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J. Solid State Chem., 2014, 217, 1-8

ii Composition-Property-Structure Correlations of Scandium
Aluminosilicate Glasses Revealed by Multinuclear
45Sc, 27Al, and 29Si Solid-State NMR
Bholanath Pahari, Shahriar Iftekhar, Aleksander Jaworski, Kirill Okhotnikov,
Kjell Jansson, Baltzar Stevensson, Jekabs Grins, and Mattias Edén
J. Am. Ceram. Soc., 2012, 95, 2545-2553

iii Properties and Structures of RE2O3–Al2O3–SiO2 (RE=Y, Lu) Glasses
Probed by Molecular Dynamics Simulations and
Solid-State NMR: The Roles of Aluminum and Rare-Earth Ions
for Dictating the Microhardness
Shahriar Iftekhar, Bholanath Pahari, Kirill Okhotnikov, Aleksander Jaworski,
Baltzar Stevensson, Jekabs Grins, and Mattias Edén
J. Phys. Chem. C, 2012, 116, 18394-18406





Contents

I Synopsis 9

1 Glass 11

1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.2 Glass transition . . . . . . . . . . . . . . . . . . . . . . . . . . 12

1.3 Glass structure . . . . . . . . . . . . . . . . . . . . . . . . . . 16

1.4 Properties of glasses . . . . . . . . . . . . . . . . . . . . . . . 20

1.5 Commercial glasses . . . . . . . . . . . . . . . . . . . . . . . . 23

1.6 Rare-Earth Aluminosilicate Glasses . . . . . . . . . . . . . . . 25

2 Nuclear Magnetic Resonance 31

2.1 Historical Overview . . . . . . . . . . . . . . . . . . . . . . . . 31

2.2 Modern NMR Spectrometer . . . . . . . . . . . . . . . . . . . 33

2.3 Spin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

2.4 Spin in a Magnetic Field . . . . . . . . . . . . . . . . . . . . . 40

7



8 CONTENTS

2.5 Zeeman Interaction . . . . . . . . . . . . . . . . . . . . . . . . 41

2.6 Chemical Shift Interaction . . . . . . . . . . . . . . . . . . . . 47

2.7 J -Coupling . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

2.8 Dipolar Interaction . . . . . . . . . . . . . . . . . . . . . . . . 49

2.9 Quadrupolar Interaction . . . . . . . . . . . . . . . . . . . . . 50

2.10 Solid-State NMR . . . . . . . . . . . . . . . . . . . . . . . . . 52

2.11 Solid-state NMR on glasses . . . . . . . . . . . . . . . . . . . 57

3 Molecular Modeling 65

3.1 Molecular Dynamics . . . . . . . . . . . . . . . . . . . . . . . 65

3.2 Quantum Chemistry . . . . . . . . . . . . . . . . . . . . . . . 67

3.3 Calculation of NMR parameters . . . . . . . . . . . . . . . . . 74

II Summary of the Papers 77

3.4 Al Perspective; Paper I . . . . . . . . . . . . . . . . . . . . . . 79

3.5 Oxygen Perspective; Papers II & III . . . . . . . . . . . . . . . 80

3.6 RE Perspective; Paper IV . . . . . . . . . . . . . . . . . . . . 83



Part I

Synopsis

9





1. Glass

1.1 Introduction

There are some difficulties if one wants to formulate direct definition of the
glass. From the historical point of view, silicon oxide (silica, SiO2) was the
main component of glasses created by humankind throughout most of the
history. Does it mean that presence of silica in the composition should be
a requirement to define the glass? Obviously no, since we know by now,
that it is possible to prepare plethora of different types of glasses without
silicon oxide being incorporated. Historically, glasses were made exclusively
using melt-quench method. However, with the advantages of modern synthe-
sis approaches, including vapor deposition, sol-gel processing, and neutron
irradiation, necessity of melting cannot be used in the glass definition ei-
ther [1]. All human-made glasses until 20th century were (together with their
naturally occurring counterparts) inorganic. New discoveries in the field of
material chemistry allowed for synthesis of organic and metallic glasses. At
present, their popularity is growing, together with span of already existing,
or potential applications. Significant differences between inorganic, organic
and metallic glasses make the connection between the chemical nature of
the material and definition of the glass impossible. All glasses are amor-
phous and lack the long-range order characteristic of a crystal, nonetheless,
non-crystalline, amorphous character of a solid does not necessarily mean
that it can be classified as a glass. The ability to exhibit the time-dependent
glass transition behavior constitutes the factor, which makes the glass special
among amorphous phases.

Glasses are ubiquitous in all aspects of everyday life. The global glass
production is a ∼$80 billion business, and majority of its market concern
the easy to form and inexpensive soda–lime–silica-type glasses used for win-
dows and containers. However, specific technological and scientific appli-
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Chapter 1. Glass 1.2. Glass transition

cations require enhanced mechanical and optical properties like hardness,
thermal/dimensional/chemical stability, or index of refraction among others,
therefore, several types of special silicate, aluminosilicate and borosilicate
glasses are manufactured. Except fused silica (quartz) glass, all silica-based
commercial glasses incorporate various amounts of mono- or/and di-valent
alkali/alkali earth elements (Na+, K+, Ca2+... etc.). This thesis focuses
on gaining structural insight into aluminosilicate glasses based on tri-valent
rare earth elements (Sc3+, Y3+, La3+, Lu3+) instead. Structural features of
these glasses remained essentially unexplored, although because of the higher
charge, rare earth cations have severe effects on the glass structure and phys-
ical properties, with the latter being superior to those of alkali/alkali earth
aluminosilicate counterparts. Solid-state nuclear magnetic resonance (NMR)
spectroscopy was employed as the main investigative tool, and complemented
with molecular dynamics (MD) computer simulations and density functional
theory (DFT) calculations.

1.2 Glass transition

Physical states of matter are analyzed using the phase diagrams, which can
constitute the plots of variables of the state function (e.g., chemical potential,
µi; partial molar Gibbs free energy for isothermal and isobaric processes,
Equation 1.2.1) under different conditions.

µi = −
(
∂G

∂Ni

)
T,P,Nj 6=i

(1.2.1)

At the phase transition line (melting point at the diagram shown in Fig.
1.2.1, denoted as Tm) chemical potentials of the two phases are equal:

µ1(T, P ) = µ2(T, P ) (1.2.2)

and (in this case) both liquid and crystalline ones coexist, whereas above or
below that temperature, only one of the two phases is thermodynamically
favored and likely to exist.

As shown in Fig. 1.2.1, when system undergoes the phase transition, tem-
perature remains constant and latent heat is involved, since the two phases

12



Chapter 1. Glass 1.2. Glass transition
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Figure 1.2.1. Effect of temperature on entropy (S) or volume (V ) of the
glass forming melt: a) fast quenched glass, b) slow quenched glass, c) slowly
cooled crystal.

differ significantly in entropy and volume. First derivatives of G:

S = −
(
∂G

∂T

)
P

, (1.2.3)

V =

(
∂G

∂P

)
T

are discontinuous across the phase boundary, thus the process can be classi-
fied as first-order phase transition, according to Paul Ehrenfest classification.

In the case of no nucleation sites present to initiate crystallization, liquid
phase can be maintained below the melting point, and supercooled liquid is
obtained (Fig. 1.2.1; liquid below Tm). The latter can be cooled further down
to its crystal homogeneous nucleation temperature, where solid phase has to
form. However, when cooling rate is very high, viscosity increases dramat-
ically, and time scale of structural equilibration becomes longer and longer.
In parallel, upon rapid removal of heat from the system, disordered state
does not have enough kinetic energy to overcome potential energy barriers
required for the atomic rearrangement. Internal degrees of freedom succes-
sively fall out of the equilibrium, and further rapid cooling causes a smooth
increase of viscosity by many orders of magnitude without any pronounced
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Chapter 1. Glass 1.2. Glass transition

change in the structure. Phenomenon described above is called glass transi-
tion, and solid material obtained through that transformation is a glass. No
latent heat is involved in this process, and first derivatives of the Gibbs free
energy remain continuous (Fig. 1.2.1 a, b), whereas abrupt changes are ob-
served for response functions [2], such as heat capacity at constant pressure,
CP :

CP = −T

(
∂2G

∂T 2

)
P

. (1.2.4)

Glass

Liquid

CP

T
Tg

Figure 1.2.2. Schematic representation of the heat capacity change in the
glass transformation temperature range.

Glass transition comprises quenched disorder, therefore should be con-
sidered as a purely kinetic phenomenon rather than transition between ther-
modynamic ground states, since the true equilibrium state under the same
conditions of temperature and pressure constitutes the crystal phase. As in-
dicated in Figure 1.2.1, glass entropy, volume, and so on, all depend on the
thermal history of a sample. If cooling rate is small, the system has more
time to relax, so the transition occurs at a lower temperature and the glass
formed is more dense. The glass-forming ability of a melt is evaluated in
terms of the critical cooling rate (Rc) for glass formation [1], which is the
minimum cooling rate necessary to keep the melt amorphous without precip-
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Chapter 1. Glass 1.2. Glass transition

itation of crystalline phase during vitrification. In practice Rc is very difficult
to be determined experimentally. Most of the substances can be obtained
in the glassy state if sufficiently high quenching rate is ensured. The glass-
transition temperature Tg is always lower than the melting temperature, Tm,
of the corresponding crystalline state of the material (if one exists). By steep
jump of the heat capacity at the glass transition region (Figure 1.2.2), sys-
tem pronounces additional configurational degrees of freedom in the diffusive
liquid state above the glass transition temperature. The overall form of the
heat capacity then represents the individual contributions of the vibrational
heat capacity of the amorphous phase and the configurational heat capacity
of the liquid phase. By experimental determination of thermal response func-
tions of the system, one has after reformulating of the appropriate derivatives
access to the thermodynamic functions, which are not accessible directly for
experimental techniques, like entropy or chemical potential. “Strong”, vis-
cous melts, like for example pure SiO2, retain their highly-interconnected
structures when heated above the Tg, therefore Cp changes upon glass trans-
formation are small, in contrast to “fragile” melts e.g., alcohols, which exhibit
exceptionally high Cp changes when heated across Tg [3]. Differential scan-
ning calorimetry (DSC) and differential thermal analysis (DTA) are the two
most commonly used experimental techniques for Tg determination.

∆G

Ea

Glass

Crystal

G

X

Figure 1.2.3. Comparison between the Gibbs free energies of glass and
crystal phases.

Gibbs free energy of the glass is always higher than that of the cor-
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Chapter 1. Glass 1.3. Glass structure

responding crystalline phase for the given T , P conditions (Figure 1.2.3).
Implication which arises from this fact is straightforward– glasses are not
thermodynamically stable. There are no conditions under which glasses are
stable. Glass phase is metastable, which means, that external activation
energy has to be provided to the system to allow the structure to relax to
its ground state−crystal. Thermodynamics is predicting unambiguously the
direction of the change in the system, however, does not provide any hints
about kinetics involved. In the real life, these processes are extremely slow.
Medieval cathedral glasses are predicted to exhibit a visible “flow” after 800
years when heated at the temperature of around 400 ◦C, furthermore, esti-
mations for the room temperature conditions result in values in the range of
1023 years, therefore window glass cannot flow in human time scales [4, 5].

1.3 Glass structure

The first glass structural model that applies chemical principles to the study
of glass structure as well as classifies the roles for the respective oxides com-
ponents was proposed in 1932 by Zachariasen [6], and consequently com-
plemented afterwards by the others [7, 8]. In general, precursors of the
oxide-based glasses can be divided into three groups: network formers, inter-
mediates and network modifiers.

Network formers are those oxides, which can create covalently-bonded
glass network, and therefore form glasses even as a pure substances. Sili-
con dioxide (SiO2), boron trioxide (B2O3), germanium dioxide (GeO2) and
phosphorus pentoxide (P2O5) are the examples of glass network forming sub-
stances. Cations in these oxides share few common features, which allow
them to act as a network formers: limited ionic contribution (<55%) to the
chemical bonding with oxygen makes bonds quite strong (average bond dis-
sociation enthalpies >90 kcal/mol), low coordination numbers (3, 4), and
high electronegativity (>1.90 in Pauling scale). From strong bonding, high
viscosity of the melt and difficulties with the structure breaking/reformation
upon cooling arise, therefore good glass forming behavior under moderate
quenching rates is guaranteed.

Second group, intermediates, or conditional glass formers, do not form
glasses by themselves, as a pure substances, however, act like the glass for-
mers when combined with others and substitute the glass forming atoms
in the network. The most popular glass constituent from this group is alu-
minium(III) oxide (Al2O3), commonly known as alumina. Aluminium exhibit
weaker (50-70 kcal/mol) and more ionic (60%) bonding with oxygen than typ-
ical network formers, prefers also higher-coordinated sites (4-6). Addition of
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Chapter 1. Glass 1.3. Glass structure

alumina lowers the required synthesis temperature and expands accessible
span of the glass forming compositions.

Network modifiers constitute the electropositive metal cations (<1.3 in
the Pauling scale), with significantly ionic (>70%) bonding to oxygen, and
exhibiting high coordination numbers (>4). Most commonly used ones are
alkali/alkaline-earth metal oxides: sodium oxide (Na2O), potassium oxide
(K2O), magnesium oxide (MgO) and calcium oxide (CaO). Generally, physi-
cal properties of the glass depend greatly on the type and amount of network
modifiers incorporated.

Network Formers:

SiO4 and AlO4

tetrahedra

Bridging Oxygen Non-Bridging 

Oxygen

Network 

Modifiers:

Na+, K+, Ca2+, 

Mg2+...

Figure 1.3.1. Schematic representation of alkali/alkaline-earth aluminosil-
icate glass network fragment comprising four-coordinated SiO4 and AlO4

tetrahedra as a network formers, bridging/non-bridging oxygen atoms, and
network modifiers: mono/di-valent alkali and alkaline-earth cations.

Figure 1.3.1 presents the structural model of the alkali/alkaline-earth alu-
minosilicate glass. Si4+ and Al3+ cations are four-coordinated by oxygen
atoms, and form SiO4 and AlO−

4 tetrahedra, respectively, which are corner
sharing the bridging oxygens (BO), linkers among main building-blocks of the
glass structure. The BOs participate in pairwise (–O[2]–) contacts between
Si and Al species, defining all toghether covalently bonded glass forming

17



Chapter 1. Glass 1.3. Glass structure

network. Because of the negative charge on AlO−
4 moieties, presence of the

charge compensating cations (Na+, K+, Ca2+) in their close spatial proximi-
ties is needed. In case of the not sufficient amount of network modifier cations
in order to charge balance the entire Al population in form of AlO−

4 units,
higher coordinated AlOp (p = 5, 6) species will form. Constellations of the di-
rectly bonded AlO−

4 −AlO−
4 groups are energetically disfavored and therefore

not allowed in the glass model. It is known as the Loewenstein Al avoidance
rule [9] that holds analogously to zeolites and other crystalline phases [10].
The excess of cations above that needed solely to charge-compensate all AlO−

4

moieties, act as the glass network modifiers, and depolymerize the covalently
bonded glass network composed of the glass forming polyhedra into small
fragments by conversion of the bridging oxygen species, connecting corner-
shared polyhedra into the non-bridging oxygens (NBO) that coordinate the
modifier cations. NBOs are the linkers between the glass network formers
and modifiers, which means participation in a single covalent bond (–O[1])
with either silicon or aluminum on the one side, and simultaneous creation
of the ionic M−O bonds (one or more to satisfy optimal charge compensa-
tion) from the other. To avoid negative charge accumulation, non-bridging
oxygens exhibit strong preference to SiO4 tetrahedra as opposed to AlO−

4 .

As a response of the glass network to increased amount of modifier ions,
the NBOs populations grow, whereas the bridging oxygens contributions de-
crease. NBO/BO partitioning depends directly on the modifier ion con-
tent, and can be assessed by the network polymerization degree r, defined
as [11, 12]:

r =
xO

xSi + xAl

, (1.3.1)

where xO, xSi, and xAl are the fractional contributions of the respective ele-
ments in the glass composition. With assumptions that modifier ions do not
enter the glass network and all Si and Al species are four-coordinated (Si[4],
Al[4]), the average number of bridging oxygen atoms over all SiO4 and AlO−

4

tetrahedra can be calculated as:

nBO = 2(4− r). (1.3.2)

Therefore, the fully polymerized, 3D network is associated with nBO = 4,
hence r = 2.0 (e.g., as for the network of vitreous silica, SiO2). For r = 2.5
we get nBO = 3, thus structure can be represented as the 2D sheets. Net-
works exhibiting r = 3.0 and r = 3.5 can be identified as the infinite chains
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Chapter 1. Glass 1.3. Glass structure

(nBO = 2) and tetrahedra dimers (nBO = 1), respectively. However, the
average network polymerization degree does not provide any local structural
information but merely confines the average glass network topology. Glass
network associated with r = 2.5 and nBO = 3 can either be dominated by
tetrahedra comprising 3 BO atoms or comprise the distribution of those with
2 and 4 BOs that will result in the average number of 3.

Glasses lack long-range order, but exhibit rich short- to medium-range or-
der structural features stemming from constrains in network formers polyhe-
dra packing. The short range (nearest neighbor) bond arrangements exhibit
well-defined breadth of bond lengths and angles distributions, therefore, the
basic short range structural insight concerns information on the coordination
numbers of the glass network forming cations and network modifiers, as well
as bond lengths and angles distributions. Network dimensionality, connec-
tivity trends among the respective glass forming polyhedra, corner/edge/face
sharing etc., bridging/non-bridging oxygens partitioning, and the potential
occurrence of structural units like sheets, chains etc., complement the picture
of the glass network at the medium range distances.

In contrast to crystalline solids, the disordered nature of amorphous
phases hindered structural studies of glasses by regular diffraction techniques.
Structure elucidation of multi-component, oxide-based glasses is a complex
and challenging task. Many elements have to be determined, for complete
description of the glass atomic network, whereas there is no such an experi-
mental technique, which could provide all of these information at once.

Many attempts have been made to gain structural understanding on va-
riety of the glass systems, using different experimental techniques, includ-
ing infrared (IR) and Raman spectroscopies, X-ray and neutron diffraction,
extended X-Ray absorption fine structure (EXAFS), small-angle X-ray scat-
tering (SAXS) and finally: solid-state nuclear magnetic resonance (NMR).
The latter serves an exceptional potential in structural studies of disordered
materials. Because of its atomic selectivity, and high sensitivity to short and
medium range structural arrangements, provides the unique tool for study-
ing complex glasses. Its inherent quantitativeness, allows for quantification of
the respective structural motifs in the glass network, furthermore, advanced
solid-state NMR experiments, provide insights into mutual atomic connec-
tivities and spatial proximities. Because of the fundamental difficulties in
glass structural features exploration, first-principles calculations of the ex-
perimental observables response for the individual atomic environments are
of unsurpassable importance.
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Chapter 1. Glass 1.4. Properties of glasses

1.4 Properties of glasses

In the macroscopic scale glass is isotropic, which means that physical proper-
ties do not depend on its orientation– will expand and conduct heat equally in
all directions when heated, as well as sound will pass at the same speed in any
direction. Physical properties of glasses are not affected by grain boundaries,
as happens in polycrystalline materials like metals, ceramics, and depend
linearly on the composition, therefore, being additive and predictable to the
high extent, can be tuned for the specific applications. Oxide-based inorganic
glasses exhibit in addition one unique feature, which results in almost count-
less present and future applications: they are transparent in visible light.
In the historical aspect, can be assumed that the whole necessity of glass
production stems from this property, plus chemical inertness also. As glasses
have evolved over last decades from being only window and food container
material to hi-tech applications in lasers, nanotechnology etc., therefore de-
mands for additional, beneficial properties have arisen. From the point of
view of modern applications, the main physical properties of interests are:
refractive index, hardness, glass transition temperature, thermal expansion,
and chemical resistance.

Refractive index n is defined as a ratio of speed of light in the vacuum c
and phase velocity of light in the material for the given wavelength.

n =
c

v
(1.4.1)

If for example, refractive index of the given glass equals 1.46, it can be
translated, that light within it travels 1.46 times slower than in vacuum.
The consequence of that is refraction (bending) of the incident light beam at
the interface when entering the medium, which is determined experimentally
with refractometer, exploiting formulated in 1621 by Dutch mathematician
Willebrord Snell law of refraction:

sinθ1
sinθ2

=
v1
v2

=
n1

n2

, (1.4.2)

with each θ denoting the angle measured with respect to the normal of the
interface, v and n denoting light velocities and refractive indices of the re-
spective media. Refractive index of the complex, solid medium is related to
its polarizability with Clausius–Mossotti equation [13]:

3

(
n2 − 1

n2 + 2

)
=

∑
j

Njαj, (1.4.3)
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Chapter 1. Glass 1.4. Properties of glasses

where Nj is the number of atoms of each component per unit volume and
αj is the polarizability of atoms j. The polarizability increases as volume
occupied by electrons on atomic/molecular orbitals increases. Larger atomic
species, with higher number of loosely held electrons are generally easier to
polarize than smaller atoms with tightly bounded electrons, therefore polar-
izability of the glass (and consequently refractive index) will depend strongly
on amount and type of heavy ions incorporated in its structure. The re-
fractive index is a property of a great importance in design of components
for any optical instruments. Focusing power of lenses, dispersive power of
prisms, and generally the path of light through the system all depend on re-
fractive indices. The increase of refractive index in the core, guides the light
in an optical fiber by total internal reflection, and the variations in refrac-
tive index reduces the reflectivity of a surface treated with an anti-reflective
coating. The deviations of refractive index with wavelength is the source of
chromatic aberration in lenses, well known phenomenon for photographers.
The strong electric field of high intensity light at a given wavelength (such
as from a laser) may cause a medium’s refractive index to vary as the light
passes through it, giving rise to nonlinear optics.

Hardness constitutes one of the most important and frequently measured
property of solid materials, to the large extent determining their useful-
ness for the given applications. For glasses is mainly considered in terms
of resistance to scratching, abrasion and deformation against applied pres-
sure. Characterizations from that respect mainly exploit Vickers indenta-
tion method [14], developed in 1921 at British engineering conglomerate for
measuring hardness of metal alloys, nowadays well established for hardness
determination in many classes of materials, particularly those with very hard
surfaces. It employs pyramidal diamond indenter which penetrates the sur-
face of the material of interest under applied load. The indentation area is
examined under microscope, and hardness value (usually given in GPa) is
calculated as a ratio of the applied force and surface area of the resulting
indentation.

Mechanical properties of a glass can change drastically when heated to-
wards glass transformation range, thus, glass transition temperature deter-
mines resistance of the given glass for high temperatures. As mentioned
in section 1.2, the most common technique for Tg determination is differ-
ential scanning calorimetry (DSC). However, note that the value of Tg, ex-
tracted from DSC curves is a function of the heating rate used during the
measurement– Tg shifts towards higher values concomitantly with heating
rate growth when other parameters remain same. This property of Tg can be
employed to determine the activation energy for viscous flow of the glass from
DSC curves collected with different heating rates. Modern DSC methodology

21



Chapter 1. Glass 1.4. Properties of glasses

combined with advanced instruments is not only able to yield the temper-
atures of the events in the sample, but also the enthalpy and specific heat
changes accompanying them.

Dimensional response of the matter upon temperature changes is called
thermal expansion, and has to be taken into account in most areas of engi-
neering. The extent of expansion effect with respect to temperature difference
is described by material’s coefficient of thermal expansion:

αV =
1

V

(
∂V

∂T

)
P

. (1.4.4)

αV by itself varies with temperature, so integration has to performed if wider
temperature ranges are considered:

∆V

V
=

∫ Tf

Ti

αV (T )dT, (1.4.5)

where Ti and Tf are initial and final temperatures, respectively.

Formation of the sealed connections between glasses, glasses and metals
or ceramics is often necessary in design of the optical elements and devices,
therefore among other demanded material characteristics, match in thermal
expansion coefficients constitute the most basic criterion for selection of the
appropriate glass composition. Thermal shock resistance primarily depends
on the coefficient of thermal expansion, hence low values of αV significantly
enhance glass ability to withstand rapid changes in temperature.

Chemical durability of glasses refers to their resistance to corrosion and
dissolution in contact with liquids. Commercial silicate glasses exhibit high
chemical durability, unless exposed to very high/low pH solutions, or to a
reagent such as hydrofluoric acid (HF) which specifically attacks the Si—O
network bonds, however, it should not be assumed that glasses are totally in-
soluble in water solutions. Several chemical phenomena have been observed
during glass dissolution in aqueous solutions [15]. Ion exchange between al-
kali or other highly mobile ions and protonic species from the liquid occurs,
as well as attack on the network bonds resulting in the congruent dissolution
process. In accordance with Ostwald’s step rule, subsequent, thermodynam-
ically more stable layers of reaction products will form, therefore having a
great impact on the rate of dissolution of the material. Timescale for these
processes ranges from hours to millions of years. Long term corrosion resis-
tance is a main concern for management of highly radioactive nuclear wastes
by glass encapsulation.
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1.5 Commercial glasses

From the chemical point of view, vitrous silica (SiO2) constitutes the sim-
plest commercially used glass, and is the only one single-component glass
in production. Actually, that term describes two slightly different types of
glasses: fused quartz glass and vitreous fused silica. Quartz glass is melted
in special, high-temperature (∼ 2000 ◦C) tungsten-molybdenum furnaces and
carefully refined, to obtain ultra-high purity glass. Its thermal and optical
properties are superior to other types of glasses: unusually high glass tran-
sition temperature range ∼ 1100 − 1200 ◦C, extensive optical transmission
from UV to IR light wavelengths, extraordinarily low coefficient of thermal
expansion (exhibits unique feature of negative thermal expansion in narrow
temp. range), all above supplemented with extreme hardness approaching
HV ickers = 12 GPa [16]. Appears as ideal glass, does it not? One would
say yes, however, very high temperature of synthesis, remarkable viscosity of
melt, and required purification processes raise the production costs to pro-
hibitive levels for all but very special applications: microlithography optical
systems, optical fibers, laser optics, laboratory equipment, spectrophotome-
ter cells, optical pyrometers etc. Vitreous fused silica is a cheaper counterpart
of fused quartz glass. Is not well refined, contains impurities and air bubbles
within, which make it appearing opaque. Some physical properties are al-
most same as those of quartz glass, nonetheless, lack of transparency causes
a significant shrinkage of its applications.

The most common glass type is by far the soda-lime-silicate glass. It con-
stitutes roughly 90% world glass production. Is transparent and easy to form,
therefore is used extensively for windows, containers, automotive industry,
lightning etc. Soda–lime–silica glass compositions (see Table 1.5.1) estab-
lish compromise between glass performance and low cost of massive produc-
tion. The non negligible addition of network modifiers results in significant

Table 1.5.1: Compositions of the typical commercial glasses [1].

Component [wt%] Windows Containers Light bulbs
SiO2 73 74 72
Na2O 14 13 16
K2O - 0.3 1
MgO 4 0.2 4
CaO 9 11 3
Al2O3 0.1 1.5 2
Fe2O3 0.1 0.04 -
SO2 - 0.2 -
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Chapter 1. Glass 1.5. Commercial glasses

amount of non-bridging oxygens in the network, which lower the viscosity
of the melt and glass transition temperature, allowing for easier glass prepa-
ration. The glass transformation range for soda–lime–silicate glasses falls
between 550−580 ◦C, meaning that the glass is cheap in production, but, on
the other hand, suffers from poor heat resistance. Another consequence of
the presence of many non-bridging oxygens, is high thermal expansion coeffi-
cient (fifteen times higher than that of quartz glass), making glass vulnerable
to thermal shock damage. Vickers hardness of ∼ 4.9 GPa does not protect
against scratching and abrasion, and exhibits moderate refractive index of
1.52. Window (flat) glass and container glass differ in composition slightly.
Container glass comprises more alumina and calcium, and less sodium and
magnesium which are more water-soluble and could potentially make it more
susceptible to water erosion. Its often colored in brown or green (for example
beer and wine bottles) by addition of iron oxide to protect the content from
direct sunlight.

Another widely used type of glass is sodium-borosilicate glass, known un-
der trademarks such as PYREX R© or DURAN R©. They exhibit significantly
improved thermal properties compared to soda–lime–silicate glasses. The
PYREX R© glass produced by Corning Inc. [17] has the following composi-
tion [wt%]: SiO2 80.6%, B2O3 13.0%, Na2O 4.0%, and Al2O3 2.3%. Thermal
expansion coefficient of 3.3 · 10−6/K (one third of that of soda–lime–silicate
glass) and glass transition temperature of 821 ◦C provide very good thermal
shock and high temperature resistance. Low value of coefficient of thermal
expansion allows it to be manufactured with relatively thick walls, which,
combined with Vickers hardness of ∼ 5.8 GPa results in high mechanical
strength. Sodium-borosilicate glasses are highly resistant to chemical attack.
They are used in all laboratory glassware requiring very high resistance to
strong acids, alkalies and products intended for use in heat applications such
as autoclaves, hot plates, cookware etc. Thanks to their chemical durabil-
ity against corrosion, they are employed for immobilization and disposal of
high-level radioactive waste. The astronomical telescopes glass components
are made of borosilicate glass, which makes precise surfaces change very lit-
tle with temperature, and keep the system’s optical characteristics matched
across temperature changes.

Alkali/alkaline-earth aluminosilicate glasses, in addition to silica and
modifiers, comprise significant amounts (∼20%) of alumina (Al2O3). They
have been employed in glass fiber production, aviation, automotive and trans-
portation industries, thanks to elevated hardness and high-temperature re-
sistance combined with affordable production costs. Corning Gorilla R© [17]
and Schott Xensation R© [18] hardened alkali-aluminosilicate glasses consti-
tute the state-of-the-art commercial glasses with respect to hardness and
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scratch resistance (Vickers hardness up to ∼ 6.9 GPa), therefore, they are
used primarily as cover glass for portable electronic devices like smartphones
and computers.

1.6 Rare-Earth Aluminosilicate Glasses

This thesis focuses on structural features exploration of glasses belonging to
the four distinct, ternary RE2O3—Al2O3—SiO2 systems, where RE denotes
one of the tri-valent, diamagnetic rare earth metals: lanthanum (La), yt-
trium (Y), lutetium (Lu), and scandium (Sc). Hence each glass specimen is
composed from the three oxides: RE2O3, Al2O3, SiO2, therefore contain 4
elements: rare-earth metal (RE), Si, Al and O.

Since the 1980’s, when the reports on glasses incorporating different rare
earth elements (Y, La, Nd, Er, Nd, Eu, Yb) started to appear [19, 20, 21],
their improved thermal expansion coefficients and glass transition temper-
atures (among the other properties) were observed. However, as the Na,
K, and Ca based aluminosilicate glasses are commercially exploited in many
branches of the industry, and have bearings on geological processes, thus were
systematically studied in contrast to the rare earth counterparts, which were
scantily investigated, and their medium range structural features remained
essentially unexplored.

The RE aluminosilicate glasses studied herein exhibit highly beneficial,
tunable physical properties, at the level beyond that accessible for composi-
tions incorporating alkali and/or alkaline-earth network modifiers (Na+, K+,
Ca2+). Extraordinary hardness (7.6−9.5 GPa), high glass transition temper-
atures (865−911◦) and refractive indices 1.48−1.73, coupled with excellent
chemical durability result in many potential technological applications, as
radioactive waste storage, in situ cancer treatment, and in optical devices
like lasers, optical fibers and amplifiers.

The cation field strength (CFS) of the incorporated network modifier
cation, defined as z/R2, where z is the valence number and R the effec-
tive Shannon-Prewitt ionic radius, constitutes the factor with the major
impact on the glass structure. Therefore, the enhanced physico-chemical
properties of the RE AS glasses stem from distinct chemical nature of the
tri-valent rare-earth metal ions with respect to the commonly used mono-
or di-valent counterparts. The differences between the latter and the set of
RE elements evaluated in this thesis {La, Y, Lu, Sc} are summarized in Ta-
ble 1.6.1. RE ions exhibit substantially higher CFS values, which increase
along the series La3+<Y3+<Lu3+<Sc3+ and the structural effects stemming
thereof are manifested by, e.g., the glass forming region contraction observed
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in Fig. 1.6.1 [22, 23, 24, 25]. Moreover, thanks to the high-CFS RE modi-
fiers these glasses exhibit unique structural features, not encountered in the
conventional glass model: “free oxygen ions” (O[0], oxygen atoms coordi-
nated solely by RE cations, without bonds to network formers), “oxygen
triclusters” (O[3], oxygen species with three bonds to Si/Al atoms), AlO−

4 –
AlO−

4 as well as Al–NBO contacts, significant populations of the higher-
coordinated Al[5]/Al[6] species, all together encompassed on top with severe
configurational, topological and chemical disorder.

Table 1.6.1: Properties of the 6-coordinated cations.

Modifier Ion Shannon-Prewitt Cation field

charge Ionic Radius /Å strength /Å
−2

Na +1 1.02 0.96
K +1 1.38 0.53
Ca +2 1.00 2.00
La +3 1.03 2.82
Y +3 0.90 3.70
Lu +3 0.86 4.05
Sc +3 0.75 5.41

Most physical properties of the RE AS glasses correlate with the type
and/or content of the RE element in the composition [25, 26, 27]. Both
glass transition temperature and hardness increase with CFS (however, Sc-
based glasses exhibit lower Tg than expected from the trend). Whereas Tg is
rather unaffected by composition changes within the given RE glass system,
hardness, indices of refraction and density all increase together with the RE
cation content. Compositions and physical properties of the selected RE AS
glass samples are shown in the Table 1.6.2.

Span of the RE AS glass compositions obtained in our group within each
system is presented in Fig. 1.6.1. Glass samples were synthesized from the
respective oxides (99.99% purity) in 0.4−2.5 g batches, held for 1 h at 1600◦

(La, Y-glasses) or 1650◦ (Lu, Sc ones) in Pt crucible and quenched by placing
its bottom in water. Glass forming regions presented on Fig. 1.6.1. corre-
spond to these synthesis conditions. All samples (except for the 17O and 29Si
labeled ones) were examined with XRD and SEM/EDX techniques to ensure
their mono-phasic amorphous character and compositional consistency. De-
tailed information regarding synthesis and characterization procedures can
be found in refs [28, 25, 26, 29, 27].
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Figure 1.6.1. Glass-forming regions for La (a), Y (b), Lu (c), and Sc (d)
ternary RE2O3—Al2O3—SiO2 glass systems. Numbers refer to the mol% of
the respective oxides. White boxes represent homogeneous glasses, whereas
shaded ones and asterisks denote compositions, which resulted in phase
separated and partially crystalline glasses, respectively. [image courtesy of
Mattias Edén]
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For 17O NMR experiments, nine Oxygen-17 enriched rare-earth alumi-
nosilicate glass samples with compositions listed in Table 1.6.3 were pre-
pared from the respective RE-sesquioxides: La2O3, Y,2O3, Lu2O3 and Sc2O3,
and isotopically enriched glass forming oxides: Al2

17O3 (≈ 30% 17O), Si17O2

(≈ 30% 17O), and 29SiO2 (96.7% 29Si). The latter was used in the mixture
with Si17O2 to provide joint 17O and 29Si enrichment with ≈ 20% 29Si level
in the final glass samples. 36% 17O enriched H2

17O has been used as the 17O
isotope source for both Al2

17O3 and Si17O2 precursors with aluminum iso-
propoxide (Al[OCH(CH3)]3) and silicon tetrachloride (SiCl4), respectively, as
the starting materials. Argon atmosphere has been ensured for all synthesis
steps.

Table 1.6.3: Compositions of the 17O Enriched Glasses.

Glass aRE2O3 (mol%) bAl2O3 (mol%) cSi2O3 (mol%)
La1.00(2.21) 17.05 27.65 55.30
La0.30(2.45) 17.49 10.71 71.80

Y1.00(2.21) 17.05 27.70 55.25
Y1.80(2.21) 21.16 37.34 41.50

Lu0.65(2.21) 14.50 20.97 64.53
Lu1.00(2.21) 17.05 27.70 55.25
Lu1.00(2.45) 23.75 25.43 50.82

Sc1.47(2.07) 15.00 36.00 49.00
Sc1.00(2.21) 17.05 27.70 55.25

aComposition of the RExAl/xSi
(r) glass in oxide equivalents with

aa+ b+ c = 100 mol%.
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2. Nuclear Magnetic Resonance

2.1 Historical Overview

The history of Magnetic Resonance started in 1922, when Otto Stern and
Walther Gerlach directed a beam of silver atoms through the inhomogeneous
magnetic field. However, it took the next 6 years before the outcome—
beam splitting recorded on photographic emulsion—and all experiment con-
sequences could be fully understood. Wolfgang Pauli proposed in 1924 a
new quantum degree of freedom, which has been postulated to be a spin by
Uhlenbach and Goudsmit one year later. In 1926, the matrix mechanics for-
mulated by Werner Heisenberg, Max Born and Pascual Jordan was shown to
be equivalent with wave mechanics of Erwin Schrödinger. Finally, in 1928,
theoretical physics had its great triumph, when Paul Dirac presented his rel-
ativistic quantum mechanics. The concept of intrinsic angular momentum,
i.e., spin, has been firmly established.

During the 1930s, Isidor Rabi at Columbia University carried out exten-
sive experiments with molecular-beam magnetic-resonance detection tech-
niques. From his laboratory came experimental results that altered the
premises of atomic nucleus, and were on the forefront of nuclear physics
throughout the entire decade [30]. Nuclear quadrupole moment was discov-
ered. For the first time homogenous magnetic field together with radiofre-
quency (rf) irradiation were employed on the stream of hydrogen molecules.
Observed energy absorption at sharp, well defined frequency constituted the
first-ever recorded NMR signal.

In 1946 at Stanford University, Bloch, Hansen and Packard utilized dif-
ferent approach. They reasoned, that the spin polarization equilibrium in
strong magnetic field can be manipulated by applying rf energy, and induce
electric signal in properly placed coil. The experiment performed on pro-
tons in water sample worked, and “modern” NMR was born [31]. At the
same time, Purcell, Torrey and Pound at Massachusetts Institute of Tech-
nology recorded the NMR signal of protons from the block of paraffin [32].
The fact that Russel Varian decided very early on production of commercial
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NMR systems employing homogeneous electromagnets had a great impact on
fast development of NMR at its initial stage. Although systems were heav-
ily modified, scientists did not have to build magnets and amplifiers from
scratch [33].

In 1949 and 1950 physicists were disappointed with low accuracy of mag-
netogyric ratio measurements for 19F and 31P. Variations of detection fre-
quencies at the given magnetic field were beyond the accuracy of the NMR
instruments for chemically different samples. That’s how chemical shift has
been discovered. After further development of NMR technology, when pro-
duction of magnets with higher field homogeneity was possible, 1H chemical
shift for ethanol has been demonstrated in 1951 [34], revealing how powerful
NMR could be as an analytical tool when applied to chemistry. In parallel,
concepts of the indirect scalar coupling and chemical exchange have been de-
veloped as a result of additional spectral features observed upon increasing
spectral resolution.

During the early days of NMR, standard way for obtaining the resonances
was the frequency sweeping method, called continuous wave (cw) irradiation.
Although Bloch and Hahn showed already in 1949 procedure for obtaining the
free induction decay (FID) signal with short radiofrequency pulses employed,
that approach was not fully utilized because its complexity for samples com-
prising more than one NMR site. Studies done by Ernst and Anderson on
Fourier transformation of NMR signals constituted the real breakthrough
in the field. It made possible not only to signal-average several thousands
of “scans” to detect signals from less abundant nuclei like 13C or 15N, but
also allowed the studies of time-dependent phenomena such as relaxation or
chemical processes.

The discovery of the magic angle spinning (MAS) technique in 1959 begun
the new era in NMR of solids—obtaining high-resolution NMR spectra from
solids become feasible [35, 36]. Studies carried by Waugh at MIT and Pines
at Berkeley gained insights to the understanding of NMR interactions in
solids, and provided framework for development of the new techniques for
obtaining information from inherently broad solid patterns.

Further increase in spectral resolution and sensitivity was possible due to
the new magnet technology. At 2.35 Tesla (1H frequency of 100 MHz) iron
electromagnet technology was pushed to its limits. Huge efforts have been
spent on development of low temperature superconducting solenoid magnets,
with great field homogeneity, almost no field drift and with bore large enough,
to fit advance NMR probeheads. First commercial magnet of the new type
was released by Varian in 1966. Since then, the competition on delivering
more and more sophisticated superconducting magnets has started among
main producers: Varian, Bruker and Oxford Instruments. In 1987 first com-
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mercial 14.1 T (1H frequency of 600 MHz) has been installed. By 2002
21.1 T (1H frequency of 900 MHz) magnets become available, and roughly
15 of them were installed in United States. In 2010 at European Centre of
High Field NMR in Lyon, France, world’s first 1.0 GHz, 23.5 Tesla magnet
has been launched, and installation of 28.2 T (1.2 GHz) machine is planned
in the near future in the Netherlands [37].

2.2 Modern NMR Spectrometer

Detection of inherently weak NMR signals constitutes the real instrumental
challenge, and put enormous requirements on equipment stability. The most
important (and visible) part of the NMR system is the magnet. A supercon-
ducting solenoid is placed in the middle of the magnet (see Fig. 2.2.1), sur-
rounding the bore where the sample during experiment is located. Nowadays,
solenoid wire is made of niobium-tin (Nb3Sn) superconducting, intermetallic
alloy, which exhibits critical temperature of 18.3 K, and can withstand cur-
rent densities above 2000 A/mm2, generating the magnetic fields up to 30
Tesla. Is kept in the superconducting state being immersed in the bath of
liquid helium, with boiling temperature of 4.2 K, thus, once charged during
the magnet installation, should keep the field almost forever. To prevent fast
boil-off, solenoid chamber containing liquid helium is surrounded by liquid
nitrogen bath, which, additionally, is isolated by the vacuum. Because of the
global shortage and raising prices of liquid helium, many modern high-field
NMR spectrometers are equipped with helium recirculation systems, which
significantly increase the intervals between consecutive helium-refill opera-
tions. Modern magnets exhibit superior field stability and homogeneity when
compared to its historical counterparts.

The heart, and at the same time the most advanced part of the NMR
spectrometer is the probehead. It simply does most of the job: provides the
appropriate rf irradiation to the spin system and collects signals emitted.
There are several types of NMR probes available for both liquid and solid-
state. They differ in number of channels, sensitivity (cryoprobes), low-/high-
temperature experimentation capabilities, employment of the field gradients
for imaging/diffusion techniques etc. However, the basic features are shared:
probe locates the sample in the region of the highest magnetic field homogene-
ity in the magnet, and by utilizing own electronic circuits and coils, performs
all the required spin states manipulations during the NMR experiment being
carried out.

In simplified description, NMR experiment starts in the computer mem-
ory; information about user-programmed radiofrequency pulses with their
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Figure 2.2.1. Schematic overview of the modern NMR spectrometer.
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a b

c d

Figure 2.2.2. The author and the respective parts of the NMR spectrome-
ter: a) 14.1 Tesla (600 MHz) wide-bore magnet, b) spectrometer console, c)
solid-state MAS probehead, d) probehead at the operational position in the
magnet.
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Figure 2.2.3. Processing of the NMR signal.

respective frequencies, shapes, power levels and phases is send thereof to the
transmitter (1) in the Fig. 2.2.1. Appropriate radiofrequency schemes are
prepared there, and forwarded to the amplifier (2) for amplification. Du-
plexer (3) task is of great importance. It transmits amplified, high power
(∼1−1000 W) rf pulses to the probe, and at the same time, during detec-
tion periods, it has to exhibit linear response to very weak signals in the
range from µV to mV [38], which are directed to signal amplifier (4) to be
amplified to higher voltage levels. Receiver (5) role is to “extract” the in-
formation stemming from the sample, by converting high frequency signal
from the probe (usually hundreds of MHz) to low frequency one, which can
be handled by the electronics of analogue-to-digital converter. That is done
by subtraction of the “reference” frequency from transmitter (as it was sent
to the probe), from the probe’s outcome frequency (modulated by the sig-
nal from the sample). Obtained electric NMR signal is digitized to digital
form in the ADC (analog-to-digital converter) unit (6), and send to the com-
puter. Computer sums up all the signal transients acquired during the entire
experiment and Fourier transforms resulting free induction decay signal in
order to get the frequency-based spectrum. Spectrum is processed to obtain
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purely absorptive lineshapes. Chemical shifts are referenced with respect to
the signal of external reference compound, to provide appropriate ppm scale,
allowing for assignments of the peak positions from respective molecular en-
vironments in the sample.

2.3 Spin

Spin is an intrinsic angular momentum associated with the particle, and all
fundamental matter particles of The Standard Model of particle physics have
spin. Spin angular momentum unlike that of the spinning balls, gyroscopes,
or whatever example of a macroscopic system with angular momentum we
can think of, does not come from the rotation, since at the current level of
physics, fundamental particles are assumed to be point-like, with no spa-
tial extent, therefore theoretically, they do not even exhibit a surface which
could be physically rotating. Although spin concept is an integral part of the
modern relativistic quantum mechanics, its origin cannot be explained, and
probably nobody can really understand it beyond the mathematical formu-
lations.

As a consequence of the spin angular momentum I, there is a magnetic
moment µ (eq. 2.3.1), which leads to magnetic interactions with its environ-
ment. They are proportional to each other with the factor γ being called
gyromagnetic ratio:

µ = γI. (2.3.1)

Particles with the half-integer spin are called fermions, whereas those
with integer spin are called bosons. Fermions follow Fermi–Dirac statistics
and obey Pauli exclusion principle, which states, that two identical fermions
cannot occupy the same quantum state simultaneously. The fact that elec-
tron is a fermion has a fundamental impact on the stability of atoms, ions
and molecules. In contrast, bosons, can occupy the same quantum state,
as it is for photons produced by a laser or Bose–Einstein condensate (e.g.,
superfluid 4He, which exhibits zero viscosity and no surface tension).

Fermions are the fundamental building-blocks of the matter. Protons
and neutrons are the composite particles, which are composed of quarks (el-
ementary fermions with no internal structure, as the electron). Spin angular
momentum of proton and neutron is the result of the combination of quark’s
spins, thus spin of the atomic nucleus depends on proton/neutron configura-
tion comprised in the given isotope. Total angular momentum of a nucleus is
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denoted by symbol I and called ”nuclear spin”. Nuclear spin of the given nu-
cleus j is associated with the magnetic moment µj, which leads to magnetic
interactions, proportionally to its gyromagnetic ratio γj:

µj = γjIj. (2.3.2)

Nuclear spin values and gyromagnetic ratios for the set of selected isotopes
are listed in Table 2.3.1. Generally, most of the nuclei in the periodic table
have spin, and therefore are NMR active. Those which are NMR silent
(I = 0), usually have at least one stable isotope with I 6= 0.

Value of the gyromagnetic ratio can be either positive or negative. Pos-
itive γ (most of the nuclei) corresponds to the case when magnetic moment
and spin angular momentum are parallel to each other (see Fig. 2.3.1).
Negative γ (electron and the few nuclei e.g., 17O) constitutes the opposite
alignment.

γ > 0 < 0γ

spin angular

momentum

magnetic

moment

spin angular

momentum

magnetic

moment

Figure 2.3.1. Magnetic moment and spin angular momentum.
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Chapter 2. Nuclear Magnetic Resonance 2.4. Spin in a Magnetic Field

2.4 Spin in a Magnetic Field

When a static magnetic moment is immersed in the external magnetic field,
it experiences a torque which tends to line up the magnetic moment with
the magnetic field vector, to achieve the lowest energy configuration, like the
compass needle for example, as shown in Figure 2.4.1.

B
0

Figure 2.4.1. Static magnetic moment in the magnetic field.

In contrast, response of the magnetic moment associated with spin angu-
lar momentum to the external magnetic field is different. Dynamical prop-
erties causes it to rotate around the field direction (see Figure 2.4.2), rather
than to settle down in parallel orientation. This phenomenon is called Lar-
mor precession after physicist Sir Joseph Larmor. Spin magnetic moment is
moving on the cone maintaining constant angle with respect to the magnetic
field direction; see Fig. 2.4.2. Frequency of spin precession is called Larmor
frequency, or just NMR frequency, and is directly proportional to the applied
magnetic field:

ω0 = −γB0 [rad s−1] (2.4.1)
ω0

2π
= ν0 [Hz]

If the NMR frequency of the given nucleus and the given magnetic field
strength equals to 100 MHz, that means spin is precessing around the field
direction with the rate of 108 revolutions per second. Even at the Earth’s
magnetic field, which is many orders of magnitude weaker compared to that
of NMR instruments, all the spins of I 6= 0 nuclei are precessing. Direction of
this movement depends on the sign of gyromagnetic ration, as represented in
Figure 2.4.2. At the thermal equilibrium, without magnetic field, vectors
representing spin angular momenta are distributed isotropically, means they
may point in any possible direction, with all the orientations being equally
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BB

γ > 0 < 0γ
0 0

Figure 2.4.2. Clockwise and counterclockwise precession for the positive
and negative gyromagnetic ratio, respectively.

probable. When external magnetic field is applied, spins start to precess
around it (Figure 2.4.3) and exhibit an extremely weak tendency to orient
along the direction of the field, as it will be discussed in the following chapter.

BNo field
0

Figure 2.4.3. Spin angular momenta with and without external magnetic
field.

2.5 Zeeman Interaction

In the absence of external magnetic field spin energy levels are degenerate,
and the spin polarization axes are distributed isotropically, with all the possi-
ble orientations being equally probable. As a consequence of the interaction
between the magnetic field and the magnetic moment associated with the
spin angular momentum, in the presence of external, uniform magnetic field,
degenerated spin states energy levels split, and the distinct energy levels are
separated. This physical phenomenon called Zeeman splitting, after Dutch
physicist Pieter Zeeman, makes the NMR spectroscopy possible at all. NMR
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B0

E

α

β

0

Figure 2.5.1. Splitting of the nuclear energy levels due to the applied ex-
ternal magnetic field.

is the spectroscopy of spin energy levels, and all NMR experiments relay on
sophisticated manipulations of spin states occupations.

The complete information about the nuclear spin system is encoded in a
wavefunction Ψ, which constitutes the solution of the Schrödinger equation:

ĤΨ = EΨ, (2.5.1)

where E denotes the energy and Ĥ the Hamiltonian, energy operator. The
Zeeman Hamiltonian can be expressed as ~−1Ĥ = −γB0Îz, where Îz repre-
sents the angular momentum operator in the external magnetic field direc-
tion. As a result of Zeeman splitting, nucleus with spin quantum number I
is in superposition of n = 2I + 1 Zeeman eigenstates |n〉, constituting the
finite Zeeman basis with 2I + 1 dimension. For the nucleus with spin=1/2
we get two Zeeman eigenstates, which are usually denoted as |α〉 and |β〉 and
which follow their eigen-equations:

Îz |α〉 = +
1

2
|α〉 (2.5.2)

Îz |β〉 = −1

2
|β〉 (2.5.3)

hence:
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~−1Ĥ = −1

2
γB0 |α〉 (2.5.4)

~−1Ĥ = +
1

2
γB0 |β〉 (2.5.5)

Eigenvalues of +1
2
γB0 and −1

2
γB0 represent spin states energies, thus

the difference between them (transition energy, ∆E; see Figure 2.5.2) when
expressed in frequency units correspond to the Larmor frequency [39], of the
particular nucleus at the given magnetic field strength.

E

α

β

EΔ

Figure 2.5.2. The energy levels for a spin 1/2 nucleus in an applied magnetic
field B0 (positive γ).

Nature favors the spin states with lower energies, therefore gives basis to
nuclear spin states spectroscopy, similarly to UV-Vis and IR spectroscopic
techniques, where occupation differences among the molecular electronic and
vibrational states are exploited, respectively.

However, even at the strongest magnetic fields available today, the en-
ergy difference between the two spin states is less than ∼0.1 cal/mol, and the
thermal imbalance in populations of the unperturbed spin system at room
temperature estimated from the Bolzmann equation ranges around 1 part per
105. At the magnetic field strength of 14.1 T, which is (pretty) decent nowa-
days, the energy difference between 1H spin states equals to ∼0.06 cal/mol,
and the ratio of the states occupations is 0.999904 (see Figure 2.5.3). There-
fore, although protons are one of the most NMR sensitive nuclei, their nuclear
magnetic moments are extremely small, and distributed almost isotropically.
All in NMR is just about “playing” with that extremely tiny spin energy lev-
els occupation differences. They appear to be very small, but without them,
NMR would not be possible at all. In the presence of the external magnetic
field, spins tend to orient very slightly towards the magnetic field direction.
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Figure 2.5.3. Estimated spin energy levels occupation differences at room
temperature.

That gives the origin to very very weak macroscopic z magnetization of the
spin ensemble, which corresponds to the population difference between the
two spin states.

Radiofrequency irradiation generated in the NMR probe coil, with prop-
erly tuned amplitude and duration can induce a transition between spin
states in the sample. This places some of the spins in their higher energy
state. When the rf irradiation stops, the relaxation of the spins bring them
back to the lower state and produces a measurable amount of radiofrequency
signal at the resonant frequency associated with the given nucleus, at the
given magnetic field strength. That “appropriate”, calibrated amount of the
rf irradiation needed to induce the detectable NMR signal is called the rf
pulse. Each rf pulse is characterized by the three main parameters: ampli-
tude (rf field power, called nutation frequency and denoted as νnut), duration
(τ) and phase (φ); see Fig. 2.5.4.

Nutation frequencies of radiofrequency pulses during the NMR experi-
mentation varying from few to hundred kHz, which means, that field stem-
ming from the rf pulses is much weaker than external magnetic field of NMR
spectrometer (hundreds of MHz). Duration of the pulses usually ranges
around few microseconds, but can also be significantly longer in special cases.

From the quantum-mechanical point of view, task for the rf pulse is to
induce the transition between the spin states. In the vector model of NMR
experiment, rf pulses rotate the macroscopic z magnetization of the spin
ensemble by the specific angle (βp = νnutτp/2π), while phase of the pulse
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ν

τ

φ

nut

Figure 2.5.4. The radiofrequency pulse.

determines the axis of the rotation. Most of the pulse sequences implemented
in NMR experiments employ pulses which correspond to rotations by 90◦ and
180◦. Effects of these pulses are represented schematically on the Figure 2.5.5.

As shown in Figure 2.5.5, the 90◦ pulse equalizes populations of the two
spin states, but, what is quintessential, it transforms the population differ-
ences into observable NMR coherences. On the other hand, 180◦ pulse inverts
the distribution of populations.

The simplest NMR experiment consists of only one calibrated 90◦ rf pulse
(single-pulse NMR experiment; Figure 2.5.6), which creates a detectable co-
herence. Immediately after the pulse, signal detection starts, and lasts up
to the moment when spin-spin relaxation causes the coherence (and there-
fore detectable signal) decay to zero. Then, after the necessary delay, when
spin-lattice relaxation brings back the sample magnetization (spin states oc-
cupations) to the thermal equilibrium, the entire cycle is repeated until de-
sired signal-to-noise level is achieved, and final signal is stored as an FID for
further processing. The spin-spin relaxation phenomenon (called T2 relax-
ation) proceeds more rapidly than the spin-lattice relaxation (called T1), and
usually falls in the range of 1-200 ms, but can reached the timescale of sec-
onds, e.g., for protons in liquids. In contrast, the T1 relaxation ranges from
fraction of a second to hours, and usually is the main time-limiting factor
in NMR experimentation. Because the relaxation processes are driven by
distinct physical phenomena, like spin interactions and dynamics, relaxation
studies by itself often provide important information about the system.
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Figure 2.5.5. Effects of the radiofrequency pulses on the ensemble of spin
1/2 nuclei.
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Figure 2.5.6. Single-pulse NMR experiment.
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2.6 Chemical Shift Interaction

Chemical shift constitutes a phenomenon, that allows to distinguish the NMR
signals among the nuclei of the same type, but embedded in different elec-
tronic environments within the studied system, which makes NMR useful in
chemistry. Origin of the chemical shift interaction comes from the fact, that
nuclei are surrounded by molecular orbitals with distinct hybridizations and
symmetries, therefore they define the unique electronic environment for the
particular atom. When a sample is immersed in the strong magnetic field
of the NMR instrument, nuclear spins do not experience the “plain” mag-
netic field of the superconducting magnet, but the effective field, which is the
sum of the external magnetic field, and that one, which is induced at each
nucleus by magnetic moments of the electrons circulating on the molecular
orbitals:

Beffective = B0 +Binduced. (2.6.1)

Since:

ν0 = − 1

2π
γBeffective, (2.6.2)

therefore nuclei exhibit different resonance frequencies (ν0) when Beffective

changes upon the variation of the electronic environment. Hence NMR sig-
nals appear at different positions in the Fourier-transformed NMR spectrum.
Chemical shifts range depends on the type of nucleus of interest. Usually big-
ger atoms with more electrons exhibit wider chemical shift ranges than their
smaller counterparts.

Because Larmor frequency, and therefore chemical shifts, both depend on
the strength of B0 field of the given NMR instrument, the universal ppm
scale has been introduced, to compare NMR spectra recorded at different
magnetic fields. Chemical shift ppm scale for each NMR-active nucleus is
defined with respect to the resonance frequency of the established reference
compound. For example 1H chemical shifts are referenced to proton signal of
tetramethylsilane (TMS, C4H12Si), acquired at the same NMR spectrometer,
which “locks” the 0 ppm position on the scale. Chemical shift can be then
calculated as:

δ =
νsample − νreference

νreference
[ppm], (2.6.3)

where νsample is the resonance frequency of the nuclei in the sample, and
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νreference that of the reference compound. Although the resonance frequency
depends on the applied external magnetic field, the chemical shift does not.

high chemical shift

510 0

low chemical shift

high electron densitylow electron density

less shielded more shielded

low frequencyhigh frequency

H chemical shift, ppm1

R

R

NH

R

O

H TMS

Figure 2.6.1. The chemical shift scale.

Because the certain electronic circulations are preferred over the oth-
ers, electronic environment around a nucleus in the molecule is generally
anisotropic. Therefore, the chemical shift is also anisotropic and differ as the
orientation of a molecule with respect to the applied magnetic field changes.
Symmetry of the molecular orbitals dictates the orientation and magnitude
of the shielding tensors, and their principle components are denoted as δ11,
δ22 and δ33. The average value or these, called isotropic chemical shift, is
given by:

δiso =
δ11 + δ22 + δ33

3
. (2.6.4)

In the Haeberlen notation for the chemical shift anisotropy (CSA) de-
scription, the principle components of the CSA tensors follow the order:

|δ33 − δiso| > |δ11 − δiso| > |δ22 − δiso|. (2.6.5)
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The magnitude of the chemical shift anisotropy δaniso is defined as the largest
deviation from the isotropic chemical shift:

δaniso = δ33 − δiso, (2.6.6)

whereas its asymmetry is described as:

η =
δ11 − δ22
δ33 − δiso

. (2.7.7)

B
0

δ

δ

δ

11

22

33

Figure 2.6.2. The chemical shift orientation dependence for 13C in benzene.

2.7 J -Coupling

J-coupling or indirect (through-bond) spin-spin coupling is a result of slight
polarization of the two spins by orbital motions of the mediating valence
electrons. This type of coupling is mutual and very weak (usually 0−100 Hz)
compared to other NMR interactions. Its magnitude depends on nuclear
magnetic moments of the involved nuclei, number of intervening chemical
bonds (usually limited to no more than three), and molecular electronic
structure and geometry. Is not affected by external magnetic field strength
or molecular rotation and tumbling. It has not been exploited in this work,
thus will not be discussed further.

2.8 Dipolar Interaction

Magnetic dipole-dipole interaction defines the energy relationship between
two magnetic moments—nuclear spins—in NMR spectroscopy. The spin ex-
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j k

Figure 2.8.1. Through-space dipolar interaction between two spins.

periences magnetic fields generated by other spins located in spatial prox-
imities and vice-versa, as visualized on Fig. 2.8.1. Dipolar interaction is
described by rank two tensor as the chemical shift interaction is, but in
contrast to the latter, the dipolar tensor is symmetric and traceless, which
means, that the interaction between the two given nuclei is symmetric and
that isotropic dipolar coupling is zero.

Since the fields propagate through space without involving electrons,
dipolar interaction is sometimes called direct dipole-dipole coupling and it’s
magnitude is given by the dipolar coupling constant:

bjk = −µ0

4π

γjγk}
r3jk

, (2.8.1)

where γj and γk are the gyromagnetic ratios of the nuclei of interest, r repre-
sents the internuclear distance, and µ0 is the magnetic permeability. Direct
dipolar coupling scales linearly with the gyromagnetic ratios of the interact-
ing spins, and as inverse cube of the internuclear distance. Usually its mag-
nitude falls in the range from a few Hz to tens of kHz. Dependence on known
physical constants and distance are the reasons why it constitutes the highly
valuable parameter, and appropriate NMR techniques exploiting dipolar cou-
plings provide the priceless toolbox for molecular structure/conformation elu-
cidation.

2.9 Quadrupolar Interaction

For spin 1/2 nuclei, which exhibit spherically symmetric charge distribution,
nuclear electric energy is totally independent on the nucleus orientation. For
higher spin nuclei (>1/2) electric charge distribution is not spherically sym-
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Spin 1/2 Spin >1/2

Electric potential

Figure 2.9.1. Spin 1/2 and quadrupolar (spin >1/2) nucleus.

metric, and these are called quadrupolar nuclei. More than 2/3 of the NMR
active nuclei in the periodic table belong to this group. Parameter which
describes the effective shape of the ellipsoid of nuclear charge distribution is
called the nuclear electric quadrupole moment eQ. Electric field gradients
(Vαβ) generated by circulations of electrons in the molecule interact with the
quadrupole moment and exhibit a torque on the nucleus, therefore the elec-
tric energy of the nucleus depends on its orientation within the molecule:

Eelec =

∫
eQVαβ(r) dr. (2.9.1)

The larger the eQ value, the more “friction” will occur between nucleus
and non-uniform electric field gradient, with exception to highly symmetric
environments (Td or Oh) where the electric interaction vanishes. Quadrupolar
interaction affects the nuclear spin energy levels, thus nuclei with spin higher
than 1/2 interacts not only with the magnetic field, but with any electric
field gradient present at the nucleus also. If we label the eigenvalues of the
electric field gradient tensor Vxx, Vyy and Vzz, that they fulfill:

|Vzz| > |Vxx| > |Vyy|, (2.9.2)

then the quadrupolar coupling constant can be defined as:

CQ = eQVzz/h = e2qQ/h (2.9.3)
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together with the electric field gradient tensor biaxiality parameter η:

ηQ = (Vyy − Vxx)/Vzz. (2.9.4)

In case of glass studies with NMR, so-called quadrupolar product in form
of:

CQη = CQ

√
1 +

η2Q
3

(2.9.5)

is reported instead of CQ, since for the disordered solid sole contributions
stemming from CQ and ηQ cannot be assessed experimentally. For many nu-
clei in plenty of different chemical compounds, magnitude of the quadrupolar
coupling constant can exceed few, or even tens of MHz (depending on eQ
and local symmetry), which has severe consequences on NMR spectroscopy
of these nuclei, especially in the solid state. Since this thesis focuses mainly
on NMR of 17O and 27Al, both exhibiting spin number 5/2, this particular
case will be put under considerations further.

2.10 Solid-State NMR

In isotropic liquids, orientations of the molecules with respect to the mag-
netic field are changing due to the Brownian motion and rapid, random
tumbling. These phenomena are fast compared to the timescale of NMR
signal detection, therefore all anisotropic interactions are averaged out and
cannot be observed directly, although they affect the relaxation properties.
On the other hand in the solid state, where molecular motions are highly
restricted, full range of anisotropic interactions is being observed as a result
of superposition of all possible molecular orientations present in the sample,
as shown for spin 1/2 nucleus on Fig. 2.10.1. Solution NMR spectrum com-
prises single, motionally averaged signal, which represents isotropic chemical
shift of each distinct, chemically unique site in the molecule.

In the solid spectrum, contributions from all molecular orientations ap-
pear, which leads to a complex pattern, with its size and shape dictated
by magnitudes of the respective CSA tensors and dipole-dipole interactions.
Complexity of the NMR patterns for nuclei with half-integer spin number in
the solid state, arising from quadrupolar interaction is increased even fur-
ther. Magnitude of the quadrupolar interaction can easly exceed few MHz,
which causes the description of energy levels perturbation to the first order
no longer enough to evaluate the spectrum, and inclusion of higher order
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Figure 2.10.1. Static NMR spectrum of solid. Pattern reflects the super-
position of all contrubuting sites.

terms become unavoidable. Usually quadrupolar Hamiltonian is represented
as a sum of first- and second-order terms:

HQ = H
(1)
Q +H

(2)
Q . (2.10.1)

In case of small CQ, approximation to the first order is sufficient. As shown
on Fig. 2.10.2, central transition (CT) frequency ω0 is then unaffected by
quadrupolar interaction, therefore central transition signal is also free from
the quadrupolar coupling effects. First-order quadrupolar frequency ω

(1)
Q per-

turbs the frequencies of the remaining (satellite) transitions, giving the rise
to complex satellite-transition pattern in the spectrum, which overall width
reflects the magnitude of CQ of the given site. First-order quadrupolar fre-
quency is proportional to CQ, and for the case of uniaxial electric field gran-
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dient tensor η can be expressed as:

ω
(1)
Q =

3πCQ

I(2I − 1)
× 1

2
(3cos2β − 1). (2.10.2)
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Figure 2.10.2. The nuclear energy levels for spin 5/2 nucleus with positive
gamma and NMR signals from the respective transitions.

When CQ is large, second order term has to be included. It is much
smaller than first-order one, because is inversely proportional to the external
magnetic field (Eq. 2.10.3), which makes the highest possible magnetic fields
clearly beneficial in studies of quadrupolar nuclei in solids.

ω
(2)
Q ∼|

(ω
(1)
Q )2

ω0

| (2.10.3)

Second-order quadrupolar interaction not only affects satellite transitions
frequencies, but central-transition also. CT signal is severely broadened, with
the shape reflecting complicated orientation-dependence of the second-order
term, furthermore, its center of gravity is shifted by isotropic second-order
quadrupolar induced shift toward lower ppm values on the chemical shift
scale [40]:

δCG = δiso + δQiso, (2.10.4)
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where:

δQiso =
νQ
iso

ν0
(2.10.5)

and

νQ
iso =

3C2
Q(1 + η2/3)[3− 4I(I + 1)]

160ν0I2(2I − 1)2
. (2.10.6)

Although broad solid-state NMR lineshapes comprise valuable informa-
tion about chemistry and structure of the studied system, elucidation of data
from patterns composed of overlapping resonances from different molecular
sites, and unambiguous signal assignments of respective structural motifs can
appear as an impossible challenge. However, high-resolution solid-state NMR
spectra can actually provide the same information compared to isotropic so-
lution NMR, assuming that proper signal—and—resolution enhancing tech-
niques are employed.

Artificial sample rotation at the angle of 54.74◦ with respect to the exter-
nal magnetic field called magic angle spinning (MAS), constitutes the most
important technique for the resolution improvement in solid-state NMR. Un-
der that particular angle, orientation dependent term:

3cos2β − 1 = 0, (2.10.7)

therefore effects of the anisotropic interactions represented by rank two ten-
sors (e.g. chemical shift anisotropy, dipolar couplings) can be averaged-out to
zero, provided that spinning frequency is greater than the anisotropic inter-
action strength, if not, spinning sideband pattern will be observed together
with the isotropic signal (Fig. 2.10.3).

Technically it is realized that finely powdered solid sample is packed
tightly into zirconia (ZrO2) rotor equipped with the turbine-shaped head
cap (Fig 2.10.4), which is powered pneumatically from the gas nozzle placed
in the close proximity to the rotor head when situated within the NMR coil.
In the MAS NMR probe, coil and pneumatic nozzles are mounted on the
stator, which inclination is controlled by precise goniometer, allowing for the
accurate magic angle condition matching. With modern equipment spinning
frequencies vary from 5 to 100 kHz (5000 to 100000 rotor revolutions per
second) depending on the rotor diameter. MAS rate is determined optically
by spotting the black mark on the rotor edge and controlled by external MAS
pneumatic unit, which by continuous pressures adjustments maintains MAS
rate stability within few Hz.
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Figure 2.10.3. Effect of the sample rotation at the magic angle: uppermost
static spectrum, below the case when spinning frequency is not sufficiently
high to remove effects of the chemical shift anisotropy, therefore spinning
sidebands pattern is formed. I the lowest panel truly isotropic spectrum is
obtained.

Unfortunately, MAS can only remove first-order quadrupolar broaden-
ing (giving rise to spinning sidebands manifold around the central signal),
whereas, as a result of the more complicated orientation dependence, second-
order quadrupolar broadening on central transition signal is only partially
narrowed. Therefore, when quadrupolar coupling is moderate or large, ef-
fects of second-order term will persist, and spectrum with lineshape dictated
by values of CQ and ηQ is shifted with respect to the isotropic position by
second-order quadrupolar induced shift.

Double Angle Spinning (DAS) [41] and Double Rotation (DOR) [42]
techniques in contrast to MAS can provide truly high resolution spectra of
quadrupolar nuclei in solids, however, the necessity of a sophisticated hard-
ware, its technical limitations and operational difficulties are the reasons, why
these approaches are not routinely utilized. Nonetheless, MAS coupled with
appropriate pulse sequences, performing two-dimensional Multiple-Quantum
Magic Angle Spinning (MQMAS) [43] and Satellite-Transition (STMAS) [44]
correlation experiments can provide remarkably increased resolution.

In almost all practical cases, quadrupolar frequency ωQ is much higher
than nutation frequency ωnut applied to induce transitions between spin
states, hence sites with different ωQ values will not be excited equally ef-
ficiently, therefore, quantitative character of the collected spectrum will not
be ensured. There are two ways for overcoming these problems in practi-
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Figure 2.10.4. Classical liquid-state NMR glass tubes (a), and solid-state
NMR zirconia rotors (b). Rotors diameters from left to right: 7.0 mm
(maximum MAS rate νr = 7.00 kHz), 4.0 mm (νr = 15.00 kHz), 3.2 mm
(νr = 24.00 kHz), 2.5 mm (νr = 35.00 kHz), and 1.3 mm (νr = 67.00 kHz).
Note the turbine-shaped head cups and marks for optical MAS rate detection.

cal acquisitions [40]: (i) usage of weak, central-transition (CT) selective rf
pulses, which are calibrated in order to excite only one single transition or,
(ii) strong, very short pulses, operating in the regime where all transitions
are excited independently on ωQ value.

2.11 Solid-state NMR on glasses

Structural information of the given crystalline solid is encoded in the set
of unit cell parameters complemented by the crystallographic space group
containing instructions for appropriate translational operations. Thus its
NMR spectrum can be evaluated considering only this small set of atoms,
since its surrounding is simply an array of building blocks infinitely repeating
themselves in all three spatial directions. Arrangement of the respective
atomic species, bond lengths nad angles within this small unit of volume,
determine the NMR observables recorded for the macroscopic lattice.

In contrast, oxide-based glasses “structure” can be considered as the in-
finitely large unit cell, without long-range translational symmetry or repeti-
tively occurring structural fragments. From the macroscopic point of view,
glass is isotropic, meaning that packing and properties are same in all direc-
tions, however, when considering its small network fragment, definite atomic
positions and bond lengths/angles cannot be predicted. Short-range bond ar-
rangements exhibit certain breadth of bond lengths and angles distributions,
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thus its structural description should rather be evaluated on the probabilistic
manner. Consequently, NMR spectra of glasses are intrinsically broadened,
which manifests its structural and chemical disorder. The extent of the lat-
ter, reflects directly widths of the NMR signals under MAS. For quadrupo-
lar nuclei, where distribution of the quadrupolar parameters is “added” on
the top of the chemical shifts distribution [40, 12], it may become a real
challenge to properly allocate respective signals in the spectrum, especially
when sites with different coordination numbers contribute to the spectrum.
Therefore, the experimental strategies leading to selective signals suppres-
sion/discrimination have to be employed for correct signals assignments.

When appropriate excitation conditions and relaxation delays are en-
sured, single-pulse MAS NMR spectra are inherently quantitative. Therefore,
if spectral resolution is sufficient, can be numerically deconvoluted into con-
tributions from the respective signals providing structural motifs quantifica-
tion. For NMR spectra from spin 1/2 nuclei Gaussian functions can be used,
whereas for quadrupolar ones, exact numerical spin dynamics simulations
accounting for experimental conditions are performed, allowing for mean
isotropic chemical shifts quadrupolar products determination [40]. Herein,
fitting procedure has been employed for quantification of different aluminium
coordinations, as well as bringing- and non-bridging oxygens partitioning de-
termination.

Special solid-state NMR techniques can improve resolution of overlapping
resonances from quadrupolar nuclei. MQMAS constitutes the most widely
used one, because in contrast to DOR and DAS, can be perform on stan-
dard MAS hardware. Since its introduction in 1995 by Medek, Harwood
and Frydman [43], it has been evolving rapidly for the next decade. MQ-
MAS implementation shown on Fig 2.11.1 corresponds to version known as
3QMAS-Shifted-Echo-FAM [45], and this particular one has been exploited
for spin 5/2 nuclei: 17O (Paper III) and 27Al (Paper I). Multiple-quantum
coherences are excited by the first, high-power pulse, and let evolve during
t1 interval. Conversion to single-quantum coherence is accomplished by the
Fast Amplitude Modulation (FAM) [46] block, followed by CT-selective 180◦

pulse, after which signal detection starts. Selection of the desired coherence
pathway is ensured by so-called “phase cycling” procedure, which is described
in the books [47, 48]. When the first 3QMAS experiment is completed after
requested number of signal transients, entire acquisition is repeated, but this
time with longer t1 evolution period. After number of experiments recorded
with consecutively incremented t1 intervals, two time domain variables are
available: evolution time (t1), and detection time (t2), therefore—by perform-
ing two-dimensional (2D) Fourier transformation— 2D correlation spectrum
is obtained. In 2D 3QMAS spectrum, projection along F2 (detection) dimen-

58



Chapter 2. Nuclear Magnetic Resonance 2.11. Solid-state NMR on glasses

FAMexc

+3

-3

0
+1

-1

τecho

π

t1

t2

Figure 2.11.1. 3QMAS—Shifted—Echo—FAM pulse sequence for spin 5/2
nuclei.

sion resembles the regular 1D MAS acquisition, whereas F1 (evolution) one,
called “isotropic dimension”, the spectrum where second order quadrupolar
effects are suppressed. Isotropic chemical shifts and quadrupolar products
can be extracted from the appropriately processed [49, 50] 2D 3QMAS spec-
trum, which provides additional information and constraints for 1D MAS
spectra deconvolution.

After assignment and quantification of individual sites of the NMR active
nuclei in the glass network, pairwise connectivities and distances can be
probed using double resonance approaches. From structural point of view
it constitutes the step forward from short- to medium-range picture of the
glass. Most widely used double resonance NMR techniques in studies of
inorganic materials are so called “dephasing” experiments like REDOR [51],
REAPDOR [52], and TRAPDOR [53], which recouple heteronuclear dipolar
interaction under MAS between the two distinct types of NMR active nuclei.

TRAPDOR (TRAnsfer of Populations in DOuble Resonance) serves as a
probe for detection of quadrupolar nuclei in spatial proximities to the consid-
ered sites, and was employed herein to explore connectivities among the re-
spective 17O sites to 27Al (Paper II) or 45Sc (Paper III). Two experiments are
performed for TRAPDOR measurement, and corresponding pulse schemes
are shown in Figure 2.11.2. The first, “reference” experiment corresponds
to the regular spin-echo [54] with CT-selective 90◦ and 180◦ pulses, whereas
in TRAPDOR all parameters remain same, but the high power continuous
wave (cw) irradiation during first echo interval is applied on the S channel.
The populations transfers between Zeeman levels of S nuclei, induced by a
cw irradiation, affect the dipolar coupled I spin evolution under τecho, and
hinder the magnetization refocusing. As a result, the decreased NMR signal
intensities will be observed for sites of spin I being in close distances to spins
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Figure 2.11.2. TRAPDOR experiment.

S. Difference between the integrated signal intensities of the individual sites
in “reference” and TRAPDOR spectra acquired at given echo time provide
information on the extent of mutual contacts and support for assignments of
heavily overlapping signals in glasses.

Probably the most important solid-state NMR technique, used solely, or
as the starting point for more advance sequences is the Proton Enhanced
Nuclear Induction Spectroscopy (PENIS), proposed by Pines, Gibby, and
Waugh in 1972 [55]. Nowadays called Cross-Polarization Magic Angle Spin-
ning (CPMAS) instead od its original acronym, somewhat never widely ac-
cepted. In original CP experiment, strong polarization from 1H is transferred
via heteronuclear dipolar interaction to diluted spins with low natural abun-
dances like 13C or 15N, allowing for fast acquisitions of these nuclei without
isotopic enrichment. Whereas it is routinely exploited in solid-state NMR ex-
perimentation on organic materials, this concept can be applied to virtually
any nuclei combination, which differ in terms of abundance and detection
frequency. However, for quadrupolar nuclei in glasses, CP transfer efficien-
cies are very low compared to directly detected signals, therefore CPMAS
approach is rather used for exploring chemical connectivities (as here for
27Al→17O; Paper II) than signal enhancement. CP transfer occurs when the
Hartmann-Hahn condition is matched:

60



Chapter 2. Nuclear Magnetic Resonance 2.11. Solid-state NMR on glasses

νS − νI = n νr, (2.11.1)

where νS and νI are the nutation frequencies of the applied rf fields on S
and I spins, respectively. νr stands for MAS frequency and n takes values
of 0, ±1, ±2, ... . In Figure 2.11.3.(a) basic CPMAS pulse sequence is
presented. After 90◦ pulse (CT-selective in case of quadrupolar nuclei) spin-
locking pulses of carefully tuned rf fields (to satisfy Eq. 2.11.1) are applied
on both channels simultaneously to enable polarization transfer, and signal
from S spins is detected afterwards.

Shaped, ramped [56] spinlock pulse with variable rf power on S channel is
used instead of the rectangular one to increase transfer efficiency. Duration
of the spinlock pulse is called “contact time”, which optimal value depends
on the strength of the heteronuclear dipolar coupling between considered
spins and relaxation processes pending under spinlock pulses (rotating-frame
relaxation); usually ranges from fraction to tens of ms. Panel b of Figure
2.11.3. shows the RAPT-CP [57] sequence, equipped with Rotor-Assisted
Population Transfer (RAPT) [58] block o pulses for CT-signal enhancement
of quadrupolar nuclei, as used for the 27Al→17O CP experiments in Paper
III.

The RAPT-CP-CPMG [59] sequence presented in panel c features addi-
tionally the Car-Purcell-Meiboom-Gill (CPMG) [60, 61] detection with train
of 180◦ pulses that significantly increases the signal/noise ratio. This ap-
proach was exploited for the 27Al→89Y CP acquisitions in Paper IV.

To explore connectivities among nuclei of the same type, techniques ex-
ploiting homonuclear dipolar couplings have been developed [62]. They were
established for spin-1/2 species, nonetheless, some of them, can be adapted
for quadrupolar nuclei also [63]. In Paper I, homonuclear dipolar recoupling
protocol presented in Fig. 1a of ref [64] has been employed for probing mu-
tual contacts among Al[4], Al[5] and Al[6] sites in the glass network. To test
potential pairwise bonding between distinct aluminium coordinations, 2D
double-quantum to single-quantum correlation spectra have been recorded:
double-quantum central-transition coherences of dipolar coupled nuclei are
excited and let evolve under consecutively incremented t1 period, and after re-
conversion single quantum signal is detected. The 2D Fourier transformation
yields two-dimensional spectrum with indirectly detected double-quantum
spectrum on the one axis (t1 dimension), and sigle-quantum one on the other
(t2), providing detailed information about pairwise connectivities between
the respective NMR sites.

In situations, when individual sites beneath group of resonances cannot
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Figure 2.11.3. Cross-Polarization pulse sequences: CP (a), RAPT-CP (b),
RAPT-CP-CPMG (c).
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be resolved, and assignment of the respective signals is not possible, quan-
tum chemical calculations of NMR parameters have to be employed in order
to gain further structural insight. This approach adds the new dimension to
solid-state NMR of glasses, especially when taking into account the continu-
ous progress in the methods and software development, as well as access to
the large-scale computational resources.
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3. Molecular Modeling

Molecular modeling comprises a collection of theoretical methods for molec-
ular structure, properties and dynamics elucidation. First used in physics,
thanks to continuous growth of computational power and resources, as well
as pending development on computer codes efficiency and parallelization,
become accessible for systems interesting from the chemical point of view.
Molecular modeling can refer to large-scale simulations with classical atom-
istic models (Monte Carlo, Molecular Mechanics, Molecular Dynamics), or
to accurate, ab-initio (quantum chemistry) calculations, with the explicit
treatment of electrons, which provides detailed information about molecular
electronic structure, and therefore, insights into chemical and spectroscopic
properties.

3.1 Molecular Dynamics

One can get strange feelings, considering that even after the revolution in
physics, which in 1920s and 30s resulted in the completely new interpretation
of microscopic world thanks to the birth of quantum mechanics, Newton’s
mechanics is still on the agenda when dealing with atomic-sized objects.
Actually, because of (relative) simplicity of the algorithms, their painless
parallelization and favorable scaling with respect to the system size, classical
(atomistic) models are ubiquitous in modern computational studies of large
systems like macromolecules or materials.

Introduced in 1957 Molecular Dynamics (MD) [65] constitutes the method
for phase space sampling and obtaining ensemble averages from which variety
of properties can be derived. In MD simulations the dynamical behavior of a
system of interacting particles after a given time interval is traced by solving
Newton’s second law of motion:

d2xi

dt2
=

Fi

mi

, (3.1.1)
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where Fi is a force acting on i − th particle with x-coordinate and mass m.
This task is done numerically after a discrete ∆t time step, and new particles
positions can be computed from Taylor series expansion :

x(t+∆t) = x(t) + v(t)∆t+
a(t)

2
∆t2 +

...
x

3!
∆t3 + ..., (3.1.2)

where v and a denote velocities and accelerations, respectively. This is done
with integrators using Verlet [66] algorithm or its modified versions, e.g.,
leap-frog method.

Force is calculated as the negative gradient of the potential U :

Fi = −∇Ui = −
(
∂Ui

∂xi

,
∂Ui

∂yi
,
∂Ui

∂zi

)
. (3.1.3)

Mathematical form of the potential U depends on the nature of the stud-
ied system. The parameters of the potential functions are usually derived
from the accurate quantum chemical calculations, and complete set of po-
tential parameters optimized for the given system is called force field.

Herein, for MD simulations of our glasses, potential including long-range
Coulombic, and short-range Buckingham terms has been used:

U(rjk) = Aexp{−rjk/ρ} −
C

(rjk)6
+

qjqk
4πε0rjk

, (3.1.4)

where A, ρ and C denote parameters optimized for the given ion par (O-O,
Al-O, Si-O, RE-O), whereas r distance between atoms j and k.

Basic concept of the MD is that when forces, velocities and accelerations
are known at time t, particle positions at time t + ∆t are calculated. Then
Equation 3.1.1 is solved again for the new configuration. Whole procedure is
repeated large number of times, until the point when equilibrium is reached,
and properties of interest can be computed. In MD, time evolution of the
system is called trajectory. The longer the simulation runs, the more accurate
ensemble averages are obtained, and the statistical noise is reduced.

Simulations are performed in simulation box with periodic boundary con-
ditions to ensure that molecules close to the walls experience same forces as
those in the bulk. In most cases box is cubic, but can have different shapes
also. Three different types of ensembles are generally used in MD: micro-
canonical (NVE), canonical (NVT) and isothermal–isobaric (NPT). In NVE
ensemble number of particles, volume and energy are controlled, and fluctu-
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ate within the predefined threshold during the simulation, whereas in NVT
ensemble, number of particles, volume and temperature. When NPT en-
semble is employed, both pressure and temperature are controlled, alongside
with particles number. Temperature and pressure control are performed by
thermostats and barostats, respectively. Many algorithms have been devel-
oped for that purpose. Berendsen [67] and Nosé-Hoover [68, 69] thermostats
are the ones used most frequently, same for the Parinello-Rahman [70] baro-
stat in case of NPT ensemble. More information on MD simulations can be
found in the books [71, 72].

3.2 Quantum Chemistry

Quantum chemistry applies the postulates of quantum mechanics on the
chemical systems, and using approximate methods solves the Schrödinger
equation in order to calculate electronic molecular structure and properties
of the considered system. Since it is impossible to solve Schrödinger equation
analytically for any kind of chemically interesting system, therefore, assump-
tions have to be made. In general, for all quantum chemical electronic struc-
ture calculations, three main factors determine the accuracy of the results:
selection of the molecular Hamiltonian used to describe the physical phenom-
ena, type and size of the basis set employed to expand one-electron states,
and many-electron method exploited in order to account for the electron cor-
relation effects. They are more or less interconnected with each other, and
should be handled with care in any practical calculations [73].

Many electronic structure methods are used in modern quantum chem-
istry, differing in accuracy (extent of the electron correlation effects treat-
ment), robustness (near-degenerate electronic states), and of course, to the
high extent–in computational cost. Generally, they can be divided in two
groups: the first group comprises purely ab-initio, wavefunction-based meth-
ods, while the second one includes, sometimes called “unpure” approaches
based on electronic density.

Hartree-Fock (HF) method constitutes the simplest ab-initio approach to
find an approximate solution to the N -electron, non-relativistic, the time-
independent Schrödinger equation:

ĤΨ = EΨ. (3.2.1)

Within the Born-Oppenheimer approximation, N -electron M -nuclei
Hamiltonian can be written as:
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Ĥ = −
N∑
i

~2

2me

∇2
i︸ ︷︷ ︸

T̂ electron

− 1

4πε0

N∑
i

M∑
k

Zke
2

rik︸ ︷︷ ︸
V̂ electron−nucleus

(3.2.2)

+
1

4πε0

N∑
i<j

e2

rik︸ ︷︷ ︸
V̂ electron−electron

+
1

4πε0

M∑
k<l

ZkZle
2

rkl︸ ︷︷ ︸
V̂ nucleus−nucleus

where T̂ and V̂ are the kinetic and potential energy operators, respectively.
We construct an antisymmetric (Pauli exclusion principle) wavefunction:

Ψ(1, 2, ..., N) =
1√
N !

∣∣∣∣∣∣∣∣∣
Φ1(x1) Φ2(x1) . . . ΦN(x1)
Φ1(x2) Φ2(x2) . . . ΦN(x2)

...
...

. . .
...

Φ1(xN) Φ2(xN) . . . ΦN(xN)

∣∣∣∣∣∣∣∣∣ (3.2.3)

which in this form is called the Slater determinant [74, 75], and x at each
spin-orbital refers to generalized coordinate containing both spatial and spin
coordinates:

ΦN(xi) =

{
φN(ri)α

φN(ri)β
(3.2.4)

Variational principle states, that the best wavefunction is the one giving the
lowest energy, therefore representing the ground state energy (E0) of the
system:

〈Ψ| Ĥ |Ψ〉
〈Ψ|Ψ〉

> E0. (3.2.5)

Favorable spin-orbitals are obtained from the Hartree-Fock equation:

F̂(i)Φ(xi) = εiΦ(xi), (3.2.6)

where F̂ represents the Fock operator [74]. For the practical reasons, in HF
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method spatial molecular orbitals are expanded to a linear combination of
atomic orbitals (LCAO basis functions) [75]:

φN(ri) =
∑
µ

cNµ χ
N
µ (ri). (3.2.7)

To find a solution for the HF equations, the energy is minimized with re-
spect to the coefficients cNµ , which is done iteratively using Roothaan-Hall
recipe [76, 77], until a predefined threshold accuracy is reached for the molec-
ular orbital energy matrix ε. This approach altogether is called self-consistent
field procedure.

Hartree-Fock method is of great importance in quantum chemistry, since
it serves as a starting point for the more accurate electronic structure cal-
culations. The difference between Hartree-Fock energy and exact solution
of the non-relativistic Schrödinger equation within Born-Oppenheimer ap-
proximation is called correlation energy. This term refers to any electronic
many-body effect which cannot be described within Hartree-Fock theory, and
can result in significant errors in calculated properties. Electron correlation
effects can be divided into two contributions: the dynamic correlation and
the static one. The dynamic correlation is related to the electrons motions,
hence issues with their instantaneous repulsion, mainly between opposite-
spin electrons (because these don’t experience Pauli repulsion in HF). To
account for that phenomena, and recover remaining energy, post-Hartree-
Fock methods have been developed. Two approaches are usually exploited:
second-order Møller-Plesset perturbation theory [78] (MP2; recovers up to
80% of the correlation energy, an order of magnitude slower than HF), and the
Coupled-Cluster methods [79] (CCSD, CCSD(T), CCSDT, CCSDT(Q)...),
which hierarchically converge towards the exact solution, however, at the ex-
pense of ridiculous computational costs even for the small molecules. Static
correlation refers to situations when multiple determinants are required to
provide enough flexibility for the wavefunction in order to recover the chal-
lenging electronic structure of a systems with near-degenerate, low-lying ex-
cited states. In such cases, multi-configurational methods are used, where
wavefunction is given in the form of a linear combination of many Slater
determinants [75].

Density Functional Theory (DFT), constitutes an alternative approach
to the wavefunction-based methods. Instead of Hamiltonian that depends
on the coordinates of the electrons, the one depending on electron density ρ
is employed. DFT cannot by any means compete in terms of accuracy with
post-Hartree-Fock methods, but offers a possibility to recover on the aproxi-
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mate way “some” amount of dynamic correlation effects at the fraction of the
computational costs. Because of favorable scaling can be used for quite big
systems, where calculations with wavefunction-based levels of theory are not
feasible. Its implementation for solids added a new dimension to solid-state
physics and chemistry. Ab-Initio Molecular Dynamics methods, where forces
are computed on-the-fly by DFT electronic structure calculations rather than
relying on potentials with arbitrarily adjustable parameters, is the another
example of implementation, where DFT offers a significant step forward, ar-
ranging very powerful computational technique that provides detailed and
essentially very accurate information on the studied systems. However, ac-
curacy of DFT calculations is strongly system-dependent, but usually (as a
result of errors cancellation) DFT works surprisingly good.

In the DFT, electron density ρ is the main actor, and for N -electrons is
given as:

ρ(r) =

∫
|Ψ|2dr1...drN , (3.2.8)

where Ψ(r1...rN) is a wavefunction of the system, and:

∫
ρ(r)dr = N. (3.2.9)

The fundaments for DFT approach are the Hohenberg and Kohn theorems
from 1964 [80]. They state, that ground state electron density ρ0(r) and
wavefunction Ψ0 can be used alternatively, as a full description of the ground
state properties. So, starting from ρ0(r) we get Ψ0. Yet, because of equation
3.2.8, from the wavefunction via integration ρ0(r) can be obtained, and it
comprises same exact information about the system as Ψ. When we have ρ0
the wavefunction is known and vice versa.

Our system consists of N electrons, and each of them is influenced by
an external potential υ0(r), which stems from Coulombic interaction with
nuclei. Of course there are Coulombic interactions between our electrons
also, so as a result everything emerges into an ideal ρ0 of the ground state,
which “comes” from the ideal, 100% correlated wavefunction. But now, we
have to imagine a fictitious Kohn-Sham system of our N -electrons, which
are not interacting with each other at all (as in the case when their charge
would be zero), but still, instead of potential from nuclei, are influenced by
external potential υ(r), prepared on such a clever way, that ρ does not change
compared to the one of the real system. That is the first trick. The total

70



Chapter 3. Molecular Modeling 3.2. Quantum Chemistry

wavefunction can be written as the Kohn-Sham determinant:

ρ(r) =
N∑
i=1

|Φi(r)|2 (3.2.10)

and

(
− 1

2
∇2 + υ̂0

)
Φi = εiΦi, (3.2.11)

where Φi are the Kohn-Sham spin-orbitals (strictly speaking, they have lim-
ited physical meaning [81]), and ρ is a fully correlated, ideal electron density
thanks to yet unknown, but wonderful υ̂0 operator. Total energy in the DFT
is given as:

E = T0 +

∫
υ(r)ρ(r)dr + J [ρ] + Exc[ρ]. (3.2.12)

T0 stands for kinetic energy of the fictitious, non interacting electrons system:

T0 = −1

2

N∑
i=1

〈Φi|∇2|Φi〉 (3.2.13)

and J [ρ] is the Coulomb energy:

J [ρ] =
1

2

∫ ∫
ρ(r1)ρ(r2)

|r1 − r2|
dr1dr2. (3.2.14)

Ok, but does J [ρ] account for everything needed to get fully correlated en-
ergy? Of course not. Because of electrons repulsion, in the closest surround-
ing of each of them should be an empty space (Coulombic hole), instead of
that we have only static, self-interaction of the electronic cloud. Moreover,
electrons with the same spin should obey the Pauli principle and therefore
avoid each other (exchange or Fermi hole), we do not have that either. As a
result, in DFT method we are writing all the remaining contributions as Exc

(exchange-correlation energy) hoping that we can somehow manage to make
it working. That is the second trick.

According to the definition of functional derivative:
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δExc =

∫
δExc

δρ
δρ(r)dr =

N∑
i=1

〈δΦi|
δExc

δρ
Φi〉 (3.2.15)

and

υxc ≡
δExc

δρ
. (3.2.16)

Exploiting the Hohenberg-Kohn theorems, we minimize the total energy
with respect to the orbitals in order to obtain ones that give rise to the ground
state energy. Kohn-Sham equations are solved iteratively [82], as the analogs
of the Hartree-Fock equations. However, there is a one major problem–we
still don’t know what the secret exchange-correlation functional is. Unfor-
tunately, problem is even more serious–nobody knows. Nevertheless, many
approximations have been developed. The simplest (and the least computa-
tionally demanding) approach is the Local Density Approximation (LDA),
based on homogeneous electron gas theory, and assuming that electron den-
sity in the molecule is homogeneous in the very small volume, therefore Exc

depends solely upon the value of the ρ at each point in space. This approach
often fails to provide accurate results, so the non-local approximation has
been introduced, which evaluates not only ρ at the given point in space,
but takes into account its gradient also. This approach is called Generalized
Gradient Approximation [83] (GGA) and is a significant step forward. The
exchange-correlation functional of Perdew, Burke, and Ernzerhof (PBE) [84]
belonging to this group has been employed in the DFT calculations herein.
Last group consists so called hybrid exchange-correlation functionals; since
they exploit the exchange contribution from Hartree-Fock, are not considered
as pure DFT functionals. The need for HF calculation significantly increases
the computation cost, thus they are not employed for the bigger systems.
B3LYP [85, 86, 87] approximation is the most popular among the hybrid
ones.

In general, because of the not known exact form of the exchange-
correlation functional, and all the Alchemy involved in attempts to derive
one, DFT lacks a systematic way to improve, as opposed to the correlated,
wavefunction-based methods, which are smoothly converging towards exact
solution of the non-relativistic Schrödinger equation.

As shown in equation 3.2.7, molecular orbitals in quantum chemistry are
represented as a linear combination of atomic orbitals- the finite set of Gaus-
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sian basis functions localized on atoms. In high-level ab-initio calculations
hierarchical families of Dunning [88] correlation-consistent basis sets are usu-
ally used. They are designed for efficient recovering of the correlation energy
and smooth convergence towards the complete basis set limit. Although this
approach is in accordance to chemical insight, and very accurate already with
relatively small basis sets, is totally not suitable for solids, where contrary to
finite number of electrons in considered molecule, we have the infinite number
of electrons in infinitely repeated unit cells. For efficient DFT calculations
in periodic systems plane wave (independent of atomic positions) basis sets
are used. Bloch’s theorem states that the wavefunction within a perfectly
periodic potential may be written as:

Ψnk(r) = eik·runk(r). (3.2.17)

Function u(r) grasps the periodicity of the unit cell, and k is a wavevector
confined to the first Brillouin zone (primitive cell of reciprocal lattice). All
possible states are specified by k and band index n. The wavefunctions may
therefore be written as a sum of the plane waves:

Ψnk(r) =
∑
G

cnk +Gei(k+G)·r, (3.2.18)

where G are the reciprocal lattice vectors.

So instead of an infinite number of electrons in solid we only consider
number of electrons in the unit cell at a finite number of k-points chosen to
appropriately sample the Brillouin zone (Monkhorst-Pack scheme [89] is the
most popular way for generating k-point grids). Plane wave DFT codes im-
pose periodic boundary conditions, thus calculations of non-periodic systems
(eg. glasses) are performed using “supercell” approach. Contrary to local-
ized atomic basis sets in plane wave approach there is a single convergence
criterion determining basis set quality and completeness—the cutoff energy
Ecut:

1

2
(k +G)2 6 Ecut, (3.2.19)

so only reciprocal lattices inside the sphere are used in the expansion. Trun-
cation of the basis set at a finite cutoff energy leads to errors in total energy
and its derivatives, thus it is of great importance to check the convergence
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within the required accuracy by systematic increase of Ecut value. This also
holds for Brillouin zone sampling convergence tests. In practice, we would
need a huge number of plane waves to obtain satisfactory results, so to make
plane wave basis set calculations feasible, pseudopotentials are used in order
to reduce the basis set size and avoid having the full representation of all-
electron wavefunction explicitly in the memory. The Projector Augmented
Wave method (PAW) [90] is the most accurate and efficient pseudopoten-
tial approach for calculations of the all-electron observables using pseudo
wavefunctions, and allow for proper numerical convergence with reasonable
computing resources.

3.3 Calculation of NMR parameters

As described in chapter 2.5, in NMR, external magnetic field breaks the
degeneracy of the Zeeman states, and carefully tuned radiofrequency pulses
are used to induce transitions between the nuclear spin energy states, which
is detected as a NMR signal. NMR spectrum contains an enormous amount
of information about the chemical and magnetic environment of the probed
nuclei, therefore spin Hamiltonians are fundamental for understanding and
assembling experimental data. The NMR spin (effective) Hamiltonian for a
closed-shell (diamagnetic) system is usually written as [91, 92, 93]:

H = −
∑
k

γkIk(1− σk)B0 +
∑
k 6=l

Ik(Dkl + Jkl)Il +
∑
k

IkQkIk (3.3.1)

Here, σ is the nuclear shielding tensor, D and J are the direct (dipolar)
and indirect (J) spin-spin coupling tensors, and Q is the quadrupole cou-
pling tensor. Spin Hamiltonians are equally important in development of
quantum mechanical methods for computations of NMR properties, how-
ever, theoreticians have to deal with two different frameworks, using true
quantum mechanical Hamiltonians (operators determined from relativistic
quantum mechanical interpretations of particle mechanics and electromag-
netic interactions) for proper description of physical effects underlying the
magnetic resonance from one side, and then employing an effective Hamil-
tonian in order to meaningfully report their results [94]. The theoretical
framework relating NMR observables to molecular electronic structure was
established by Norman Ramsey in series of articles published between 1950
and 1953 [95, 96, 97, 98, 99]. They constitute one of the most important
contributions to quantum chemistry in the 20th century [100].
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Among the routinely calculated molecular properties using quantum
chemistry methods, NMR parameters are probably the most challenging
ones. They depends on both, the ground and excited electronic states, require
accurate description of valence and core electrons, moreover, electron corre-
lation effects are crucial. Thus estimation of the NMR responses constitutes
the real benchmark for the electronic structure methods. As an example for
the electron correlation effects, the simple N2 molecule can be given, where
both HF and DFT with popular hybrid exchange-correlation functionals fail
badly to reproduce experimental nitrogen shielding, therefore sophisticated,
and very expensive CCSD(T) calculations are needed [101]. The costs of ac-
curate NMR calculations using corrrelated wavefunction-based methods with
gauge including atomic orbitals (GIAO) [102, 103] and localized basis sets are
becoming prohibitively expensive as system size increases, and this approach
clearly cannot be employed for solids. The CCSD(T) method scales like N7,
where N is the number of electrons in the considered system. This means for
example that if calculation for N2 (14 electrons) in the given basis set and
on the particular supercomputer takes 10 minutes, then the corresponding
calculation for Xe2 dimer (108 electrons; scaling factor (108/14)7) will take
30 years.

In 1996, Francesco Mauri, Bernd Pfrommer and Steven Louie presented
an efficient approach for chemical shifts calculations in solids with periodic
boundary conditions, extended in 2001 by Chris Pickard and Francesco Mauri
to all-electron magnetic response with the Gauge Including Projector Aug-
mented Wave (GIPAW) [104, 105, 93]. One year later, calculation of all-
electron electric field gradients has been implemented [106], therefore GIPAW
approach allows for fully converged chemical shifts and electric field gradi-
ent calculations in solids using plane wave expansion within computationally
efficient pseudopotential DFT formalism.

When sample is placed in the NMR magnet, the external magnetic field
Bext due to orbital motion of the electrons induces an electric current, which
creates a non uniform magnetic field Bin(r). Nuclear magnetic shielding
relates external magnetic field Bext to Bin(r) :

Bin(r) = −↔
σk(r)Bext. (3.3.2)

In the equation (3.3.2) the
↔
σ(r) is the nuclear magnetic shielding tensor,

and NMR experiment measures it at the nucleus position for all atoms of
the given nuclide type present in the sample. Its isotropic part σiso(r) =

Tr[
↔
σ(r)]/3 is giving a rise to chemical shift scale when calibrated with respect

to reference compound. To compute
↔
σ(r) first, starting from ground state
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wavefunction by using the density functional perturbation theory we get
perturbed wavefunctions, then first-order induced current is obtained, and

finally,
→
Bin(r) from Biot-Savart law. GIPAW shielding calculation as an

output provides total shielding with its contributions for each nucleus in the
system:

σ = σcore + σbare + σ∆d + σ∆p, (3.3.3)

where σcore is the contribution from core electrons, σbare shielding from the
response of the pseudized valence electrons, whereas σ∆d and σ∆p refer to dia-
magnetic and paramagnetic current augmentation terms, respectively [105].
Since the total σ from GIPAW calculation is an absolute value of nuclear
magnetic shielding at the nucleus, it has to be converted to chemical shift by
referencing to the absolute shielding calculated for the reference system, for
which experimental isotropic chemical shift δiso is known. Electric field gra-

dient tensor
↔
V (r) as a property of the ground state wavefunction is computed

from the charge density [106].
With nuclear magnetic shielding and electric field gradient tensors being

determined via PAW/GIPAW calculation, we have the full set of parameters
(δiso, δaniso, η, CQ, ηQ) needed for unambiguous spectral assignments [107].

In studies of crystalline materials, DFT/GIPAW approach is straightfor-
ward, considering that initial coordinates can be taken directly from reported
X-ray or neutron diffraction crystallographic data, with the latter being more
accurate, especially for light elements. Full geometry optimization (includ-
ing unit cell parameters) should be checked anyway, especially for the older
X-ray structures, which can be not enough precisely determined for chemical
shielding calculations. In case of glass studies, since there are no experi-
mental techniques able to provide atoms coordinates in the glass network,
starting configurations for GIPAW calculations are extracted from classical
or ab-initio molecular dynamics simulations that mimic the melt-quench pro-
cedure [93, 108].
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3.4 Al Perspective; Paper I

In Paper I, structural features of RE AS glasses associated to the ternary
La2O3–Al2O3–SiO2 system are explored by solid-state 27Al NMR spec-
troscopy and atomistic MD computer simulations. Number of attempts were
made to address above [109, 110, 111, 112, 113, 114, 115], however, this con-
tribution extends the insight providing composition-structure correlations
over 15 compositions that almost entirely cover the glass forming region.

Although structures of these glasses are dominated by the Si[4] and Al[4]

tetrahedra, probing the local Al environments with MAS and MQMAS 27Al
NMR experiments revealed non-negligible contributions from the higher co-
ordinated Al[5] and Al[6] groups for all studied compositions. MAS 27Al NMR
spectra deconvolution allowed for quantification of the respective fractional
populations of the Al[4], Al[5], and Al[6] coordinations, as well as their average
isotropic chemical shifts and quadrupolar products determination for each
glass specimen. The populations of Al[5] and Al[6] groups grow with increase
of the Al content in the glass composition. When compared to Y, Lu and
Sc RE–Al–Si–O glass systems studied by us in parallel [26, 27], La-bearing
glasses exhibit consistently the lowest populations of Al[5] groups for the
given molar composition of the glass. Growth of the Al[5] sites occupations
with increasing cation field strength of the rare-earth cation along the series
La(x

[5]
Al=0.05–0.10)<Y(x

[5]
Al=0.15–0.23)<Lu(x

[5]
Al=0.23–0.27)<Sc(x

[5]
Al=0.31–

0.35) was observed. MD-derived glass models exhibit very good agreement
when compared to the experimentally obtained Al[4]/Al[5]/Al[6] partitioning
for the given composition. Comparable 27Al chemical shift ranges of ≈61–
71 ppm, ≈32–39 ppm, and ≈7–9 ppm for 27Al[4], 27Al[5], and 27Al[6] NMR
signals, respectively, are observed among the four {La, Y, Lu, Sc} systems.
This suggests that the local environments of the respective aluminium co-
ordinations are similar in all studied RE AS glasses, and rather unaffected
by the nature of the distinct RE3+ cation, where the only trend of increased
isotropic chemical shift emerges upon the decreased Si content in the glass
composition, which is attributed to the higher abundance of the Al[4]–O–Al[4]

moieties in the Al rich compositions.

Combination of the 2D 2Q–1Q correlation MAS 27Al NMR experiments
(performed for the first time on aluminosilicate glasses) and MD simula-
tions allowed to establish assessment on the degree of both: Al/Al avoidance
and Al/Si distribution within the glass network. All studied La AS glasses
exhibit severe disorder with respect to their SiO4/AlO4/AlO5/AlO6 build-
ing blocks alterations. By analysis of the MD trajectories, distribution of the
SiO4/AlO4/AlO5/AlO6 polyhedra was assessed for each modeled La–Al–Si–O
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glass. Evaluation of the fractional populations of the all encountered X–O–Y
bridges, where {X, Y}={Si[4], Al[4], Al[5], Al[6]}, indicated that with exception
for the overall Si richest composition, where Si[4]–O–Si[4] arrangements dom-
inate, the Si[4]–O–Al[4] structural fragments constitute the most abundant
group throughout the compositional range. Yet, the Al[4]–O–Al[4] moieties
represent the second most populated group in the Al rich glass compositions,
and although contributions from the Si[4]–O–Si[4] linkages grow systemati-
cally with the Si content increase in the glass composition, nevertheless, the
significant populations of the Al[4]–O–Al[4] motifs persist even in the glass
exhibiting Si molar fraction of 0.633 (xAl/xSi = 0.30). MD-modeled glass
structures predict essentially statistical X–O–Y polyhedra intermixing, and
the occurrence of each X–O–Y motif present in the glass network can be well
approximated by the product of the fractional populations associated with
the respective X and Y species. This implies that the motifs involving higher
coordinated Al[5] and Al[6] species are naturally less populated, hence con-
stellations comprised solely of Al[5]/Al[6] polyhedra are the least frequently
encountered ones.

These observations were corroborated experimentally by exploit-
ing double quantum coherences among homonuclear dipolar coupled
27Al[4]/27Al[5]/27Al[6] species, with sufficiently short DQ excitation con-
ditions that only contributions from the directly bonded 27AlOp–

27AlOp′

{p, p′}={4, 5, 6} polyhedra could be assumed. The assessment on the mutual
connectivities was obtained by recording the 2Q–1Q correlation experiments
for the two glass samples. Resulting 2D spectra provide the unambiguous
evidence for direct contacts among 27AlO4–

27AlO4 and 27AlO4–
27AlO5 moi-

eties, and reveal significant populations of both of them in the examined
samples, which indicates a clear violation of the Loewenstein rule. This
phenomenon can be attributed to the effect of the tri-valent, high CFS
rare earth cations, which can stabilize in the glass network energetically
unfavored Al–O–Al linkages, in strong contrast to e.g., zeolites, where Al
avoidance holds strictly.

3.5 Oxygen Perspective; Papers II & III

Oxygen is the most populated element in oxide-based glasses both volumetri-
cally and with respect to the molar content, moreover, participates in all pos-
sible network motifs, therefore solid-state 17O NMR constitutes an ultimate
probe for the glass structural features exploration. Vast effords have been
spent to improve the understanding of sodium and potassium based alumi-
nosilicate glasses by 17O NMR [116, 117, 118, 119, 120, 121, 122, 123, 124],
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however, before our attempts only 2 reports exploiting 17O NMR on rare
earth (La, Y) containing glasses were published [110, 125].

In Paper II, the MAS 17O NMR structural investigations of the seven RE–
Al–Si–O RE={Y, Lu, Sc} glass compositions with various RE/Al/Si contents
are reported (spectra from the Lu and Sc bearing samples constitute the first
recorded 17O NMR signals from these glass systems). Oxygen NMR signals
provided direct access to the assessment on the BO/NBO partitioning for
each sample. The total fractional population of the non bridging oxygen
species ranges between 0.16–0.37, depending on the precise glass composi-
tion, and increases for the elevated amount of the RE ions in the network
(decreased polymerization degree; i.e., increased r). Although it was gen-
erally assumed for Si rich aluminosilicate glasses that all NBO atoms are
allocated on the SiO4 tetrahedra to avoid local negative charge accumula-
tion, in Paper II the first experimental evidence (by 17O{27Al} TRAPDOR
NMR experiments) for the existence of Al–NBO bonds in highly polymerized
aluminosilcate glasses is presented. These results are of great importance for
the overall structural understanding of the RE AS glasses, since presence of
those arrangements was predicted by MD simulations, however, has not been
proved experimentally before. Moreover, the occurrence (∼7–11% out of the
total NBO speciation) of such constellations regardless of the precise glass
composition (i.e., not only in the modifiers and Al rich ones) indicates that
they constitute the unique structural feature associated to the high cation
field strength of the incorporated rare earth network modifiers. In compari-
son between the fractional populations of O[1]−Al sites obtained by MAS 17O
NMR spectra fitting and their MD-derived counterparts, the modeled ones
ones seem to be overestimated, nevertheless, the total NBO/BO partitioning
agrees very well for each glass composition.

Paper III provides a comprehensive study of the oxygen environments
in the four distinct {La, Y, Lu, Sc} RE–Al–Si–O glass systems explored by
17O NMR spectroscopy and supported with NMR parameters calculations at
the DFT-PBE/GIPAW level of theory and atomistic MD simulations. Stud-
ies on 17O enriched glass samples with various Al/Si ratios in the range of
0.30−1.80, as well as polymerization degrees (2.07−2.45) allowed us to ex-
plore the oxygen speciation, its dependence upon glass composition changes,
and establish/evaluate trends among the NMR parameters. Furthermore,
the existence of compositions characterized by Al/Si=1.00 and r=2.21 within
each considered glass system was ensured, therefore effects stemming solely
from the respective rare-earth modifiers could be assessed.

GIPAW calculations provide a possibility to correlate the 17O NMR re-
sponses with the known structural motifs in the optimized glass models,
therefore constitutes the crucial link between the experimental NMR ob-
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servables and MD models. MD-GIPAW approach has proven its reliabil-
ity in studies of sodium, calcium and lithium silicate, borosilicate and alu-
minosilicate glasses [126, 127, 128, 129, 130, 131, 132, 133, 134]. Herein
employed for the first time in studies of rare-earth aluminosilicates glasses,
provided detailed insight into oxygen environments in the modeled struc-
tures, and allowed to obtain the NMR characteristics of the all encoun-
tered O[p]–Sip−mAlm type oxygen sites with 0 6 p 6 3. Even those, which
cannot be resolved in MAS 17O NMR spectra—the lack of resolution did
not allow for trustworthy deconvolution of the bridging oxygens (O[2], O[3])
spectral region, therefore only for O[1]−Si and O[1]−Al moieties experimen-
tal quantification and NMR parameters determination was possible. Al-
beit O[2] configurations involving Si[4]−O[2]−Si[4], Si[4]−O[2]−Al[4]/Al[5]/Al[6]

and Al[4]/Al[5]/Al[6]−O[2]−Al[4]/Al[5]/Al[6] structural motifs dominate across
the bridging oxygen speciation, oxygen “triclusters” (O[3]) are also present

(x
[3]
O ≈ 0.02 − 0.2), associated mainly with higher-coordinated (Al[5]/Al[6])

aluminum species. The most populated arrangements are those, which are
composed solely of Al atoms (O[3]–Al3) or those incorporating two Al and
one Si atoms (O[3]–SiAl2). Both edge- and corner-shared triclusters configu-
rations are observed, and exhibit distinct NMR responses.

For each type of O[p]–Sip−mAlm oxygen environment with 0 6 p 6 3, aver-
age number of O–RE contacts (q) was extracted from the MD trajectories. By
exploiting the bond valence sums concept augmented with the MD-derived
q parameter, stability of the respective oxygen environments was evaluated.
Results corroborates expectations, that the extent of RE3+–O contacts, and
therefore charge compensation efficiency, can explain the presence in RE AS
glass network otherwise unfavored structural motifs.

Correlation of the average isotropic chemical shift δiso of each type of
17O[p]–Sip−mAlm oxygen moiety with the corresponding q parameter was es-
tablished, which clearly manifests that 17O chemical shifts in RE AS glasses
are greatly dictated by RE3+–O adjacency. Relation is essentially linear for
the most abundant Si−O[2]−Si, Si−O[2]−Al, Al−O[2]−Al, and O[1]−Si struc-
tural motifs, however, becomes exponential when O[1]−Al, O[3]−Al3 and O[3]–
SiAl2 groups are included. Moreover, linear correlation between the average
quadrupolar products CQη and average fractional ionicity I (obtained using
q) of the respective 17O[p]–Sip−mAlm oxygen environments is presented.

The 17O 3QMAS experiments do not improve the spectral resolution,
which constitutes the substantial distinction with respect to the Na/Ca-based
aluminosilicate glass systems. Individual Si−17O[2]−Si, Si−17O[2]−Al and
Al−17O[2]−Al sites can be easily assigned in Na AS glasses [120], whereas
those of Ca-bearing ones, although overlapping to the much higher extent,
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can be at least identified in the 17O 3QMAS spectrum [119]. Since isotropic
projections of such spectra from RE AS glasses does not provide resolution
improvement over direct MAS acquisition, broadening effects can be entirely
attributed to the distribution of chemical shifts, which is further supported by
the monotonic increase of the total BO shifts span for Na, Ca, and RE glasses:
≈50, ≈90 and &120 ppm, respectively. These effects can be most likely
attributed to the two inter-related factors: (i) the fair extent of RE−17O
contacts among BO sites that results in extended shifts ranges for those
groups on the same manner as for NBO ones (17O shifts of alkali- and alkali-
earth oxides are much lower than those of RE counterparts); (ii) the higher
shift distribution stemming from wider accessible configurational space of
atomic arrangements and motifs for various 17O[2]−Si[4]/Al[4]/Al[5]/Al[6] and
17O[3]−Si[4]/Al[4]/Al[5]/Al[6] constellations.

3.6 RE Perspective; Paper IV

As a consequence of very low receptivity of 89Y, and substantial quadrupolar
interactions of 45Sc (I = 7/2), NMR studies of these nuclei in solid amorphous
phases are very rare, and only moderately represented even for crystalline
systems. Paper IV gains insight into local environments of the rare earth
ions in aluminosilicate glasses by 89Y and 45Sc NMR experiments supported
with DFT/GIPAW calculations and MD simulations on several Y/Sc–Al-
Si–O glass compositions with different xAl/xSi ratios and average network
polymerization degrees r.

The analysis of the MD trajectories for the Y-bearing glass models reveal
the dominance of YO6 (x

[6]
Y ≈ 50%) and YO7 (x

[7]
Y ≈ 20–30%) polyhedra,

whereas in Sc-based counterparts ScO5 (x
[5]
Sc ≈ 50%) and ScO6 (x

[6]
Sc ≈ 30–

35%) coordinations are the most abundant ones.
Moreover, the second coordination spheres of all distinct-p YOp and ScOp

moieties were evaluated. The preference for the NBOs associations with lower
coordinated REO4/REO5 is manifested. Yet, when considering the RE/Al/Si
cations distributions, the non-statistical, preferential RE–RE clustering is
observed. However, both these trends diminish for increasing p-value, and
approach the statistical distribution for the highest-coordinated Y[p] and Sc[p]

species.
MAS 89Y and 45Sc NMR spectra reveal heavily overlapping reso-

nances from the respective Y[p]/Sc[p] sites, which is corroborated by the
DFT/GIPAW chemical shifts calculations. Because of the substantially
confined glass forming compositional space in the Sc–Al-Si–O system, MAS
45Sc NMR spectra of the glass specimens across the series of compositions are
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essentially same, whereas the center-of-gravity 89Y NMR shifts are progres-
sively deshielded upon the increase of Al content in the glass composition.
However, the 27Al→89Y RAPT-CP-CPMG experiments show that 89Y sites
with contributions of 27Al neighbors in the second coordination shell res-
onate across the whole spectrum, which is suggested also by DFT/GIPAW
calculations.

The general trend of decreased isotropic chemical shift for increased co-
ordination number is observed for both 89Y and 45Sc, similarly to Y- and
Sc-bearing crystalline phases.

The total chemical shifts range of scandium in aluminosilicate glasses
(<100 ppm) is significantly narrower than that of 89Y (>250 ppm). Same
concerns the chemical shift anisotropy, which is on average much higher for
89Y (δaniso ≈ 180 ppm) than its 45Sc counterpart (δaniso ≈ 90 ppm).
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