositive can easily accommodate
the delocalized negative charge on the BOs polyhedra, allowing a higher fraction of
[41B.
NBOs =R - Ny (3.1)
Consistent with earlier work on alkali borates87.127, multiple tetrahedral boron
sites are observed for rubidium and cesium borate glasses. However, selected
potassium and sodium borate glasses (e.g., R=0.2) also exhibit an asymmetric
tetrahedral boron lineshape, and a peak breadth comparable to the heavier alkalis
(Figure 3.8). These observations have been interpreted in terms of medium-range
order persisting throughout the entire glass-forming range of alkali borates. The
observation of multiple BOs sites in sodium, potassium, rubidium and cesium borate
glasses presents the possibility that medium-range order is the rule in low-alkali
borate glasses, not the exception. The fact that no such evidence is seen in the lithium
borates may be attributable to mobility of Li* at room temperature resulting in the
observation of an average peak position for all possible sites or it may relate to a
unique role for this small alkali in network-forming glasses. Another plausible
argument is that lithium may behave drastically differently from the heavier alkali
oxides, causing a unique borate network that contains bridging [*B species for
example. A more plausible explanation for this can be deduced from the Shannon radii
and alkali coordination environments. Alkali cations (Na* to Cs*) can accommodate up
to 12 neighbours within the first coordination sphere. Lithium is limited to a
maximum of eight and most crystalline species occur with coordination numbers of
four to six.130
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3.2.3.2. ALKALI ENVIRONMENT

All of the alkali nuclei studied here via MAS NMR display a shift to higher frequency
with increasing alkali oxide concentration. It is well known that high-frequency shifts
accompany a reduction in cation coordination number for ionic solids. Common
examples of this effect include network formers 2°Si 131, 27A] 131 31p 114 11B 9 and
network modifiers 6Li 121, 23Na 132, 25Mg 133,134 gnd 133Cs 135, While it is difficult to
identify precisely the discrete coordination numbers for alkali modifiers in oxide
glasses, the trend to high frequency indicates that the average coordination number -
and hence, the “size” of the site - decreases with higher loadings. At low alkali
loadings (i.e., R < 0.5) this can be explained by the increasing concentration of anionic
tetrahedral boron units providing partially charged oxygens for local charge balance.
Indeed, double-resonance NMR methods have shown that Cs* preferentially
associates with tetrahedral boron at low alkali concentrations.8> With the onset of
appreciable trigonal borons possessing non-bridging oxygens (i.e, R > 0.5), the
negative charge localized on non-bridging oxygens interacts more strongly with the
modifier cations. Simple bond valence arguments dictate that this results in shorter
and fewer alkali-oxygen bonds, hence decreasing the coordination sphere, consistent
with the NMR data.

The total ranges of the chemical shift variations differ greatly among the nuclei
studied. To facilitate a direct comparison of the changes in chemical shifts, we have
normalized the data by accounting for the vastly different chemical shift ranges of the
alkali nuclei. We have re-referenced all shifts with respect to the R=0.2 glasses

(because data for all five series were available at this composition), and divided by the
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known chemical shift ranges (Figure 3.15)114136 to generate relative chemical shifts.
Although the known ranges of chemical shifts for more difficult nuclei such as 87Rb
and 3°K are likely underestimated by the limited literature, this approach provides a
convenient estimate of the relative changes in peak position for all alkali borate
glasses (Figure 3.15). Visualizing the data in this way reveals that the relative
chemical shift changes are qualitatively larger for the heavier alkali cations than they
are for lithium. This is consistent with the unique behaviour of lithium in generating
tetrahedral boron at compositions where the heavier alkalis generate large
proportions of non-bridging oxygens (vide supra). Tetrahedral boron units possess a
single negative charge distributed over all four bridging oxygens, conferring a lower
partial negative charge on the oxygens than the more localized charge on non-
bridging oxygens. Hence, with the balance shifted toward tetrahedral borons in the
lithium borates, the size of the Li* site would be expected to be larger and change less
sharply than for the heavier alkalis, where the balance is shifted toward non-bridging
oxygens. Closer inspection of the relative chemical shifts show that the degree of
composition-dependent shifts correlates with the size of the cation. Again, this general
trend appears to follow the cation-dependent dispersion in the N4 data, although
experimental uncertainty obscures a detailed comparison of the behaviour amongst

sodium, potassium, rubidium and cesium glasses.
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Figure 3.15. (a) Known chemical shift scales for alkali oxide species and (b) relative
chemical shift as a function of alkali composition. Note additional Na and Cs data

within the graph are from references 23Na(i and iii)!!8 and 133Cs((ii)11°.
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The 133Cs MAS NMR data exhibit a plateau in their chemical shift above R=0.7,
implying that the Cs* sites reach a limiting size. At this composition, 35% of the borons
are present as tetrahedral boron, requiring that about half of the remaining (trigonal)
borons must possess at least one non-bridging oxygen for charge balance. Increasing
the cesium content further reduces Ni marginally (see Figure 3.8) and generates
additional trigonal borons with one or more non-bridging oxygens. It is difficult to
rationalize this asymptotic behaviour in terms of the available anionic units, except to
suggest that an intrinsic lower limit to the Cs* coordination number is reached at this
composition. We were unable to prepare pure-phase glasses for the other alkali
borates in this compositional range with a view to determining whether a similar

plateau also occurs for these materials.

3.2.4. SUMMARY
Direct NMR observation of alkali metal modifier cations in borate glasses provides a
valuable complement to NMR studies of network cations. In this way, we are able to
monitor the coordination environments of the network modifying alkali cations in
alkali borate glasses and infer a decrease in the coordination number with alkali
loading. A comprehensive comparison of all alkalis in parallel provides valuable
insight into the different behaviour of lithium vis-a-vis the other, heavier alkali.
Moreover, significantly extending the known range of the cesium borate glasses to 53
mol% from 33 mol%?!!8 reveals that the early trend of a linear change in the Cs*
coordination environment does not continue but reaches a minimum size at 41 mol%.

At elevated loadings the heavier cations show a strong preference for the onset of
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NBOs whereas lithium maintains a higher N, enabling a higher degree of
polymerization for these glasses (greater degree of connectivity). The application of
moderately-high fields (14.1 T) and ultrahigh-fields (21.1 T) in combination with very

fast sample spinning are used to obtain the first MAS spectra of 87Rb in an oxide glass.

3.3. LITHIUM AND CESIUM MOBILITY IN BORATE

GLASSES

Cation mobility is a property with significance in several areas. One is the possibility
of alternative energy sources including solid ionic-conducting materials. Another
involves the negative implication of radioactive cation mobility in nuclear waste
materials, possibly leading to enhanced leaching into the environment. Although the
second topic is not as well known, radioactive decay produces energy in the form of
heat, which can promote cation mobility and potentially lead to degradation of waste-
containing materials. The distinct structural differences that exist between the light
and heavy alkali borates provide an ideal system for study, laying a foundation for
understanding more complex systems in the future.

135/137Cs is a common radioactive isotope found within high-level liquid waste
(HLW) and is thought to be immobile. Although this is likely valid for materials at
room temperature, the amount of thermal energy produced during decay can reach a
few hundred degrees, promoting mobility. This could degrade the system or promote
the onset of crystallization, creating a serious concern regarding water supplies and
general health if the crystallized products are water soluble or enter the

environment.137.138 To better understand the nature and extent of mobility associated
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with light and heavy alkali cations, lithium and cesium borates were studied by
probing the effects on the NMR properties that result from moderate temperature

increases.

3.3.1. RELAXATION THEORY AND GLASS
Relaxation measurements are commonly employed in NMR to probe molecular
motion.139140° A common measurement (section 3.1) is that of longitudinal (spin-
lattice) relaxation (T:), which is caused by the interaction between a nucleus (e.g., ’Li
or 133Cs) and its surroundings (i.e., the neighbouring network, the lattice).99141-145
Although there are six common relaxation mechanisms234! (quadrupolar, dipolar,
paramagnetic, chemical shift, scalar and spin-rotation) the two principal mechanisms
that could contribute to the rate of relaxation (that is, the strength of the interaction
and fluctuations at v;) in alkali borate systems are the dipolar and quadrupolar.84 In
section 3.1, we demonstrated how the quadrupolar relaxation dominates 7Li, as it was
unaffected by the dipolar interaction. 133Cs has a larger quadrupolar moment and a
smaller gyromagnetic ratio (~1/3) than 7Li, suggesting that the homonuclear dipolar
interaction would contribute less than in the 7Li case. For these studies we consider
the quadrupolar interaction to be dominating the relaxation behaviour.

If alkali hopping occurs within an amorphous system, T; will decrease (shorter
relaxation times). If the motion is fast and randomly moving within the network, the
quadrupolar interaction could decrease and even average to zero (i.e., a solution peak
results). T; measurements in solids with quadrupolar nuclei can be difficult, as the
nuclear spins contain more than two Zeeman energy levels (21+1). 7Li (I=3/2) has

three single-quantum transitions, while 133Cs (I=7/2) has seven. Energy levels with
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different spin populations can be difficult to excite evenly, especially when large
quadrupolar couplings are present. The measured response can be complex with a
variety of T;’s (i.e, multi-exponential relaxation, not single-exponential) as
quadrupolar relaxation is the sum of all relaxations between all transitions.13°

Spin-lattice relaxation time measurements of quadrupolar nuclei in solids are
very common, such as deuterium (2H) in organic solids,46147 and lithium (¢/7Li) in
various glasses41148 and battery materials.14%150 [n disordered systems, the
measurements are simplified by the existence of a distribution of sites. When fitting
the data to determine T; of a glass at a particular temperature, it is often represented
as a relaxation time of the average motion displayed by the whole sample, providing
an easier treatment of the data. ¢/7Li and 133Cs have small quadrupolar couplings (150
+ 50 kHz and 550 + 50 kHz respectively), further simplifying these issues as their
behaviour is similar to a liquid. NMR data can therefore be fitted using a single-
exponential function in borate glasses and in most other oxide glasses.84151

In principle, activation energies can be determined by the Bloembergen, Pound
and Purcell theorem.!>! Unfortunately, the temperature range of most common
probes is restricted to ~120°C, which is not high enough to reach the T; minimum.
Hence, our determination of accurate activation energies is limited.152-155

Spin-spin relaxation (T?) is another relaxation measurement that can be used
to extract information from a material. This interaction accounts for the precession of
nuclear spin magnetization within the xy plane.23 This coherence of nuclear magnetic
moments will begin to decay over time due to interactions and inhomogeneities in B,
(i.e., loss of magnetization within the transverse plane). T>* is the combination of T>
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(decay due to the interactions) and T’z (decay due to the effect of inhomogeneities in
the field). We can easily measure T:* from the breadth of the central transition,
enabling further information regarding motion as linewidth is typically sensitive to
dynamics on the order of 102 to 10 s.22 Linewidths can be measured at varying
temperatures to determine whether a change is occurring. Since both the dipolar and
quadrupolar interactions contribute some breadth to a central transition, a decrease
would suggest some averaging of the interaction is occurring (in our case the SOQE is
almost negligible). For these interactions to average, some type of mobility or rattling
must be occurring. For very slow motion (1 to 10-2 s) we can use REDOR to measure

the average dipolar coupling between two spins.

3.3.2. MOBILITY MECHANISMS IN GLASSES
For our glasses, two mechanisms can be considered to describe cation dynamics,
depending on the local environments found within the material; ionic hopping and
percolation channels (Figure 3.16). Mobility depends on the size, charge and amount
of kinetic energy available. Ionic hopping involves cations moving (hopping) from one
negatively charged site or hole (e.g., [4IB or NBO) to another. The hopping rate in other
lithium oxides can be found between 0.1 and 1000 kHz,8499142 and one can use T;
relaxation measurements to probe changing hopping rates (104 to 10¢ Hz).%? The less
common percolation channel requires many anionic sites (NBOs) near one another to
form a channel in which the alkali cation(s) may diffuse. The overall idea is that the
material has an anionic “roadway” that contains many negatively charged species
lining both sides, through which a cation is allowed to 'flow' freely. Percolation has

been observed in silicates.156
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Figure 3.16. Diagrams of dynamic mechanism pathways, alkali hopping, left and
alkali percolation, right. Note that the red spheres represent the glass network while

the teal spheres represent the cations.

3.3.3. MATERIALS AND METHODS

3.3.3.1.5YNTHESIS
Lithium and cesium carbonate (M2C0O3) were added to diboron trioxide, mixed using
an agate mortar and pestle for 3-5 minutes, then transferred to platinum/gold(5%)
crucibles. Two heat treatments ensued: decarbonation (500 to 700°C) between two an
four hours followed by melting the alkali borates between 900 and 1050°C. The melt
temperatures were maintained for 20-25 minutes, followed by immersion of the
bottom of the crucibles in deionized water. Glasses were inspected for crystallization
using a polarized light microscope. Compositions are denoted by R, where R =

M20/B;0s.
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3.3.3.2. NUCLEAR MAGNETIC RESONANCE

3.3.3.2.1. 5INGLE RESONANCE MAS5 NMR

MAS NMR experiments were conducted on a Varian UNITYINOVA 600 (14.1 T)
spectrometer using a 3.2 mm H(F)/X MAS double resonance probe (Varian-
Chemagnetics). Samples were ground using an agate mortar and pestle, and packed
into 3.2 mm (o.d.) zirconia rotors (22 pL) with sample amounts of 30-50 mg. High
alkali content cesium borates (R = 0.6) are hygroscopic, requiring manipulation in a
glove box under a dry N2 environment. All spectra were acquired at regulated
temperatures using Pb(NO3). to calibrate for frictional heating (heating caused by
sample rotation).!57 For verification of sample composition, 11B (192.4 MHz) MAS
spectra (not shown) were acquired using a single pulse (Bloch decay) sequence, 12°
tip angle (urf of 50 kHz) and a spinning frequency of 16.000 + 0.002 kHz, with 16 co-
added transients collected.

Spin-lattice measurements were collected for 7Li (233.1 MHz) and 133Cs (78.6
MHz) using an inversion recovery (180 -t-90) pulse sequence, with v of 83 kHz and
61 kHz, respectively. The number of co-added transients collected for lithium borates
was between 8 and 16, with a spinning frequency of 16.000 + 0.002 kHz and a
temperature range of -46 to +114°C. Cesium borates were collected using between 4
and 16 co-added transients, a spinning frequency of 20.000 * 0.005 kHz and
temperature range of +18 to +118°C. Chemical shifts were referenced to 0.1 M H3zBO3
(19.6 ppm), 9.7 M LiCl (0 ppm) and 0.5 M CsCI (0 ppm) aqueous solutions for 11B, ¢/7Li

and 133Cs, respectively.
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3.3.3.2.2. DouBLE RESONANCE METHOD

11B{133Cs} REDOR experiments were done on four cesium borates (R=0.1 to 0.9) over
a temperature range of -11 to +104 °C. The pulse sequence employed was the Hahn-
echo variant,*° with a single m-pulse on the observe channel (Figure 2.4). A spinning
frequency of 6.250 + 0.001 kHz was used for all experiments. The difference in
quadrupolar couplings for [BIB and [*IB results in a variation of their nutation
frequencies. This necessitates the acquisition of separate experiments with pulse
lengths optimized for both BIB and [*IB. The applied m-pulse lengths were 9 ps for
133Cs (urf of 45.5 kHz), while 11B used 5.2 ps for 1B (v 0of 47.6 kHz ) and 7.5 ps for [41B
(urt of 47.6 kHz). The SIMPSON software package®! was used to simulate the REDOR
dephasing curves. Dipolar interactions were simulated at frequencies ranging from 40
to 260 Hz and fitted to the early portion of the REDOR profiles to obtain overall

average field interactions between the Cs* and borate polyhedra.

3.3.4. RESULTS

3.3.4.1. BoraN-11 MAS NMR
1B MAS NMR spectra were acquired on all eight glasses to quantify the fraction of
four-coordinate boron and confirm their compositions. Quantitative percentages of
each species were obtained through integration over the [31B and [#IB sites. To correct
for the difference in quadrupolar interactions, the method described by Massiot et al.
was used and the N; values were determined.!’® These results mirrored those
determined from section 3.2 and confirmed that the final glass composition did not

deviate from the batch composition.
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3.3.4.2. LITHIUM-7 RELAXATION MEASUREMENTS

Relaxation measurements were performed on three glasses, R = 0.2, 0.5 and 0.9, over
a temperature range of -46 to 114°C. The T:* values were determined from the CT
breadth, while In(72*) was plotted versus the inverse of the temperature (Figure
3.17). 7Li MAS NMR data show an increase in T>* as temperature increases. Above
100°C, all the glasses exhibit similar linewidths, irrespective of composition. As each
composition contains different lithium concentrations the breadths of a line at any
given temperature cannot be compared. A low lithium borate glass will naturally have
narrower linewidths due to a smaller homonuclear dipolar coupling interaction. To
determine how these materials behave differently in regards to lithium hopping, we
must compare the effect on linewidth with heating time (Figure 3.17). The R=0.2 glass
shows a very small change in T>* as one goes from -60 to 100°C. The R=0.9 glass
shows a drastic increase in T>* over the same temperature range, this indicates a
greater degree of ion mobility as the sample temperature is increased. The minimal
change occurring for R=0.2 suggests very little change in mobility for Li* with
temperature. As mobility in glasses increases, averaging of the internal interactions
(e.g., dipolar and quadrupolar) will occur, lengthening T>* Recall that a broad
resonance is caused by a short T>* whereas a sharp resonance is caused by a longer
T>* thus removing these interactions will enable the magnetic moments of the spins
within the xy plane to stay in coherence longer, increasing the time domain (free
induction decay) and resulting in a narrower line upon fourier transforming.2384 The
increase in cation motion for these borate glasses is not only affected by an increase in

temperature but also with lithium concentration. An increase in Li* causes the borate
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network to contain many more negative charges, increasing the number of sites in
which Li* can be accommodated. Another possible effect is lithium clustering at higher
lithium loadings. Although not known to occur in borate glasses, this has been seen in

silicate glasses.1>?
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Figure 3.17. 7Li MAS NMR of (a) lithium borate R=0.9 depicting the decrease in
breadth of the central transition as temperature is increased and (b) InT:* as a
function of inverse temperature, showing an increase in T2* (decrease in FWHM) with

increasing temperature.
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Table 3.7.7Li T>" values determined from the central transition linewidth.

Temp.
LiB-0.2 (ms) LiB-0.5 (ms) LiB-0.9 (ms)

(K)

227 2.25%£0.05 1.34+ 0.05 0.97+0.05
257 2.29+0.05 1.38+0.05 1.04+ 0.05
287 2.33£0.05 1.42+ 0.05 1.15% 0.05
291 2.34%0.05 1.51+ 0.05 1.31+ 0.05
307 2.34+0.05 1.56+ 0.05 1.46% 0.05
311 2.40+0.05 1.70+ 0.05 1.63+ 0.05
347 2.42+0.05 1.87+0.05 1.97+0.05
351 2.45+ 0.05 2.05£0.05 2.27+0.05
387 2.45+ 0.05 2.30+ 0.05 2.65+ 0.05

T1’s were also measured over the same temperature range (Figure 3.18 and
Table 3.8) to further our understanding of lithium mobility. These relaxation
measurements are used to study the interaction of the spin with its surroundings. The
measured T;’s decrease with increasing temperature, however R=0.5 and 0.9 show a
stronger temperature dependence than R=0.2. Each glass at a particular temperature

should have a different T; value since each glass will have a network comprised of
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varying degrees of polymerization. Measuring T; over a range of temperatures may

allow us to comment on the relaxation behaviour.
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Figure 3.18. Effect on 7Li spin-lattice values as a function of inerse temperature. The

T: values decrease as the material is heated.

These data provide evidence that higher loadings of Li* (more ionic
environment) cause faster relaxation, and are affected to a greater extent at elevated
temperatures. According to the BPP model, slopes can be measured from the low or
high temperature side to determine activation energies. If we do this for these species
we get values ranging from 1 to 8 kJ/mol. Unfortunately these activation energies are
not reliable from our data as our available temperature range is not high enough to

bring us into the more accurate high temperature curve (-'ve slope region). We would
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need to go above 450°C for these data to provide valid activation energies, although

the low temperature side could be used, a distribution of potential wells will cause an

underestimation on the activations energies.

Table 3.8. 7Li and 133Cs T; values determined from inversion-recovery

experiments.

Temp. 1iB-0.2 LiB-0.5 LiB-0.9 CsB-0.2 CsB-0.5 CsB-0.9
(K) (s) (s) (s) (s) (s) (s)
227 28+1 8.2+05 44+05 n.d. n.d. n.d.
257 n.d. 79+0.5 4.2+05 n.d. n.d. n.d.
287 25+1 7.6+0.5 34+05 n.d. n.d. n.d.
291 n.d. n.d. n.d. 8.1+0.8 9.5+0.5 39+04
307 n.d. 6.6 £ 0.5 23+0.5 n.d. n.d. n.d.
311 n.d. n.d. n.d. 6.1+0.8 7.7+0.5 31+04
347 23+1 49+05 1.2+0.5 n.d. n.d. n.d.
351 n.d. n.d. n.d. 39+0.8 50+£0.5 1.8+0.4
387 211 2.7+0.5 0.7+0.5 n.d. n.d. n.d.
391 n.d. n.d. n.d. 34+08 3.0+£0.5 0.7+0.4

*n.d. - not determined
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3.3.4.3.CESIUM RELAXATION MEASUREMENTS

3.3.4.3.1. CEsium-133 MAS5 NMR

The measured T; values for three cesium borate glasses (R=0.2, 0.5 and 0.9)
were determined using an inversion recovery experiment and temperature between
+3 and +118°C (Figure 3.19 and Table 3.8). Relaxation times for all three glasses were
affected by an increase in temperature, although the effect on the R=0.2 and 0.5 glass
was less than the R=0.9 glass. This can be explained by the increase in
depolymerisation with higher alkali content, facilitating an increase in ionic
conductance.®® The concentration of Cs* does not seem to affect the relaxation times
until the cesium concentration is beyond 30 mol% (R > 0.5). From section 3.2, we
know the onset of NBOs form above this point within the network-forming borate
glass. Using what we know occurs in the network allows us to speculate that low-
loading cesium glasses exhibit little evidence of any mobility. However, at higher
loadings where NBOs are present, changes do occur in the spin-lattice relaxation time,
potentially providing a material that would allow for Cs* mobility. Cesium relaxation
seems to depend more heavily on the degree of depolymerisation, than does the

lithium relaxation.
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Figure 3.19. 133Cs spin-lattice values, the measured T;s decrease as the temperature

of the material increases.

3.3.4.3.2. ''B{'°°Ccs} REDOR
REDOR measurements on four cesium borate glasses (R=0.1, 0.5, 0.7 and 0.9) were
acquired between -11 and 105°C (Figure 3.20). The overall extent of REDOR
dephasing (AS/S,) is found to increase with increasing alkali content. This observation
is expected due to the increasing interactions between cesium and boron, as the
increasing cesium concentration causes more Cs* to be closer to BOx neighbours.
Furthermore, an increase in cesium creates many more anionic environments in
which cesium and boron will interact (i.e., Cs* and [“IB or NBO (T2, T1)) causing a
greater interaction. The ability to differentiate between [2IB and [*B dephasing data
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(i.e., proximity) is limited above 42 mol% Cs20 (R=0.7). Although experimentally [31B
and B can be distinguished, the dephasing data are essentially identical (within
error) because there is such a high concentration of cesium and negatively charged
borate units. The REDOR curves were simulated using SIMPSON®, where we
implemented a simple two-site model (Cs-B) with appropriate quadrupolar couplings,
spinning rates and Larmor frequencies to simulate the REDOR curves.11 SIMPSON
simulations were calculated for varying degrees of dipolar couplings, ranging from 40
to 260 Hz, corresponding to a Cs-B interaction, rcs of 5.03 to 2.69 A, respectively. The
simulated REDOR curves (Figure 3.20) are fitted to the first few ms of the
experimental curves to approximate the average dipolar interaction between Cs* and
BOx. These types of models are shown only to be sufficiently reliable for the first few
ms of dephasing as we are dealing with a multiple site interaction but only have the

ability to simulate a two-site model.
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Figure 3.20. (a) CsB R=0.1 REDOR curve (points, square-4IB and triangle-[3]B) with
SIMPSON simulated interaction (line) and (b) polyhedra model for the cation (purple)
sitting closer to [*IB than a BIB as determined from the REDOR curve. Errors are

within the size of the points within the graph.

Figure 3.21 shows the average dipolar interaction that each boron species
“feels” as the temperature is increased, as determined from SIMPSON calculations and
the REDOR dephasing curves (as shown above). At low cesium concentrations, the
only anionic species is [#B, with a delocalized negative charge over the four-

coordinate unit. At elevated cesium concentrations both [*IB and NBOs are present.
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Figure 3.21. Dipolar couplings estimated from REDOR curves as temperature is

increased for (a) R=0.1 and 0.5 and (b) R=0.7 and 0.9.

At lower cesium concentrations, the REDOR data indicate that the [#IB signal is
more strongly coupled to cesium and dephases more rapidly, indicating a preferential
interaction with cesium at this site. This is reasonable and expected as the only
anionic species present would be [IB. Higher cesium loaded glasses display a different
behaviour in that the 3IB signal dephases more rapidly than [*IB. Indeed, NBOs are the

significant species contributing to the structure of these high-R cesium borates, and
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assuming that only T3 and T? sites are available, the fraction of NBOs is between 45 to
55%. Because NBO contains a localized charge on an anionic oxygen, one would
expect a stronger interaction between the NBO ([31B) and Cs* than a [*IB, as observed
here. Although these dipolar coupling constants do not provide a “real” distance due
to the presence of other interacting spins and disorder, they do provide a qualitative
measure of the overall dipolar field experienced by the 11B nucleus.

Figure 3.21a displays the results for cesium borate glasses R=0.1 and 0.5. The
R=0.1 glass exhibits an overall decrease in dipolar coupling as temperature increases.
The R=0.5 glass that is on the cusp where [*IB begin to breakdown and form NBOs
behaves slightly different. The majority (>95%) of the Cs* are charged balanced by
[4IB, however as temperature increases the average dipolar interaction increases,
indicating no evidence of motion. Although counter-intuitive, the glass network is
more polymerized at this point than for the R=0.1 glass, potentially inhibiting the
mobility of cesium to average out the dipolar interaction (this will be further
discussed below). Figure 3.21b shows the average dipolar coupling interaction for the
higher-R cesium borates (0.7 and 0.9). Both of these glasses will contain /B and
NBOs, these glasses show an overall decrease in dipolar coupling for both sites as
temperature is increased. The R=0.7 glass has a stronger BIB-Cs interaction due to
NBOs causing the Cs* to sit closer to the boron whereas the [*IB-Cs lies further,
therefore containing a smaller average dipolar interaction. The R=0.9 glass is at a
point where the ratio of Cs:B is almost 1, causing cesium and boron to interact more
closely and being the most anionic glass, where both [#IB and BB behave similarly.
These data suggest that cesium may be mobile on the REDOR time scale (slow motion,
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100s ms to s) as the average dipolar coupling decreases with temperature. The high-R
cesium borates seem to be most affected as their slopes are steeper (m = -0.24 and -
0.17) than the low-R glasses (m = -0.084 and +0.16). This result agrees with the
observations in the T; measurements, where the R=0.9 glass exhibited the largest

changes in T;.

3.3.5. DiscussiaN

3.3.5.1.LITHIUM-7 MAS NMR

The lithium borates were strategically chosen, representing (1) a [“IB species (R=0.2),
(2) a maximum amount of [*/B with a smaller amount (2 to 4 %) of NBO (R=0.5) and
(3) a higher-R glass where T2 NBOs are presents as an anionic species (R=0.9). The
observed changes in T>* and T; as a function of temperature provide insight into
lithium mobility. Relaxation times for all three glasses begin to change as the
temperature increases. Unfortunately, the maximum heating temperature for our
probe was not able to reach the T; minima in this study. Other studies on similar
borate and silicate glasses reached T; minima at 1/vi (10-8 s) in temperature regions
between 600 and 900°C.17.99.162 As mentioned above, the activation energies could not
be calculated from these data using the T; measurements.

The T>* data however were used to obtain an estimate. Waugh and Fedin63
proposed that an estimate of the activation energy for lithium dynamics can be
obtained using the equation Ea(kJ/mol) = 0.156Tonser. The term, Tonse:r is the
temperature in Kelvin when the lithium spectrum begins to narrow from a non-

mobile lattice.84163 From our 7Li T>* measurements we can calculate an activation
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energy range between 40 kJ/mol (~0.4 eV, R = 0.9) and 50 kJ/mol (~0.5 eV, R = 0.2).
These experimentally determined data are reasonable for these types of materials
with other groups finding activation energies between 45 and 65 k]J/mol for similar
lithium borates.?9142154 The increase in motion with temperature indicates that very
little thermal energy is required for lithium dynamics to occur in these systems. The
system can be thought of in terms of potential energy, where an increase in
temperature provides the Li* enough energy to leave and propagate along the
material. The increase in anionic species within the borate network from high
loadings allows Li* mobility to occur more easily (lower activation energy). This can
be explained by the potential wells being shallower for higher loading lithium borates
and provide a robust temperature range for lithium dynamics.?9.143

In regards to forming solid ionic-conducting materials, this is beneficial for
synthesis as one can tune the properties of the lithium dynamics in two discrete ways,
the lithium loading and the operating temperature. Although conductivity data were
not acquired, the activation energies of these glasses are comparable to studies by
Matsuo et al., who studied lithium borate crystals and glasses. They found the lithium
atoms in glasses similar to ours having hopping rates on the order of 10 to 102 Hz and
electrical conductivities, o < 10° S/m depending on concentration and

temperature.162.164

3.3.5.2. CEsium-133 MAS NMR

Cesium borates reveal similar, although reduced effects compared with lithium borate
glasses. The R=0.9 glass contains a larger amount of NBO (compared to LiB),

indicating a difference in network and anionic species (section 3.2).°0 The Ty
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measurements for cesium borate glasses, R=0.2 and 0.5 (Figure 3.19) are similar over
the temperature range studied. This similarity in spin-lattice relaxation behaviour
may be caused by the sole anionic species being [*IB. As [*IB increases, the overall
connectivity (polymerization) increases, limiting (or inhibiting) the ability for the
large Cs* to move freely. The spin-lattice relaxation time for R=0.9 cesium borate glass
displays a stronger temperature dependence. This suggests a change in which Cs* is
interacting with its surrounding borate network. The large population of three-
coordinate borons with NBOs comprise 85% of the three-coordinate species and
statistically 74% of these are bridging to [B (i.e., T2-0-[*B). This amount of
depolymerisation and charge will provide a more attractive environment for the
larger cation to exhibit potential mobility, enabling relaxation to be more efficient
(faster Tis).

The relaxation behaviour for the lower-R cesium borate glasses seem largely
dependent upon the structure of the borate network, as these are highly polymerized
with 4B and display little to no cesium concentration dependence. Placed in the
context of these two anionic species ([Y'B and NBO) and the Barrier Height
Distribution (BHD) model145165-167 the lower-R glasses would seem to have deeper
potential wells, whereas the higher-R glasses are characterized by shallower wells.
These lower-R glasses require higher temperatures (>100°C) for the relaxation times
to decrease drastically (i.e., increase mobility, cage rattling, etc.). With regards to the
lithium and cesium borate network, a plausible difference in the motion mechanism
may occur. We could suggest that percolation channels for cesium borates, where
localized negative charges on NBO species (creating channels) are required for cesium
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mobility. Conversely, the smaller lithium cation becomes mobile as soon as sufficient
charge-bearing species ([*IB) are present. Although studies at elevated temperatures
(>150°C) would be required to prove this, it seems reasonable to propose percolation

(as seen in silicates), which only contains NBOs (Q3, Q?, etc.) as their anionic units.15¢

3.3.5.3. PROBING MEDIUM RANGE ORDER AND DYNAMICS

Variable temperature REDOR measurements can provide information about slow
mobility. REDOR is also site-specific (3!B and [“IB) unlike the global T; measurements.
This provides us with a tool to probe the location and nature of the Cs-B interactions
as a function of temperature and cesium loading. The R=0.1 glass possesses 13 % [“IB
and 0 % NBO units. This is reflected in the REDOR results (Figure 3.21), where a
stronger interaction is seen for the [*B species that has the negative charge
delocalized over the boron unit. Since the overall interaction decreases as
temperature increases, one can see that mobility causes the decrease in the dipolar
interaction. As the cesium content increases (R=0.5), the concentration of NBO
(~10%) increase and a significant amount of [“B (40%) makes it difficult to
differentiate which boron species are preferentially interacting. Both the Cs-[31B and
Cs-14IB average dipolar interaction seem to increase with increasing temperature. The
slight increase in the average dipolar interaction could be attributed to the increased
polymerization, actually preventing cesium mobility.

The R=0.7 glass shows some interesting behaviour, which could be caused by
the formation of multiple charged species, bearing many NBOs. T2 species comprise
34 % of the BIB in the glass and have the strongest cesium interaction, as they are

more dephased than [#IB (which are at 36 %). This stronger interaction is caused by
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the high amounts of cesium present within the glass, causing an overall stronger Cs-B
average dipolar coupling. Additionally, there is a potential for shorter Cs-B
internuclear distances, as seen in minerals!30168 and borosilicates!®® where NBO-Cs*
interactions are smaller than Cs-[*IB. This can be explained using simple
attraction/repulsion arguments, where a localized negative charge should interact
more strongly than a delocalized charge ([/B), as the electrostatic interactions will be
stronger. Both BIB and 1B REDOR curves (CsB, R=0.7) show a decrease in average
dipolar coupling with increasing sample temperature, which may suggest the onset of
cesium mobility, either as hopping or rattling.

The R = 0.9 cesium borate glass contains an excessive amount of modifier
(almost 50 mol% cesium oxide), creating a scenario where almost every boron has a
cesium associated with it. This large loading causes both [BIB and B species to
essentially have the same Cs-B interaction. The overall trend however is a decreased
dipolar coupling with an increase in temperature. Boron speciation for this glass
quickly reveals why one achieves this result, as it contains ~10% T3, ~58% T? and
~32% [#1B, assuming no T! units are present, although a few may exist.?3 As Cs* can
interact with potentially up to three negatively charged polyhedra (*IB, T? and T?),

differentiating between these sites can no longer be simply explained.

3.3.6. SUMMARY
Spin-lattice and spin-spin relaxation measurements for three lithium borates glasses
provided evidence for lithium mobility in all three cases over an extended
temperature range. Although T; minima could not be obtained, estimates of the

activation energies for these species were achieved from T>* measurements to be on
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the order of 40 to 50 kJ/mol, comparable to other lithium borate materials of this
nature. Two variables, lithium concentration and working temperature, can be
adjusted in order to optimize a lithium dynamic behaviour for possible applications
such as solid ionic-conducting materials. The heavier cesium borate glasses also
exhibited decreases in T; as heating temperature increased. The high-R cesium and
lithium glasses showed appreciable decrease in T; over the lower-R glasses. These
results appear to show alkali dynamics (at elevated temperatures, ~100°C) for both
alkali metals, however for the larger cesium cation effects could be attributed to
simple cage rattling.

To probe this further, REDOR is implemented as a slow dynamic experiment
for the cesium cation. 1'B{133Cs} indicated a decrease in dipolar coupling as
temperature increased. This suggests some type of slow cesium mobility, either by
cage rattling or alkali hopping/percolation. Variable temperature REDOR was a
successful measure for site-specific mobility, whereas T: measurements in glasses
display global averages in cation dynamics. The concentration of cesium (R > 0.7) is
too high to allow one to distinguish between BIB and /B dephasing curves, as they
overlap and prevent us from commenting on the small changes measured with
increasing temperature. The increase in cesium concentration appears to decrease the
energy required for cation mobility. In regards to how this would relate to long-term
storage of waste materials; the actual cesium concentration is much lower (~1 to 4 %)
but a variety of other cations (mixed) are present, creating a similar high cation
environment. Furthermore, higher sample temperatures have to be contended with
(200 and 300°C) over extended periods of time suggesting that some concern is
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warranted. As well large efforts are currently being investigated to enable higher

waste loadings in glasses, which would increase the alkali concentration even further.
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4. BOROVANADATES

Current cathode materials designed for a variety of applications involve LiCoO2 or
some modification of this material.17? LiCoO; is the chosen material for a variety of
battery based applications because of its good cycling ability, stability, long lifetimes
and high energy density.1”1 However, certain limitations exist, including cobalt being a
heavier element, difficult to recycle (or reprocess) and there are issues regarding its
long-term cycling ability.170171 Possible alternatives are vanadium-containing
materials such as lithium metavanadate (LiV03). LiVO3 has good conductivity and the
onset of local disorder within the crystal structure causes an increase in conductivity,
believed to be caused by VO, distortion.172 This association of disorder with increased
conductivity has led to the development and characterization of ionic conducting
glasses.

Another modification that should be considered involves the incorporation of
V705, a poor glass former, into B203 which is a good glass former, potentially enabling
a new generation of lighter weight, better cycling and optimized cathode materials
that vitrify more easily. Amorphous borovanadate materials have received attention
for their electrical properties.173-179 As these cathode materials require high current
density, research into lithium-based crystalline80-183 and polymer composites!84185
has also received much attention for battery based applications (i.e., as a solid
electrolyte medium), unlike traditional LiCoO2 materials.186:187 Lithium-borate-based

materials are also prominent cathode sources.188189 Although the properties of these
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systems are understood, the local structure that causes these properties is poorly
characterized. Lithium and cesium borovanadates were studied using 1B and >V MAS
NMR to better understand the local speciation, while 7Li and 133Cs dynamics was

studied using two-dimensional exchange spectroscopy.

4.1. LiITHIUM BOROVANADATES

The foundation for binary borate systems will be extended in this chapter, as the glass
systems will incorporate a second glass-forming oxide. B0z can be easily modified
with network modifiers, while maintaining its glass forming ability. The ability to
incorporate a third component (V0s5) will produce a ternary glass with added
complexity. The behaviour of the boron environment is of interest when vanadium is
added. With regard to vanadium, the interest lies in the coordination environment,
crystallization and charge sharing with boron.?0.106,190,191

Crystalline V205 comprises edge- and corner-sharing five-coordinate species in
a distorted square-pyramidal ([*1V) structure.l®2 V,0s by itself is rather difficult to
vitrify, although we have been able to do so with careful roller quenching. However,
incorporation with a good network-former (i.e, B203) alleviates the onset of
crystallization.1®? As a borovanadate, the system would be composed of bridging
oxygens in a fully polymerized environment. As charge build-up occurs from alkali
oxide loading, the framework will need to compensate for this charge by forming four-
coordinate boron (pseudo-tetrahedral) species. As for the vanadium unit, the
coordination number should decrease, forming four-coordinate VOs units, where

three oxygens can participate as BOs while one oxygen is doubly bound (Figure
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1.5).194 In regard to connectivity, three different bridging oxygen types are expected;
B-0-B, V-0-V and V-0-B, assuming homogeneous mixing. Any medium-range order
observed in borates and vanadates, such as boroxol rings and vanadate chains, has
been shown to break down upon formation of borovanadate glasses, and such order is
not expected to form in considerable concentrations for these materials.178.179

The structural variations that occur between the three series designated by the
parameter K (K = V205/B203) ranging from 0.2 to 0.6, with a range of lithium
concentrations, R (R = Li0/B203) between 0 and 2.2 (16.6 to 68.8 mol % of Li»0), will
be discussed below. We have studied the effects on both network forming and

modifying cations using solid-state NMR.

4.1.1. MATERIALS AND METHODS

4.1.1.1.SYNTHESIS
Glasses were synthesized from commercial grade vanadium oxide (V20s), boric acid
(H3BO3) and lithium carbonate (Li2CO3). B203 was synthesized by dehydrating boric
acid by heating to 650°C. Stochiometric quantities of V05, B203 and Li,CO3 were
ground together in an agate mortar and pestle, then placed in a platinum crucible and
heated between 800 and 1000°C for 20 minutes, where decarbonation of Li»COs3 to
Li20 occurred. These are then weighed to verify decarbonation was completed. A
second heat treatment was performed at 1000°C, held for 5 minutes to ensure a
homogeneous melt, and quenched using a metal plate or roller-quencher. Plate
quench involves pouring the melt onto a large steel plate, followed by dropping a

second large metal plate. This cools the glass quickly and is often used for glasses that
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are more difficult to quench. Roller quenching is used for difficult glass forming
compositions, i.e., those that do not want to vitrify, high-R and high-K glasses. This
device uses two cylinders that spin with a narrow gap (25 microns for these glasses,
but can be adjusted) where the melt is poured and cooled very quickly. As these
glasses need special handling and processing; they were supplied by Dr. Steve Feller

and Dr. Mario Affatigato from Coe College, Cedar Rapids, lowa.

4.1.1.2. NUCLEAR MAGNETIC RESONANCE

4.1.1.2.1. BoraN-11 MAS5 NMR

11B MAS NMR spectra were acquired using a 3.2 mm double-resonance T3 MAS probe
(Varian-Chemagnetics) on a Varian UNITYINOVA 600 (14.1 T) spectrometer operating
at 192.4 MHz. A single-pulse experiment using a short tip angle (0.5 ps, ca. 9°) and a
spinning rate of 16,000 + 2 Hz was used to minimize errors in quantification. Final
integrated intensities were corrected to obtain central-transition intensities as
described by Massiot et al. 195 11B 3QMAS of the R = 1.8, K = 0.2 lithium borovanadate
was acquired using a shifted-echo MQMAS sequence with a FAM-1 conversion pulse.
The vif nutation frequency for the excitation (5 ps) and conversion pulses (1.7 s, 1
loop) was ca. 155 kHz. The soft central-transition selective m-pulse was 20 us in
duration. Simulation were done under the approximation of infinite spinning speed,
using WSolids.1?¢ Spectra were referenced with 0.1 M boric acid at 19.6 ppm as a

secondary reference to BF3*Et20 (0.0 ppm).
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4.1.1.2.2. VANADIUM-51 MAS5 NMR

51V MAS NMR spectra were acquired using the same 3.2 mm double resonance probe
and spectrometer operating at 157.8 MHz. Experiments were carried out at MAS rates
of 20,000 - 23,000 + 5 Hz, using a rotor-synchronized Hahn-echo (v of 50 kHz) or
Bloch sequence. 51V MAS NMR spectra were also acquired using a 2.5 mm double
resonance MAS probe (Bruker) on a 900 MHz Bruker Avance Il spectrometer (21.1 T)
operating at 236.7 MHz. A Bloch sequence with a spinning rate of 30,000 + 5 Hz and a
pulse of 0.5 us (20° tip angle) was used to examine four of the higher-R, K=0.2 glasses.

Spectra were referenced with respect to 0.16 M NaVOs (-574 ppm).

4.1.1.2.3. LiTHIUM-7 MAS5 NMR

’Li MAS NMR spectra were collected using a 3.2 mm double resonance MAS probe
operating at 233.1 MHz (14.1 T). Bloch pulse experiments were acquired using
between 16 and 64 co-added transients, spinning rates of 6,000 * 1 to 20,000 + 5 Hz
and recycle delays of 3 to 5 s. EXSY experiments were acquired using 3 ps solid 90’s
(vif of 67 kHz), mixing times between 2 ps and 500 ps and with sample temperatures
between 273 and 343 K. Recycle delays of 5 seconds, spinning rate of 20,000 + 5 Hz,
16 co-added transients and 256 increments were implemented for all experiments.

Shifts were referenced to 1 M LiCl (0.0 ppm).

143

V. K. MICHAELIS



BOROVANADATES

4.1.2. RESULTS

4.1.2.1.BORaON-11 MAS NMR

4.1.2.1.1. K=0.2

The 11B MAS NMR spectra for the K=0.2 series are displayed in Figure 4.1. These six
samples show a [BIB resonance that exhibits a lineshape characteristic of an
asymmetry parameter near that of axial symmetry (n = 0), suggesting the majority of
[3]B have T2 local structure. The resonance is similar to that observed in other borate
glasses, suggesting the BIB is mainly composed of [3]1B non-ring species. The increase
in lithium concentration does cause a very slight shift of the [BIB edge (R>1.8)
accompanied by a slight change in lineshape reminiscent of an asymmetry parameter,
1n>0.5, suggesting the onset of NBOs (T2%).%197 Analysis of the [“IB population with
lithium content shows a near-linear increase in population, even at low-R (Figure 4.1).
When comparing these data to alkali borates, they show a slower increase in the
fraction of [“IB and a higher maximum in the fraction of four-coordinate boron.106
Alkali borosilicates have also shown similar increases of [IB, reaching an N4 of 0.60 at
R=0.7 and K=0.2.198 These ternary lithium borovanadates reach a maximum N4 of 0.5

at R=1.0 for the K=0.2 lithium borovanadate.
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Figure 4.1. 1B MAS NMR spectra of LiBV glasses, (a) R=0.2, (b) R=0.6, (c) R=1, (d)
R=1.4, (e) R=1.8 and (f) R=2.2 and (g) fraction of [4/B for LiBV (K=0.2) and for pure LiB

(K=0.0) glasses.

The four-coordinate resonance located between -1 and +4 ppm exhibits a
slightly asymmetric resonance for K=0.2 and R=0.2 (although symmetric for the rest
of the K=0.2 glasses), this leads to some suggestion of two sites (~+3 and +1 ppm),
indicating some secondary, medium-range order. In addition, the higher loaded
glasses show that the [*IB linewidth decreases from 600 Hz (R=0.2) to 400 Hz (R=1.4),
beyond which a plateau occurs. The chemical shift of this resonance also changes with
the associated narrowing, going to higher frequency from 0.8 to 1.4 ppm. This is
suggestive of changes in the local symmetry around [#IB, that is we speculate two

different [4IB sites are present at low lithium loadings. An alternative explanation for
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the narrowing of the [*IB site is that the variation of [“IB polyhedra becomes less
random (i.e, more symmetric environment) as the glass depolymerizes. If the Cq
decreases (as the EFG is sensitive to local structural changes) for the [*IB, this would
indicate an increase in local order. As multiple sites are not resolved for K=0.2 glasses

it is difficult to conclude further on these results.

4.1.2.1.2. BORON-11 MGMAS
1B 3QMAS of the R=1.8 glass exhibits a very slight asymmetric lineshape in the
isotropic dimension (Figure 4.2). The peak position spans 74 - 92 ppm and is
characteristic of T3, T? (single NBO) and T! (two NBOs) species in borates.8> The
resolution of multiple sites is lacking from the isotropic projection, causing difficulties
in determining percentages of NBO species. This is typically seen in high-R lithium
borate glasses and is attributed to lithium exhibiting more disorder and lower

percentages of NBOs (preference for [IB) within this glass.?3

3Q-filtered MAS (ppm)

100 90 80 70 60
Isotropic Dimension (ppm)

Figure 4.2. 11B 3QMAS NMR for K=0.2, R=1.8 lithium borovanadate glass, suggestive
of NBO formation due to asymmetry of the isotropic spectrum.
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4.1.2.1.3. LIBVY K=0.4 AND K=0.6 SERIES

11B MAS NMR spectra for the glasses with K=0.4 and 0.6 (Figure 4.3) show similar
behaviour with the onset of [*/B forming as R increases. The BIB lineshape does not
change throughout the whole series however, indicating that NBOs do not form within
the higher vanadia glasses. This is explained by the ability of vanadium to charge-
compensate the excess lithium cation charge. Since K=0.4 and 0.6 have double and
triple the vanadium concentration, this decreases the need for NBOs on boron.
Vanadia in these glasses becomes a major charge compensating oxide, alleviating the
need for [31B to depolymerize to species that contain NBOs. The [*IB resonance shows a
slight asymmetry for compositions R < 0.4 indicative of medium-range order as seen
and suggested above. The asymmetric [*/B resonance becomes more symmetric and
narrows as R is increased, indicating a single [“IB site as the glass is depolymerized.

The vanadia concentration seems to affect the population of [IB slightly. This is
shown in Figure 4.3, where the [*/B maximum is reached at a higher-R composition for
elevated K-values (0.4 and 0.6). The three K series have a near-linear behaviour from
R=0.2 to 1.2 (1.0 for K=0.2). This behaviour agrees with the changes occurring in the
[31B peak shape for K=0.2 (onset of NBOs on boron). The cause of the higher N4 for
K=0.4 and K=0.6 (see below) is the excess vanadium. Higher vanadium concentrations
aid in the charge balance and inhibit [“/B neighbours (avoidance), allowing higher N

as seen in borosilicates.8199.200
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Figure 4.3. 11B MAS NMR of lithium borovanadate glasses (a-c) K=0.4 and (d-f) K=0.6

with alkali loadings of (a,d) R=0.2, (b,e) R=0.8 and (c,f) R=1.6 and (g) N4 measured

from 1B MAS NMR data as R and K increase.

4.1.2.2. VANADIUM-51 MAS NMR

4.1.2.2.1. K=0.2
The 51V (N.A.= 99.75 %, [ = 7/2 & Q = -5.2 fm%) MAS NMR spectra of glasses generally
consist of very broad resonances with extensive sideband manifolds. The severe
broadening of the CT and ssbs is due to the polarisability of vanadium as the chemical
shift for vanadium is very sensitive to changes in bond angle and bond length
distortions.201 These interactions cause the spectra to be complex as the polarisability

of vanadium produces broad central transitions. This is alleviated by using fast magic
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angle spinning, which is crucial for acquisition of 51V MAS NMR in glasses. The K=0.2
vanadate glasses exhibited linewidths (FWHM) from 5 to 25 kHz (30 to 160 ppm),
with the linewidth decreasing as the lithium concentrations increased. The 8.5 also
increased to higher frequency as the lithium oxide concentration increased, indicating
the onset of depolymerisation, i.e.,, 51V breaking down to [V (Figure 4.4). This
conclusion is based on similar trends seen in crystalline vanadates, where a shift to
higher frequency occurs as the VOO3,, (one doubly bound oxygen and three bridging

oxygen) polyhedra breaks down into NBQs.#202,203
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Figure 4.4. 51V MAS NMR of LiBV K=0.2, (a) R=0.2, (b) R=0.6, (c) R=1, (d) R=1.4, (e)
R=1.8 and (f) R=2.2 and (g) chemical shifts (8.s) measured as R increases. The “*”

represent spinning side bands.

It is difficult to extract the quadrupolar parameters from the CT lineshape

because 51V has a small quadrupole frequency, vq (where, vq = 3Cq/21(21-1)) with
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respect to the Larmor frequency and the distribution of parameters inherent in
disorder. We obtain estimates of the quadrupole coupling constants using the extent
of the ssbs as was done in previous cases for lithium and cesium above. The
quadrupolar couplings for the R = 0.6, 1.0 and 1.8 were found to be similar, Cq = 2.1 *
0.2 MHz. This indicates that vanadium has a similar EFG throughout the lithium-
loading regime. However, the central transition narrows (Figure 4.4) which can be
explained by the higher symmetry of the pseudo-tetrahedral environment decreasing
the chemical shift distribution. The exception to this is the R=0.2 species which
exhibits a larger quadrupolar coupling constant of 3.2 + 0.4 MHz, due to a different
vanadium environment (V) at low-R. Nutation experiments, higher field 51V MAS
NMR measurements and acquiring vitreous V205 and vitreous 5B203°V,05 provide
strong evidence that multiple sites (in quantities > 15%) do not exist. The resonance
resembles that seen in v-V,05 and is therefore assigned to a [*IV unit.

The narrowing at higher loading (K=0.2 and R=2.2) enabled multiple sites (~-
547 and ~-580 ppm) to be observed (Figure 4.4). These two resonances were studied
further due to the smaller Cq of one of the sites determined from the extent of the
spinning sideband manifold. A nutation array was acquired to better resolve the two
vanadium resonances. The nutation behaviour of these two sites was probed by an
array of experiments with variable excitation pulse lengths. This is a valuable
experiment when two vanadium sites have different quadrupolar interactions as each
will have an optimal pulse length as demonstrated earlier for 11B.204 A longer pulse
caused a larger signal intensity for the lower frequency resonance, suggesting a
smaller quadrupolar interaction (i.e., < 2.2 MHz).
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In an effort to achieve better spectral resolution and further narrowing of the
second-order quadrupolar lineshape, higher-field studies were attempted. The
ultrahigh field spectrometer (21 T) was used to collect 1V MAS NMR spectra for
R=0.6, 1.0, 1.4 and 1.8 samples. Unfortunately, 51V chemical shielding is very sensitive
to local structural variations and scales linearly with magnetic field. Since these are
disordered, the peak widths reflect inhomogeneous broadening caused by slight
variations in bond length and bond angle for each VO4 polyhedron as vanadium is
quite polarisable. In order to obtain comparable resolution at higher field, 32 kHz MAS
was required to separate the ssbs from the CT. The high-field 51V data (Figure 4.5)
show that a second site exists for borovanadate glasses R= 1.0, 1.4 and 1.8. The higher
frequency site can be attributed to a crystalline impurity, which was identified as

Li3VO4 by chemical shift and powder x-ray diffraction.

151

V. K. MICHAELIS



BOROVANADATES

I i T i T T i I i T T

-540 -560 -580 -600 -620 -640 ppm
Figure 4.5. 51V MAS NMR ultrahigh field (21 T) for LiBV glasses K=0.2, (a) R=0.6, (b)
R=1.0, (c) R=1.4 and (d) R=1.8. The sharper (higher frequency) resonance observed in

b-d was determined to be a crystalline impurity of LizVOa.

4.1.2.2.2. K=0.4 & 0.6
The 51V MAS NMR for K=0.4 and 0.6 reveals similar chemical shifts, lineshapes and
quadrupolar information as discussed for the K=0.2 glasses. A steady shift from -650
ppm to -550 ppm occurs as R increases, although higher alkali content is required to
obtain the same degree of shift as K increases (Figure 4.6). The overall lineshape
remains symmetric and decreases in breadth as lithium becomes more prominent.
The vanadia concentrations decrease the glass forming region due to the onset of

crystallization occurring above R=1.2 (K=0.6) versus R=1.8 (K=0.2).
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Figure 4.6. 51V MAS NMR &g for lithium borovanadate glasses of K=0.2, 0.4 and 0.6.

4.1.2.3.LITHIUM-7 MAS NMR

’Li MAS NMR reveals characteristic oxide resonances with quadrupolar coupling
constants of 160 * 30 kHz, as determined from the ssb manifold, and FWHM of ~4
ppm (~1000 Hz). The 8cs were used as isotropic shifts (due to the small SOQE),
showing a shift to higher frequency as R increases (as seen in Chapter 3). T>* were
probed by varying the temperature between 15 and 65°C. Linewidths were found to
decrease as the temperature increased, which can be attributed to lithium mobility.
Lithium dynamics were studied using exchange spectroscopy on two K=0.2
(R=0.2 and R=2.2) and three K=0.4 (R=0.4, 0.8 and 1.6) glasses. Due to crystallization

in the K=0.2, R=2.2 glass, this sample was re-synthesized. This sample was hand
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separated into crystalline and vitreous components using a microscope to eliminate
crystalline contamination for the EXSY experiment. EXSY revealed dephasing for all
compositions at elevated temperatures. Figure 4.7 depicts selected experiments
illustrating that cooling the samples and acquiring with the same mixing time for low-
R borovanadates show little mixing (a and c) while higher Li-content glasses dephase
quickly (b, e, d and f). This can potentially be attributed to lithium hopping (site

exchange) during the mixing time.

B L L L L L L Ly L LA
4 3 21 0 -1 -3 =5

FI (ppm) F1 (ppm) 1 (ppm)
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F1 (ppm)

Figure 4.7.7Li MAS NMR EXSY spectra for select lithium borovanadate glasses. (a and
b)R=0.2, K=0.2 at 22 °C with a mixing time of 2us and 26ms, respectively, (c) R=K=0.4
(15°C), (d) K=0.4, R=0.8 (15°C), (e) K=0.2, R=2.2 (22°C) and (f) K=0.4, R=1.6 (15°C).

Spectra c to f have mixing times of 52 ps.
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4.1.3. DiscussiaN

4.1.3.1.BORON SPECIATION
The fraction of four-coordinate boron (0 up to 68.8 mol % lithium oxide), is consistent
with the behaviour of other binary and ternary borate-based systems.2#8858690,93,119,205
Traditionally, [IB is the only charge-balancing polyhedron until Li.O loadings reach a
point where the probability of [“IB-O-I41B is too high, thus causing the formation of
NBOs on [BIB (i.e, avoidance of [“B neighbouring [“B polyhedron due to the
unfavourable build-up of charge). T2-0-[*IB is more favourable than [IB-O-[4IB because
the negative charge is localized on the oxygen and not on a neighbouring boron, (as is
the case with [*IB). This allows good separation between the negative charge on the
[IB and the one localized on the oxygen. These vanadates show slightly different
behaviour, where the vanadium is also contributing in the charge balance by forming
NBOs. This enables the maximum of N4 to occur at higher lithium loadings. The 3B
lineshapes and position indicate non-bridging oxygens are formed in the high R, K=0.2
series although this is not the case for K=0.4 and K=0.6. The excess vanadia alleviates
the need for NBOs to form on boron. The charge balance behaviour responsible for
the trends above is believed to occur due to the similar electronegativities vanadium
and boron have per polyhedra building block, sharing charge-compensation.10.177-179
Borovanadates do not show significant increases in N; as K increases, unlike
borosilicates.1?® A reasonable explanation for this difference is the ability to share
charge, resulting in comparable maxima of N4. This is further confirmed as vanadium
concentration increases, it requires more lithium to reach a similar maximum in Nu.

Borosilicates however, cause the boron to contain sole charge balance responsibilities
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until a limit is reached and onset of silicate Q3 occurs.2199.205 Binary borate data have a
maximum of Nz =~ 0.48, reached at R=0.48. Borovanadates allow N; ~ 0.5, with a
lithium loading of R=1; vanadium effectively doubles the loading limit in [“IB
formation (Figure 4.1).198206 For borosilicates we can estimate the fraction of [*IB at a
composition of K=0.2 to 0.6 and R=1 to be ~30% (K=0.2) to 45% (K=0.6). Therefore,
vanadates enable 5 to 20 % higher concentrations of N4 than borosilicates. Again this
is explained by borovanadates sharing the charge equally between boron and
vanadium, allowing for a maximum N;to be reached at higher-R loading. Borosilicates
on the other hand do not share the charge, thus causing [“B to reach a maximum
sooner (lower-R) then breaking down forming NBOs on boron and silicon as alkali
loading increases.

The asymmetry present at the [*IB resonance is caused by different neighbours
(V or B polyhedra) attached to the [#IB. This is seen in low-R lithium borovanadates.
Similar effects are seen for borates and borosilicates containing sodium to cesium
cations and are not typically seen for lithium based glasses, making this a rather
unusual system. Further discussion of these assignments will be made in section 4.2,

vide infra.

4.1.3.2.CRYSTALLINE LITHIUM VANADATES
This is the first study to apply 51V MAS NMR to borovanadate glasses. In order to
understand what is occurring within the vanadium polyhedra, a chemical shift ‘finger-
print’ and quadrupolar parameters were required. Although crystalline Li-B-V phases
are unknown, two binary Li-V crystalline phases are known to exist. Therefore c-V>0s,

LiVO3 and LizV0413203207 were acquired and compared to literature values (Figure
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4.8). Crystalline V205 is orthorhombic and comprises VOs polyhedra that are square
pyramidal in structure and connected via edge- and corner-sharing, creating V.05
sheets. These sheets are connected by weak V-0 interactions, where the doubly bound
oxygen interacts with the vanadium above it (sitting underneath the square pyramid
section).2%8 Lithium addition to V205 in a 1 : 1 ratio forms the metavanadate (LiVO3)
which has V04! polyhedra. The VO4 polyhedra are chain-linked end-to-end while the
middle oxygen is a NBO coordinated to Li*. The lithium cations are six-coordinate
octahedra surrounded by oxygens that are bridged to V.20° Lithium orthovanadate
(Li3VO4) is orthorhombic and has vanadium in a distorted tetrahedron. The VO units
contain three non-bridging oxygens (Q°) coordinated to Li* with a doubly-bound
oxygen.?10 The parameters in Table 4.1, provide guidelines for interpreting the glassy

51V MAS NMR spectra.

-550 -570 -590 -610  ppm
Figure 4.8. 51V MAS NMR of (a) c-V20s, (b) LiVO3 and (c) Li3VO4, where V (green), O

(red) and Li (yellow).

157

V. K. MICHAELIS



BOROVANADATES

Table 4.1. 51V MAS NMR parameters for select crystalline lithium vanadates”9207.211

Crystals 8150 (ppm) Cq (MHz)
V205 -610 0.8
LiVO3 -573 3.18
LizVO4 -544 1.52

4.1.3.3.VANADIUM SPECIATION

51V MAS NMR is extremely sensitive to its environment, with changes occurring in
shift, lineshape and breadth from both CSA and Cq interactions.?02207 The linewidths
of these borovanadate glasses narrowed as the concentration of lithium increased.
Based on the shifts, we can describe the vanadate network as originally structured
like v-V20s5, with a square pyramidal geometry (large CSA interaction) that breaks
down into pseudo-tetrahedral meta- and ortho-vanadates due to higher local
symmetry (decreasing CSA and Cq). The shifts in the glasses mirror the modeled
crystalline lithium vanadates. The depolymerisation occurring in the vanadium
species involves the formation of NBOs on VO4 units as they break down from [V to
[4]V. This trend is commonly seen in other network formers and modifiers where a
decrease in the mean cation-oxygen bond length occurs (i.e., coordination number
decrease is related to a shift to higher frequency).%13.90,131-133,135,212

The high-field 51V MAS NMR data revealed a second site for R > 0.6
borovanadates (K=0.2), Figure 4.5 illustrating the sensitivity of higher fields. The peak

at higher frequency (~ -544 = 5 ppm, LizVO4) seems to be in a higher local symmetry
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environment (smaller Cq) than the lower frequency resonance (~ -580 = 10 ppm,
larger Cq).

The 51V chemical shifts (8cgs) for all three series eventually reach a plateau at
higher lithium loadings (Figure 4.6). This plateau occurs because the vanadium
polyhedra possess the maximum number of NBOs, based on composition with the
chemical shift of Q° in lithium orthovanadate.201.203,207 51y chemical shift is sensitive to
the number of NBOs on a given VO4 polyhedron, as NBOs cause a shift to higher
frequency, as observed here.13177.179.203207 This relationship is a valuable tool for
differentiating speciation in vanadate glasses.

At higher temperatures, redox reactions can occur, bringing into question
whether some fraction of the vanadium is present in a paramagnetic state (e.g., V4*),
as has been suggested in the literature V4+10175 The strong electron-nucleus
interaction can have multiple implications in NMR. The paramagnetic V3+ or V#*
species would not be physically observable by NMR (this would require EPR). If a
significant amount of V3+/4* were present, one could expect significant paramagnetic
broadening.!® To verify that the dominant interactions on the CT are chemical
shielding distribution and Cq, and not paramagnetic broadening, bulk magnetic
susceptibility measurements were performed. All six glasses (K=0.2) and two
crystalline vanadate species (NaVO3 (diamagnetic) & NH4+VO3 (paramagnetic), >99.9 %
pure) were studied. The results were consistent with previous work by Tian et al.17>
who used electron spin resonance on lithium and sodium borovanadates to measure
the concentration of V4 to be < 1%. Our measurements show that the samples are
diamagnetic, with no measurable paramagnetic vanadium contribution. These results
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are also consistent with the spin-lattice relaxation times observed within these glasses
(5 to 15 s), whereas other paramagnetic vanadium systems studied by our group and
others have spin-lattice relaxation times on the order of a few hundred ms.213-216
Furthermore the visual colour of these glasses varied from a brown-yellow to a white
colour. Although this does not specifically indicate paramagnetics as a variety of

diamagnetic crystalline vanadates are yellow to white in colour, we did consider this.

4.1.3.4.CHARGE BALANCE CALCULATIONS
Quantification of species can often be confirmed by charge-balance calculations. As
shown in Figure 4.9, N; reaches a maximum at approximately the same point as the
vanadates reach the shift range for Q. If we assume that the borate network only
forms the [*1B species, and that the associated vanadate network can be determined as
Q1L Q? or Q3, based on their respective chemical shifts (8cgs), we can determine the
number of NBOs expected to occur in the borate matrix. In other words, summing the
number of negative charges on [“IB and vanadium, and subtracting this from the total
lithium concentration provides an estimate of NBOs on BIB (Table 4.2). This charge-
balance model enables us to estimate whether and to what extent NBOs on boron are

likely to exist.
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Figure 4.9. Fraction of [*IB (square) determined from 1B MAS NMR and its relation to

51V MAS NMR &g (circle) for lithium borovanadate K=0.2 glass.
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Table 4.2. Charge balance calculations for borovanadate glasses.

LiBV Li [4IB Charge \% V Species BIB BIB Species
Charge Charge/unit Charge/unit

K=0.2 R=0.2 4 4 0 GBIV 0 T3
R=0.6 12 8 -1 Q2 0 T3
R=1.0 20 9.2 -1 Q2 -0.55 T3 / T2
R=1.4 28 8 -2 Qt -1 T2
R=1.8 36 6.4 -2 Qt -1.3 T2 /Tt
R=2.2 44 5 -2/-3 Q1,Q0 -1.8 T2 /Tt

K=0.4 R=0.2 4 4 0 GBIV & Q3 0 T3
R=0.4 8 6 -0.25 [51V/Q3/<Qz 0 T3
R=0.6 12 7 -0.6 [51V/Q3/<Qz 0 T3
R=0.8 16 8 -1 Q2 0 T3
R=1.0 20 9.3 -1 Q2 -0.25 T3/ T2
R=1.2 24 9.5 -1.8 Qt -0.62 T3/ T2
R=1.6 32 9 -2 Qt -0.64 T3/ T2
R=1.8* 36 9.6 -2 Qt -1 T2

K=0.6 R=0.2* 4 3.4 -0.05 BV & Q3 0 T3
R=0.4 8 5.5 -0.2 [51v/Q3 /Q? 0 T3
R=0.6 12 6.5 -0.45 Q3/Qz2 0 T3
R=0.8 16 7.1 -0.75 Q3/Q2 0 T3
R=1.0 20 8.3 -1 Q2 0 T3
R=1.2 24 9.5 -1.2 Q2/Q1! 0 T3
R=1.4 28 9.3 -1.6 Q2/Q1! 0 T3
R=1.6* 32 8.9 -1.9 Q2/Q1! 0 T3
R=1.8* 36 8.3 -2 Qt -0.2 T2

*crystalline impurity present
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Table 4.2 displays the charge-balance calculations for all lithium borovandate glasses.
As seen from the data, the degree of depolymerisation within the borovanadate glass
changes as vanadium increases. Both /B and Q species form as lithium is added.
However, the most notable change as K increases is the inhibition of NBOs on boron.
As both boron and vanadium share the charge, as one increases the vanadium
concentration, the need for NBOs on boron to compensate lithium is no longer
required. Although the exact behaviour between [#1B and Q-speciation on vanadium
cannot be deconvoluted and quantified, it is clear that vanadate polyhedra and [“B
provide sufficient anionic behaviour for these glasses, following the trend that is seen

in Figure 4.9 and the 11B MAS NMR data.

4.1.3.5.LITHIUM MOBILITY
Lithium has a large charge-to-mass ratio and its small size enables high mobility,
making it popular for a variety of ionic materials.171.177.181,189 The linewidths narrowed
(T2* increased) as lithium concentrations increased. This suggests lithium mobility
and increases with concentration and temperature observed in the spectra by
decreasing the linewidth as it averages the homonuclear dipolar interaction.84
Exchange spectroscopy on the low-alkali borovanadates (Figure 4.7) show clear,
sharp diagonals at short mixing times (<52 ps) for both K=R=0.2(a) and K=R=0.4(c),
indicating that no motion is occurring during this time. Increasing the mixing time
allows for chemical exchange amongst the lithium sites, causing the observable
resonance to form off the diagonal (dephasing).#8171.217 This also occurs with an

increase in sample temperature (d) and an increase in the lithium concentrations (b,
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e, f). We can use these data to show that lithium mobility is occurring in these glasses
and is on the order of pus to ms. Precise cross peaks commonly seen in crystalline
materials do not occur for disordered systems because a distribution of sites exists.
Amorphous materials display a “circular” coalescence, indicative of motion.48217 EXSY
spectra were acquired at variable temperatures for a few of these samples to confirm
that the observed dephasing is caused by motion and not spin diffusion which can
occur at long mixing times.#8 Spin diffusion can cause similar cross peaks however is
not associated with true Li exchange. This can easily be measured by acquiring
experiments at variable temperatures as the exchange rates should increase with
temperature however spin diffusion will not. 1B and 51V MAS NMR results indicate
many possible anionic species where lithium interactions may occur. The faster
mobility for the higher-R borovandates is attractive. However, these glasses are more
difficult to vitrify as their network becomes increasingly depolymerized (i.e., more

ionic).

4.1.4. SUMMARY
A series of lithium borovanadates has been studied in an attempt to understand local
structural composition. 31V MAS NMR has not been used to study amorphous based
vanadates requiring crystalline model compounds to ascertain information regarding
the changes in the vanadia polyhedra. In conjunction with 51V and 1B MAS NMR a
complete description of the network forming species was developed, with the fraction
of Nsreaching a maximum between R=1.0-1.2. The rate of NBO formation on boron is
retarded by the presence of vanadium, with Ns maintaining elevated levels in K=0.4

and K=0.6 lithium borovanadate glasses. >V MAS NMR at moderate fields using fast
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MAS is an excellent tool to probe the vanadate environment. In conjunction with
isotropic chemical shift, an estimate of NBOs on V can be obtained. Lithium exchange
spectroscopy revealed lithium motion for these materials that was affected by
temperature and concentration, suggesting a potential use in cathode materials, i.e., as

solid electrolytes.

4.2. CEsSIUM BOROVANADATES

Traditionally, alkali borates and borosilicates have been thought to behave similarly,
irrespective of the alkali cation.28199 However, a difference does occur at higher
loadings for borates, where Li* behaves differently from Cs* in regard to both the
alkali environment and borate network.?® Cs* is the largest stable alkali cation and
possesses a single positive charge. Cesium has an ionic radius that is approximately
three times larger than lithium (1.74 A versus 0.59 A) and weighs about 20x more
than lithium. This allows its coordination sphere to be large (8 to 12) and causes the
charge-to-mass ratio to be a little more than an order of magnitude less than lithium
(i.e, 0.14 (Li) vs. 0.0075 (Cs)).1%8 The effect of cesium in the same series of
borovanadates studied above was probed to determine the effect of vanadium and
boron speciation as K=0.2 to 0.6. 51V and 1B MAS NMR were used to determine local
environments for cesium borovanadates with the aid of crystalline cesium vanadates.
Quantum chemical cluster calculations were used to better understand the evidence
of medium-range order present on the [*IB resonance. 133Cs MAS NMR exchange
spectroscopy were also acquired using fast MAS and variable temperature to study

cesium mobility.
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4.2.1. MATERIALS AND METHODS

4.2.1.1.SYNTHESIS
Cesium borovanadate glasses were synthesized using reagent grade Cs2C0O3, H3BO3
and V205 (>99%). Boric acid (H3BO3) was heated at 500°C for 40 minutes and
dehydrated, forming diboron trioxide. Stoichiometric amounts of cesium carbonate
were added to divanadium pentoxide and diboron trioxide and mixed for five minutes
in an agate mortar and pestle to ensure sample homogeneity. Samples were placed in
platinum crucibles and heated to 1000°C for 15 minutes. Crucibles were cooled in air
and weighed to confirm decarbonation was complete. Crucibles were placed again in a
furnace at 1000°C for five minutes, then the melt was rapidly cooled by plate-
quenching (R < 1.1) or roller-quenching (R > 1.1). Due to the hygroscopic nature of
certain cesium borovanadate compositions, high-R samples were quenched in a glove
box under a dry nitrogen atmosphere (H20 content < 2 ppm). The roller quencher was

set to a thickness between 25 and 40 microns.

4.2.1.2.NUCLEAR MAGNETIC RESONANCE
1B, 51V and 133Cs MAS NMR spectra were acquired on a Varian YN'TYINOVA 600 (14.1
T) spectrometer using a 3.2 double resonance (H(F)-X) Varian-Chemagnetics or a Fast
MAS 1.6 triple resonance (H(F)-X-Y) Varian probe. Spectra were referenced using
0.1M boric acid (19.6 ppm, a secondary reference with respect to Et,0*BF3 (0 ppm)),
0.14M Na3zVOs4 (-574 ppm, a secondary reference with respect to VOCI3 (0 ppm)) and

0.5 M CsCl (0 ppm) for 11B, 51V and 133Cs respectively.
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4.2.1.2.1. BoraN-11 MA5S5 NMR

1B MAS NMR data (v of 192.4 MHz) were acquired using 64 to 512 co-added
transients, recycle delays between 1 and 8 seconds, a spinning frequency of 16.000 =
0.005 kHz, and a 12° tip angle (v.f of 70 kHz). 3QMAS for K=0.4, R=0, 0.4, 1 and 1.6
cesium borovanadate glasses were acquired using a z-filtered variant MQMAS pulse
sequence, using 32 to 48 increments. The rf nutation frequency for the excitation (4.1
us) and conversion pulses (1.4 us) was ca. 128 kHz. The soft central-transition

selective m-pulse was optimized at 35 us in duration (v:f of 12 kHz) and five cycles.

4.2.1.2.2. VANADIUM-51 MAS NMR

51y MAS NMR data (v. of 157.7 MHz) were acquired with 128 to 2048 co-added
transients, recycle delays between 1 and 10 seconds, spinning rates ranging between
18.000 (= 0.008) to 38.000 (= 0.003) kHz, and a 14° tip angle (vif of 70 kHz (3.2 mm)
and 125 kHz (1.6 mm)). 3QMAS for K=0.2, R=0.3 cesium borovanadate was acquired
using a z-filtered fam-MQMAS sequence using 48 increments (fam is the abbreviation
for Fast Amplitude Modulation, it is a sequence placed in front of MQMAS to induce a
change in the coherence order, it is used to enhance the conversion of triple-quantum
to single-quantum coherence).?18219 The vf nutation frequency for the excitation (2.2
us) and conversion pulses (0.55 ps) was ca. 155 kHz. The soft central-transition

selective m-pulse was optimized at 35 us in duration (vt of 21 kHz).

4.2.1.2.3. CEsium-133 MAS5 NMR

133Cs MAS NMR (v;, of 78.6 MHz) EXSY data were acquired using the 1.6 mm probe.

Recycle delays of 10 seconds, spinning speeds of 38 kHz and 16 co-added transients
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were collected at mixing times ranging from 50 ps to 770 ms, with 64 increments and

an applied rf frequency of 98 kHz, providing a 2.0 us solid 90e.

4.2.1.3.UANTUM OCHEMICAL CALCULATIONS

Cluster models were built and calculated using Gaussian03 on a SUN X4400 server
with 16 cores and 64 GB RAM. This was used to study the effects of nearest
neighbours (medium-range order) on [#IB, as well as the effect of chemical shift on
vanadium and 1B neighbours. Models involved a central polyhedron surrounded by a
secondary coordination sphere, which was terminated by hydroxyl groups. Structures
were first optimized using a hybrid-DFT level of theory, B3LYP220-222 and a basis set of
6-31g+. As these systems are disordered, this level of optimization is sufficient and
higher levels of optimization were not necessary. These optimized structures were
used to perform NMR calculations, in particular looking at the chemical shieldings for
boron and vanadium species (only the central atom of each cluster was considered).
NMR calculations used a hybrid-DFT level of theory and a pseudo-triple-zeta level
basis set of 6-311g(d,p)++.5*% As Gaussian actually calculates shielding a standard

(B(OH)3), was also calculated to convert the shieldings into chemical shifts.

4.2.2. RESULTS

4.2.2.1.BORON SPECIATION

4.2.2.1.1. K=0.2 BOROVANADATE 5ERIES

11B MAS NMR was used to determine the relative ratios of [31B and [*IB species (Figure
4.10). The presence of cesium causes the formation of [4IB, increasing linearly until

R=0.6, when it reaches a plateau. Beyond this plateau (R>0.8), the [*IB fraction begins
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to decrease with the formation of NBOs on boron. NBOs are also shown by the BIB
resonance that gives evidence of T2 species at elevated cesium loadings using MQMAS
(Figure 4.12). The left-hand edge of the [¥IB resonance tends to shift to higher
frequency and is associated with a change in peak shape (n>0.6) as cesium loadings
increase (Figure 4.10). These data are suggestive of NBO formation, and are

commonly observed when T2 and/or T species form in disordered borates.?3
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Figure 4.10. 11B MAS NMR spectra for cesium borosilicate glasses K=0.2 and R of (a)

0.2, (b) 0.6, (c) 1.0, (d) 1.4 and (e) 1.6 and (g) measured N4 for CsBV K=0.2 and CsB

glasses.

The chemical shift regions of 13 to 22 ppm ([3]B) and -4 to +4 ppm ([*/B), and

quadrupolar coupling constants of 2.6 + 0.1 MHz and 400 + 50 kHz respectively, are
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consistent with other borate-based glasses. The four-coordinate boron (-1 to 4 ppm)
undergoes a shift to higher frequency with an accompanying narrowing (almost 50%
decrease in breadth from R=0.2 to R=1.4) as cesium increases. The lower-R
compositions show secondary structure as well at this site. This is presumed to be
caused by the varying degree of vanadia polyhedra surrounding [*IB as is seen with
silicates in borosilicates.200 The neighbouring aspects will be discussed further using

quantum chemical calculations.

4.2.2.1.2. K=0.4 AND 0.6 BOROVANADATE 5ERIES

The higher-K series show similar effects as those seen in K=0.2. As seen in the lithium-
based glasses, the maximum fraction of [*IB is reached at higher-R values (R=1.0 and
1.2) than CsB (R=0.54) as illustrated in Figure 4.13. The degree of depolymerisation
on BIB is also inhibited as evidence of NBOs does not appear until R>1.4 (Figure 4.11).
This is explained by vanadium charge compensating the Cs*, limiting the need for

NBOs on boron.
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Figure 4.11. CsBV K=0.4 R=1.6, [31B resonance undergoes a slight change in shape as
T2 units begin to form. The taller discontinuity (centred ~13.5 ppm) is caused by the

formation of T? polyhedra.

The K=0.6 series did not show any indication of T?, as the higher vanadium
concentration compensates the majority of cesium in the system. The [*IB resonance
does broaden for K=0.6 and R=0.2, indicating an increasing variety of neighbours. This
is not surprising, as a large fraction of vanadium is present, inhibiting the breakdown

of BO4 and maintaining polymerization of the borate units, Figure 4.13.
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Figure 4.12. 1B 3QMAS for cesium borovanadate K=0.2 and R of (a) 0.0, (b) 0.4, (c)

0.8 and (d) 1.2.
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Figure 4.13. Fraction of [*IB boron for cesium borovanadates glasses with K=0.2, 0.4

and 0.6.
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4.2.2.2. VANADIUM-51 MAS NMR

4.2.2.2.1. CRYSTALLINE CESIUM VANADATE PHASES

Three known crystalline cesium vanadate phases were studied in the identical fashion
as for the lithium vanadates, where the chemical shifts and interactions from the
literature were used to deduce information regarding the cesium borovanadate
glasses.13202203 Cesium metavanadate (CsVO3) possesses Q2 units and has a chemical
shift of 0iso of -583 ppm. Cesium pyrovanadate, (Cs4V207) has two vanadium Q! sites
located at 8iso of -543 and -567 ppm.#202 Cesium orthovanadate (Cs3V04) has a single
chemical shift of 8iso of -576 ppm according to the literature2’? but our crystalline
phase (confirmed by powder x-ray diffraction) was observed at &iso of -550 ppm,
similar to the lithium orthovanadate shift. In addition, all other alkali orthovanadates
are found around this chemical shift range (+ 5ppm), perhaps suggesting that the

literature value is incorrect or referenced improperly.202207

4.2.2.2.2. K=0.2 BOROVANADATE 5ERIES

51V MAS NMR spectra were collected on vitreous B203-V,05 and vitreous V205 in order
to determine what type of an effect boron might have on the vanadium shift. The
breadths of the CT are similar, with overall peak shapes and &8¢ of -620 + 15 ppm
(borovanadate) and -650 + 15 ppm (v-V20s). The minor shift to higher frequency,
together with the same overall shape suggests that vanadium maintains its five-
coordinate environment. The shift appears to be caused by boron neighbours and is
largely due to the polarisability of vanadium. Addition of Cs* caused the 51V resonance
to shift to higher frequency in a more pronounced manner (i.e., the shift was not

gradual as seen in the LiBV cases but occurred in more discrete units). This suggests
173

V. K. MICHAELIS



BOROVANADATES

that Cs* causes NBOs on vanadium polyhedra to occur sooner than seen using Li*. This
shift is complemented by a decrease in peak width, suggesting an increase in

symmetry or a decrease in structural variation, Figure 4.14.
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Figure 4.14. 51V MAS NMR spectra of cesium borovanadate glasses, K=0.2 series with
R of (a) 0.2, (b) 0.3, (c) 0.4, (d) 0.6, (e) 1 and (f) 1.4. 51V MAS NMR centre of gravity

shifts (Ocgs) for (g) K=0.2 and (h) K=0.2, 0.4 and 0.6.

The K=0.2, R=0.3 cesium borovanadate glass (Figure 4.15) shows the presence
of a second 51V site (8¢ of -575 and -640 ppm), indicating both Q% and [V,
respectively. 51V 3QMAS (Figure 4.15) of this sample was acquired in an attempt to

better resolve these sites. Unfortunately, these resonances did not narrow, indicating
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that they were not significantly broadened by the second-order quadrupolar
interaction but rather by a distribution in chemical shielding. High-field NMR and fast
MAS were also attempted, but produced poorer spectra than those displayed here, for

the same reason.

-520 -560 -600 -640 -680 =720 ppm

F2 (ppm)

Figure 4.15. 51V MAS NMR of cesium borovanadate K=0.2 R=0.3 glass, (a) 1D MAS

spectrum and (b) 3QMAS spectrum at a 38 kHz spinning rate.

4.2.2.2.3. CsBV K=0.4 & 0.6 GLAS5 5ERIES

The cesium borovanadate glasses with K=0.4 and 0.6 behaved similarly to one
another, with an increase in chemical shift as R increased. However the overall shift
range was smaller than in the case of the K=0.2 glasses. This is rationalized as
vanadium is in greater excess thereby requiring higher cesium loadings before Q2
depolymerize to Q! and Q° polyhedra occur. These are complementary to the boron
data as the [*IB does not break down as fast at higher vanadium concentrations. The

51V chemical shifts proceeded in the same manner (from -650 to -560 + 10 ppm). An
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increase in crystallization tendency was also observed at high cesium and vanadium
compositions. This perhaps could be explained by the tendency of Cs* cations

favouring NBOs, preventing a polymerized, covalently bonding network to form.

4.2.2.3.CLUSTER CALCULATIONS USING GAUSSIAN

4.2.2.3.1. EFFECT ON VANADIUM A5 V DEPOLYMERIZES
To verify that the shifts are caused by depolymerisation, a variety of vanadium
structures (five-coordinate to orthovanadate units) were constructed. These were
used to determine the effect on 51V chemical shielding as vanadium depolymerizes.
Calculations showed similar effects to those seen in the vanadate crystals ([5V to [41V)
as NBOs formed. The shift to higher frequency propagated as NBOs formed,
supporting our interpretation of the experimental results. These calculations also
provided a reasonable explanation why multiple vanadium sites from different
neighbouring borons were not resolved. If we take the largest difference between the
calculated sites (~60 ppm) and we compare this to the experimental breadths of the

CT (30 to 160 ppm) resolution will not be easily attainable (Figure 4.16).
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Figure 4.16. Gaussian calculations studying the effect of boron neighbours on a VO4

polyhedra. These effects explain the difference seen in vitreous V205 and B203-V20s,

4.2.2.3.2. BORON NEIGHBOURS AND THEIR EFFECT ON

OCHEMICAL S5HIFT
Clusters of [“IB species were constructed to determine possible medium-range
ordered bridging species. Clusters incorporated the five possible combinations of [“IB
neighbours beginning with [*IB with four BO3 then substituting BO3 polyhedra for VO4
neighbours (Figure 4.17 and Figure 4.19). These structures were based on alkali
borosilicates, when silicon neighbours cause multiple [*B resonances to be
observed.#200.205 [ncorporating the vanadium fraction (K-ratio) within these glasses
and assuming homogeneous mixing between boron and vanadium, statistically only
one to two vanadate polyhedra could be neighbouring [IB species, limiting the

neighbouring possibilities to, all [31B, 1V04:3[31B, 2V04:2B1B or 3V04:11B. Taking the
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K=0.6 series which has 6V for every 10B, if [4IB is ~20%, there is a ratio of 6V:2[4IB,
bringing the total to 3V per [*IB. Using these assumptions the likelihood of having
more than 3V neighbours is small. Therefore for lower V loadings (i.e., K=0.2 and 0.4)
we can estimate an upper limit of vanadium polyhedra surrounding [*1B to be around

2V or less.
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Figure 4.17. Gaussian clusters for [*IB neighbours, (a) [*/B:4BIB, (b) [“IB:3[31B,1[41V, (c)
[4]B:2[31B,2[41V, (d) “IB:1[3]B,3[4V and (e) [“/B:0[31B,4141V. All structures were terminated
using hydrogen atoms. The clusters contain vanadium (green), boron (blue) and
oxygen (red), while the hydrogen were removed for clarity. There is a -1 charge

placed on each of these clusters.
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4.2.2.3.3. SUPERSTRUCTURAL UNITS

In the literature superstructural units, which for our purposes will be based on BV
ring structures, were not expected to form.178179 However, in borates a few ring
structures are discussed and could be plausible at low-R values.??? Ring structures
(diborate, di-triborate, pentaborate and triborate) were calculated to determine the
[4IB isotropic shift for each ring in an all borate, 1V and 2VO. neighbouring
environments (Figure 4.19). The triborate and pentaborate contain a single [*/B in a
ring structure, while the diborate and ditriborate contain two [*IB units within a ring.
From these 15 structures the diborate and ditriborate (all B and 1V0y4), triborate (all B
and 1V substituted) and pentaborate (all B) would be possible candidates. In
crystalline di- and tri-borate species, [“IB-0-[4IB neighbours (although energetically
unfavourable) do exist as the build-up of charge can be partially delocalized over the
borate ring(s) that comprise these structures. These are naturally unfavourable in
glasses and we would not expect them to occur. To confirm this, 11B 3QMAS NMR data
were acquired, as this experiment could show evidence of BIB ring structures if they
existed. As borate rings will have BIB and [*B environments, the absence of ring
structures from 1B MQMAS provides an indirect measure for the absence of [*1B-0O-
[4IB. Gaussian calculations were also carried out on these species in order to provide
further support for the MQMAS experimental data. A triborate or a pentadiborate
were the only possible calculated structures that could exist based on shift, further

confirming that [4/B avoidance was occurring.
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Figure 4.18. Gaussian clusters for ring-based calculations using four different rings.

Ditriborate Diborate

These four rings were also substituted with 1 V neighbour either as part of the ring or
as a next nearest neighbour to the borate rings. Each ring has 3 variants (due to V
substitution) for a total of 12 rings optimized for NMR calculations. All structures
were terminated using hydrogen atoms to fill valency. The clusters contain boron
(blue) and oxygen (red), hydrogen atoms were removed for clarity. Each ring contains

a negative charge on the [*IB polyhedra present within the ring.
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Figure 4.19. Calculated Gaussian03 chemical shifts for 11B of B with different
vanadium neighbours and ring environments. The solid lines represent B with
different boron and vanadium neighbours (Figure 4.17) while the dotted lines
represent [#IB in select ring formations where (D) diborate, (P) pentaborate, (T)
triborate and (DT) ditriborate (Figure 4.18). The superscript V simply indicates that

the calculated ring structure contained a vanadium substitution within the ring.
4.2.3. DISCUssIaON

4.2.3.1.BORON SPECIATION
1B MAS NMR data show distinct behavioral differences between K=0.2 and K>0.2
(Figure 4.13). The linear behaviour for K=0.2 approaches a maximum Ny value of 0.38
at R=0.8, whereas the higher K values reach a maximum Ny of 0.4 at R=1.0. This is
different from the lighter alkali borovanadates, where N; maxima are reached at

~50% between R=1.0 to 1.2. Cesium requires higher vanadium loadings to retain [4IB,
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indicating a preference for [3JB NBOs as seen for the binary borates.?® Figure 4.10
clearly illustrates this effect as the second-order quadrupolar shape changes from
axial symmetry (T3) to non-axial asymmetry indicating T? formation. Figure 4.12
shows MQMAS data for four K=0.2 CsBV glasses and the chemical shift change that
occurs as the T2 units form.

The narrowing of the [*IB resonance as R increases can be understood by the
formation of NBOs on vanadium. Low-cesium borovanadates have several possible BO
environments ([41B-0-BIB and [“B-O-[*VX, where X is the number of vanadium
neighbours ranging from 0 to 4). As cesium increases, the vanadate units
depolymerize to form Q° polyhedra, no longer able to participate in bridging oxygens
to [*IB. Since [*IB are still present and need to be bridged, the remaining [3!B are next-
nearest neighbours, increasing the local order, thus narrowing the resonance. This
analysis is similar to that in borosilicates with silicon neighbours on [“IB. However,
these glasses do show different charge-balancing characteristics than in borosilicates,
as both vanadium and boron share the cesium cations which is not typically observed
in glass science.l°® This does seem counter-intuitive as the glass becomes more
depolymerized (i.e., higher disorder) but the limited species that can bond with [#IB
decreases, hence our proposal for what is occurring within the [*IB resonance.

[4IB medium-range order is observed for both cesium and lithium
borovanadates, which is absent in lithium borates and borosilicates. We propose that
the effect witnessed in these systems is caused by vanadium neighbours on [*IB
whereas for the lithium borate glass it is the alkali that causes multiple [IB sites (cf.
Chapter 3.2). The possible effects on neighbours studied using Gaussian calculations
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(see above) agree with the experimental data, suggesting that either superstructures
or vanadium neighbours cause the second [*B resonance. We can remove
superstructures from the equation as [BIB in rings were not seen from MQMAS
experiments. The Gaussian calculations indicated that the [*IB resonances can be
assigned to [*1B:1BIB,3[4lV and [#1B:2[3IB,2[*]V. Considering the relative fractions of V:B,
it would seem more likely for these to be [*IB with 3 [31B and 1 VO4 and /B with 4[31B.
Based on the calculations and our data we can tentatively assign these resonances as
[4IB as [*IB:4[31B (~ 0.5 ppm) and the higher frequency peak (~2 ppm) containing a

single VO4 neighbour.

4.2.3.2. VANADIUM-51 MAS NMR

4.2.3.2.1. K=0.2, 0.4 AND 0.6 BOROVANADATE SERIES

The crystalline cesium vanadates lay the foundation for assigning the structures in the
glasses, as was the case for LiBV. For all glasses studied an increase in R caused a shift
to higher frequency. Assuming that the existing literature was incorrect for the
crystalline cesium orthovanadate sample, this can be attributed to the formation of
NBOs. K=0.2, R=0 has a d¢gs of -650 * 20 ppm, indicating vanadium in a five-coordinate
bridging oxygen species with a moderate quadrupolar interaction (< 3.4 MHz). The
addition of Cs* also causes the >1V resonance to narrow (Figure 4.14) as a result of a
change in local environment (pseudo-tetrahedral) as the conversion from VOs — V041
— V043" occurs; an alternative explanation for this observation is a decrease in
structural variation. The 51V 3QMAS experiment unfortunately did not resolve

multiple sites, as the spectrum displayed a characteristic glass resonance resulting
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from a distribution in shieldings. Ultra-high field and fast MAS (65 kHz) also failed to
improve resolution as the resonance increased in breadth at higher fields. This
occurred as the dominating interaction is a distribution in shieldings (variation in
bond lengths and angles) rather than a distribution of Cqs. For this reason, Lapina et
al. suggest fast spinning and lower fields.?292 A few simple simulations using WSolids®
provided some evidence that this could be an option if we used ultra fast MAS at low
field (~ 9.4 T). However, MQMAS would be required as the SOQE may need to be
contended with at lower fields.224

A correlation between the onset of NBOs on boron and the 51V §¢s plateau
occurs at a composition of R=0.8 to R=1. Beyond R=1.0 [*IB break down indicating the
formation of NBOs on boron while the vanadium 8¢ are found within the Q! and Q°
regions. This demonstrates clearly the sharing between boron and vanadium species.

The K=0.4 and K=0.6 cesium borovanadate glass series show abrupt changes
from R=0.3 to R=0.4, where the CT shifts by 70 ppm and narrows slightly (similar to
K=0.2, Figure 4.14). This is followed by another drastic shift of 40 ppm and further
narrowing (going from Q2 to Q1/9, Figure 4.20). These structural changes in vanadia
units (BIV to [41V) as a heavy modifier is added suggest more defined local vanadium
structures than in the lithium borovanadates, which exhibited smoother vanadium

shifts to higher frequency.
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Figure 4.20. 51V MAS NMR of cesium borovanadate K=0.4 (similar effect for K=0.6)
glass. Comparing these shifts to comparable LiBV glasses this vanadium shift to higher

frequency occurs at lower concentrations.

We speculate that the abrupt changes that occur as the borovanadate glass
depolymerizes are caused by the larger size of cesium and its strong preference for
NBOs. We can take this idea a step further and suggest cesium sharing between
vanadium and boron is not 50/50 as is expected to occur for lithium and sodium
borovanadate glasses.1%178179 [f both vanadium and boron were sharing the Cs*
evenly, a gradual increase in [“IB accompanied with a breaking down of vanadium
(forming NBOs) would be expected, as seen in the case for lithium borovanadate

glasses. The cesium borovanadate glasses show a quick breakdown of vanadium
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polyhedra, that is preferentially forming Q1/Q species faster than for lithium, similar

to what is seen in lithium and cesium borates.%0

4.2.3.3.C0Es5I1UM-133 EXCHANGE SPECTROSCOPY
Cesium EXSY was also attempted to determine whether cesium is mobile within these
phases. Mobility should decrease for the heavier Cs* and would be expected to be very
slow, if at all. Recalling that the lithium borovanadates showed Li* mobility with an
increase in temperature, an increase in loading or an increase in mixing time occurred
(i.e., EXSY dephasing). Using these criteria as a basis, a high-R cesium borovanadate
glass was heated and acquired using 133Cs MAS NMR EXSY experiment, as this would
be the most likely candidate for cesium dynamics. CsBV K=0.4 and R=1.6 was heated
to 60°C (limited by the probe) using mixing times between 100 ps to 700 ms (Figure
4.21). At long mixing times (0.7 s) little dephasing was observed, which is suggestive
of little to no motion occurring (perhaps cage rattling). Earlier in Chapter 3, cesium
borates glasses were studied and we suggested slow mobility of rattling Cs*, probed
using REDOR. However these binary borates were studied above temperatures of
60°C. Higher temperature would be an asset to further probe and understand possible

mobility in cesium borovanadate glasses, as our current probe does not allow for this.
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Figure 4.21. 133Cs MAS NMR EXSY spectra of CsBV K=0.4 R=1.6 glass (a) tmix of 100 ps

and (b) tmix of 700 ms.

4.2.4. SUMMARY
Cesium borovanadate glasses exhibit similar vanadium speciation, as seen in the
lighter lithium borovanadate species. The cesium cations are charge-balanced by both
[]B and NBOs on vanadium polyhedra. Vanadium depolymerizes more quickly with
cesium addition than with lithium, indicating a stronger preference for Cs-VOq
interactions and NBOs as seen for binary glasses. The largest differences between the
cesium and lithium borovandates are the maximum values of N4 that are reached. The
actual fraction for the cesium borovanadates (K=0.2 to 0.6) are lower (~37% [“IB
versus ~46% [4IB) but the maximum N4 also occur at lower alkali loadings (R=0.7 to
1.0 versus R=1.0-1.2). This agrees qualitatively with binary borate glasses as cesium
prefers BO3 and VO4 polyhedra bearing NBOs at higher alkali loadings. As lithium and
cesium borovanadate glasses have not been studied using 51V MAS NMR in the past
these results contribute in regards to the structural differences that occur in
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borovandates. Additionally, this is the first study we are aware of on cesium
borovanadates and shows promise for these types of glasses to be studied in the
future using MAS NMR. These results are of interest, as it is commonly thought all
alkali oxides behave similarly in oxide glasses (i.e., no size effect). In Chapter 3 we
showed lithium and cesium cause differences within the borate network as cesium
caused a higher fraction of NBOs. This effect is also seen here within the ternary
borovanadates. It is prominent in both the 1B and 51V MAS NMR results indicating

distinct speciation preferences for cesium and lithium modifiers.
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5. MODEL NUCLEAR

WASTE BOROSILICATES

Nuclear power has been met by an assortment of positive and negative press. It could
alleviate the stress of current CO2 production, enabling agendas set out by the Kyoto
protocol to be met, while providing affordable energy to both developing and
industrial nations. Other sources such as wind, solar and hydro would also be
employed. The safety and waste concerns associated with nuclear power are common
downfalls, continually discussed around the world. Canada’s role in nuclear power has
been significant, in regards to reactor development and uranium supplies, as one of
the largest uranium mines in the world is located in the Athabasca Basin,
Saskatchewan.225

Spent uranium can often be reprocessed so that another fuel cycle can be
carried out. The uranium requires reprocessing to remove the fission by-products that
occurred as a result of the nuclear reaction. This waste (~30 to 40 kg per ton of loaded
fuel) contains a variety of fission products; some that are considered high level waste
include 135Cs, 137Cs, 93Zr, 90Sr, etc.226 Low, medium and high levels of waste are all
treated using different methods. Low-level waste is dealt with by the use of retention
ponds, allowing fission products with shorter half-lives to decay. These are then

purified before the decayed fission products are released into the environment.
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Medium-level waste can be handled in a variety of ways, with the current trend being
incineration. This method condenses the amount of material, which is then
incorporated into cement for long-term storage. The low and medium level waste
accounts for most of all nuclear waste created from energy production.?27.228 The
remaining waste is designated as high-level liquid waste and represent the deadliest
nuclear species, including species possessing half-lives on the order of tens to
thousands of years. Waste of this sort is commonly dealt with by mixing the waste
stream into a complex melt comprised of borosilicate glass. The borosilicate must be
able to incorporate 30 to 50 various oxides while being slowly vitrified into a
homogeneous glass. This expensive method has been well studied, is safe and is
understood. Our goals for these materials are to improve loading levels, lower melting
temperatures and maintain strength and integrity while lowering costs, making this a

more attractive process.

5.1. CESIUM VAPORIZATION WITHIN
BOROSILICATES

Alkali borosilicates can be understood using the same basic principles as alkali
borates, except with the added dimension of silicate speciation and reactivity. SiO>
increases the viscosity and melting point, creating a glass that is more water resistant
(most borates are water soluble). An increase in N4 occurs as silicon dilutes the borate
network and decreases the occurrence of the highly unfavorable [#1B-0-[“IB bridges.
Charge balance between B203 and SiO2 has been well studied by Bray et al., who

developed a charge model describing how the network changes to accommodate the
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alkali modifier.1%° Using sodium borosilicate glasses to typify alkali borosilicates, in
general Dell and Bray studied the effects on local polyhedra and determined that the
borate species undergo conversion to [“IB from BIB. The maximum in Ns depends on
the ratio of Si02/B203, K. As alkali oxide is added, BO3 converts to BO4+~ to maintain
charge compensation from the alkali modifier, in turn increasing the connectivity or
degree of polymerization in the glass. At some point a maximum N; is reached
(depending on alkali and silicon concentration), and silicate units (Q*) begin to break
down, forming NBOs (e.g., Q3). Further alkali loading causes the formation of NBOs on
boron (i.e., [IB decreases while T2?s form). In the past ten years some aspects of this
model have come into question, such as the formation of Q3 beginning at a lower
loading than predicted, however the general trend remains valid.200.205,229-232

Cesium borosilicate can be understood as a highly simplified model for nuclear
waste glasses. Its study can aid in understanding the nature of Cs* (a daughter product
from 235U fission) incorporation during vitrification of high-level waste. Two
particular isotopes, 137Cs (t1/2 ~30 years) and 135Cs (ti2 ~23 x 10> years) are long-
lived products that decay to barium during long-term storage.233234 With recent
studies on sodium borosilicates providing evidence of sodium borate species being
volatile at typical glass processing temperatures!03229-231,235236  concern surrounds
cesium incorporation, stability and volatility.

Cesium volatility in a model nuclear waste glass has been studied in a series of
cesium borosilicates that were treated for different heating times. Three particular
aspects of interest include the structural effects on the borosilicate network as a
function of heating time, the effect on 133Cs chemical shift as heating time is increased,
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and the echo intensity, as it shows promise in identifying changes in cesium

concentrations.

5.1.1. MATERIALS AND METHODS

5.1.1.1.5AMPLE PREFPARATION
A three gram batch of cesium borosilicate with a composition of K=2 and R=0.5
(14.3Cs20°28.6B203°57.1Si02 - in mol %) was synthesized from dehydrated boric
acid (B203), SiO2 and Cs2C03. After extensive mixing of the nominal batch composition
in an agate mortar and pestle, the samples were divided equally into seven samples.
Each was heated to 600°C within a box furnace to allow for decarbonation, which was
verified by mass-loss measurements. These powders were re-ground and placed in
ZGS (zirconia grain stabilized) platinum/gold(5%) high-temperature crucibles and
heated to 1350°C for the specified time (between 1 and 60 minutes) in an inert argon
atmosphere (3 L/hr flow rate). Melts were quenched using deionized water and

checked for homogeneity and crystallinity by polarized light microscopy.

5.1.1.2.X-RAY POWDER DIFFRACTION
Glasses that appeared to have crystalline phases were ground using an agate mortar
and pestle and assessed using a PANAlytical X'Pert Pro Bragg-Brentano powder x-ray
diffractometer equipped with a Cu K, radiation source, an X’'Celerator detector and a
Ni-filter diffracted beam. All data were collected at room temperature using a 26
range of 5° to 80° at 0.0167° increments with a 75s step time. Powders were mounted

using grease on a single-crystal quartz (SiO2) zero background sample holder.
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5.1.1.3.INDUCTIVELY COUPLED PLASMA OPTICAL EMISSION

SPECTROSCOPRPY
Three samples (heated for 3, 15 and 60 minutes) were digested (~100 mg) with
concentrated HF and analyzed for cesium and boron by inductively coupled plasma
optical emission spectroscopy using a Varian Liberty 200. Silicon cannot be analyzed
due to the volatility of SiF4, which is created during digestion with HF, precluding

reliable Si measurements.

5.1.1.4.ELECTRON MICROPROBE ANALYSIS

Powdered samples were mounted on one-inch diameter Perspex disks using heat-
activated epoxy. The disks were polished, carbon coated and probed using a Cameca
SX-100 EMP. The collection method used the wavelength dispersion mode with an
excitation voltage of 15 kV, specimen current of 20 nA, a 10 um beam size, a
background count time of 10 s and a peak count time of 20 s. Each sample was

averaged over five sampling points.

5.1.1.5. NMR S5PECTROSCOPY

NMR data were obtained on a Varian UNITYINOVA 600 NMR spectrometer (14.1 T)
using a 3.2 mm double resonance Varian-Chemagnetics MAS probe. Sample amounts
ranging from 30 to 38 mg were placed in 22 pl (3.2 mm o.d.) ZrO2 rotors. 133Cs MAS
NMR spectra were observed using a Hahn-echo pulse sequence employing the
extended phase cycling scheme of Kunwar & Oldfield,237 with an v of 50 kHz. Sixteen
transients were co-added, with recycle delays of 500 to 1,000 s between transients.
CsCl (aq, 0.5 M) was used as a primary reference, set to 0 ppm. 11B MAS NMR spectra

were collected using a Bloch-decay sequence with short pulses corresponding to a 22°
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tip angle and an vif of 69 kHz. Sixteen transients were co-added with recycle delays of
10 to 20 s. Boric acid (aq, 0.1 m) was used as a secondary reference, set to 19.6 ppm
relative to BF3-Et20 (0.0 ppm). 2°Si MAS NMR spectra were collected using a Bloch
sequence with a short 15° tip angle (vif of 50 kHz), recycle delays were set to 60 s with
1024 co-added transients. The 2°Si spectra were referenced to 3-(trimethylsilyl)-

propanesulfonic at 1.43 ppm relative to the primary TMS reference (0.0 ppm).

5.1.2. RESULTS AND DiscussiON

5.1.2.1.CO0MPOSITIONAL CHANGE

Final compositions were analyzed by ICP-OES for the 3, 15 and 60 minute samples to
determine the absolute molar quantities of cesium and boron (Figure 5.1). The loss of
Cs20 occurs rapidly, within the first three minutes of heating, causing a drop in
concentration by 3% absolute, ie, 14% to 11% Cs20. However, the boron
concentration remains stable over the three compositions analyzed, indicating that
cesium is the volatile component, and not the sodium borate species, as suggested
elsewhere.?30.236 The 60 minute cesium borosilicate glass shows a drastic drop in R
(nominal composition of R=0.5 to R=0.24 (~50%)), causing a significant change in the
borosilicate structure (Figure 5.2). The glass network compensates for cesium boil-off
by changing the boron coordination as seen in the 1B MAS NMR, leading to a decrease
in N4, and a corresponding decrease in network connectivity. The decrease in Ny is
caused by the cesium cations being removed.

Although the concentration of silicon cannot be determined from ICP-OES (due

to SiF4 formation), EMPA indicates that the concentration of silicon does not change
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with increased heating times. This result is expected given the very high boiling
temperatures of SiO; (2950°C) and other geologically relevant alkali silicates when
compared to cesium oxide (melting temperature, T, = 490°C).16 The exact species that
is volatile from the cesium borosilicate is difficult to determine. However, it is
believed to be in the form of Cs20, although elemental Cs has also been observed in
the past.238 Cs;0 is suggested here as at higher temperatures it would be easily
oxidized and this is supported by mass-loss measurements recorded after heating the

sample, which agree most closely with the loss of Csz0.

5.1.2.2.CESIUM-133 SPIN-COUNTING
Quantitative 133Cs MAS NMR spectra were acquired on all cesium borosilicate glasses
using a spin-echo sequence. The parameters were carefully determined, using
appropriate recycle delays, number of scans, spinning speeds and taking the sample
mass into consideration. This enabled the tracking of changes in cesium content with
the measured echo intensity. Figure 5.1 illustrates the effect of heating time on echo
intensity. Although using NMR as an analytical tool to determine concentrations is
difficult and is not typical, with careful instrumental setup and treatment a beautiful
illustration of its potential for spin-counting may be seen. Quantification requires
collection of a standard in order to determine the absolute concentrations of cesium.
This can be difficult due to different internal interactions, long recycle delays, etc.
Qualitatively, one can see the exponential decay that occurs, mirroring the trend seen

in the ICP data.
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Figure 5.1. 133Cs MAS NMR echo intensities (squares) and ICP (diamonds) results for

seven heat treated CsBSi glasses.

5.1.2.3.BORON A5 A NETWORK FORMER

In order to determine the Ny, 11B MAS NMR was acquired for all glasses. The moderate
magnetic field allows reliable BIB and [*B populations to be measured, where the
fraction of [41B can be seen to decrease with increasing heating times (Figure 5.2). This
follows the trend observed within 133Cs MAS NMR, ICP-OES and EMPA, which is
consistent with a loss of alkali modifier. According to the Dell and Bray model,*° for
an alkali borosilicate glass with a silicate-to-boron ratio K=2, a linear scaling with
N4=R is predicted up to R=0.65.1° These cesium borosilicates do not reflect this and
were determined to have N4=0.35 at R=0.24 (i.e., 30% more [*IB than predicted). This

discrepancy could be explained by borate and borosilicate phase separation that may
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occur at longer heating times. This can be understood if the ratio of boron changes in
the silicate phase (i.e., the concentration of SiO>, K) as this will affect the behaviour of
N, for both the borate and borosilicate phases. If boron decreases in the borosilicate
phase, this would cause more [*IB species, as removing boron would allow a higher
fraction of [*IB and reduce Q3 in silicon.

The spectra for these different heating times are shown in Figure 5.2, with [31B (8
to 17 ppm) showing a lineshape commonly observed for T3 units in ring and non-ring
conformations. Elevated heating times cause a shift in the balance between ring and
non-ring. This shift to a higher concentration of ring structures at longer heating times
would be expected with a lower concentration of alkali modifier, agreeing with all the

results reported above.
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Figure 5.2. 11B MAS NMR spectra of (a) 3 min, (b) 5 min, (c) 15 min, (d) 30 min and
(e) 60 min and (f) N4 for each [*IB site (~Oppm and -2 ppm) as a function of heating
time. The borosilicate polyhedra above provides an illustration of [4/B neighbours, that

is silicon or boron.

The B region (-4 to +3 ppm) exhibits two distinct resonances, providing
information regarding the second coordination sphere (medium-range order). Based
on measured chemical shifts and previous studies on sodium borosilicates,200205 the
resonance at §=-2 ppm is attributed to a [*IB surrounded by four silicon neighbours,
while 60 ppm is a [*IB with one [31B and three silicon tetrahedra.

As observed in the spectra, the ratio of these species seems to change as heating
times are increased. Careful integration and peak fitting of the 11B MAS NMR data

using STARS® and SpinWorks® revealed that the higher frequency four-coordinate
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peak decreases ([4IB1B3si), and the lower frequency peak ([*/B*5!) remains essentially
constant (see above). This unusual behaviour suggests preferential cesium loss at a
site-specific position. An alternative explanation involves some form of rapid
equilibrium between the sites that occurs during the melt and volatilization period. As
cesium volatilizes it seems to be retained or favoured at a [*IB site surrounded by
neighbouring silicates since the concentration stays nearly constant. Cesium located at
the [“IB with a BIB neighbour decreases exponentially, mirroring the ICP and echo
data. These observations, (i) onset of ring formation in BIB and (ii) preferential site
retention between [#IB sites differs from what has been seen for sodium borosilicate
glasses, suggesting an alkali effect.200 As the cesium cation is larger than sodium its
bonding strength, i.e., ability to form strong bonds, would be reduced, allowing
volatilization to occur more easily with a greater effect on the forming network.

Upon closer examination of the 1B with a § * 0 ppm, a plot of the peak intensity
against the R-value (which was experimentally determined from ICP-OES) indicates a
linear trend, with a correlation of R2=0.997 and an intercept near zero (0.008), Figure

5.3.
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Figure 5.3. Population of 1B (0 ppm) with R composition determined from ICP for 5,

15 and 60 minute heat treated glasses.

This is the relationship predicted by Dell and Bray, perhaps suggesting one
phase is preferentially being affected or modified by the cesium boil-off, while the
other glass phase has maintained and incorporated cesium, inhibiting loss. Evidence
for phase separation has been studied within our group using 70 MAS NMR (ideal for
bonding investigations and different bonding environments) on similar CsBSi glasses.
Immiscibility regions have been documented in similar alkali borosilicate systems

with similar compositions.2200.205

5.1.2.4. SiLicON-29 MAS NMR

29Si MAS NMR for the 3, 15 and 60 minute glasses are presented in Figure 5.4.
Chemical shifts move to lower frequency for increased heating times, associated with
a decrease of NBOs on silicon. This can be explained by the presence of Q3 units (-80

to -100 ppm) in the 3 minute sample, but these units are absent at longer heating
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times. The formation of Q* species at longer heating times can be explained by the loss

of cesium which no longer requires NBOs on silicon to compensate for the charge.

-70 -90 -110 -130 ppm
Figure 5.4. 2°Si MAS NMR spectra for heating times of a) 3 min, b) 15 min and c) 60

min, Q3 region (-80 to -100 ppm) and Q* region (-100 to -120 ppm)

One complication is that these compositions, according to the Dell and Bray
m