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Preface

Properties of glasses depend on their structures, as well as for all materials.
However, the great advantage offered by glasses consists of the possibility to
easily modify the structure by solely changing the composition. For example,
the addition of CaO and Na;O lows the T4, and favors chemical reactivity,
CeO, provides glasses with optical and antioxidant properties and the
addition of Al,03 confers chemical durability.

Then, the key to improve glass performances is to determine accurate
relationships between structure, composition and properties.

However, glasses are amorphous systems and this imply that the full
elucidation of their structure remains unreachable by using those powerful
experimental techniques that allowed accurate determination of spatially
ordered structures.

In the last decades, the development of algorithms for materials modelling
and the emergence of powerful computing resources allowed scientists to get
insight into glass features by modelling their structures and properties.
Nowadays, simulation remains the most powerful, cheapest and most
challenging approach for glass structure elucidation and deserves
empowerment.

However, it is essential that structural models soundly reproduce the real
system under study, then a continuative comparison between simulated data
and available experimental counterparts on reference systems is mandatory.
All the work presented in this thesis is based on the synergetic

computational-experimental approach, where the focal concept is:

experiment validates theory,
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and theory explains experiment.

During the Ph. D., protocols for the modelling of oxide glasses were applied
and optimized with the aim to i) obtain sound structural models for glasses of
technological, geological and biomedical interest and ii) point out structure-
properties relationships.

This manuscript presents the main part of the work done during the doctoral
study: computational NMR spectroscopy of Na,Ca-containing silicate and
aluminosilicate glasses of geological and technological interest and study of
the correlation between NMR spectroscopic and structural properties. The
investigation was carried out by employing molecular dynamics,
computational NMR spectroscopy, and Solid State Magic Angle Spinning
(MAS) NMR as experimental counterpart technique. NMR experiments were
carried out at the “Laboratoire de Structure et Dynamique par Résonance
Magnétique (LSDRM)” in the CEA Saclay research center, under the
supervision of Dr. Thibault Charpentier.

The thesis is divided into 8 chapters, the first one introduces to the history of
glass technology, to glass structure and structural characterization. Chapter 2
describes computational methods and details, while the remaining chapters
present results and discussions. Each chapter is focused on findings relative
to a specific NMR-active nucleus: 2°Si, 27Al, 7O, #Na and 4Ca. A final
chapter provides final remarks and future perspectives.

Beyond the main work, parallel works were carried out in collaboration with
other research groups, but the discussion of the relative results is omitted

from the present thesis to keep the dissertation fluent.



These works were focused on the elucidation of the structure of glasses for
optical, biomedical and nuclear waste confinement applications. Some of the
produced results have already been published and available in journal
articles referred to in the “List of publications” (page 141).

In particular, Ce-containing phosphosilicate glasses were generated via
classical molecular dynamics (MD) in continuation to the development of
force field parameters for the Ce3—0 and Ce*—O atom pairs. [1] The force
field was validated by comparing the generated models with XRD
experiments, for crystalline phases, and k-edge EXAFS results [2] for glasses
for optical applications.

Subsequently the structure of Ce-doped bioglasses with antioxidant
properties were generated, and modelled data were employed to explain the
correlation between structure, bioactivity and antioxidant properties of the
glasses.

A further computational study was conducted on Mo, Ba, Na-containing
silicate glasses. These systems are considered as reference compositions
for the study of the immobilization of %Mo radionuclide in nuclear waste
confinement glasses. Polarizable lon Model (PIM) molecular dynamics
protocols were developed and validated by comparing the outcoming
structural models with Neutron Diffraction data and ab initio MD-derived
models. Further validations were conducted by comparing MAS NMR
spectroscopy data with theoretical counterparts calculated within a project to
training stable a brand-new implementation for GIPAW calculation in the
VASP code [3], where time and memory management for large systems were

optimized.
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CHAPTER1

Introduction to oxide glasses

History, structural characterization, systems under study

The present chapter provides a dissertation about the history of glass
technology, glass structure, glass structural characterization and the

synergetic experimental-computational approach adopted in this work.
1.1. History of glass technology

Humankind recognized the utility of oxide glasses since the Bronze age,
when natural geological glasses, like obsidian, were employed to produce
cutting-edge utensils and, later, jewels and artistic handicraft.

The first glass making procedure was developed about 5500 years ago in the
Mesopotamian region and consisted of mixing sea sand, marine shells and
seaweed ash, [1] heating the batch until melting (~1200°C - 1500°C) and
rapidly cooling the melt. This is the melt-quench process. The obtained
material is an overcooled liquid that, cooled below the glass transition
temperature (Tg), presents the structural features of a liquid and the
mechanical properties of a solid.

At the beginning, contrarily to pottery, glass vessel manufacturing required a
very time- and energy-consuming procedure to obtain vessels starting from
the high temperature melt material. Thus, glass was a luxury material
addressed to creative vessel production only. Later, during the 1st century
BC, glass blowing was discovered on the Mediterranean coast, and vessel

production time and costs were drastically reduced. From then on, glass
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became a widely used and requested material, especially in the Roman
Empire where, starting from the 15t century AC, glass was also employed for
architectural purposes.

Form the invention of blowing technique, glass technology remained
essentially unvaried since 1848, when the engineer Henry Bessemer
developed a quite expensive process to produce a continuous ribbon of flat
glass by pushing the melt between rollers. Actually, the XIX century saw the
passage from handcrafted to industrial glass production.

The last revolutionary improvement in industrial glass making technology is
dated in the 1950s, when the float glass process allowed to obtain cheap,
uniformly thick sheets of glass with a very flat surface. About the 90% of the
currently employed flat glass is still produced with this method.

Since glasses were first manufactured, they had been as much widely
employed as barely characterized materials: nothing was known but their
approximate chemical composition. For tens of hundreds of years, the
impossibility to investigate their properties contributed to limit the conception
of a wide-range of glass applications. Chemical composition of glasses
remained almost unvaried until the XIX century, when the glass making
palette was extended from 15 to 40 elements. [2] The currently standard
glass making elements Aluminum and Boron were discovered at the turning
of XIX and XX centuries.

Nonetheless, the outstanding scientific development occurred in the XX
century provided scientists with accurate and powerful techniques for
structural and chemical characterization of materials, like diffraction and
radiation absorption techniques. This development paved the way to the

discovery of all the potentialities of oxide-based glasses.
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Nowadays, the application of glasses goes much beyond architectural and
containment purposes: glasses are employed in high-technology applications
like optical devices fabrics, biomedical materials, electronic devices,

photovoltaic applications, and nuclear waste confinement. [3-7]
1.2. Glass generation from a thermodynamic point of view

Glasses are super-cooled liquids: their topology is similar to the liquid phase
under high-temperature conditions, but the fast cooling process produces a
sudden raising of viscosity, impeding the structural units to arrange each
other in a crystalline lattice. It is important to notice that the glass generation
is not a phase fransition of any kind, despite the remarkable change in the

physical properties of a material through its glass transition.
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Figure 1.1. A comparison of volume variation in glass transition and crystallization processes.

3



The glass transition process of a liquid to an amorphous solid is a reversible
process from a hard and brittle state into a molten state or rubber-like state.
During the glass transition the thermodynamic equilibrium between solid and
liquid phases is never reached: the crystallization process do not happen and
glasses are metastable systems that tend to crystallize on the long period
(thousands of years) or, faster, whether their composition favors chemical
zoning having a stoichiometry similar to crystalline compounds. Contrarily to
crystallization process, the glass transition is not characterized by a sudden
change in thermodynamic properties, like specific volume (Figure 1.1) or
enthalpy, at a certain temperature. Rather, the glass transition temperature,
Tg, is defined as the temperature at which the viscosity of the material is
equal to 1035 Pa-s. Further, the Ty can be outlined on the plot of heat
capacity versus T during fast cooling. This plot is similar to the trend of
specific volume shown in Figure 1.1. Ty corresponds to the intersection of
the lines coinciding with the slopes of the two different linear regions defined
in Figure 1.1 as “glass” and “liquid”.

Below the Tq, an amorphous material, may be a liquid or a rubber-like

material, exhibits the mechanical properties of an amorphous solid.

1.3. General description of glass structure

Oxide based glasses are solid materials where “structural units”
characterized by short-range order (within 2-3 atoms) are arranged, with
respect to each other, with no special order. Thus, contrarily to crystalline
materials, glasses lack the translational properties of identical unit cells.

Structural units are tetrahedra (T™O42)®", where T are network former
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cations (Si, Al, B, etc...), eventually linking each other by sharing Oxygen
atoms, named bridging oxygen atoms (BOs).

In the 1920s, empirical observation led Goldschmith [8] to define as glass
former oxides those TnO, oxides where T cations present tetrahedral
coordination in the molten phase.

Before the 1930s, glasses were meant to be an ensemble of nanocrystals

(~20 A) disposed with no reciprocal order, but in 1932 Zachariasen [9]

Q. proposed a valid model for the structure
] g

Mo’” &f 2 of oxide-based glasses. The basic idea
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4 b\‘/o—‘\ ] o
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Figure 1.2. The Continuous Random Network, shown in Fig. 1.2 [3], which
Netowrk proposed by Zachariasen (1932)  ryjles are:

1. oxygen atoms are linked to no more than 2 former atoms, T;

2. the oxygen coordination around T is small (i.e.: 3 or 4);

3. oxygen polyhedra do share corners but not edges or faces;

4. atleast three corners are shared.

Nowadays, about 80 years later, we know that these rules are respected in

most cases, except for some rare exceptions that can be present in some



cases, like tricluster Oxygen (TBO, O atoms bonded to 3 former atoms in
tetrahedral coordination) or 2-merbers rings that imply edge-sharing. [10-12]
Nonetheless, the addition of network modifier oxides (MwOn) to glass
composition introduces O atoms that can be employed by some network
former cations to fulfill the tetrahedral coordination. In this case, M cations
locally compensate the consequent framework negative charge. The
outcoming structure is described by the Compensated Continuous Random
Network. The charge compensation is preferably conducted by low field
strength cations (i.e.: Na*, Li*). When the tetrahedral coordination of all T
cations is reached, the introduction of further MOy provides non-bridging
oxygen atoms (NBOs) that depolymerize the network, while M cations
occupy depolymerized regions. In 1985, the structure of modified glasses
where described by Greaves [13] in the Modified Random Network model
(Fig. 1.3 [13]).

W" - &;‘m@.’" Qo Beyond former and modifier
3 RN i Wigdie WY . . . ,
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Figure 1.3. The Modified Random Network model charge compensation is

proposed by Greaves (1985) . -
required and no modifier

cation (M) is available, intermediate cations (R) assume higher coordination

and exit the glass network.



In 1971, Stanworth [14] proposed a classification of glass-forming oxides
based on electronegativity of cations in the cation—O bond. Highly
electronegative cations, which form covalent bonds, are network former (i.e.:
Si+, B3, P5*, Ge?*). Intermediate oxides present less covalent R—O bonds
(A, Pb*), while modifier oxides present basically ionic M—O, and M cations

have low ionic strength (alkali and alkaline-earth ions).

1.4. Structural characterization: potentialities and limits of

experimental techniques

The structure of glasses lacks of symmetry in the coordination of extra-
framework ions and lacks of periodicity for medium- and long-range structure.
This entails that all those powerful diffraction techniques that allow the full
elucidation of periodic system structures (i.e. crystals), provide few
information on the overall structure of a glass. This information is limited to
average bond lengths and coordination numbers of cations and is usually
provided by Extended X-Ray Absorption Fine Structure (EXAFS), X-Ray
Diffraction (XRD) and Neutron Diffraction (ND). Diffraction patterns of glasses
can also provide a rough idea of the level of disorder of the medium and
long-range structure of a given sample.

However, the characterization of medium-range structure can be supported
by other absorption techniques. For example, Raman spectroscopy is useful
to investigate the polymerization of glass network, because it provides
information on the presence of TO; isolated tetrahedra, T2Og chain links,
T20s5 sheet units, etc... [15]



Infra-Red (IR) spectroscopy is sensitive to the local environment because the
vibrational modes of structural units in a glass are assumed to be
independent. [16] Quantitative information can be obtained from the
detection of T-O-T symmetric and asymmetric stretching and bending
modes, as well as for valence angles (O—T—0) bending modes. [17,18]

Among experimental techniques, solid state Nuclear Magnetic Resonance
(NMR) is one of the most challenging because it provides information on both
short- and medium-range environment of NMR-active nuclei. Nuclear probes
provide different response depending on the chemical and topological nature
of their neighborhood, making NMR spectroscopy a very sensitive technique.
In the present thesis, solid state Magic Angle Spinning (MAS) NMR
spectroscopy is the reference experimental technique for glass structure
investigation. MAS is based on the idea that orientation-dependent
anisotropic interaction, which cause significant band broadening in solid state
samples, can be averaged to zero by rapidly rotating the sample about the

axis of the sample holder. The axis is inclined at the magic angle,

6,, = arctanv2 = 54,7356°, with respect to the direction of the external
magnetic field, B. The MAS technique reduce anisotropic interactions and
leaves the isotropic ones (for spin-1/2 nuclei) allowing to get more accurate
and interpretable NMR spectra of solid samples.
Nonetheless, the interpretation of NMR experiments on multicomponent
glasses can be ambiguous due to the noticeable chemical and topological
variability in samples. The interpretation can be carried out by following two
paths.

a) The first consists of comparing the data obtained from glasses to

NMR response of crystalline samples having similar compositions,
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subsequently trying to assign the peaks in the glass spectra or by
the principle of analogy.

b) The second, more recent, approach is the experimental-
computational method [19], which was adopted during the work

presented in this thesis and is described in next paragraph.

1.5. Challenges of a synergetic experimental-computational

approach

The synergetic experimental-computational approach lies in the concept that
experiment verifies the theory and theory explains experiment.

Actually, a model is sound and useful whether it reproduces chemical and
physical properties of interest of the studied system. The accomplishment of
this condition is the consequence of a well-calibrated computational method,
where all protocols and parameters are chosen properly by a continuative
comparison between computed data and reference experimental
counterparts, during all the phases of the development of the computational
protocol. Experimental counterpart must be similar to systems under study
from a chemical-physical point of view and must have been very accurately
characterized. In this viewpoint, experiment validates the theory.

In the specific case of structural models, EXAFS, XRD and ND data are often
employed as experimental references. [20-27]

Once the theory is validated, the computational protocol can be applied to the
interpretation of more complex experimental information. Figure 1.4 shows a
scheme of the experimental-computational approach adopted during this

research work [19].



For a given glass sample, which structure is unknown, we generate a
structural model via classical Molecular Dynamics (MD) simulations.
Contrarily to the sample, the structure of the model is well-known. On one
hand, we process the sample, collect NMR spectra and extract NMR
parameters. On the other hand, we submit MD-derived models to NMR
parameters calculations by plane waves Density Functional Theory (DFT)
formalism and then simulate the NMR spectra with a homemade code[28]
based on the resolution of spin-effective Hamiltonians. The theory underlying
the simulation of NMR spectra will be presented more in detail in the
following chapter. Once we have both experimental and theoretical
counterparts, we compare them and check the agreement. If there are
discrepancies, we undertake an iterative process that consists of: i)

refinement of the structural model by adjusting simulation parameters (i.e.:

GLASS SAMPLE /% GLASS MODEL | i)
Unknown3D (% ‘~;~) 3D structure fromMD 71 )
structure o M ="
| = 4
WV Compute theoretical
Collect NMR spectra spectra (fPNMR) *= Refin: tlhe
mode
[t COMPARISON ¢ I

r YES === Agreement? == NO

Spectra Interpretation

=70 3

=80

& -90

ol L v 1141y 7

200150 100 50 0 50 g 100
MAS dimension (ppm)

(BO), [0.96]

NMR parameters - structure o e
relationships e T _1;0‘ 0150 160

<Si-0-T> angle (*)

Figure 1.4. A scheme of the experimental-computational approach
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quench rate, interatomic potentials, length of the simulation) and ii) re-
calculation of NMR parameters and spectra simulation. The iterative process
continues until a good agreement between experimental and theoretical NMR
data is reached.

If the agreement is good, it is possible to proceed with peak assignation and
spectra interpretation and with the elaboration of relationships between NMR
parameters and structure.

It is worth noticing that the computational protocol for NMR parameter
calculation was previously validated for all investigated NMR-active nuclei
("0, #8i, 7Al, #Na, 43Ca). For this procedure, crystalline phases that are
accurately characterized in terms of structure and NMR response were
employed to test the soundness of the results of the DFT calculations.
Chapter 2 presents a more exhaustive description of computational protocols
atthe MD and DFT levels.

1.6. Glasses under study

Table 1.1. Composition (mol%) of the glasses.

glasses Si0;  AbO; NaO CaO
CS 50% 50%

silicate NS 75% 25%
CSN 60% 20%  20%
NAS 8% 1% 1%

aluminosilicate  CAS 60%  20% 20%
CASN 60%  10% 0%  20%
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The target systems of the research presented in the following chapters are
Ca, Na silicate and aluminosilicate glasses. These kind of glasses, which
compositions are listed in Table 1.1, are interesting from both a geological
and a technological point of view, being simplified versions of more complex
systems like magmas and glasses for advanced and basic applications. In
fact, their practical use ranges from optic fibers manufacturing to high-level
nuclear waste confinement. Moreover, SiO; and Al,O; are the main
constituents of Earth’s crust and containments, where they are present
together with many other oxides to form very complex multicomponent
materials.

Being so important, these glasses inspired many investigations about
thermodynamics and transport properties, heat capacity of melts, silica
activity and viscosity. [15, 29-37] The awareness that physical properties of
amorphous materials depend very strongly on structure, and that glass
structure depends, in turn, on chemical composition led to many
experimental structural investigations. [12, 30, 38-41] However, the
necessity to depict more accurate descriptions of short- and medium-range
structural arrangements pushed the present work on structural
characterization.

The state of the art on ternary and quaternary silicate and aluminosilicate
composition provided a clear idea of general structural features. Indeed, their
structure can be described by a combination of the Compensated Continuous
Random Network and the Modified Random Network (see section 1.3). The
network has been understood in terms of interconnected (SiO42)* and,
eventually (AlO4p)>, tetrahedra. Non-framework cations can locally

compensate the excess of negative charge of Al-containing networks and/or
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depolymerize networks by forming non-bridging oxygen atoms NBOs (i.e.
oxygen atoms connected to only one network former cation).

NMR spectroscopy, being so sensitive to short- and medium-range
environment of probe nuclei, is challenging for providing more details on
glass structures, like Q" speciation of network formers, network chemical
disorder, etc... Each nuclei provide signals that generate spectra very rich of
structural information. In the present thesis, NMR spectroscopy of all NMR-
active nuclei available for the aforementioned compositions were considered.
The difficulties of interpretation of experimental spectra were overcame by
the employment of computational NMR spectroscopy. The coupling of
experimental and theoretical #Si, ZAl, 70, #Na and “Ca NMR
spectroscopies allowed us to depict accurate descriptions of short- and
medium-range structural arrangements in Ca,Na-containing silicate and

aluminosilicate glasses.

1.7. Details about synthesis and origin of glass samples

The present thesis is organized as to present NMR spectroscopy procedures
and details, whilst does not focus on synthesis procedures of glass samples.
This choice is due to the fact that synthesis were not carried out in our
laboratory and procedures are described in already published papers.

Among the 6 compositions listed in Table 1.1, only four of them were
synthesized by some of my collaborators during their research activity.
Actually, CSN, CAS and CASN samples were synthesized by Angeli et al.
[42] in 2007, and kindly granted to Thibault Charpentier for the collection of

2Si MAS spectra at Laboratoire de Structure et Dynamique par Résonance
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Magnétique (LSDRM). NAS glass was synthesized by Daniel Caurant on
purpose for this research activity and its synthesis procedure is reported in
reference [43].

All samples were synthesized by melting and quenching oxides and
carbonates, some of which were enriched in NMR-active isotopes, as
declared in the dedicated chapters together with NMR experimental data
acquisition protocols.

CS and CN compositions have no corresponding experimental counterpart.
However, experimental 7O NMR data acquired on similar compositions by
Stebbins and Xue in two works dated 2003 [44] and 2006 [45] were
integrated in our computational-experimental method to provide new insights
on Oxygen environment. CS and CN synthesis details are described in ref.

[45] and [44], respectively.
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CHAPTER 2

Computational Methods

Molecular Dynamics, Density Functional Theory calculations, simulation of NMR
spectra

2.1. Generation of glass structural models

2.1.1 State of the art of glass structural modelling

There are two possible approaches for the generation of glass models:
Molecular Dynamics (MD) and Monte Carlo (MC) simulations.

MC is a stochastic molecular simulation, based on the principles of statistical
mechanics independent from time. Therefore, no dynamical information can
be obtained from MC simulations. The generation of the final structural model
is guided, by the application of different algorithms, by the Boltzman weight of
the system configuration in the chosen thermodynamic macroscopic
conditions. Another option, is to guide the modelling by adjusting it until
modelled quantities/characteristics (like atomic positions) provide the best
consistence with reference experimental data. This is the Reverse Monte
Carlo approach (RMC). More details are available in refs [1, 2].

MD simulations consist of the numerical solution of the classical equation of
motions for atoms and molecules to obtain the time evolution of the system. It
allows time-dependent phenomena to be followed. At each iteration, forces
are calculated by positions accordingly to the potential energy surface (PES).
Then motions are calculated from forces acting between atoms/molecules.
The integration of equations of motion can be carried out by different
algorithms, and the timestep is a crucial parameter to obtain sound structural
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models. For a given system, the most appropriate timestep varies depending
on the MD approach chosen to generate the model.

The PES can be calculated from a classical treatment of the system and
usually coincides to the ground state: this is the case of Classical MD.
Otherwise, for a more accurate description, the PES is built by taking into
account electrons degree of freedom, thus involving a quantum mechanical
formalism and ab initio calculations.

Of course, ab initio MD is ways more accurate than Classical MD, but also
extremely more expensive in terms of computational time and resources. In
the present work, we generated glass structural models via classical MD,
adopting the core-shell model for an explicit treatment of oxide ions
polarizability.

The core-shell model is not the only way to treat the polarizability of highly
electronegative ions: the Polarizable lon Model (PIM) [3, 4] and the
Aspherical lon Model (AIM) [5, 6] are also reliable methods, but they usually

have higher computational costs.

2.1.2 Core-shell classical molecular dynamics

In the core-shell model, the more polarizable ions (oxygen in our case) are
divided in a core bearing the major part of the mass (m¢) and a charge Y, and
a shell bearing the remaining mass (ms = atomic mass — m¢) and a charge X.
The sum of X+Y usually gives the formal charge of the polarizable ion (i.e. -2
for O%, -1 for F-, efc...). All other atoms are treated as points bearing formal

charge (Si**, Al**, etc...) and cores and shells are coupled by a harmonic
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spring potential that models charge migration in response to external
electrostatic forces:

(2.1)

Uy = Xy

2

ke is the core—shell spring constant and r. is the distance between the core
and the shell.

Oxygen shells (Os) and Si, Al, Ca and Na cations are treated accordingly to
the Born model, which assumes that two bodies, i and j, interact via long-
range and short-range forces. In this work, they are calculated accordingly to
Coulomb and Buckingham potentials, respectively. The Coulomb forces act
between all species within a certain cut-off, whereas the Buckingham
function models the Si-Os, Al-Os, Os—0Q;, Ca—0Os, Na—Os short range

interactions:
LA R (2.2)
U(ru)—kmhélue ( ) 2
Tij
Aj, pj and Cj are the parameters of the Buckingham potential, g; and q; are
the charges, k is 1/41eo (where € is the dielectric constant) and rj is the
distance between atoms jand j.
Finally, three-body screened harmonic potential is necessary to control the
0s—Si—0s and Os—Al-0s angles and guide tetrahedral coordination:

(T (2.3)

kp
U(Bijx) = 7(91'1'1( AN

ko is the three-body force constant, 6, is the angle between atoms /, jand k

and 6, ik is the reference angle between atoms J, j and k (109°). rj is the

distance between i and j, ri is the distance between j and k, and p is a

parameter.
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Table 2.1. Shell model interatomic potential: analytic functions and parameters.

Buckingham potential

A(eV) p (A) C (eV A9)
0Os-Os 22764.30 0.1490 27.88
Si-Os 1283.91 0.32052 10.661580
Ca-Os 2152.3566 0.309227 0.09944
Al-O 1460.3000 0.29912 0.0000000
Three-body potential
ko (eV rad?) 6o (deg) p(A)
0-Si-0 100.0 109.47 1.0
0-A-0 100.0 109.47 1.0
Core-shell harmonic potential
ks (eV A?) Y(e)
0Oc-Os 74.92 -2.8482

Table 2.1 reports all the parameters for the pairs and three-body terms which
were developed in previous works. [7-13]

For each glass composition (Table 1.1), 3 structural models containing about
250 atoms each were generated. Models were created by cubic boxes
treated with Periodic Boundary Conditions (PBC), which side were assessed
accordingly to experimental densities, [14] available for all glasses except for
CASN, or to density calculated by the Priven method [15], implemented in the
SciGlass package [16] (CASN). Initial configurations were created by placing
atoms in random positions in cubic boxes, by imposing the only constraint of

a minimum distance between point charges of 2 A.

Table 2.2. Glass densities.

Glass CAS NAS CASN CS CN CSN

Density [g-cm®] 2624 2369  2.641 2901 2418 2657
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The MD simulations were performed by DL_POLY package [17] and
equations of motion were integrated by the leap-frog algorithm every 0.2 fs.
This timestep is small enough to control the high frequency motion of the
core-shell spring during MD simulations. [18] The trajectories were carried
out in the NVT ensemble, applying the Berendsen thermostat [19]. Systems
were heated and held at 3200 K for 100 ps, ensuring a suitable melting of the
samples. Liquids were then cooled to 300 K at a nominal cooling rate of -5
Klps, which is several orders of magnitude greater than rates achievable
during synthesis procedures. Actually, nowadays available computational
power does not allow to achieve experimental quench rate during in silico
glass generation. Although it is well known that quench rate affects
framework ordering, the literature reports several works where the adoption
of this cooling rate provide sound final structures. [20-23] Resulting glass
structures were subjected to a final equilibration run of 200 ps.

The presented force field and MD protocol allow to simulate sound MD-
derived structural models both on the short- and medium-range order, as
demonstrated by previous works. [8, 10-12, 24-28]

However, NMR properties are extremely sensitive to short-range structural
features, like bond distances and valence angles, requiring models to be very
accurate. To this, NMR parameters calculations was preceded by a finer
structural optimization of MD outputs. All simulation boxes (3 per
composition) underwent a 0 Kelvin isobaric structural relaxation at the DFT

ab initio level of theory.
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2.2. DFT Geometry Optimization of Structural Models and NMR

parameter calculations

Computational techniques aimed to compute NMR parameters must take into
account electrons and their interaction with forces internal and external to the
system under study, i.e.: electron motion, electron correlation and applied
external magnetic field.

The level of theory that must be referred to when dealing with NMR
computational spectroscopy is the quantum mechanics. The accurate
description of electronic-related properties for large and complex systems
became possible with the advent of the Density Functional Theory (DFT). Its
computational costs are relatively low when compared to post Hartree-Fock
methods.

Nowadays, the DFT formalism has been implemented in all computational

codes dedicated to NMR calculations.

2.2.1 DFT calculations performed with CASTEP

DFT calculations were carried out by the CASTEP code, [29] which exploits
plane waves basis sets and manages periodic systems under periodic
boundary conditions.

The computational efficiency of the code is guaranteed by the employment of
pseudopotentials and the Projector Augmented Wave (PAW) formalism. In
particular, NMR parameters calculation requires a PAW version that allows
the reconstruction of the all electrons wave function in the presence of a
magnetic field: the Gauge Including PAW (GIPAW). [30] Pseudopotentials
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reduce computational costs as they allow core electron to be treated as a
“frozen core” and only valence electron to be treated explicitly. For a given
atom, many pseudopotentials can be developed by modifying the number of
electron to be considered core and valence, and by shifting the energy level
of valence orbitals.

DFT calculations were carried out adopting the generalized gradient
approximation (GGA) PBE [31] functional, and the core-valence interactions
were described by ultrasoft on-the-fly pseudopotentials generated by the
CASTEP code. [32] For "0, the 2s and 2p orbitals were considered as
valence states with a core radius of 1.3 A; for 2Si and Z7Al, a core radius of
1.8 A was used with 3s and 3p valence orbitals; for 43Ca, a core radius of 2.0
A was used with 3s, 3p and 4s valence states, while 2Na was treated with a
core radius of 1.3 A and 2s, 2p, 3s as valence orbitals.

For the PAW and GIPAW calculations we used two projectors in each s and
p angular momentum channel for O, and in the s, p and d channel for Si, Al
and Ca.

It is well known that in the PBE approximation, the energy of Ca 3d orbital is
too low and the hybridization with O 2p orbitals is overestimated. [33] As a
consequence, the 7O chemical shifts computed with PBE are affected by
very large errors (up to 124 ppm) for O sites close to Ca atoms. To overcome
this problem a modified Ca pseudopotential with shifted 3d orbitals of 3.2 eV
has been used as proposed by Profeta et al. [33] Details on pseudopotentials
are summarized in Table 2.3.

Wave functions were expanded within the kinetic energy cut-off of 700 eV.
This has been demonstrated to be long enough to reach energy and NMR

parameters converged values. [34,35]
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Constant pressure geometry optimisations of the MD-derived models were
performed at the I point [36] and enabled only short-range relaxations at the
ab initio level, whereas the information on medium-range structure, such as
the connectivity of the glass-forming sites, is unvaried respect to the

configuration obtained by classical MD.

Table 1.3 Pseudopotential details.

Atom Valence Core radii[a.u.] local channel projectors
configurations

2Gj 3s2 3p? 1.8 s,pandd

2T 3s2 3p! 1.8 s,pandd

70 252 2p* 1.3 sandp

43Ca () 3s2 3pb 4s2 2.0 s,pandd

ZNa 252 2p8 3s! 1.3 S

() 3d level shifted as suggested by Profeta et AL[33]

2.2.2 Details for NMR parameter calculations

The shielding tensor (o) is defined as the proportionality factor between the
induced and the externally applied magnetic fields at the positions of the
nuclei:

8(R) = —-B™4(R)/B (24)
Where Bind (R) is the inomogeneous magnetic field induced by the external

field B and it is calculated according to the Biot-Savart law:

AT (2.5)

Where the induced current, j(#'), can be obtained from the first order

E’ind(;) — Z_;f d37'

perturbation theory. [37]
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The isotropic chemical shift, &;s,, is then obtained from the isotropic
chemical shielding, Oiso:

Oiso = 1/3 Tr{c} (2:6)

2.7
8iso = — (0150 — Uref) (27)

Where a,..r is a reference isotropic shielding and is determined as the
intercept of the trend line resulting from linear fit of a4, calculated on
reference crystalline structure versus their experimental counterparts, §;s,.
In this work we adopted the o, that were already available in the literature
(Table 2.4): 322.1 ppm [27] for 2Si, 555.2 ppm [34] for 27Al, 260.5 for 7O,
1134.1 ppm [35] for 3Ca and 554.05 ppm [38] for 2Na.

Quadrupolar nuclei (nuclear spin, | > %) have quadrupolar parameters

related to the traceless electric field gradient tensor, V4 7):

0E, () 1 dE, (P) (2.8)
0 11,5 %

Vap ) == ” 3 0ap ar,

where a, B and y denote the Cartesian coordinates x, y, z and E, (#) is the
local electric field at the position 7. If the eigenvalues of the EFG tensor are
labeled Vi, Vyy, Vz so that |Vz| > |Vy| > Vi, then one can define the
quadrupolar coupling constant,
_ eQUEAT (2.9)
7 h
where eQ is the quadrupole moment of the nucleus and h is the Plank’s

constant. The EFG tensor eigenvalues also provide the asymmetry
parameter,

V;cx _Vify

2.10
T (210)

No =
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The quadrupole moment values, eQ, adopted for the calculation of Cq were
those determined by Pyykkd in 2008 via sophisticated post-Hatree-Fock
calculations of the EFG: [39] 25.58 mB for 70, 40.9 mB for 3Ca and 104 mB
for Na nuclei. Differently, eQ for Z7Al was calculated by scaling the eQ
provided by Pyykkd, 146.6 mB, [39] by a factor of 0.956, thus obtaining
140.4 mB. In fact, Pyykkd's value was found to give slightly overestimated
Cq values respect to experimental counterparts [40] on crystalline samples
(anorthite, andalusite, sillimanite, kyanite and a-alumina). The scaling factor
was calculated as the slope of the linear fitting trend line of the comparison
between the experimental [40] and theoretical Z7Al Cq values, as explained in
detail in ref. [24].

Table 2.4 Reference isotropic shieldings, oret [ppm], and quadruole moments, eQ [mB] and
respective bibliographic references.

Nucleus oref [oppm]  refs eQ [mB] refs
28i 332.1 [27]

Z7Al 555.2 [34] 104.4 [24]
70 260.5 [27] 25.58 [39]
#Ca ™ 1134.1 [35] 40.9 [39]
ZNa 554.05 [38] 104 [39]

2.3. Generation of NMR spectra

NMR spectra of the MD-derived structural models described in the following
pages Wwill be named hereafter as theoretical to distinguish them to those
generated by using NMR parameters extracted from experimental

measurements which are usually referred to as experimental spectra. For
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each composition under study, theoretical spectra were obtained by merging
the 3 DFT outputs coming from respective MD-derived models.
Computational protocol, both at classical and ab initio levels, is summarized
in Figure 2.1.

For each glass composition:

Classmal Molecular

* Born-M g\g r model, .\?/'
,,,,,,,,,,,,,,,,,,,, a3 E!od\.I Potential [formers)/

,,,,,,,,,, X +core-shell (Oxygen),—
DL_POLY PBC

y Vv y
DET calculations »>Constant P geometry optimization,  Plane Wave basis set;
CASTEP =>NMR parameter calculation (GGAJPBE functional;
n M N On the fly pseudo-potentials
v I\ N
\ Structural Analysis
foNMR code Merging boxes L NMR Spectra Simulation

Figure 2.1. Summarized scheme of the computational protocol.

The simulation of the solid state MAS and 3QMAS NMR spectra from
CASTEP outputs was carried out by means of the software fpNMR,
developed by Thibault Charpentier. [35,41] For each atomic site, i, the NMR
spectrum of interest, say I; (%), is calculated and then co-added to yield the
final NMR spectra, I1(v) = Y;I;(¥). However, in some cases, spectra
simulation may require a more refined method to better account for NMR
parameter distribution, like Kernel Density Estimation (KDE) [35,42]. KDE is
also implemented in the fpNMR code and was exploited to simulate spectra
starting from small nuclei populations, like *Ca 3QMAS spectra. The
software allows the summation to be restricted to a given chemical speciation
of the considered atom (Si(Q3), Non-Bridging Oxygen, Al bonded to Tri-
cluster Oxygen, etc...) and to merge the spectra of several structural models

to increase the statistical data.
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Moreover, the code performs statistical analysis of NMR data and their
correlation with local structural features (bond length, bond angles,

coordination number, etc...).

2.3.1 Background of computer simulations of solid state MAS NMR

spectra

The simulation of MAS spectra of glass sample is quite demanding because
computational techniques must account for time-dependent modulation
(sample spinning) and the summation of signals from a large number of
molecular orientation (powder averaging). Nowadays, codes running on
personal computers can provide theoretical spectra in few seconds or
minutes, even taking into account all relevant interactions of the spin
systems. [35, 43-46]. This paragraph provides a concise summary of the
theory of solid state NMR spectra simulation; more details can be found in
the valuable series of reviews written by Mattias Edén on this topic. [47-49]
Simulation programs calculate time- or frequency-domain signal stepping
through 3 main parts:

1) Initialization: provision of input data on experimental conditions and spin
system characteristics;

2) spin dynamic calculations: evolution in time, during the NMR experiment,
of the spin density operator, which describes the state of an ensemble of
spin systems;

3) post-processing: calculated NMR signals are further processed (ex.:

peak broadening) to provide the theoretical NMR spectra.
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The core, and most time-consuming part, of the simulation is the second

step. The evolution of spin systems experiencing anisotropic interactions in a

rotating frame is described by the Irreducible Spherical Tensor (IST) [50-52]

formalism.

Basically, within the IST formalism, the values of the individual components

of tensors change, but the number of components is fixed, which means that

the rank, /, of an IST in conserved upon rotation.

In fact, all NMR interactions can be reconstructed in terms of IST:

= NMR interactions depending on molecule properties, like the orientation
relative to the direction of the static magnetic field, B, are given by a

spatial tensor, A\x-

= NMR interactions depending on spin angular momentum are

represented by a spin tensor, which elements are spin operators

represented by matrices, ﬁlgm.
As well known, interactions can be isotropic (orientation independent, 0t rank
IST) or anisotropic (orientation dependent, 2" rank IST).
Spectra simulation codes generally reconstruct the Hamiltonian representing
the NMR interaction, by scalar product of IST, where each scalar product
involves a scalar and a spin tensor:
e = € ) (W] [Fue] e
i=0,2
The capital letter, L, means ‘“laboratory reference frame’, where the z axis
coincides with the direction of the applied magnetic field, B.
Once the Hamiltonian for the spin system is reconstructed, the density

operator carries the information about the state of an ensemble of nuclear
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spin systems. The Hamiltonian will cause the density operator to change
throughout the NMR experiment.

The Schrddinger equation dictates how the spin density operator, and hence
the nuclear spins, evolves in time and must be solved by employing an
operator called the propagator. In practice, the propagator is estimated
numerically and may then be used to calculate the spin density operator at
any time point during the NMR experiment. The time-domain signal at a
given time point is calculated as the trace of the product of an observable
operator and the density operator at that given time point.

The procedure is repeated for a series of time points so that the time-domain
signal, s(t), can be obtained and, subsequently, the corresponding NMR
spectrum is calculated by Fourier transformation. It is worth noticing that the
summarized procedure presented is referred to the generations of single
molecular orientation signals in a static and rotating sample.

The reader who might be interested in the procedure for implementing the
abovementioned formalism, for static and rotating samples, in C/C++
computer language should refer to [48].

Glass samples for solid-state NMR spectroscopy are usually powders. Then,
NMR simulation codes dedicated to glass systems must be able to simulate
spectra of powders comprising a large number of microscopically small
crystals, through a procedure called powder averaging. In fact it is well
known that the NMR time-domain signal and frequency-domain spectrum
depend on the orientation of the molecule with respect to the static magnetic
field direction.

There are many fundamental equations for calculating powder averages, and

reference [49] explains in details how they may be implemented on a
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computer, and which formalisms can be adopted to speed up the calculation
(i.e.: carousel symmetry).
The fpNMR code was written by Thibault Charpentier and is still constantly

improved (write to thibault.charpentier@cea.fr for an updated version). The

basis of the formalism underlying the code was introduced and described in
some previous papers [35, 41, 53], however the principal concepts are
presented hereafter.

Starting from absolute shielding and electric field gradient tensors, given as
Cartesian matrix representation with respect to the crystallographic axis, the
chemical shift tensor and quadrupolar interaction tensors are obtained.

The diagonalization of the matrix representation of a given interaction, say A,
provides 3 eigenvector which define the Principle Axis System (PAS) of the
interaction. These eigenvalues are called principal-values and are denoted
as Awe (@ = X, Y, Z) and labelled according to the Haeberlen convention
[54]|Azz = Aiso| 2 |Axx = Aiso| 2 |Ayy = Aiso| Where Aiso = V3Tr{A} is the isotropic
component. However, the code deals with a different, more convenient
notation, which uses 1 parameter: Ax = (Azz - Aiso) and nNa = (Ayy = Axx)/Aa.

The representation of A in PAS is then transformed as:

Axx
Apps = Ayy
AZZ
= Aiso
I : (2.12)
| 2(1+n4) |
+ 4] 1 |
2(1—1n4)
1
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The contribution of each atomic site to the NMR frequency of the transition of
interest, say v(a,B), can then be obtained in terms of the isotropic chemical
shift, o, chemical shift anisotropy and asymmetry parameter, ncsa,
quadrupolar coupling constant, Cq, and asymmetry parameter, nq, and the
orientation (a,8) of the crystal with respect to the laboratory frame (i.e. the
magnetic field frame), as well as the relative orientation of the two tensors.
The three Euler angles (aa,Ba,y4) relate the PAS to the crystallographic axes
frame.
The general formula of a 1D-NMR spectrum, /(v(a,8)) (for a single site) is the
following:

Iv) = fda dp sinf - fdt e 2imvt g2 (@ f)t (213)

= fda’ dﬁ smﬁ . 6{1/_1/(“',3)}

To perform the powder averaging (i.e. the integration over (a,f)), the method
of Alderman et al. [50] is used. This method combines an efficient partitioning
of the (a,B) space into a triangular mesh.
In the case of sample rotation, as during magic angle spinning experiments,
the NMR frequency becomes time-dependent and is Fourier expanded. In
case of time-dependent experiments, three Euler angles (ar,Br,yr), which
define the orientation of the PAS with respect to the rotor frame, are
introduced. The powder averaging over the third Euler angle is at the origin of
the positive intensity in MAS spectra [55]. However, the powder averaging is
then performed as for a static sample (i.e. non spinning) as follows.
In fact, for the powder averaging, the same method as for 1D spectra is
applied but using now a 2D unit spectrum f9(v+,v5). This gives an efficient
general algorithm to compute a 2D-NMR spectrum.
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In the case of a broad NMR parameter distribution, as a consequence of the
small number of sites that can be considered using ab
initio NMR calculations, simulated NMR spectra, especially 2D, can exhibit
strong spurious spectral features (discretization noise). Generally, as done in
many other spectroscopies (IR, RAMAN,...), a convolution with a Gaussian
(or other distribution) in the frequency space (v1,v2) is employed to smooth
the simulated spectrum.

Specific input files allow to specify experimental condition to be reproduced,
like the applied magnetic field, the Larmor frequency, the quadrupole
moment, the spinning rate of samples.

The present chapter introduced our method and all computational details
needed for its reproduction. The following chapters will present results. Each
chapter is focused on single-nucleus NMR spectroscopy and will discuss
about the insight on glass structure and on NMR-structural parameters
relationships that were achieved by exploiting structural models and by

coupling theoretical and experimental counterparts.
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CHAPTER 3
23Si NMR spectroscopy: silicon environment in silicate

and aluminosilcate glasses

2Gi MAS investigations regarded four compositions: one silicate, CSN
(60Si02-20Na20-20Ca0) and three aluminosilicate: CAS
(60Si0,:20A1,05-:20Ca0), NAS (78SiO2'11ALO311Na;0) and CASN
(60SiO2:10Al;03-10Na,0-20Ca0).

Itis worth noticing that NAS samples was enriched in Silicon-29 isotope, while
the others contained 2°Si in natural abundance.

The results presented in this chapter were published on Geochimica et

Cosmochimica Acta journal. [1]

3.1. Experiments of Silicon-29 NMR spectroscopy: information

and challenges

Silicon-29 is the only stable NMR-active Siisotope and its natural abundance
is 4.67%. Its nuclear spin is | = /2, meaning that it is not a quadrupolar nucleus.
Its gyromagnetic ratio, y = -8.465 MHz-T-', allows the collection of high-quality
spectra at low-medium magnetic fields (< 10 T).

25i MAS NMR spectra were collected on a Bruker 300WB spectrometer at a
magnetic field, B, of 7.02 T and a Larmor frequency w; = y - B=59.4 MHz.
The sample was spun in a 4mm (outer diameter) MAS NMR probe at a
spinning rate of 12.5 kHz. A CPMG pulse sequence [2], with ~16-32 echoes,
was employed with a recycle delay of 200 s and typically 128-256 scans.
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The experimental-computational approach allowed to interpret the variability
of Silicon-29 NMR parameters in terms of chemical and topological disorder
of its surroundings. This last knowledge is valuable for the exploitation of the
‘structural NMR inversion’ approach, which allows transformation of NMR

data into a distribution of structural parameters.

3.2. Comparison between experimental and theoretical Si MAS

spectra

The theoretical and experimental 2°Si MAS NMR spectra are compared in
Figure 3.1. Whereas the experimental peaks show almost Gaussian shapes,
the theoretical ones exhibit more accentuated asymmetries, which might be
due to the limited number of silicon atoms that we have been forced to use.
In fact, ab initio calculations have huge computational costs and, in order to
keep acceptable calculation time, it is necessary to perform DFT calculations
on systems which are not more extended than a few hundreds of atoms.
Nonetheless, a good agreement in the peak shapes is observed. The MD-
generated structures are mainly characterized by four-coordinated silicon.
The very small amount of fivefold coordinated silicon (1 site in CASN at 8iso=
-134 ppm and 1 site in CSN glasses at dis,= -133.2 ppm) may be ascribed to
the excessively high pressure and rapid cooling rate experienced by the
atoms in the simulation boxes during the MD generation of glasses at a
constant volume. Anyway, exiguous populations of fivefold Si atoms (about
0.05%) were characterized by Stebbins et al. in silica-based glasses cooled

both at high and 1 bar pressure.[3]
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The theoretical populations of four coordinated Si(Q") species present in the

simulated structures are reported in Table 3.1. NAS glass exhibits the more

polymerized network, where almost all (98.3 %) silicon atoms belongs to Q*

units, whereas the remaining 1.7 % are in Q3 units. In the CAS glass Si atoms

are organized in Q4 Q% and Q2 units in the respective percentages of 95.7%,
21% and 1.4%. Although NAS and CAS glasses have tectosilicate

compositions (i.e.: [M?*x»Ox]/[Al2O3] = 1), their Al atoms are not fully charge

- 2381 theo Si(Ql)
- T Siexp - Si(Q;)
Si(Q;)

— SiQ)

(d) CSN

-50 -100 -150
o isotropic chemical shift (ppm)

41

compensated by modifier
cations and a small fraction of
tri-cluster  Oxygen atoms
(TBOs) is present. This
results in a not completely

polymerized network.

Figure 3.1. Comparison between
experimental (black dashed lines)
and theoretical (black solid lines) 2°Si
MAS NMR spectra (normalized to the
same maximum height) of NAS (a),
CAS (b) and CASN (c) and CSN (d)
glasses.  Simulated individual
contribution of Q" species to the total
theoretical spectra are reported in
colored solid lines.



Table 3.1. Theoretical and experimental 2Si NMR parameters in SiO4 units for NAS, CAS,
CASN and CSN glasses. ) 8527 is the center of gravity of the experimental 2Si spectrum and

cqa
exp

is here assumed to be the experimental counterpart of &,

diso*

Qr conngc?ivity Pop % 8is0(PPM) Si(Q")-O-T
speciation MD  Exp. Th. Seg ™ Th.
NAS
Si 1000 1000  -101.1(8.0) 98.7 142.5(6.9)
4BO 97.2 -101.4(7.9)
N _ 89 99.6(6.6)  142.8(6.7)
3B0:1TBO 1.1 92.9 (10)
@  3BO:1NBO 17 101 -898(54)  -909(56)  130.7(5.0)
CAS
Si 1000 1000  -925(7.6) 919 137.1(7.6)
4B0O 716 -93.8 (7.5)
3B0:1TBO 92  936%  -89.2(75)  -922(80) 137.7(127)
@ 2802180 14.9 813
@  3BO:1NBO 0.7 -90.4 (6.7)
4.9% -89.8(39) 1353(132)
2NBO:1TBO:INBO 1.4 -84.2 (9.8)
@  2BO:2NBO 14 15%  -841(71)  -831(10  143.2(136)
CASN
Si 1000 1000  -89.98.3) 912 137.0(6.9)
Q@ 480 420  447%  939(7.2)  -966(64) 137.7(127)
@ 3BO:1NBO 473 44T%  880(64)  -87.1(59) 137.3(135)
@  2BO:2NBO 100  537%  -79.1(64)  -827(17) 1328(11.7)
CSN
Si 1000 1000  -88.7(9.0) -87.1 138.8(6.4)
Q@ 480 86  40%  -1022(68) -1022(59) 1415(13.0)
@ 3BO:1NBO 525  460%  -915(49) 904 (46) 138.6(12.1)
@  2BO:2NBO 352  50.0% -820(39)  -77.3(50) 1385(119)
Q' 1BO:3NBO 31 00%  69.7(47) 128.8(3.2)
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Table 3.1 also reports populations and NMR parameter details of SiO4 units
speciation as a function of BO, NBO and TBO connectivity. It emerges how
TBO connectivity shields tetrahedral silicon, in a way that Si atoms bonded to
TBO are not detectable on a MAS spectra. This predicted structural
arrangement is in agreement with experimental evidences that deny the
validity of Compensated Continuous Random Network for tectosilicate
glasses[4,5]. However, in one of our previous works we recognized that the
adopted MD-protocols overestimates the presence of TBOs.[6] Networks of
CASN and CSN are less polymerized: in the former, the majority of silicon
atoms are present as Q* (42.0%) and Q3 (47.3%) species, and Q2 units
constitute the remaining 10%, while in the latter also Q" species are present
(3.1 %) in addition to Q* (8.6%), Q3 (52.5%) and Q? (35.2%) ones.

The computed NMR parameters (Table 3.1) have been used to fit the
experimental spectra and to quantify Si(Q") species populations in the
samples. For CAS and CASN glasses, MD and fitted Q" populations are in
good agreement, while CSN and NAS populations differ up to 14.8 %, which
might be considered an acceptable value in the case of 2Si MAS spectra.
Theoretical and fitted s, ranges from about -100 ppm to -70 ppm, consistently
with previous experimental observations on glasses and crystals [7-9] and
increases from Q*to Q' with an increment between 3 and 10 ppm.

Another important structural parameter is the average Si-O-T (T = Si or Al)
bond angle of the Q" species, reported in Table 3.1. A decrease of 0.1° to
9.7° in the <Si-O-T> angle is observed in all structural models, whether the n
index of the Q" species increases of 1 unit, i.e.. the number of NBOs
connected to silicon increases. The Q? structural unit of the CAS glass

presents an exception to this rule: the <Si-O-T> angle increases from 135.3°
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for Q3to 143.2° for Q2. In this case, the poor representativeness of the Q2
population (1.4 % of total Si atoms) might be invoked. Also Q3 species in NAS
glass have a very scant population (1.6 %) and are not considered for this
discussion. A general explanation for this behavior is found in the number of
NBOs on a Q" unit; the NBOs species attract in their surrounding modifier
cations (Na*, Ca?*) which induce a compression of the inter-tetrahedral
angles. The compression is proportional to the field strength of the cation
modifier[10]. Summarizing, moving from Q* to Q" both an increase in isotropic
chemical shift values and a decrease in <Si-O-T> angles is observed. This
behavior is coherent with very well-known correlations between <Si-O-Si>

angle and #Si s, found in many silicate and aluminosilicate glasses.[11-14]

3.3. Silicon second coordination sphere: framework disorder

The quantification of Q" species in silicate, phosphosilicate or aluminosilicate
glass samples have often been obtained, as in this work (Table 3.1), by
assuming that each Q" species contributes with a Gaussian distribution to the
total spectra of °Si [8,15,16]. However, this assumption was debated [17] and
a new approach that uses 2D techniques was developed [18-20]. In fact,
because of the deshielding effect of Al on Si that is discussed further below,
a single Gaussian function cannot reproduce the band shape of a Si(Q")
species (see Figure 3.1). The interpretation of 2Si NMR spectrum in terms of
Si(Q%)[mAl] species, where m = 0+4 is the number of Al bonded to Si through
a BO, has already been elaborated in the past after experimental studies on
crystalline aluminosilicate [21], and then extended to geopolymeric [22] and

glassy phases [23-25]. Recently, Hiet et al. [24] succeeded in quantifying the
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network chemical disorder of a CAS-type glass
(25%Ca0-25%Al,0s:50%Si02) with the help of very promising advanced
NMR techniques. The population of the various Si(Q*)[mAl] species they
determined are nevertheless different from those predicted by our structural
model for CAS, as listed in Table 3.2. However, their dis, values are within 6
ppm, which is the standard deviation associated to our theoretical values.
Our MD-GIPAW data offer the opportunity to theoretically investigate network
former intermixing in glasses and to provide a glass-tailored investigation on
NMR parameters, also for Q? structural units. Q2 and Q' species are omitted
from the investigation because of their small populations in the structural
models. Figure 3.2 shows computed contributions of Si(Q7)[mAl] to Q"
species theoretical spectra for NAS, CAS and CASN glasses. As expected,
the most populated sites show signals whose shape is more similar to that of
a Gaussian. A trivial justification for the deviation from the Gaussian-shapes
of the computed contribution with respect to the one reputedly obtained by a
real sample is the small amount of species considered in the calculation. For
example, Si(Q*)[2Al] species in CAS glass counts barely 42 atoms, and the
most populated species among the three aluminosilicate glasses, Si(Q*)[1Al]
in NAS glass, counts 88 atoms.

Focusing on the more populated Si(Q")[mAl] species (at least 5% of total Si
atoms), the NMR parameters listed in Table 3.2, 6, and chemical shift
anisotropy expressed in absolute values, |Acs|, show interesting trends.
They both increases with the number of aluminium cations in the silicon
second coordination sphere. The extent of increase of 8is, varies from + 2.9

to + 6.6 ppm per aluminium, and from +1.3 to + 8.8 ppm in the case of |Acs|.
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Figure 3.2. Computed contribution of Si(Q")[mAl] (with n=3,4; m=0+3) to Q"species theoretical
spectra for all aluminosilicate glasses: NAS (a and d) CAS (b and €) and CASN (c and f); Q2
species are not considered because of non-representative populations.

The results obtained are in agreement with empirical assumptions proposed
in previous experimental works [21,23,25], where 2°Si &, increases almost
constantly of +5 ppm per Al added to Si coordination sphere. Our results also
reveal a certain sensibility of |Acs| to network chemical disorder and give a
further instrument for accurately quantifying network chemical disorder.
Indeed, a deconvolution of NMR spectra using specific constraints, like those
provided in Table 3.2, will help to quantify these species, which actually
represent network disorder.

This has been done for the NAS glass. Actually its experimental spectra was
characterized by a very high S/N ratio, and the relatively high populations of
Si(QM[mAI] species in MD-derived models provide reliable theoretical

constraints.
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Table 3.2. NMR parameters of Si(Q")[mAl] species, where n = 3, 4, surrounded by m (m=0 +
4) aluminium atoms in the second coordination sphere; standard deviations in parenthesis. Si
bonded to TBO (2 sites in NAS, 15 sites in CAS) and fivefold coordinated Si (1 site in CASN)
have been neglected from the analysis.

Q Q¢ Q¢ Q Qo Qo

™ _Popt%® (o) |Acs|(ppm)  Pop%  Sisoppm) |Acs| (ppm)

NAS
0 235  -1058(62)  14.9(8.0) 16 -89.8(54)  86.3(112)
1 481 -1027(66) 36011000 00
2 24 95.3(6.8)  400(104) 0.0
3 22 -84.9(4.5) 35.5(6.2) 0.0
4 00 0.0

CAS
0 21 -99.3(4.6) 18.5(2.1) 21 93146  669(7)
177 996(76)  30.8(104) 78  -024(67)  66.6(16.1)
2 333 93265  250(147) 35  -887(50)  582(15.5)
3 77 -89.1(4.8)  285(11.3) 14 -799(1.3)  31.2(34)
4 08 79.2 224 0.0

CASN
0 53 004(7.0)  194(58) 133  -933(56)  64.2(15.8)
1 153 -95.9(6.9) 27.899) 220  -883(.1)  58.6(153)
2 180 -92,0(5.7) 385098 100  -827(26)  527(14.6)
3 33 84.7(34)  289(128) 20  -769(18)  43.6(234)
4 00 0.0

Table 3.3 reports the relative populations and isotropic chemical shifts
extracted from the fitting of 2Si MAS spectra. To fit Silicon-29 MAS
experimental spectra (Fig.1.a), the theoretical dis, values for Si(Q3)[2Al] and
Si(Q4)[0/1/2/3Al] (Table 3.2) were used as constraints. In this case, the error
is 0.27% and is lower with respect to that (0.37%) obtained by fitting the
spectra considering Q* and Q3 without decomposing the Q" sites in the

different Si(Q")[mAl] species.
47



Table 3.3. Quantification of chemical disorder of NAS network: fitting experimental spectra with
Si(Q7)[mAI] (n = 3,4; m = 0+-3) species constraints.

Species Pop %, expl@ Siso, ExP(@ (ppm)
Si 100.0 103.0(5.9)
Si(Q*)[0AI] 68.8 -105.6(5.9)
SI(Q4)[1A]] 213 -102.8(5.9)
SI(Q4)[2A]] 0.0 -95.4(5.9)
Si(Q*)[3AI] 9.9 -85.8(5.9)
Si(Q3)[0AT] 0.0 -89.7(5.0)

@ Error associated to fitting procedure: 0.27 %.

The obtained isotropic chemical shifts, 3iso, exp, are in excellent agreement
with those computed at the MD-GIPAW level reported in Table 3.2, whereas
the very high percentage (Pop %,exp) of Si(Q*)[0AI] species (68.8%) and the
low amount of Si(Q*)[2Al] and Si(Q*)[3Al] demonstrate that the MD structural
models overestimates the clusterization of Aluminium around silicon. Finally,
the sum of Si(Q*)[mAl] experimental populations give a 100% Q* speciation
and a 0% Q3 speciation of silicon; this quantification is much more reasonable
than the populations (Table 3.2) obtained by fitting the spectra with only the
2 constraints of theoretical 2°Si(Q?) and Si(Q*) iso.

Another interesting point on network cation intermixing is to verify whether
there is a particular Si(Q") unit that exhibits a preference to build Si-O-Al
bridges. To shed light on this, for each Q" species, we counted the number of
Si(Q")-O-Al bridges. The number has been divided for the total number of
Si(Q")-O-T bridges and then normalized with respect to CAS Al/Si ratio, i.e.:
multiplied for the (Al/Si)gess/(Al/Si)cas ratio. The results of the normalized
Si(Q")-O-T bridges are reported in Table 3.4. Here, a preference for Al atoms
to form Si-O-Al bridges with Si(Q*) species is observed.
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Table 3.4. Ratio of Si(Q")-O-Al (n = 2, 3, 4) bridges respect to total Si(Q")-O-T bridges and
normalized Al/Si ratio in CAS glass.

Si(Qn) —-0-Al Al/Siglass NAS CAS CASN
SIQY—0—T Al/Sicss
Si(Q?) —) 0.449
Si(Q?) 0.000 0.486 0.632
Si(Q¢) 0.594 0701 0.683

*) The respective Si(Q") species is not present in the structural model of the considered glass
(NAS) or its population is not significant, i.e.: less than 5% of total Si atoms (CAS).

3.4. Silicon second coordination sphere: non-framework

disorder

Further precious information about the systems under study can be obtained
analyzing the presence of calcium and/or sodium in the second coordination
sphere of Si, and then evaluating their effect on 2°Si NMR parameters. From
the MD-derived models, the Si coordination number with respect to each
modifier, M that is Ca or Na (CN}‘{ ), was calculated within a cut-off of 5 A.
The overall preference for Ca or Na coordination was gathered from the ratio

of CNE* and CNJ®, normalized with respect to the Ca/Na ratio in the

i

models, RG/™*:
Ca/Na _ CN§P _n°Na
Rgi" ™ = onNe weca (Eq.3.1)

Values of the aforementioned quantities are reported in Table 3.5. Here, we
see that calcium and sodium concentration around silicon varies with Q"
speciation: CN&® decreases by ~1.2-1.3 units in CAS and CASN and by ~1.0

in CSN when increasing the number of BO in the (SiOa) unit. Whereas CN&®

decrease of ~0.9 units in CASN glass and of ~1.8 units in NAS glass. On the
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other hand CNX® in CSN glass has an almost constant value of about 3.8 -
4.

Table 3.5. Average coordination number, CN?, of silicon atoms and Q" species, referred to

modifier cations, M, in the second coordination sphere (M = Ca and/or Na), Rgf/ Na

CNgia CNglia Rgiﬂ/Na

Glass CAS CASN CSN NAS CASN CSN CASN CSN
Si total 177 193 190 161 191 392 1.01 097
Si(Q4) 154 1.08 046 158 179  4.07 060 0.23
Si(@3) 2711 228 151 338 197 382 116 0.79
Si(@?) 400 340 256 - 206 3.98 165 1.29
si(Q) M~ 380 - =~ 440 — T3

*IThe respective Si(Q") species is not present in the structural model of the considered glass.

In both CASN and CSN glasses, total silicon exhibits no preference for Ca or

Na, as Rgf/ Na_ 1, while an in-depth examination on Q" species reveals that

Ca cations are mainly allocated in Q" and Q? surroundings, and Na is more
localized around Q3 and Q* units. These outcomes can be explained by
considering that Ca, whose high field strength is higher than that of Na, prefers
“electron-rich” environments, while Na lies close to most polymerized region
of the network.

The effect of the presence of modifier cations (Ca and/or Na) around silicon
atoms on 2Si NMR parameters has been investigated for all glasses. The
second coordination shell of silicon expressed in terms of modifiers defines
the Si[kM] and Si(Q")[kM] species, where k is the total amount of modifier
cations (n°Ca + n°Na) and M is indistinguishably Ca and/or Na. Contrary to
chemical shift anisotropy, Acsa, and asymmetry parameter, mcsa, the

computed isotropic chemical shift, 50, parameter shows interesting trends
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that are reported in Figure 3.3 for total Si and its more populated (> 5.0 %)
Si(Q") species.

In aluminosilicate glasses NAS (Fig. 3.3.a), CAS (Fig. 3.3.b) and CASN (Fig.
3.3.c) itis possible to observe the deshielding effect of calcium and/or sodium
on silicon-29 nuclei for total silicon and Si(Q") species [9]. Nevertheless, the
Q" species in the CSN glass do not follow the trend (Fig. 3.3.d); therefore the
deshielding effect on total silicon is only apparent. It is actually ascribable to
the fact that, although each Q"(kM) unit does not exhibit a dependence on k,
they differently populate Si(Q”) site. The deshielding effect of Ca and Na
modifier is then an “apparent effect’, related to the second coordination shell

intended in terms of aluminium, rather than in terms of modifier cations.

-84

Q- 17% ® . [ Q% 14% ¢
T o LQ%983% . BrQ214%
a a5l Q1957 %
2 .
5 -100
.,;F I ° 90}
ay— ® 92+ -
S 105+
2 : 94 b) CAS
® (2) NAS [ ] ° (b) ® Sitotal
-110 1 1 J 96 1 " ] AP,
0 1 2 3 4 "0 1 2 3 i SHQ‘)
Si(Q")
0 -65 3
2 G . - I G . 515G i
5[ Q1004 Sof Qi31% Q5256 . si@)
- Q%473 % s 9 Q%:352% Q:8.6%
E 80F L Br
g YrQhaow . 0 .
& -85+ ] sl . . ° ‘
o o ¢ ! 90 e o °*
-1 ° sk
wn L ) .
g -0 100 F .
(S} [ ] ~ .
105 F (c) CASN 5L . " (dosN
110 1 1 1 1 1 1 1110 PR 1 1 ]
o 1 2 3 4 5 6 7 2 3 4 5 6 7 8
. nd R . nd —
n° M (Si 2" coordination sphere) n°M (Si 2" coordination sphere)

Figure 3.3. Correlations between the isotropic chemical shift, &iso, and the amount of modifier
cations, n°M = (n°Ca + n°Na), in the silicon second coordination sphere for the glasses studied
(black circles). The correlations obtained by means of the contribution of modifier cations, in
the second coordination sphere of each Si(Q") species are also reported (colored dots). The
population of Q" species in the MD-derived structural models is reported in each panel.
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3.5. Relationships between »Si s, and Si-O-T angles.

Accurate relationships between NMR parameters and structural features are
extremely useful for the interpretation of experimental data, as they make a
reverse approach possible[13,14,26-28]. In this way, structural features of a
glass sample could, in principle, be directly obtained from the experimental
data distribution. With the aim to quantify network topological disorder,
scientists’ attention has been focused on the correlation between 2Si i, and
Si-O-T intertetrahedral angles [13,21,26,29]. Figure 3.4 display the plot of 2°Si
diso VS <Si-O-T>. At first glance, the goodness of linear correlations seems to
vary depending on glass composition. But when Si connectivity to different
oxygen species (BOs, NBOs, TBOs), i.e. Q" species, is taken into account,
then reasonable correlation coefficients can be found. More in detail, slope
and intercept do not depend on chemical composition of the glasses, but on
oxygen connectivity only. It is worth noticing that those glasses containing
calcium, i.e.: CAS, CASN and CSN, show the poorest correlations, as
previously observed experimentally [19] and theoretically [15] on CaO-SiO;,
phases. As stated in paragraph 3.3, Ca?* in mixed Ca-Na glasses, like CASN
and CSN, is not uniformly allocated around the different Si(Q") species, but
its concentration is maximum around Si(Q?) and minimum around Si(Q?). It is
then reasonable to expect that 2°Si(Q") &is, differently correlates with <Si-O-
T> depending on Si(Q").

Coefficients of determination (R?) reported in Figure 3.4 reveal a decrease in
the linear correlations with n: from 0.72, for Si(Q%), to 0.60, for Si(Q3), in CASN
glass (Fig. 3.4.b) and from 0.96, for Si(Q*), to 0.52, for Si(Q?), in CSN glass

(Fig. 3.4.c). Analogous behavior was also observed by Pedone et al. in
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bioglasses [19]. It is also worth noticing that coefficients of determination in
CASN glass are lower than those in CSN glass, suggesting that aluminium,
analogously to calcium, may contribute to weaken the correlation between

5Gj §iso and <Si-O-T> inter-tetrahedral angles.
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Figure 3.4. Plot of 2Si &is0 vs <Si-O-T> reported for different connectivity environments of Si in
NAS, CAS, CASN and CSN. Si(BO)s are green dots, Si(BO)s(NBO): are red dots,
Si(BO)2(NBO):2 are blue dots and Si(BO)3(TBO)1 are black circles. Linear regression fitting lines
are also reported with coherent colors and coefficients of determination of linear regression,
R2, are listed in brackets.

3.6. Final remarks

In paragraph 3.2 we showed the agreement between computed and

experimental 2°Si parameters and MAS spectra, thus demonstrating the
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soundness of our structural models and, in turn, the reliability of the
computational method.

BGj diso values are affected by the nature of Si second coordination sphere
expressed in terms of former cations, but not in terms of the modifier cations
Ca?* and Na*. In general, aluminium atoms in Si second coordination sphere
deshield 2°Si nuclei. This effect was taken into account when fitting NMR
spectra with the aim to quantify network chemical disorder and Si(Q") species.
Indeed, we fitted 2°Si MAS spectra of NAS spectra by using
theoretical diso range values obtained from sufficiently populated Si(Q™)[mAl]
species. We obtained a lower fitting error with respect to the fitting with Si(Q")
constraints. Beyond a lower fitting error, Si(Q") populations intended as the
sum of Si(Q")[mAl] having the same n, presented values more coherent with
network polymerization expected for NAS composition.

Simple and effective correlations between 2Si dis, and inter-tetrahedral angles
can be found for these multicomponent systems only if the connectivity of Si
to different oxygen species (BOs, NBOs, TBOs) is properly taken into account.
Nonetheless, it is recognized that the presence of calcium cations tends to
critically compromise the correlations. This effect is evident for different
compositions with different percentages of CaO, but also for Si(Q") species
surrounded by different numbers of Ca2*.

Then, in order to obtain very accurate correlations between <Si-O-T> angles
and 28Sj di,, it would be appropriate to elaborate multivariate correlations that
include, beyond the inter-tetrahedral angle, structural features concerning the

nature of Si second coordination shell in terms of Ca and Al.
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CHAPTER 4
Z/A] NMR spectroscopy: aluminium environment in

aluminosilicate glasses

2TAI MAS and MQMAS investigations were carried out on three compositions:
CAS (60Si0O2-20A1,05-20Ca0), NAS (78SiO2'11A0511Na20) and CASN
(60SiO2:10Al;03:10Na,0-20Ca0).

Experimental Z7Al spectra of CAS and CASN glasses were taken from the
literature, in a work dated 2007 [1], while NAS glass was synthesized and
characterized on purpose for the Ph. D. research activity by Daniel Caurant
(see Paragraph 1.7) Experimental details about its synthesis are reported in
reference [2], while NMR data acquisition for NAS glass are reported below.
All the topics presented in this chapter were published on two international
journals. [2,3]

4.1. Aluminium-27 NMR spectroscopy: experimental details and

challenges

Aluminium-27 is the only stable isotope of Al element and is also an NMR-
active quadrupolar nucleus, having nuclear spin | = 5/2. Its very high natural
abundance (> 99.9 %) and its relatively low gyromagnetic ratio, y = 11.103
MHz-T-, allow to collect high-quality data (i..: high signal/noise ratio) at easily
achievable experimental conditions. For instance, no isotopic enrichment of

samples is needed and medium intensity applied magnetic field are sufficient.
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In the present work, Al MAS spectra of NAS glass were collected at the
Larmor frequency w;, = y - B = 103.4 MHz on a Bruker Avance Il 500WB
spectrometer operating at a magnetic field, B, of 11.72 T. Sample was spun in
a4 mm (outer diameter) zirconia rotors at a frequency of 12.5 kHz.

The sensitivity of Al NMR parameters to Al chemical and structural
environment has been exploited to shed light on (i) Al-O connectivity, (i) the
extent of network chemical disorder and (ii) the effect of non-framework cations

on ZAI NMR parameters.

4.2. Comparison of experimental and theoretical data

Figure 4.1 reports theoretical and experimental 2’Al MAS NMR spectra of
CAS, NAS and CASN glasses. The peak maximum at about 60 ppm of the

— ZA' dico experimental spectra, typical of
.77~ TAlexp

four-coordinated aluminium
atoms, are very well reproduced
by our DFT calculations. In fact,
all Al atoms present in our
structural models are in Al(Q4)
tetrahedral units, except for CAS
models which contain 5.32 % of
five-fold Al (YAl) and 2.66 % of

Figure 4.1. Comparison between
normalized  experimental  spectra
(collected at a magnetic field of 11.7 T,
N\ dashed lines) and computed (black
DT T solid lines) 27Al MAS NMR spectra of

100 50 0 50 -100 NAS (a), CAS (b) and CASN (¢)
aluminosilicate glasses.

L
150

%" Al chemical shift (ppm)
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— TOTAL
AI[CN=4]

— AI[#BO=4]

— AI[#TBO=1]

Al(Q?) species. The presence of VAl in
a glass is dependent on pressure and
the

preparation during the cooling phase.

temperature  of sample
[4] If VAl atoms are present in the
glass, they can be easily distinguished
from the dominant Al(Q) units in a
MAS spectrum. In fact, YAl 8is, and Cq
provided by our calculations lie at
around 20 ppm and 11.7 MHz,
AI(Q3)

respectively.  Conversely,

100 50 0 -50 -100

species are not well distinguishable
from AI(Q*) units by a Al MAS
spectra. However, Al(Q% can be

easily detect in a 70O MAS spectra,

Chemical shift (ppm)

Figure 4.2, (a) Simulated and (b) experimental
2TAI MAS spectra of the CAS glass. Contribution
of different Al species is presented in (a): green
line represents 4-fold Al; blue line represents Al
connected to 4 BOs; red line represents Al

being NBO(-Al) at least 20 ppm more connected to 1 TBO and 3 BOs.

deshielded than NBO(-Si) and BOs, as recently demonstrated in both
experimental [5] and computational [3] investigations. Some of the aluminium
atoms were found to be bonded up to 2 three-bridging oxigens (TBOs) but, as
it will be better discussed below, their NMR parameters are not so much
affected by this connectivity. This can explain why TBOs are difficult to detect
by Al NMR experiments.

Regarding 2’Al spectra line shapes, experimental and theoretical spectra are
quite similar for NAS (Fig. 4.1.a), fairly similar for CAS (Fig. 4.1.b) and very
similar for CASN glass (Fig. 4.1.c). The theoretical line shape of the NAS glass
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is broader than the experimental counterpart, denoting that the quadrupolar
interactions are slightly overestimated in our DFT calculations.

Part of the overestimation can be ascribed to narrow inter-tetrahedra Al-O-T
angles (where T= Al, Si) [6,7] due to the presence of small rings (three-
membered). The observed spectra dissimilarity found in CAS glass (Fig. 4.1.b)
is due to a shoulder at lower chemical shifts. This was found to be the
spectroscopic fingerprint of aluminium atoms directly bonded to TBOs, which
distort AlO4 units, as evidenced in Figure 4.2. Actually, Figure 4.3 shows that
narrower Al-O-T angles, usually associated to Al-TBO bonds, determine lower
ZTAl chemical shift (MD-GIPAW data). In support of our considerations, Al(Q*)
bonded to TBO were found to be more shielded than Al(Q*)-BO by luga et
al.[8], who characterized a CAS-type glass with heteronuclear multiple
quantum correlation (HMQC) experiments. We conclude that the presence of

aluminium atoms connected to TBOs seems to be overestimated in CAS

model.
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Figure 4.3. Simulated Z’Al isotropic chemical shift as a function of the mean <Al-O-T> angle.
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Table 4.1. Theoretical and experimental values of Al NMR parameters of 4-fold Al in NAS,
CAS and CASN glasses (NBO: non-bridging oxygen; BO: bridging oxygen; TBO: tri-cluster
oxygen). @ &7 are given for Z7Al. () CAS glasses contain AlOs (4NBO:2TBO diss=14.7 ppm,
Ca=6.5 MHz, na =0.5) and AlOs (2BO:3TBO disc=22.5 ppm, Cq=14.8 MHz na =0.4 and
4BO:1TBO (pop=2) dis0=43.2 (1.4) ppm, Ca=12.0 (2.7) MHz, na =0.7 (0.2) ) units. © Standard
deviation not available: 1 site only in MD-GIPAW.

8iso (PPM) Co (MHz) n
Al (Q¥) units PMDO/ o ¢
op-7o Th. Exp. Th.  Exp. Th.  Exp
NAS
58.8 6.4 0.6
4BO 86.2 (6.2) 60.1 (2.2) 5.0 (0.3) 0.6
. 61.4 (4.8) 10.1 (1.6) 0.7 (0.3
3B0O:1TBO 13.8 53 53] 02
CAS®)
62.4 8.6 0.6
480 52.2 (6.6) (2.8) (0.2)
. 63.5 9.4 0.6
3B0O:1TBO 35.6 75 25) 02
. 59.5 62.8 13.1 8.1 0.6 0.6
2B0:2TBO 56 (10.4) (7.0) (2.8) (2.6) (0.2) (0.3)
2B0:1TBO:1NBO 1.1 68.2() 23.70) 0.10)
3BO:1NBO 1.1 65.90) 7.00) 0.8t
CASN
69.3 62.3 6.8 6.5 0.6 0.6
480 100.0 (5.9) (5.4) (1.8) (1.8) (0.2) (0.3)

The comparison of theoretical and experimental values of the NMR
parameters (na, diso and Cq) is reported in Table 4.1. The experimental values
have been obtained by fitting the 27Al 3QMAS spectra, displayed in Figure 4.4,
as described in reference [1]. To present the 27Al NMR parameters, the AlOs
units have also been classified with respect to the speciation of the four
coordinating oxygen atoms (NBO, BO, TBO), in order to investigate the effects
of the TBO-connectivity on the 27Al NMR parameters, reported in Table 4.1.
The theoretical 0i, are in good agreement with the experimental value,
especially for the Al(BO)s units, which are only slightly affected by the
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increasing number of bonded TBOs. This is not the case for Cq: a significant

increase is found when TBOs coordinate Al. The similarity of s, will make it

IQMAS IC,8,.
-50— . = 70
(a) (b) ¥
| v e
sl |NAS| 65
_ » = 1
g ; ; « 60
o ) - ‘é
2 gty Y Jss &
3. e g
= . NG o
= . - -
2 Y9 sn'_<
?- ¢ v i R
E 45
25} -- ﬁucd‘fmm experiment 40
— Experiment * AHQ[3Si.1Al]
-~ Fitting Simulation VAlQ H[4SH) 1
Sl -} | S— 1 A i TS
20 150
80
=1 70
8 -
B
5 - 60 g
g v L
S s
£ w"
b=l -
2 <50 <
& =
2
§ -~ fitted from c\p:‘r’imc:nl *
- | B AKQ)IISIIA 40
| © AKQ 255,241 v
Experiment 385 IAT)
-~ Fitting Simulation v AKQ H4Si)
200 —d A ! P I N 30
% 60 40 20 0 0 5 10 15 -
80
o475
E 70
G
&
g -165
Z
£ 1%
s
2 -J
2 -155
2 z
_-2 -- fitred from (‘\[\‘erl\l - 350
- O AlQ H1Si3AI
. O ANQ M25:.2A1] a5
~ Experiment * ALQ H3SILIAL :
| -~ Fitting Simulation v ANQ N4Si]
1 A T () X
25 ™ e S0 40 30 0 5 10 40
MAS dimension (ppm) a :
pp Al CQ(MHz)

62

difficult to observe Al
sites connected to
TBOs, where peaks
in the
dominant Al(BO)4 line,

which is broadened by

are hidden

the CaO content. In
summary, our
calculations  suggest
that TBOs are rather

difficult to detect by

Al NMR
spectroscopy.
Figure  4.4. 3QMAS

experimental spectra of NAS
(@), CAS (c) and CASN (e)
glasses (solid lines) and
simulated spectra via fitting
procedure (dashed lines);
M(CQ,diso) distribution of
NAS (b), CAS (d) and CASN
(f) glasses: fitted from
experiment (dashed lines)
and theoretical counterparts
derived from DFT
calculations on MD derived
models (symbols). Different
symbols represent different
Al(Q¥) sites, and refer to the
speciation of Al(Q%) in
AI(QY)[/Si,4 - jAI] species.



4.3. Aluminium second coordination sphere: framework

disorder

Figure 4.4 shows Z7Al experimental 3QMAS spectra for all glasses, together
with the comparison between computed NMR parameter distribution,
I1(Cq,dis0), Which are represented by symbols, and the experimentally
determined distribution, represented by lines: NAS (Fig 4.4.b), CAS (Fig 4.4.d)
and CASN (Fig 4.4.f). The figure shows that the agreement of Cq distribution
is satisfactory for both CAS and CASN glasses, whereas large discrepancy is
observed for NAS glass. This is expected because of the overestimated
presence of TBOs that are characterized by lower values of &i. The
overestimation of 27Al Cq in the case of NAS glass will be satisfactorily
discussed later. Different symbols shown in Figure 4.4 represent the
speciation of Al(Q*) surrounded by j Si and (4-j) Al atoms. These are named
Al(QY)[jSi,(4-)Al]. The relative distribution of the different Al(Q*)[jSi,(4-j)Al]
species on the TI(Cq,dis0) plot is not uniform neither on the Cq, nor on &is
dimension; to the contrary, they tend to occupy different, even though quite
overlapped regions, thus revealing a certain sensitivity of Al NMR parameters
to network chemical disorder. It is interesting to note that in NAS glass, the
most of the overestimation of mean Cq value is due to Al(Q*)[3Si,1Al] species.
This suggests that our structural model overestimates the presence of Al-O-Al
bridges, which in fact are characterized by narrower averaged intertetrahedral
angles. This, together with the vicinity of charge compensating Na, contributes
to increase the average 2’Al Cq value. The presence of these Al-O-Al linkages
explains the observed discrepancy between the simulated and experimental
27AI MAS NMR spectra (Figure 4.1.a).
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The theoretical mean values of Cq and 6iso NMR parameters for Al(Q*)[jSi,(4-
JA] species are reported in Table 4.2. In all investigated glasses 27Al &iso
decreases by about 5 ppm for each (SiO4p) tetrahedra linked to (AlQ4p) . It
ranges from 61.6 ppm, for Al(Q*)[3Si,1Al], to 57.7 ppm, for Al(Q*)[4Si], in the
NAS model, from 70.4 ppm, for Al(Q*)[2Si,2Al], to 58.7 ppm, for Al(Q*)[4Si], in
the CAS model, and from 72.0 ppm, for Al(Q*)[1Si,3Al], to 62.9 ppm,
Al(Q*)[4Si], in CASN model. This trends nicely agrees with recent
measurements and GIPAW computations in crystalline gehlenite, Ca;AlSiO;
[9]. In contrast, 27Al Cq decreases with the number of Si atoms in Al second

coordination sphere.

Table 4.2. Isotropic chemical shift. 8io. and quadrupolar coupling constant. Ca. for Al(Q?)
species surrounded by j silicon atoms and 4-j aluminium atoms in the second coordination
sphere. Al(Q4)[jSi.(4-)Al]. MD-derived model and random percentage populations are also
reported. @ Population sum is not 100% because Al connected to TBO have been neglected
from the analysis and only Al(Q*) corresponding to AIBO4 have been considered.

J  Pop% MD Siso (ppm) Ca (MHz) 1a (MHz) Pop% Random
NAS®@
0 0.0 0.2
1 0.0 3.3
2 0.0 17.7
3 235 61.7(4.5) 7.5(2.5) 0.7 53.5
4 62.7 57.8(6.5) 6.0(1.9) 0.6 37.0
CAS@
0 0.0 26
1 0.0 15.3
2 7.8 70.5(5.3) 9.7(3.4) 0.7 345
3 23.3 63.5(5.0) 8.7(2.7) 0.7 34.5
4 21.1 58.8(5.7) 7.8(2.8) 0.6 13.0
CASN
0 0.0 0.4
1 3.9 72.0(4.6) 10.3(2.3) 0.7 4.7
2 11.8 70.6(2.0) 6.1(2.0) 0.6 211
3 27.4 67.2(4.7) 7.2(1.6) 0.7 422
4 56.9 62.9(5.7) 6.6(1.6) 0.6 31.6

64



Even though the values of NMR parameters provided in Table 4.2 clearly show
that different Al(Q*)[Si,4-jAl] species exhibit particular spectral fingerprints,
and give a clear picture of the presence or absence of trends depending on
structural features, they cannot be taken into account as constraints in fitting
procedures of experimental spectra. In fact, the population of aluminium atoms
in our merged models (90 in CAS, 51 in CASN, 51 in NAS) cannot be
considered as statistically representative of aluminium population in real glass
samples.

Table 4.2 also reports random population of Al(Q*)[jSi,4-jAl] species. These
coincide with the population of Al(Q*)[jSi4-jAl] obtained by randomly
distributing network former cations around aluminium tetrahedra. The
procedure for calculating random populations is provided in Appendix A. In all
MD-derived models, the presence of species associated to Al clustering (and
the formation of Al-O-Al bridges), like Al(Q*)[4Al], Al(Q*)[1Si,3Al] and
Al(Q%)[2Si,2Al], is generally underestimated with respect to a randomly
calculated population. MD-derived populations of (AlQOup) - tetrahedra linked to
3 or 4 (SiOsp) units are lower than random populations in CAS and NAS
models, and higher than populations in CASN model. It is then possible to
deduce that, for aluminosilicate glasses, Al clustering is lower than that
expected for a random network chemical disorder. Nonetheless, species
associated to Al-O-Al bridges were found in amorphous aluminosilicate, as
demonstrated in several previous experimental work [10-15]. Moreover, the
presence of Ca with respect to Na, which has lower field strength, favors the

presence of Al-O-Al bonds.
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4.4. Aluminium second coordination sphere: non-framework

disorder

The investigation of the second coordination sphere of Al can be also
developed in terms of neighboring modifier cations, with the aim to shed light
on the role of Ca and Na when they are both present, like in CASN glass. This
aspect can be quantified by the MD-derived ratio between the Al(Q*)-Ca
coordination number (CN %) and the Al(Q4)-Na coordination number (CNY9),
normalized with respect to the ratio of number of Ca (Nq) and Na (Ny,) in
the model [16,17]:

Ca/N cNSE N
Ra ™ = ot (eq. 4.1)
CNy;” Nca

If jo‘/ Na jg greater than 1, this indicates that Ca is preferably located around
Al(Q*) with respect to Na; if it is smaller than 1, the preferential charge
compensator is then Na. The obtained value of 0.74 demonstrates that Na
tends to occupy Al surroundings in Ca-Na aluminosilicate glasses, thus it

preferably behaves as the charge compensator of tetrahedral (AlO4y) - .
4.5. Relationships between 7Al d;s, and inter-tetrahedral angles

In Chapter 3 we discussed about the importance of having accurate
relationships between NMR parameters and structural features, as they make
a reverse approach possible. In 1986 Lippmaa et al. [6] found that the average
Al-O-Si angle (<AI-O-Si>) in crystalline samples linearly correlates with 27Al 6iso

accordingly to this equation:

Z7Al 850 = —0.50 < Al— 0 —Si > +132 ppm (Eq.4.2)
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In 2000, Angeli et al.[7] adopted this correlation to estimate the distribution
<Al-O-Si> angles in a glass, starting from an experimental set of ZAl
Oiso Obtained by fitting a 27Al MQMAS spectra.

In this work we employed sets of computed #’Al i, and <Al-O-Si> to check
the validity of the linear correlation proposed by Lippmaa et al. [6] in the case
of the amorphous phases under study. Figure 4.5 displays the plot for NAS
(Fig. 4.5.a), CAS (Fig. 4.5.b) and CASN (Fig. 4.5.c).

Analogously to what observed for silicon (Paragraph 3.5), the distribution
of 27Al diso values does not correlate very well with the <Al-O-T> angle, and
the goodness-of-fit of the linear correlations seems to vary as a function of
glass composition: better for CASN glass, worse for CAS and NAS.
Nonetheless, when Al connectivity to different oxygen species (BOs, NBOs,
TBOs) is taken into account, then linear correlations are more evident and

slope and intercept values are rather independent on chemical composition.
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Figure 4.5. Plot of Al &iso vs <AI-O-T> reported for different connectivity environments of Al in
NAS, CAS and CASN. AI(BO)s are red circles, Al(BO)s(TBO): are green squares and
Al(BO)2(TBO): are blue triangles. Linear regression fitting lines are also reported with coherent
colors.
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However, it seems evident from Al(BO4) sites that the correlation is weaker for
CAS and better for CASN and NAS. As explained in Paragraph 4.4, in CAS
glass the charge compensator role is played by Ca. This fact brings us to state
that the presence of Ca around #Al nuclei tends to weaken the (Jiso;T-O-T)
correlation, in analogy to what we observed for Si, as discussed in Paragraph
3.5.

By comparing computed and experimental data, we realized that glass
samples contain only negligible amounts of AI-TBO and Al-NBO bonds: the
vast majority of Al atoms are four-folded Al(Q*) sites, thus characterized by an
Al(BO)s-type connectivity. We then assume that 2’Al &is, values extracted from
an experimental spectra are generated by one kind of Al site, and that, for the
compositions under study, the correlation with Al-O-T angles is as good as the
one showed by the CASN model (Fig. 4.5.¢). The inversion procedure of a Z7Al
MAS spectra with a simple linear function like the one introduced by Lippmaa
et al. [6] is then a reliable path to get to the estimation of Al-O-T angles in the

glass samples.

4.6. Final remarks

The soundness of the models was proved by investigating the agreement
between theoretical and experimental Al MAS spectra and I1(Cq,0is),
distributions. The observed discrepancies were mainly ascribed to the
overestimation of TBOs and Al-O-Al bridges, in CAS and NAS models
respectively. Although the excessive presence of these structural feature, the

interpretation ability of the MD-GIPAW data was not undermined.
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Indeed, we found that, for aluminosilicate glasses, Al clustering in the network
is lower than that expected for a random network chemical disorder. We also
found that 27Al &is; decreases by about 5 ppm for each (SiO4p) tetrahedra
linked to (AlO4p) -, and that Al Cq tends to decrease with the number of Si
atoms in Al second coordination sphere.

The investigation of non-framework cation arrangement around Al leads to the
conclusion that, when Ca and Na are both present, Na tends to occupy Al
surroundings in Ca-Na aluminosilicate glasses, thus it preferably behaves as
the charge compensator of tetrahedral (AlO4) .

Finally, we studied the correlation between 27Al &5, and Al-O-T angles, finding
that Al-O connectivity affects it. However, simple univariate linear correlations
can be employed to “inverse” a Z7Al spectra of aluminosilicate glasses with the
presented compositions because, in general, only one kind of Al-O

connectivity, the Al(BO)s, is expected.
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CHAPTER 5
70 NMR spectroscopy: oxygen environment in silicate

and aluminosilicate glasses

170 MAS and MQMAS spectra are probably the most powerful instruments for
the characterization of a glass overall structure. In fact, O is the linking atom
of the network, and coordinates also non-framework cations. Hence, the
information provided by NMR response of 7O nuclei could acknowledge for
structural and chemical arrangements of both network and extra-framework
domains.

In this chapter, we interpret MD-derived models to get to an unambiguous view
of the local structure around oxygen atoms in all the 6 compositions introduced
in Paragraph 1.6. Three silicate glasses: a calcium (CS: 40Ca0-60Si0,), a
sodium (NS: 40Na;0-60SiO,), and a calcium-sodium silicate glass (CSN:
20Ca0-20Na20-60Si0-); and three aluminosilicate glasses: calcium (CAS:
20Ca0-20Al,03-60Si0;), sodium (NAS: 11Na;O-11Al,03:78Si0;) and
calcium-sodium aluminosilicate glass (CNAS:
20Ca0-10Naz0-10Al03-60Si02).

Experimental spectra, where available, are used to validate the models.
Theoretical 7O MAS and 3QMAS spectra are simulated for specific O sites, in
order to highlight spectroscopic fingerprints that are characteristic of particular
structural features (Al-O-Al bridges, Si-O-Na coordinations, etc...).

The collection of experimental spectra was not performed by us, but 70 MAS
spectra of glasses having compositions similar to the glasses under study were
taken from the literature:

- 7O MAS spectra of 75Si02-25Na,0 [1] as experimental reference for NS;
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- 7O MAS spectra of 61.5Si0,-38.5Ca0 [2] as experimental reference for
CS;

- 70 MAS spectra of 12.5Na;0-12.5A1,05-75Si0; [3] as experimental
reference for NAS;

- 70 MAS spectra of 25Ca0-25A1,03-50Si0; [4] as experimental reference
for CAS.

The reader is invited to refer to the listed references for experimental details.

The dissertation presented here after was published on the Journal of Physical

Chemistry C [5].

5.1. Cation Distribution around Oxygen Atoms in Na-Ca Silicate

Glasses

Figure 5.1 reports the 7O MAS and 3QMAS spectra simulated at 14.1 T of
the silicate glasses, CS, NS and CSN, together with the available experimental
counterparts. The excellent agreement between the theoretical 70O MAS NMR
and experimental spectra validates the structural models obtained by MD
simulations, allowing the inference of relationships between structural data and
NMR response.

The theoretical 7O MAS and 3QMAS spectra for the different oxygen
speciation present in the MD simulations show that the oxygen atoms at the
Si-O-Na sites are more shielded (peak about 25 ppm, Figure 5.1.a) than the
ones at the Si-O—Ca site (peak maximum about 100 ppm, Figure 5.1.c). Thus,
the signals of the Si—-O-Na and Si-O-Si sites are overlapped in a MAS
spectra, while the signals of the Si-O-Ca and Si-O-Si ones lie in different
zones. Differently, Si-O-Ca, Si-O-Si and Si-O-Na peaks in NS and CS glasses
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T T Figure 5.1.
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are well resolved in the theoretical 3QMAS spectra and their detection is
straightforward.

Both the MAS and 3QMAS spectra show that the spread of the chemical shift
distribution of NBO in the NS glass is smaller than that of the NBO in the CS
glass, indicating that Ca is found around oxygen in a more disordered
arrangement with respect to the Na atoms. Moreover, a wide distribution of
chemical shifts of NBOs belonging to the Si-O-Na and Si-O-Ca sites is
observed in the CSN glass, since the peak positions of the mixed Si-O-
(Na,Ca) sites move toward higher chemical shifts as the Ca content around
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oxygen increases. For the CSN glass, the simulated 7O 3QMAS spectrum
reported in Figure 5.1.f shows that the Si-O—(Na,Ca) signals completely
overlap with the Si-O-Ca and Si-O-Na ones; therefore, a direct fitting of the
experimental spectrum without the help of constraints derived from NMR
calculations is more difficult. [6]

The computed mean NMR parameters (diso, Ca, Na) and the population of the
NBO and BO sites presentin the CSN MD-generated glass model are reported
in Tables 5.1 and 5.2 respectively. Analogous data for CASN glass can be
found in ref. [5]. The MD oxygen site populations are compared to those
calculated for a random distribution of Na and Ca around oxygen atoms.
Formulae to calculate random distributions are reported in Appendix B.

As already highlighted, the isotropic chemical shift of NBO atoms decreases
with the number of Na cations around the oxygens, whereas it increases with
the amount of Ca cations. Table 5.1 also shows that, on average, the structural
models investigated contain a majority of NBO coordinated to Ca and Na in a
mixed state.

The total amount of Si-NBO(Na,Ca) sites is 37.9%, while the NBOs
coordinated to only Na or Ca species amount to 7.2 and 4.6%, respectively, of
the total oxygen atoms. The amount of Si-NBO(Ca,Na) sites is higher than
that predicted by employing a random distribution of cations around NBO
(30.7%), whereas the amount of Si-NBO(Na) sites is lower than that predicted
by a random distribution (15.5%), and the amount of Si-NBO(Ca) sites is
higher than that predicted by a random distribution (2.4%).

Therefore, these results clearly indicate that there is extensive mixing of Ca

and Na around NBO in soda-lime silicate glasses.
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Table 5.1. Computed NMR parameters and population of the NBO speciation in the CSN
glass obtained from MD simulations and random distribution of Na and Ca cations around
oxygen. Standard deviations are given in parentheses.

NBO species S [ppm]  Ca [MHZ] MDsite  godom
'so LPP a N population bopulation
Si-NBO(Na) 41485  257(0.27) 0380418 72 155
Si-NBO(1Na) : : 0.1
Si-NBO(2Na) 541(7.0)  278(013) 0250.15) 09 40
Si-NBO(3Na) 477074)  257(023) 0430417) 42 98
Si-NBO(4Na) 43709)  267(031) 031020 21 16
Si-NBO(Ca) 107.6(160)  273(028) 0.39(021) 46 24
Si-NBO(1Ca) 80.7 262 0.35 02 04
Si-NBO(2Ca) 1054(185)  275031) 043024 28 10
Si-NBO(3Ca) 13987)  269027) 035019 16 13
Si-NBO(CaNa)  838(167)  274(0.31) 032047) 379 307
SINBO(1Ca,Na)  85.0(143)  270024) 033(0.20) 51 338
SINBO(1Ca2Na)  75.6(10.3)  271(029) 031(0.44) 157 134
SINBO(1Ca3Na)  70.1(15.3)  266(031) 044(0.19) 46 32
SINBO(1Cad4Na)  833(86)  237(072) 036(0.07) 02 0.0
SINBO(2Ca1Na)  1005(123)  2.85(033) 0.28(0.16) 1.4 72
SINBO(2Ca2Na) 834(89) 265029 033(018) 1.0 23
SINBO(3Ca,Na)  114.2(180)  291(002) 0.26(0.20) 02 038

The strong tendency for the formation of dissimilar cation pairs observed for

the CSN glass is probably due to the very similar ionic radii of Ca and Na. In

fact, previous studies on Ba-Mg [7] and K-Li [8] silicate glasses have shown

that larger differences in ionic radii increase the site mismatch energy, thus

contributing to the marked ordering around NBO. However, the achievement

of a homogeneous distribution of charges in the glass can also play an
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important role in the formation of dissimilar pairs. The non-random distribution
of Ca and Na ions in silicate glasses affects the dynamics of Na* and the
related transport properties. [9,10] Conversely, a detailed characterization of
the environment of the BO sites, in MD three-dimensional structural models
within a cutoff of 3.2 A, whose different populations are reported in Table 5.2,
shows that the population of BOs surrounded by sodium (Si-BO-Si[Na]) is
35.7%, whereas those of the Si—-BO-Si[Ca,Na] and Si-BO-Si[Ca] sites are 4.4
and 5.2%, respectively. Therefore, BOs prefer to be surrounded by sodium

ions rather than by calcium.

Table 5.2. Computed NMR parameters and population of the BO speciation in CSN glass
obtained from MD simulations and random distribution of Na and Ca cations around oxygen.
Standard deviations are given in parentheses. Formulae to calculate random population in
Appendix B.

BOspecies o [pm] Ca [MHZ] MD site Ragi(t‘:m

iso (PP a N population population
Si-BO-SiNa)  63.7(7.7) 5.05(0,45) 0.37(0.18) 3.7 259
SiBO-Si(INa)  626(7.5) 5.09(0.45) 0.37(0.18) 204 17.4
SiBOSi(2Na)  646(7.3) 5.03(0.43) 0.37(0.18) 14.1 78
SHBO-Si(3Na)  69.0(10.3) 4.74(0.60) 0.38(0.22) 12 06
Si-BO-Si(Ca)  72.8(10.1) 5.02(0.49) 0.46(0.22) 56 10.6
SHBO-SI(1Ca)  72.8(10.1) 5.02(0.49) 046(0.22) 5.6 86
Si-BO-Si(2Ca) : : : i 19
Si-BO-Si(CaNa) 72.2(84) 4.65(0.42) 0.50(0.19) 44 9.1
SHBO-Si(1CaINa) 72.4(9.5) 4.70(0.45) 0.50(0.19) 3.2 76
SHBO-Si(1Ca2Na) 725(44) 4.39(0.29) 0.51(0.30) 0.7 09
SiBO-SI(1Ca3Na) 658 493 041 0.2 0.1
SiBO-Si(2CaiNa) 748 436 049 0.2 05
Si-BO-Si  50.8(10.7) 5.27(0.49) 0.27(0.15) 46 46
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The results reported in Table 5.2 also highlights that, as a consequence of the
interaction between the network-modifying cations and the bridging oxygen
network, the isotropic chemical shift of BOs increases with the number of Na
or Ca ions within the first coordination sphere of the oxygens. The most
common environments around NBO and BO, that is Si-NBO(1Ca,2Na) 15.7%,
Si-NBO(2Ca,1Na) 11.1%, Si-BO-Si[1Na] 20.4%, and Si-BO-Si[2Na] 14.1%

sites, are shown in Figure 5.2.

(a)15.7% ' )
Ly | | “‘
_J i

---------

©204% 7/>\/ R

< \ r'd 4

Figure 5.2. The most common oxygen environments in the CSN glass: (a) Si-NBO(1Ca,2Na),
(b) Si-NBO(2Ca,1Na), (c) Si-BO(1Na)-Si and (d) Si-BO(2Na)-Si sites. Oxygens, sodium and
calcium atoms are represented as red, violet and green spheres. Silicon atoms are represented
as yellow sticks.
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5.2. Cation Distribution around Oxygen Atoms in Na-Ca

Aluminosilicate Glasses

Figure 5.3 reports the theoretical 7O MAS NMR spectra of the three
aluminosilicate glasses studied, together with the contributions of the different
oxygen speciation found in the MD-derived structural models. The overall
shape of the spectra well reproduces the experimental ones available in the
literature and reported for validation purposes.

Both the CAS and NAS glasses have a

(NS Al% tectosilicate composition, in which the

~ "o [CaO}/[Al,0s] and [Na,OJ/[Al,0s] ratios
B /\ are equal to 1. Therefore, in

accordance with the compensated

continuous random network model of
aluminosilicate glasses, these systems

should reach maximum

polymerization, and no NBO and three
bridging oxygen (TBO) species should
be detected. However, MD simulations

show an incomplete polymerization of

both glasses and the presence of

150 lOO 50 0 -50 -100 - 150
"0 chemical shift / ppm NBOs in the system. At the same time,

Figure 5.3. Theoretical 70 MAS NMR to preserve the total number of Al-O
tra at 14.1T for NAS, CAS and CNAS .
spectra or XA, an and Si-0 bonds, the presence of NBO

glasses. The spectra of the different O sites
iahli i i 17, . . .
are highlighted in color. The experimental 7O is compensated by TBO species, in

MAS spectra taken from literature are also
reported forthe NAS [3] and CAS [4] glasses.  agreement  with  previous  high
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resolution 3QMAS NMR [4] and viscosity measurements [11] carried out on
similar compositions. A detailed analysis of the relative amount of such
tricluster sites shows that CAS and NAS glasses contain 4.9 and 1.7% TBO,
respectively. Thus, higher field strength cations promote the formation of NBO
and TBO because of the competition for low-coordinate environments with
respect to lower field strength cations. In fact, Ca prefers to be coordinated by
NBO than by BO in its first coordination shell [12]. Interestingly, in agreement
with experimental evidence [13,14], all the NBOs are associated with Si atoms
rather than Al ones. This is observed also for the CNAS glass, whose
composition allows NBOs to be present in the structure. However, in this case
no TBOs have been found in the MD-derived structural models. The
characterization of the TBOs in terms of 7O NMR parameters will be discussed
in Paragraph 5.3.

Figure 5.3.c shows that the large peak between 110 and 60 ppm in the 7O
MAS spectra of the CNAS glass stems from different types of NBOs (Si-NBO-
Ca and Si-NBO-(Ca,Na)).

Regarding the BO sites, Figure 5.3 also shows that there is a significant
overlap among the Si-O-Si, Si-O-Al, and Al-O-Al peaks in the 70O MAS
spectra, a fact that makes it difficult to quantify the fractions of oxygen sites
and explore the effect of composition on the topological disorder in the Si-O-
Al sites from experiments alone.

The 70 3QMAS spectra, reported in Figure 5.4, show better resolved multiple
oxygen sites. In particular, the 70O 3QMAS spectra of the NAS and CNAS
glasses show that the contributions provided by the Si-O-Si, Si-O-Al and Al-
O-Al sites are well separated, while the Si-O-Al spectrum is overlapped with
those of Si-O-Si and Al-O-Al for the CAS glass. The ordering of framework
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Siand Al cations in aluminosilicate glasses can be deduced by comparing the
number of T-O-T bridges (T = Al/Si) obtained by MD simulations and the site

populations provided by a random distribution of Al and Si around BOs (see

CNAS

Figure 5.4.

Theoretical 170
3QMAS NMR
spectra at
14.1T for CAS,
CNAS and
NAS glasses.
The spectra of
the different O

sites are
highlighted in
color.

Table 5.3), recalling that when the ratio is equal to 1 the network framework

cations are randomly distributed. Formulae adopted to calculate random

populations are reported in Appendix C.

Table 5.3. BO site populations of the CAS, CNAS and NAS glasses derived from MD simulations
and a random distribution of Al and Si connected to the central oxygen. In the latter calculation,
it has been assumed that Al and Si cations are 4-coordinated and that the total amount of BO is
that given by the glass compositions.

Sites CAS CNAS NAS
MD Random MD Random MD Random
Si-O-Si 0.28 0.36 0.36 0.44 0.57 0.61
Si-0-Al 0.54 0.48 0.38 0.29 0.38 0.34
Al-O-Al 0.06 0.16 0.04 0.05 0.01 0.05
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In glasses where the number of Si-O-All sites is lower and the number of Si-
O-Si sites is higher than that obtained for a random distribution, the tendency
toward clustering among framework units is more pronounced and phase
separation can occur. However, this is not the case for the glasses studied
here because the amount of Si-O-Al sites is always higher than the random
one, thus denoting an extensive mixing of these framework units which has
important implications for the macroscopic properties of magmas.

However, this is not the case for the glasses studied here because the amount
of Si-O-Al sites is always higher than the random one, thus denoting an
extensive mixing of these framework units which has important implications for
the macroscopic properties of magmas.

The results of this study also show that the ratio between Al-O-Al sites derived
by means of the MD simulations and a random distribution is higher for CAS
(0.38) than NAS (0.20) glasses, denoting that higher field cations (Ca vs Na)
tend to promote disorder.

In the 7O 3QMAS spectra of the CNAS glass reported in Figure 5.4, the
contributions of the BO[Na], BO[Ca,Na], and BO[Ca] sites are highlighted.
These are located in slightly different regions of the whole spectrum because
of the increase of the isotropic chemical shift with the number of Ca atoms in
the first coordination sphere of O.

The NMR parameters of the NBO and BO sites found in the CNAS glass and
the relative populations of the different sites are reported in Tables 5.4 and
5.5, respectively. The corresponding data values for CAS and NAS glasses

are reported in the Supporting Information of ref. [5].
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Table 5.4. NBO Site populations obtained from MD simulations and computed NMR parameters
of the CNAS glass. Standard deviations are given in parentheses.

NBO species Site Pop. diso [ppm] Ca [MHz] Na

Si-NBO [all] 22.2 97.5(18.7) 2.74(0.30)  0.35(0.19)
Si-NBO(Na) 0.4 65.7(15.1) 2.25(0.22)  0.41(0.19)
Si-NBO(2Na) 0.2 76.3 2.09 0.28

Si-NBO(3Na) 0.2 55.0 2.41 0.55

Si-NBO(Ca) 8.1 110.8(16.7) 2.77(0.28)  0.34(0.16)
Si-NBO(1Ca) 0.4 100.6(12.0) 2.68(0.18)  0.46(0.23)
Si-NBO(2Ca) 5.7 111.3(17.9) 2.78(0.26)  0.35(0.17)
Si-NBO(3Ca) 2.0 111.9(14.3) 2.75(0.38)  0.30(0.14)
Si-NBO(Ca,Na) 13.7 90.6(14.7) 2.75(0.31)  0.36(0.20)
Si-NBO(1Ca,1Na) 5.7 86.6(12.0) 2.78(0.28)  0.32(0.18)
Si-NBO(1Ca,2Na) 29 81.6(10.7) 2.71(0.38)  0.33(0.14)
Si-NBO(2Ca, 1Na) 5.1 100.3(14.5) 2.73(0.30)  0.41(0.24)

The analysis of the data listed in Tables 5.4 and 5.5 also reveals that for both
NBO and BO species the isotropic chemical shift decreases with the number
of Na cations and increases with the number of Ca ones. The quadrupolar
coupling constant Cq is about 2.8 MHz for NBOs, 5 MHz for Si-BO-Si sites,
3.6 MHz for Si-BO-Al sites, and 2.1 MHz for AI-BO-All sites. In the case of
BOs, the Cq value of BO sites surrounded by only Na cations is higher than
the one of BOs surrounded by only Ca cations, which in turn is higher than that

of BOs coordinated in a mixed Na—Ca state.

82



Table 5.5. BO Site populations obtained from MD simulations and computed NMR parameters
of the CNAS glass. Standard deviations are given in parentheses.

BO species Site Pop. iso [ppm] Ca [MHz] Na
Si-BO-Si [all] 36.3 65.1(12.3)  5.00(0.56) 0.43(0.23)
Si-BO-Si(Na) 16.0 63.2(10.8) 5.01(0.53) 0.42(0.21)
Si-BO-Si(1Na) 13.6 63.3(10.3) 5.02(0.57) 0.44(0.21)
Si-BO-Si(2Na) 24 62.8(14.0) 5.01(0.26) 0.33(0.18)
Si-BO-Si(Ca) 8.4 74.9(11.9) 4.66(0.43) 0.60(0.22)
Si-BO-Si(1Ca) 8.2 74.6(12.0) 4.68(0.42) 0.59(0.22)
Si-BO-Si(2Ca) 0.2 84.4 3.94 0.62
Si-BO-Si(Ca,Na) 1.5 75.6(4.6) 4.36(0,61) 0.65(0.18)
Si-BO-Si(1Ca,1Na) 1.5 75.6(4.6) 4.36(0.61) 0.65(0.18)
Si-BO-Si(n.c.) 10.4 58,6(9.6) 5.35(0.41) 0.27(0.16)
Si-0-Al [all] 38.0 50.0(11.3) 3.64(0.47) 0.48(0.24)
Si-BO-Al(Na) 171 44.9(7.3) 3.69(0.41) 0.43(0.21)
Si-BO-Al(1Na) 13.8 45.2(7.4) 3.69(0.44) 0.44(0.21)
Si-BO-Al(2Na) 3.3 43.8(7.2) 3.70(0.31) 0.38(0.20)
Si-BO-Al(Ca) 10.8 58.8(9.0) 3.45(0.45) 0.62(0.22)
Si-BO-Al(1Ca) 10.4 58.3(8.8) 3.45(0.45) 0.63(0.21)
Si-BO-Al(2Ca) 0.4 69.8(5.7) 3.44(0.33) 0.41(0.37)
Si-BO-Al(Ca.Na) 3.3 60.5(9.2) 3.37(0.44) 0.61(0.21)
Si-BO-Al(1Ca.1Na) 3.3 60.48(9.21) 3.37(0.44) 0.61(0.21)
Si-BO-Al 6.8 43.9(11.5) 3.95(0.46) 0.31(0.20)
Al-O-Al [all] 3.5 45.4(21.4) 2.06(0.38) 0.59(0.21)
Al-BO-Al(Na) 1.8 30.7(11.8) 2.13(0.57) 0.53(0.26)
Al-BO-Al(1Na) 0.9 35.3(14.8) 2.18(0.31) 0.43(0.25)
Al-BO-Al(2Na) 0.9 26.1(7.2) 2.09(0.82) 0.62(0.25)
Al-BO-Al(Ca) 1.3 65.8(17.7) 2.04(0.36) 0.63(0.15)
Al-BO-Al(1Ca) 1.1 65.8(19.8) 2.11(0.34) 0.64(0.16)
Al-BO-Al(2Ca) 0.2 66.3 1.67 0.56
Al-BO-Al(Ca.Na) 0.4 43.1(7.6) 1.84(0.40) 0.71(0.06)
Al-BO-Al(1Ca.1Na) 0.4 43.1(7.6) 1.84(0.40) 0.71(0.06)

Therefore, these different types of O sites occupy well-defined regions of the

(Ca,0) space and are distinguishable in the 3QMAS spectra as demonstrated
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(a)13.8%

Figure 5.5. The most common bridging
oxygen environments in the CNAS glass:
(a) Si-BO(1Na)-Si and (b) Si-BO(1Na)-Si
sites. Oxygen, sodium and calcium
atoms are represented as red, violet and
green spheres. Silicon and aluminum
atoms are represented as yellow and
magenta sticks.

in Figure 5.4. Moreover, since the
3QMAS efficiency decreases at
lower magnetic fields where the
larger Cq sites (i.e., 5 MHz) are
largely suppressed, experiments
at low magnetic fields can
selectively emphasize the NBO
and Al-BO-Al sites
with Cq values of about 2 MHz.

A detailed analysis of the CNAS structural models reveals that, similarly to

soda-lime silicate glasses, there is a considerable extent of mixing between
Ca and Na around NBOs (13.7% Si-NBO(Ca,Na)). However, in general, the

NBOs are not coordinated by Na ions, which instead prefer to compensate the

negative charge excess of the Si—O-Al sites (17.1%) or surround Si-BO-Si

sites (16%). The geometric configurations of the most populated oxygen sites

are depicted in Figure 5.5.

5.3.170 NMR fingerprints of TBOs

TBOs are defined as O atoms bonded to three former cations, T, each of them

in a quaternary coordination. They appear in the glass structure when an
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preserve the total amount
of T-O bonds. The CAS
MD-derived model
presents a  significant
amount of TBOs (4.9 % of

o e s s total O atoms), so that we

Isotropic dimension (w2) (p.p.m.)

MAS dimension {wl) (p.p.m.)

considered the relative

Figure 56. 7O MQMAS spectrum of the
25Ca0-25AL0550810; glass collected by Stebbins and MD-GIPAW data could be

Xu. employed for a study of
TBOs spectroscopic fingerprints.

In a pioneering experimental work, Stebbins and Xue [4] found that the 70
3QMAS spectrum of the 25Ca0-25A1,03-50Si0, tectosilicate glass was
composed essentially by four peaks denoted as A, B, C and D (Fig. 5.6). Peak
A was associated to NBO atoms whose dis, and Cq were assessed to be 113
+ 2 ppmand 2.9 £ 0.2 MHz, respectively. Peal; B, assigned to Si-O-Al b(()g)ds,
was the main one with 8i,= 61 ppm and Cq = 3.5 MHz. Peak C (50 ppm, 5.5
MHz) was associated to Si-O-Si bonds. Finally, they detected a small peak,
called D, with 0is,= 20 ppm and Cq = 2.3 MHz that was supposed to be the
signal arising from OAl3 or OAlLSi TBOs, in which Al remains in four-
coordination. To help in the interpretation of the experimental spectrum the
simulated 7O 3QMAS NMR spectrum of all the oxygens and of OAI2Si (1.1%),
OAISi; (0.6%) and OAl; (1.9%) tricluster oxygens is reported in Figure 5.6.
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Figure 5.7. Simulated 70 3QMAS NMR spectrum at 11.75 T of

the CAS glass. The Signal of the different TBOs oxygen differences in site
speciation are superimposed in panels from (a) to (b).

populations  (Al-O-
Al, Si-O-Al, efc...) as a consequence of slightly different compositions.
The comparison of Figure 5.7.a and 5.4, clearly reveal that the NMR
parameters of the OAI,Si (50.1 ppm, 4.66 MHz) and OAISi, (77.4 ppm, 5.53
MHz) are in the same range covered by the Si-O-Si and Si-O-Al sites and since
these triclusters are present in the glass in very small quantities, it is very
unlikely that 3QMAS NMR could detect them. This agrees with previous Car-
Parrinello molecular dynamics simulations of calcium aluminosilicate glasses
with similar compositions [15]. Conversely, the NMR parameters of the OAl;
triclusters are close to the edge of the main Si-O-Al peak and their position
(Fig. 5.7.b) is in nice agreement with the peak D observed by Stebbins and Xu
[4].
In the simulated glass structure, the OAl; sites are found to be present in five
structural motifs. Two of them are depicted in Figure 5.8. OAl; sites where two
of the Al atoms form a 2 membered Al;,O- ring (fig. 5.8.b) shows the small
value of Cq = 2.4 MHz consistent with the experimental observations of
Stebbins and Xue [4]. Therefore, the results obtained seem to support the

experimentalist’ assignments of the D peak in the 3QMAS spectra to O
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triclusters with a local geometry similar to that depicted in figure 5.8.b,
although it must be noted that the calculated isotropic chemical shift of 40 ppm

is much greater than that proposed by Stebbins and Xue [4].

5.4. Correlations between 170 NMR Parameters and Local

Geometry

Another interesting feature of NMR computational spectroscopy is the
possibility of correlating the computed parameters with the local environment,
that is, bond length, angles, and coordination numbers. The finding of accurate
and simple quantitative structure-NMR parameter relationships would be
immensely useful from both the experimental and computational points of
view. In the former case, new insights into the atomic structure of
multicomponent glasses could be gained from the extraction of the NMR
parameter distributions [16] while, in the latter case, the NMR spectra of
different glass structural models containing thousands of atoms could be
straightforwardly calculated by skipping time-consuming ab initio calculations.
For these reasons, several structura-NMR parameter correlations have been
proposed and attempted in the past. The dependence of 7O NMR parameters
upon the Si~O-Si bond angle and Si-O bond distance has been extensively
studied with ab initio calculations on clusters [17-19] and periodic [20-23]
silicate models.

From these papers, a linear correlation between the Si-BO average bond
length and the 7O &is, of BO and a linear correlation between the M-NBO

(where M stands for modifier) average bond length and the isotropic chemical
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shift of NBOs were obtained, while no correlation was found between the
isotropic chemical shift of NBO and the Si-NBO bond lengths [20,22].

Moreover, several relationships have been proposed in order to describe the
dependence of the BO quadrupolar coupling constant Cq and asymmetry

parameter nq upon the Si-O-Si angle. Commonly used relationships are:

a

Co(8) = A(3+-22) " + ac, (Eq.5.1)
o \P

ne(8) =B (2 + 22" + ang (Eq.5.2)

where 6 = <Si~O-Si>. Other analytical forms such as cos 6 and 6 polynomials
were also investigated but did not yield any significant improvement for
predicting the NMR parameters. All these correlations have been obtained in
vitreous silica and binary silicate glasses.

In Figure 5.9, the 7O isotropic chemical shift of BOs and NBOs has been
plotted as a function of the average Si-BO, Si-NBO, and M-NBO (M = Na
and/or Ca) bond lengths for the NS, CS, and CSN glasses investigated in this
work. Moreover, the 170 Cq, na, and &is, of BOs plotted as a function of the Si-
O-Si bond angles are presented in Figure 5.10.

Both figures show poorer correlations with respect to those reported for
vitreous silica and binary soda silicate glasses, where a correlation
coefficient R of about 0.7-0.8 and standard deviations of about 0.15-0.20 MHz
for Cq and 0.1 for nq were found [21,24]. In this work, the quadrupolar
parameters (Cq, Na) have been fitted by using Egs. 5.1 and 5.2, also
providing R values in the range 0.7-0.8, but the dispersion of the data is higher,
with the standard deviations of about 0.2-0.3 MHz for Cq and 0.14 for na.
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Figure 5.9. The isotropic chemical shift of BO and NBO as a function of the average Si-BO, Si-
NBO and M-NBO (M=Na/Ca) for the NS, CS and CSN glasses.
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Figure 5.11. The NMR quadrupolar parameters of BO as a function of the Si-O-Si for the NAS,
CAS and CNAS glasses.

The isotropic chemical shift was found to be predicted poorly using the short-
range information provided by the Si-O-Si angle and Si-O distance; therefore,
it seems to be sensitive to variation of structure beyond the first coordination
sphere [23].

Similarly, no simple correlations could be found for the isotropic chemical shift
and T-O (T = Al/Si) bond lengths of aluminosilicate glasses.
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In Figure 5.11, the calculated quadrupolar couplings Cq and asymmetry
parameter nq are depicted as a function of the T-O-T angle for each O atom.
In both cases, it is difficult to extract a clear dependence of quadrupolar
parameters on the T-O-T angle even if a rough trend can be detected.
The Cq values tend to increase as a function of the angles and to be larger for
the Si~O-Si sites than for the Si—O-Al ones.

The dotted lines represent the best fit obtained by employing Egs. 5.1 and 5.2.
However, no correlations have been found for aluminosilicate glasses. It is
worth noting that in a previous study very good correlations between the Si-
O-Si angle and'”O NMR parameters were obtained [17]. However, according
to our results, these correlations appear to be an artifact due to the use of small
clusters which are not able to represent the chemical and topological disorder

present in multicomponent glasses.

5.5. Final Remarks

The excellent agreement between theoretical and experimental 7O MAS
spectra of the NS, CS, NAS, and CAS glasses validated the models and the
computational method. This allowed the extension of the study to the analysis
of the theoretically derived MAS and 3QMAS NMR spectra in terms of the
nature of the non-framework disorder in soda-lime glasses and the extent of
framework disorder in aluminosilicate glasses.

The results clearly indicate that there is extensive mixing of Ca and Na around
NBOs in soda-lime silicate glasses. In fact, the amount of Si-NBO(Na,Ca)
sites, 37.8% of the total oxygen atoms present, is higher than that predicted
by employing a random distribution of cations around NBO, whereas the
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amount of NBO coordinated to only one of the Na or Ca species (7.2 and 4.6%,
respectively) is lower. This peculiar cation distribution leads to an increase in
the viscosity of silicate melts over that predicted from a random distribution, as
found in literature[7].

TBOs appear in CAS (4.9 %) and NAS models (1.7%). We deduced that higher
field strength cations (Ca?* > Na*) promote the formation of NBO and TBO
because of the competition for low-coordination states.

Instead, all the NBOs present in the three glasses are associated with Si atoms
rather than Al ones.

An investigation on TBOs spectroscopic fingerprints led to confirm that the
NMR parameters of the OAI>Si and OAISi sites fall in the same range covered
by those of the Si-O-Si and Si-O-Al sites. Since these triclusters are present
in the glass in very small quantities, it is very unlikely that 170 MAS and 3QMAS
NMR spectroscopies could detect them. Conversely, the NMR parameters of
the OAl; where 2 Al are involved in a 2-membered ring fall close to the edge
of the main Si-O-Al peak, and their position is found to be in nice agreement
with experimental evidence.

Moreover, an extensive mixing of framework units is observed in the CNAS
glass, since the amount of Si-O-Al sites is higher than that predicted by a
random distribution; also, a considerable extent of mixing between Ca and Na
around NBOs is found in this glass, similar to soda-lime silicate glasses.
Finally, simple and accurate relationships between NMR parameters and the
local information such as Si-O distances and Si~O-T angles could not be
found. Therefore, the generation of structural models of glasses and melts by

means of MD simulations and the subsequent DFT/GIPAW calculations of
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the

70 NMR parameters remains mandatory for an unambiguous

interpretation of very complex multicomponent systems such as those studied

in this work.
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CHAPTER 6
23Na 3QMAS NMR spectroscopy: sodium environment in

silicate and aluminosilicate glasses

Sodium environment in two Na,Ca-containing glass samples, CSN
(60Si02-20Ca0-20Na20) and CASN (60SiO2:10Al,03-20Ca0-10Na20) was
investigated. 2Na 3QMAS spectra were collected and compared with NMR
theoretical data obtained on MD-derived structural models. These glasses
were chosen because Na plays two different role in the structure: it acts
prevalently as a modifier in CASN and as a charge compensator in CSN.

The two essential aspects that can be studied with 2Na NMR are: (i) the
local Na first coordination sphere such as the Na-O coordination number
(CN), bridging oxygens (BO) and non-bridging oxygens (NBO), and (i) the
Na second coordination sphere, i.e. the environments beyond the
coordinating O atoms. For example, the ratio of BOs and NBOs coordinated
to the Na* ions reflects its role, such as the network modifier (preferentially
surrounded by NBOs) vs the charge compensator (preferentially surrounded
by BOs).

In the work presented hereafter, the synergetic computational-experimental
approach was exploited at its best possibilities, thanks to very reliable sets of
experimental NMR parameters for both CSN and CASN compositions.
Compared to the work published by Angeli at al. [1] on these same
compositions, 22Na 3QMAS were collected with an improved pulse sequence
that gave a significantly increased signal/noise ratio. Better quality data

allowed a more in-depth interpretation of Na environment, even because the
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subsequent fitting procedure was improved respect to the past [1]. The

results were published in ref. [2].

6.1. 22Na 3QMAS spectra collection and fitting procedure

The 2Na 3QMAS spectra were collected on a Bruker Avance Il 500WB
spectrometer at a magnetic field of 11.7 T. No isotopic enrichment was
needed, as the quadrupolar NMR-active Sodium-23 isotope (nuclear spin, | =
3/2) is the only stable one among those of Na, thus having a 100% natural
abundance. The sample spinning frequency of 14 kHz under the application
of a radio frequency of about 160kHz. A two-pulse MQMAS
sequence [3] with optimized excitation and reconversion pulses of p1 =4 ps
and p; = T4 Us (where Tt is the MAS rotor period) was used to acquire the
MQMAS spectra. As shown in Supplementary Information of ref. [2], this
pulse sequence shows a more homogeneous excitation profile with respect
to the quadrupolar coupling constant, Cq, when compared to the standard Z-
filter pulse sequence [4]. More details on glass synthesis procedures,
nominal and actual glass compositions are provided in ref. [1].

ZNa 3QMAS spectra were processed by an in-house developed code using
an inversion method [5] which can be summarized as follows. For crystalline
sample and under MAS, each environment is characterized by three NMR
parameters: the quadrupolar coupling constant (Co) and asymmetry
parameter (nq) — both characterizing the local electric field gradient (EFG) —
and the isotropic chemical shift (diso). On the other hand, disordered systems
under MAS are characterized by a multiplicity of sites that result in a

distribution of NMR parameters, p(Cq, Na, 0is0). The aim of the inversion
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method is to reconstruct this distribution. This method is based on a pure
numerical procedure so that no assumptions on the NMR parameters
distribution shape has to be made, thus overcoming some limitations of the
fitting procedure such as the choice of analytical forms. For instance, a
popular constrained approach is to use the Gaussian isotropic model (GIM)
[6] for the EFG parameters distribution and a Gaussian model for the
isotropic chemical shift [5,7].

In this work, the identification of different chemical environments (i.e. different
coordination numbers) relies on both the capability of the NMR experiments
to reveal the asymmetrical lineshape of the 0w, distribution (see
Supplementary Information of ref. [2]) and the data determination through the
inversion method. However, since the 2D 2Na MQMAS spectra reveal
featureless signal (i.e. smooth lines without well-defined singularities),
P(Cq, No, 8is)) — a three-dimensional distribution — they cannot be easily
reconstructed numerically. As previously demonstrated with MD
simulations [5,7], an analytical model (Eq. 6.1) can be used to determine nq,
which in turn has a very limited effects on the extracted two-dimensional
distribution M1(Cq, 0is0). Excellent results have been obtained using the
marginal distribution of the GIM model (Eq.6.1) to compute the nq
distribution, q(na):

5

g =3n(1-2)(1+1) * 6.1)

The q(na) distribution obtained with Eq. 6.1 is similar to those obtained with
DFT calculations, after a smoothing using the Kernel Density Estimation
(KDE) approach of the CASN and CSN models, as shown in Figure 6.1.
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Figure 6.1. na distribution calculated with the GIM model (solid line, Eq. 6.1) compared to na
distributions obtained with DFT-KDE calculations on CASN and CSN models (histograms).
Using Eq. 6.1 the NMR parameter distribution, p(Cq, na, dis0), is then given
by:

p(CQ: n, 8iso) = H(CQ: Siso) X Q(T]) (62)

where M(Cq, 8is)) is  reconstructed numerically using a Tikhonov

regularization scheme [7] and [8], i.e. by minimizing the quantity:

L =1 +D®q] 63)

for a positive distribution 7, x2 is the sum of squared errors, and A is a
coefficient that regulates the term D which minimizes the first-order
derivative of /T and ensures its smoothness. A is chosen manually to obtain
the best agreement with the experimental data with a smooth (monomodal)

distribution.
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6.2. Validation of the MD-derived structural models

The validation of the MD-derived structural models for Na has been carried
out by comparing the distribution of Cq and 6isc NMR parameters 1(Caq, 0iso)
extracted by the inversion method to which we will refer as experimental data
(Figure 6.2, left panels), and their theoretical counterparts (Figure 6.2, right
panels), i.e. calculated with DFT-GIPAW. The comparison between the
experimental and theoretical [1(Cq, diso) distributions for CSN and CASN is
reported in Figure 6.1.b and 6.2.d, respectively. It can be observed that the
shape of [1(Cq, diso) is well reproduced, but with the theoretical distribution (+
symbols in Figure 6.2) shifted by about +2 MHz with respect to the
experimental one (see also Table 6.1).

The systematic overestimation of the 22Na Cq values by our static DFT
calculations can be ascribed to the coupling between EFG of the Na* with its
vibrational modes. This thermal averaging effect cannot be described by our
static DFT calculations, as also noticed in a previous computational-
experimental work [9]. Such vibrational effects appear to be negligible for
network formers (i.e. Si, P and Al) and heavy modifier ions (i.e. Ca), in
contrast to the highly mobile Na* ions. However, this systematic
overestimation can be simply corrected by multiplying the

theoretical C(gh‘"’ values for a scaling factor of 0.47.

The theoretical p(Cq, N, diso) Of the CSN and CASN glasses with scaled Cq
values, reported as full circles in panels b and d of Figure 6.2, are in very
good agreement with the experimental ones. It is worth to note that the
application of a single scaling factor implies that this vibrational effect is
homogeneous. The reliability of this assumption should be further
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investigated by going beyond the static approach. However, for the purposes
of the present investigation, the scaled Céhe" values can be employed in the

fitting of experimental spectra for the quantification of the different Na sites.
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Table 6.1. Experimental (%) and theoretical (theo) NMR iso and Ca parameters, and average
experimental (CNgxp) and MD-derived coordination numbers (CNy,p).

Glass &5, St° Co?  CY™° CNgxp® CNyp® <Na-O>[A
(£2ppm)  [ppm]  (£1.0MHz) [MHz]

CSN 47 33 19 40 55 56 2.56

CASN 6.9 1.1 18 39 59 255

@ Result of weighted average of NaOn population outcoming from fitting 3QMAS spectra
with DFT-GIPAW constraints, calculated for CSN only. )
®)  Obtained from statistical analysis of MD-derived models; the Na-O cut-off is 3.2 A.

Concerning the &;s, distributions, the data values listed in Table 6.1 show a
very good agreement between theoretical and experimental counterparts for

the CSN glass and an acceptable discrepancy for the CASN glass.

6.3. Relationships between 2Na NMR parameters and Na* local

environment

Table 6.2 lists the average values of the computed &0 (65%°) and Cq
(C_g‘e") parameters of Na cations as a function of their coordination
numbers, CNs. By considering only NaO, sites with a relative population
higher than 5%, no correlations between 55%¢° and CN are observed, in
agreement with the computational results obtained by Koller et al. [10] on
small clusters. Correlations between 2Na NMR parameters and Na CN were
instead observed in several works on crystalline compounds [11-15], where
it was found that both &is; and Cq generally decrease when CN increases.

Notwithstanding a qualitative inverse trend between the C5"° of NaO,
species and CN is showed in Table 6.2, the distribution of Cq as a function of

the CN plotted in Figure 6.3.a discourages the employment of a regression
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equation to estimate the average CN of Na starting from

experimental Cq values in amorphous systems.

Table 6.2. Coordination numbers (CNs), NMR parameters and average <Na-O> distances.

CSN CASN
CN  Popmo Popexe §ifeo (e <Na-O> Popup §tee  Cghee <Na-0>
% %  [ppm] [MHz] [A] %  [ppm] [MHz [Al
3 0.0% - - - 2.0 -9.0 52 2.35
4 7.4% 35 4.8 2.40 59 0.2 53 242
5 34.3% 60.3 6.9 45 249 37.3 0.1 42 2.51
6 333% 304 2.7 37 2.58 353 07 41 2.56
7 204% 93 0.0 35 2.65 137 45 33 2.65
8 4.6% -74 4.0 2.76 59 -104 3.0 2.68
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Figure 6.3. Variation of 2Na NMR parameters as a function of some short-range structural
features: (a) 22Na Caq vs Na* CN in CSN and CASN, trend lines are reported for visual guide;
23Na diso vs average Na-O distance, <Na-O>, for CASN (b) and CSN (c), where Na atoms are
differentiated with respect to their CN.
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In agreement with the results of the experimental work of Antonijevic et al.
[11], and with other DFT investigations, [10] and [9], a dependence of 2Na
diso On average Na-O distance, denoted <Na-O>, is observed in Table 6.2.
Here, the MD-GIPAW approach on amorphous systems furnishes further
important information: the 2Na 0, correlates better with <Na-O> when CN is
expressly taken into account, as shown in Figure 6.3.b for CSN, and in
Figure 6.3.c for CASN. It is also worth noticing that: (i) the 2Na 6is, regions
are strongly overlapped, (ii) for all CNs the linear regressions exhibit a similar
slope independently on the composition, and (iii) the intercepts on the
ordinate axis (¥Na 0iso) increase with CN, preventing the possibility of finding
a unique correlation for the overall data set. Conversely, no correlation is
observed between 2Na Cq and <Na-0>, even when the CN is explicitly
taken into account. These results imply that the Na average coordination
number, CN, in amorphous systems is not accurately and directly

iso

computable from the experimental NMR parameters (&{;3 and Cg™")
reported in Table 6.1. However, the average NMR parameters computed
through the MD-GIPAW approach, 8{1<® and C§'*°, of NaO, species can be
used to constraint the fitting of the 2Na 3QMAS spectra, leading to the
quantification of each NaO, species in the glasses.

The distribution of the CN of Na cations in the CSN and CASN glasses have
been obtained by re-fitting their experimental spectra by assuming that
different NaO, sites contribute to the total spectra. During the spectral fitting
of the CSN glass, the Cq values of the most populated NaO; sites (n =5, 6,
7) found in the MD models were constrained to be close to the corresponding
theoretical values scaled by 0.47. Instead, the NaO, populations in the CASN

glass have not been re-fitted, since the theoretical constraints were
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computed on small amount of Na atoms, which was considered not reliable
for the accuracy level we wanted to achieve.

Table 6.2 shows that in the CSN glass the majority of Na*ions is 5-
coordinated (60.3%) and 6-coordinated (30.4%), while a minority (9.3%) is 7-
coordinated. This distribution agrees with experimental findings on alkali and
alkaline extra-framework cations in glasses, [11] and [16].

By performing a weighted average of the above-mentioned data, the
experimental average CN of Na in CSN glass, CNgxp, has been determined.
The MD derived and experimental CN for CSN (Table 6.2) are 5.6 and 5.5,
respectively. These values are in very good agreement, confirming again the
validity of the structural model of the CSN glass and the consistency of the
procedure adopted. As for the CASN glass, the slightly higher data value
of CNyp 5.9 found with respect to the CSN glass is in agreement with the
slightly lower value of Cq extracted from the experiments. In fact, the
theoretical calculations show that Cq decreases with the increase of the CN
(Figure 6.3.a). Finally, Table 6.2 shows that the Na-O bond lengths,
computed by averaging all the Na-O distances found within a cut-off of
3.2 A[17), are 0.1-0.2 A longer than the ones usually obtained from NMR
and EXAFS experiments (2.3-2.4 A) [5,18-20]. This is due to the approach
in which the data have been computed. In fact, by extracting the Na—-O
distances from the maximum of the corresponding pair distribution functions
generated via MD simulations the values of 2.36 and 2.35 A for CSN and
CASN, respectively are obtained.
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6.4. Local and medium-range environment: determination of the

role of Na*

The investigation of the first coordination shell around the Na ions in terms of
the relative population of bridging oxygens (BOs) and non-bridging oxygens
(NBOs) can provide useful information on the structural role played by the
Na* ions.

Charge compensator ions are located in polymerized region close to network
tetrahedral bearing a negative charge such as in (AlO4p)™ units, whereas
modifiers are located inside channels delimited by NBOs. It is then
reasonable to assume that a pure charge compensator is coordinated mostly
by BOs, while a pure network modifier by NBOs. Therefore, a classification of
the nature of Na role can be given by the ratio between the number of BOs
and the number of total O, R = n°BOs/CN, which ranges between 0 and 1.
The greater the population of Na*ions with R values close to 1, the more
charge compensating is the Na attitude in the glass. Figure 6.4 shows the

distribution of R values for Na atoms and Figure 6.5 shows the typical Na

Figure 6.4. Relative
percentage populations of
Na sites characterized by
the same ratio
R=n°BOs/CN calculated
with respect to the total
amount of Na in the CSN
and CASN MD-models.
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environment in the CSN (Figure 6.5.a) and CASN (Figure 6.5.b) glasses.
The presence of a not negligible population of Na* characterized by R=0.5
in the CSN glass is ascribable to the simultaneous presence of Ca?* ions. In
fact, as also stated in Chapters 3, 4 and 5, glasses containing both Ca2* and
Na* showed that Na* tends to coordinate oxygens belonging to glass regions
with a lower charge concentration, i.e.: more polymerized regions. Indeed,
when Ca?* is present in the glass, it prefers to be coordinated by NBOs and
pushes Na* in more polymerized domains, conferring it a more compensator

character.

(©)

Figure 6.5. Typical Na (violet spheres) environment in CSN (a) and CASN (b). Red spheres
are Oxygen atoms coordinating Na in a cut-off of 3.2 A; yellow sticks are Silicon atoms and
green spheres are Calcium atoms.

6.5. Final remarks

The relationships between the 2Na NMR parameters and the Na local
structural features such as CNs and average Na—O distances have been
investigated by using classical MD simulations and DFT-GIPAW calculations.
With respect to previous studies on crystalline samples, the results presented

in this work provide a richer statistics of Na environment.
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A linear correlation between #Na i, and <Na-O> is observed when
different CNs are taken into account. The slope of the linear trends is similar
for all NaO, sites and does not depend on glass composition; the intercept
increases with CN but the overlapped signals among the 2Na &, regions of
different NaO, sites preclude any unambiguous correlation between 2Na diso
and CN. Instead, no correlations have been found between 2Na NMR
parameters and the local structural features of Na sites.

We have shown that, due to the variability of 2Na NMR parameters of
different NaO; sites, the direct observation of the average CN of Na ions from

exp

the experimentally fitted 2Na &, and CSXp parameters is not possible in

amorphous systems.

Nevertheless, by constraining the fitting of experimental 2Na 3QMAS spectra
with the theoretical NMR values found for the different NaO, sites, we have
been able to estimate the experimental distribution of these sites and the
average coordination number of Na ions in CSN glass which is 5.5, very
close to the one provided by the MD model (5.6).

The environment in the first coordination sphere, expressed in terms of
amount of oxygen atoms, is similar for both silicate and aluminosilicate
glasses; on the other hand, the speciation of these O atoms in BOs and
NBOs confirms previous hypotheses that see Na*playing a charge

compensator role in CASN and a network modifier role in CSN.
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CHAPTER 7
43Ca NMR spectroscopy: Ca environment in silicate and

aluminosilicate glasses

#Ca 3QMAS and MAS spectra were collected for three Na,Ca-containing
glass samples, CAS (60Si02-20A1,03-20Ca0), CSN
(60Si02:20Ca0-20Na;0) and CASN  (60SiO,-10Al,03-20Ca0-10Na20).
Inside these systems, CaZ* ions play different structural roles: when network
modifier, Ca ions disrupt two Si-O-Si bonds by forming two non-bridging
oxygens (NBOs) leading to a less polymerized glass network and favouring
the dissolution of the glass in water solution. On the contrary, when charge
compensator, Ca ions locally compensate negative charge of the [AlO4]
units, and its reduced mobility disfavours its dissolution in water[1]. In the
compositions under study, Calcium acts as a charge compensator of [AlO4]
units in the CAS glass, as a modifier in the CSN glass and in both ways in
the CASN glass.

In this chapter, the first 4Ca 3QMAS NMR experiments of the
aforementioned samples are presented. An inversion fitting procedure, as
described in Chapter 6, allowed to obtain accurate experimental sets of NMR
parameters. These were compared to their theoretical counterparts obtained
with the MD-GIPAW calculations.

By coupling 4Ca 3QMAS experiments, inversion procedure, and NMR-
GIPAW calculations on sound MD-derived structural models of the glasses,

we have been able to shed light on i) Ca short-range environment in terms of
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CN distribution and ii) the dependence of “Ca i, on Ca-O as a function of

Ca CN improving our understanding of Ca environments in glasses.

7.1. History of the challenging “Ca NMR spectroscopy

The first “Ca NMR experiments started to appear from the late 90es [2-5]
and demonstrated the correlation between 4Ca NMR parameters and Ca
environment. 4Ca solid state NMR is intrinsically difficult because #Ca is a
quadrupolar nucleus (spin = 7/2) with a very low natural abundance (0.135%)
and a small gyromagnetic ratio (y). Thus it presents a very low NMR
sensitivity with respect to other common, more abundant and high-y nuclei,
such as ZNa [6,7] or ZAl [8,9]. To increase the signal to noise ratio,
experiments at high magnetic fields with long acquisition times and/or isotope
enrichment of samples are required; hence, the investigation of Ca
environment is difficult and expensive [10]. The combination of these factors
results in a very limited number of NMR reports for the 43Ca nucleus. So far,
our knowledge about 4Ca NMR experiments on silica-based glass samples
is limited to two scientific works [10,11].

Shimoda et al. [11] reported very high-field Ca MAS and 3Q/5Q/7QMAS
NMR spectra of CaSiOs, CaMgSi:Os and CaAl;Si;Os with the aim to
characterize Ca coordination number (CN). They distinguished three peaks in
the 5Q and 7QMAS spectra and assigned them to three distinct Ca sites
coordinated by 6, 7 and 8 oxygen atoms, with the latter two being the
dominating CNs. From their analysis, calcium CN apparently increased from
7.1in CaSiOs to 7.8 in CaAl,Si;Os. However, the low sensitivity associated to

the manipulation of high quantum transitions implies that they could have
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mis-interpreted the 5Q and 7Q data, obtaining wrong distribution of
coordination numbers. In fact, in a recent paper, Pedone et al. have
demonstrated, through NMR computational spectroscopy, that a Ca
coordination environment ranging from 5 to 8 CN well reproduced both the
MAS and MQMAS spectra of CaSiOs glass [12].

The sensitivity of 43Ca NMR parameters toward the structural role played by
Ca in silica and aluminosilicate glasses (the same samples studied by us)
was investigated by Angeli et al. [2] The “Ca MAS spectra were collected at
a magnetic field of 11.7 T and analysed by using the Gaussian Isotropic
Model (GIM) for quadrupolar NMR parameters distribution [13].

It was found that the transition from a charge-compensating role to network-
modifying role results in an increase of both the isotropic chemical shift and
the quadrupolar coupling constant of 4Ca. For the CASN glass, the
intermediate values of the NMR parameters suggest that calcium is probably
in both types of environments. However, the CASN MAS spectrum could not
be satisfactorily simulated using a combination of the spectra associated to
CAS and CSN environment. It was concluded that MQMAS experiments

were needed to get more information.

7.2. 4Ca 3QMAS spectra collection

Compared to previous MAS data collected by Angeli et al. [2] at a magnetic
field of 11.75 T, here 4Ca MAS and 3QMAS NMR data were acquired on a
Bruker 750MHz spectrometer, operating at a magnetic field of 17.6 T.
Samples were spun at 12.5 kHz and the chemical shift was measured

respect to CaClyaq 1M set at 0 ppm. For 3QMAS, a shifted-echo pulse

113



sequence was used [14]. Typically 8192 signals were accumulated with a
recycle delay of 1s for each t1 point. 16 rotor-synchronized t1 increments (80
us) were collected for each 2D spectrum and processed using an in-house

written software.

7.3. Comparing Experimental and theoretical data: validation of

the models

Figure 7.1 shows the high field *Ca experimental 3QMAS and MAS spectra
of the CAS, CASN and CSN glasses.
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Figure 7.1. Ca 3QMAS experimental spectra for CAS (a), CASN (b) and CSN (c) glasses;
MAS spectra (d) and isotropic projections (e).
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On one hand, the shape of MAS spectra (Figure 7.1.d) and isotropic
projections, (Figure 7.1.e) are rather similar but widths are slightly different,
suggesting similar but not identical ordering of Ca short-range environments
in the three compositions. On the other hand, their positions are different, as
observed in the previous study by Angeli et al [2]. The simulated spectra
using the GIM and the inversion methods are also reported in Figure 7.2
from which it is evident that the second method better reproduces the tails of
the experimental spectra. It worth to note that a single line is observed on the

MQMAS spectra for all compositions, especially for the CASN glass.
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Figure 7.2. Ca 3QMAS experimental spectra (solid lines) for CAS, CASN and CSN glasses
are compared to spectra simulated by using the GIM (panels a, b, ¢) and the inversion (panels
d, e, f) fitting procedures. Panels g, h, j report the comparison of the experimental (dotted
lines) and MD-GIPAW (full circles) M(Ca;diso) distributions. Panels k, i, | report the comparison
of experimental and MD-GIPAW (dashed lines) 4*Ca 3QMAS spectra.
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Figure 7.2 shows both experimental and theoretical NMR parameter
distributions TT(Cq; is0) (panels g, h and j). The former are extracted with the
inversion method from experimental MQMAS spectra, the latter results from
MD-GIPAW calculations. Since the agreement of the two counterparts is very
good for CAS and CASN and good for CSN, we can conclude that these
models reproduce the vast majority of the chemical environments
experienced by Ca in our samples. A further confirmation of the soundness of
the MD-derived models is provided by the fact that theoretical MD-GIPAW
#3Ca 3QMAS spectra (simulated with Kernel Density Estimation formalism) fit
satisfactorily the experimental spectra, as shown in panels (k), (i) and (1).

The distributions of 43Ca isotropic chemical shift (*Ca &iso) for the CAS,
CASN and CSN glasses extracted by using both the GIM and the inversion
fitting methods are displayed in Figure 7.3. The width of “Ca dis
distributions are rather similar. In summary, #Ca Cq does not provide
valuable information on the role played by Ca.

However, an in-depth analysis of the MD-derived structural features is

justified by the good agreement between MD-GIPAW and the experimental

NMR parameter
— CAS
— CASN distributions.  This  also
CSN

allows to investigate
NMR/structural

relationships.

Inversion

Figure 7.3. Distribution of
43Ca isotropic chemical shift

GIM (¥Ca &iso) for the three

; L T compositions: a comparison

100 80 60 40 20 0 -20 -40 -60 -80 -100 between the GIM and the
“Ca Isotropic Chemical shift (ppm) inversion fitting methods.
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7.4. Correlations between “Ca NMR parameters and Ca local

structural features

In analogy to the correlations found between 2Na &, and <Na-O> in silicate
crystals, [15,16] both experimental and computational works presented
correlations between 4Ca &, and <Ca-O> [4,5,17-19] or Ca coordination
number (CN) [18,19] in crystalline samples. However, in 2010 Pedone et al.
[12] studied the CaSiOs; glass and demonstrated that “Ca 6, barely
correlates with Ca CN and <Ca-O> distances, and that only qualitative trends
can be pointed out. Beside the lack of effective correlations, experimental
uncertainties for 4Ca NMR usually make NMR parameter distributions very
close in shape and in width, making the associated structural information
difficult to extract. Nonetheless, mean values of experimental &is
distributions extracted with the inversion fitting method (Figure 7.3) evidence
that Ca experiences different short-range environments, which can be
ascribed to different CN distributions. A confirmation derives from MD-
derived models, where Ca CN is 5.7, 5.8 and 5.3 for CAS, CASN and CSN

glasses, respectively (Table 7.1).

Table 7.1. Average #3Ca Cq and i fitted from 3QMAS spectra (¢*°) and calculated on MD-
derived models (comeu), fitting errors and standard deviations on (™) values are in
parenthesis.

Glass epCq compuiCa DBiso comput;e., fitting error MD<Ca-0>
[MHz] [MHz] [ppm] [ppm] [Al
CAS 3.7(1.1) 36(1.2) 6 (18) 5 (27) 1% 2.53(0.20)
CASN 3.8(1.2) 41(1.2) 29 (17) 24 (25) 3% 2.50 (0.20)
CSN 26(1.2) 37(1.2) 47 (18)  50(21) 5% 2.43(0.15)
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Figure 7.4. Theoretical 3Ca Oiso versus
<Ca-0> bond distances as a function of
Ca CN for CAS (a), CASN (b) and CSN
(c) glasses. Trend lines are presented in
coherent colours for most populated CN
sites.

More in detail, CSN glass exhibits

mostly 5- (51.9%) and 6-
coordinated (40.7%) Ca, CASN
glass  presents  significantly

populated 5- (33.3%), 6- (45.1%)
and 7-coordinated (19.6%) Ca
atoms, coordination

and all

numbers from 4 to 8 are
populated in the CAS glass.

Amorphous computational models
provide a wide variety of chemical
environments  experienced by
43Ca, thus a higher number of
points with respect to crystals.
Under the

these conditions,

reliability of the aforementioned correlations can be verified. As in a previous

work [12], ambiguous trends between 4Ca Cq and Ca first coordination shell

(data not reported) are observed, even though “Ca Cq tends to slightly

decreases with CN.
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glasses.

However, in line with the results presented in Chapter 6 for 2Na, the
correlation between 6o and <Ca-O> substantially improves when CN is
expressly taken into account (Figure 7.4). Unluckily, the signal/noise ratio of
the acquired “3Ca 3QMAS spectra do not allow us to fit the experimental data
and to obtain an estimation of the population of different Ca CN sites, as also
proposed in Chapter 6 for Na in glasses. This impedes us to evaluate <Ca-
O> by using a bivariate correlation.

However, MD simulations provide <Ca-O> and reveals that it becomes
shorter moving from CAS (2.53 A) to CSN (2.43 A), showing an intermediate
values in CASN glass (2.50 A). This trend is reflected in an increases of the
diso from CAS to CSN passing through the CASN glass. These results are in

good agreement with the ones reported by Angeli et al.[12], who estimated a
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Figure 7.5. Correlation between <Ca-O> and “Ca diso elaborated .
crystalline  samples

on crystalline samples (blue). <Ca-O> from MD-derived models
(red) and *3Ca 8iso obtained in this work from MQMAS spectra [5] and reported as

(dashed lines). For MD data, error bars represents width (standard
deviation value) of the distribution. a blue line in Figure

7.5.
In the latter, the intersection between the vertical black dashed lines

representing the values of “Ca &is, extracted in this work from MQMAS
spectra and the blue lines provides an estimation of the average <Ca-O>
distances in the glasses (2.54 A, 2.46 A, 2.40 A for CAS, CASN and CSN

respectively) which are very close to the values provided by MD-derived

models.

7.5. Dependence of local structural features on Ca role

The variation of <Ca-O> with composition has to be ascribed to the different
roles played by Ca in the compositions under study: network modifier in CSN,
charge compensator in CAS, both roles in CASN. As a network modifier, Ca
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depolymerizes the network and is coordinated mainly by NBOs, while when
acting as network charge compensator Ca is allocated into polymerized
network regions that need charge compensation for [AlO], and is
coordinated mainly by Bridging Oxygens (BOs). The quantification of the
nature of the Ca role in the three glasses can be given by the ratio X =
n°B0s/CN, which ranges between 0 and 1. When X = 1, all O around Ca
are BO, thus Ca plays the role of a pure network charge compensator; when
X =0 all O around Ca are NBO, thus Ca plays the role of a pure network
modifier.

Figure 7.6 reports the populations of the different X values in the three
glasses. As expected, the distribution of X values is narrower for CAS and
CSN glasses, and wider for CASN glass. The weighted average of X on the
populations is 0.79 in the CAS glass, 0.45 in the CASN glass and 0.19 for the
CSN glass. As previously discussed in Chapter 6, when Na and Ca are both
present, Na prefers to act as network charge compensator when Al is present
in the network. This behaviour was also pointed out in previous
computational-experimental works [20,21]. Nonetheless, extended Ca/Na
intermixing around NBOs in Ca-Na silicate, aluminosilicate and borosilicate
glasses was proved by both experimental [22] and computational (Chapter

5) approaches.

7.6. Final remarks

The acquisition of 4Ca MQMAS spectra allowed us to obtain, for the first
time, a good set of NMR experimental data of the challenging *Ca nucleus in

three silicate glass samples. Full 8, and Cq distributions were provided by
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the inversion fitting procedure with small fitting errors. The set of theoretical

NMR parameters, calculated on sound structural models of the glasses,

provided us a valuable data set to find out that 43Ca &is, better correlates with

<Ca-0O> distances when CN is expressly taken into account, and to conclude

that CN does not correlate with any NMR parameter. Nonetheless, the study

of Ca coordination in glasses has been possible thanks to the structural

models: CN distribution is sharper when Ca acts as charge compensator and

wider when it acts as network modifier.
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CHAPTER 8

Conclusions

This final chapter resumes the potentiality of the MD-GIPAW computational
protocol and of the experimental-computational approach, and provides an
overall descriptions of those glass structural features that were highlighted

thanks to computational NMR spectroscopy and MD-derived models.

8.1. Interpretation and predictive ability of the MD-GIPAW
method

NMR theoretical signal of specific sites, calculated over MD-derived glass
models, allowed the identification of their spectroscopic fingerprints on MAS
and MQMAS spectra. This information was exploited to determine which sites
provide clearly recognizable signals on the spectra, and which sites do not
because of their overlapping with other site signals.

In the latter case, NMR theoretical constraints were found to be critical in the
quantification of species of interest. For example, in Chapter 3 we highlighted
that asymmetries in 2Si MAS spectra are ascribable to the presence of
different amount of Al atoms around Si atoms and, by fitting a 2Si MAS
spectrum with constraints provided by MD-GIPAW calculations, we were able
to estimate network chemical disorder in the Na-aluminosilicate glass (MAS).
The interpretation ability of MD-GIPAW calculations was also exploited in
Chapter 4, where the spectroscopic fingerprint of Al atoms bonded to TBOs
were assigned to a shoulder in ZAl MAS spectra. Analogously, Al-O-Al bridges

were found to cause a broadening in 7Al Cq distributions towards higher
125



values. Another useful interpretation of NMR experimental data was described
in Chapter 5. Here, an investigation on TBOs spectroscopic fingerprints in 70
MQMAS confirms that NMR parameters of the OAI,Si and OAISi; sites fall in
the same range of 8is; and Cq of OSi; and OSiAl sites, making TBO detection
via 70O NMR spectroscopy very unlikely. However, it was possible to
demonstrate that NMR parameters of the OAls, where 2 Al are involved in a 2-
membered ring, fall close to the edge of the main Si-O-Al peak; their signal
occupies a distinct region of 70 MQMAS spectra and are clearly detectable.
In Chapter 6, the interpretation ability of the method was exploited to
determine the Na average coordination number in the CSN glass by
constraining the fitting of experimental 2Na 3QMAS spectra with the
theoretical NMR values found for different NaO, sites. It was then possible to
estimate the experimental distribution of these sites and the average
coordination number of Na ions, which is 5.5, in good agreement to the value
provided by the MD model (5.6).

The predictive power of MD-GIPAW calculation lays in the ability to study direct
correlations between NMR parameters and structural features. In Chapter 3
we demonstrated that accurate correlations between <Si-O-T> angles and 2Si
Oiso i glasses could be established as multivariate correlations that include,
beyond the inter-tetrahedral angle, Q" speciation and structural features
concerning the nature of Si second coordination shell, Ca and Al. In Chapter
4, analogous conclusions were established about the correlation between the
ZTAl &iso and AI-O-T angles. In this case, structural inversion using a well-known
univariate correlations is a possible path, being Al speciated as Q* only.

The predictive power of the method also allowed us to conclude that all

empirical correlation, elaborated on crystalline samples between 70, 2Ca and
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2Na, and respective structural features, are not valid in glass sample. In
particular, we mention here that linear correlation between 2Na (or 43Ca) diso
and <Na-O> (or <Ca-0>) is observed when different CNs are taken into
account, and that network modifier cation average CN can be potentially

estimated starting from high-quality 22Na or “Ca 0is, experimental data sets.

8.2. Improvement of structural characterization of glasses

The characterization of glass structure was mainly achieved by consulting MD-
derived models, which soundness was verified by comparing MD-GIPAW
results with experimental counterparts.

Regarding network former cations, Si and Al, we found that aluminosilicate
glasses exhibit Al(Q*) species and that Al clustering is lower than that expected
for a random network chemical disorder. Si-O-Al bridges are statistically
preferred with respect to Al-O-Al bridges, however our models confirm that
Lowenstein’s rule is not respected in glasses. Moreover, we could observe that
Si-O-Al bridges are preferentially formed between Al and Si(Q*) species.
Extra-framework cations location around network former cations was found to
be not randomized. In fact, when both Ca and Na are present in the
composition, Ca prefers to allocate in Si(Q") and Si(Q?) surroundings, while Na
is mainly localized around Si(Q®) and Si(Q*) units. Ca and Na exhibit different
behavior even in terms of allocation around Si or Al. When Ca and Na are both
present in aluminosilicate compositions, Na tends to occupy Al surroundings,
thus it preferably behaves as the charge compensator of tetrahedral (AlQ4p),
while Ca tends to occupy Si depolymerized regions, then acting as network

modifier.

127



The study of Oxygen surroundings provided more information on extra-
framework cations environment and confirms the results on network former
cations. The results clearly indicate that there is extensive mixing of Ca and
Na around NBOs in soda-lime silicate glasses. Here, the amount of Si-
NBO(Na,Ca) sites is higher than that predicted by employing a random
distribution of cations around NBO, whereas the amount of NBO coordinated
to only one of the Na or Ca species is lower.

TBOs appear in CAS (4.9 %) and NAS models (1.7%). Although their presence
in MD-derived models is overestimated with respect to glass samples, we
deduced that higher field strength cations (Ca?* > Na*) promote the formation
of NBO and TBO because of the competition for low-coordination states.
Instead, all the NBOs present in the three glasses are associated with Si atoms
rather than Al ones.

In the two chapters dedicate to Ca and Na, MD-derived models were decisive
to evaluate coordination numbers and to highlight any trend with respect to
glass composition and cation role. Ca and Na average CNs do not vary
significantly with the composition. However, the Ca CN distribution was found
sharper when Ca acts as charge compensator (CAS) and wider when it acts
as network modifier (CSN). About Na coordination, the speciation of O atoms
in BOs and NBOs confirms previous hypotheses that see Na* playing a charge
compensator role in CASN and a network modifier role in CSN.

Figure 8.1 shows a snapshot of the CASN MD-derived model, where many of
the structural features of aluminosilicate glasses summarized above are
showed: Al-O-Si linking in the network, Calcium atoms (green spheres)
allocated close to depolymerized silica domains of the network and Sodium

atoms (violet spheres) allocated close to (AlO4p) tetrahedra.
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Figure 8.1. Structural model of CASN glass: Si atoms are yellow spheres, Al are light violet
spheres, O are red spheres and Ca and Na are green and violet spheres. The following structural
featured are shown: Al-O-Si linking in the network, Calcium atoms (green spheres) allocated
close to depolymerized silica domains of the network and Sodium atoms (violet spheres)
allocated close to (AlOa4p) tetrahedra.

8.3. Future perspectives

The interpretative and predictive abilities of the DFT-GIPAW method, when
coupled to experimental data, have been largely demonstrated. This
encourages the employment of the method for other families of
multicomponent glasses for a detailed characterization of their short- and
medium-range environment.

However, the method itself needs improvements on both computational
efficiency of DFT calculations and theoretical formalism.

In fact, lower computational costs would allow to get wider sets of theoretical
spectroscopic and structural data, which could be obtained by generating
larger models. These sets would be an ideal starting point for the evaluation of
those multivariate correlations that are necessary to perform reliable structural
inversions of NMR experimental data sets to achieve structural information

directly from NMR spectra.
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Moreover, we saw in Chapter 6 that 2Na Cq values are systematically
overestimated because vibrational ways of degrees of Na at 300 K cannot be
taken into account by the protocol. Thus, there is a clear need for developing
and implementing computational strategies capable of taking into account
even those motions that NMR is sensitive to, like micro/millisecond time
motions. A further improvement of DFT-GIPAW needs to account for
relativistic effects, making the design of improved XC functional a key task.

The combination of MD and GIPAW calculations holds a promising prospect

for providing both structural and dynamical information in solids.
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Appendix A
Calculation of random population of the species Al(Q*)[jSi,4-jAl].

Calculating Random Population (RP) of Al(Q*)[jSi,4-jAl] species means to
evaluate random distribution of bAl and ¢Si atoms around an Al(Q*) atom. RP
are given by multiplying combination weigh (CW) of the considered distribution
by the sum of populations of all the species surrounded by the same number
n=b + ¢ of former cations (SUM,).
RP =CW - SUM,, = a- Xs;i° - xa" ¢ SUM,

where xa and xsi are the molar ration of Al and Si atoms respect to the total
amount of network former atoms. and a is the binomial coefficient of the

distribution:

n n!
a(E) ~ el (n—o)!

By definition. Al(Q*) are bonded to bridging oxygens only. thus must be always
surrounded by 4 network formers. This implies that all the species we are
investigating are characterized by the same value of n = 4 = (4-) +j. hence
SUM; is equal to 1 and RP coincide to CW:

RP =a- xsi * xar*”
For example, the molar composition percentage of CASN glass is 60.0%
Si0210.0% Al203-10.0% Na20-20.0% CaO and molar ratio of Al and Si are:
Xa = (2-10.0/(2-10.0+60.0)) = 0.25
Xsi =1-xa=0.75
There are 5 possible distribution of Al and Si around a Al(Q*) atom, each of
them associable to a Al(Q*)[jSi,4-Al] species and characterized by a binomial

coefficient, a, and by a RP:
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- AI(QY)[4Si, 0AT,
0.316

- AIQY)[3Si, 1A,
0.422

- AI(QY)[2Si,2A],
0.211

- A(QY)[1SI,3AT,
0.047

- AI(Q4)[0Si,4A],
0.004

a=-—=1 - RP=1-0.75*

410!

a=;—i,=4 > RP=4-0.753

a=-—2=6 > RP=6" 0.752
212!

a= 2 _-4 > RP=4-075"
113!

a=2—-1 > RP=1-0.75"
0!4!

- 0.25°

- 0.251

- 0.252

-+ 0.253

- 0.25*

Percentage Random Population (RP%) are given by: RP% = RP-100.
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Appendix B

Formulae for the calculation of random distribution of Na and Ca

around Oxygen atoms.

We consider the molar composition percentage of CSN glass: 60.0% SiO, —
20.0% Naz0 - 20.0% CaO and define xna = (20.0/(20.0+20.0)) = 0.5 as the
molar ratio of Na cations respect to the whole amount of modifier cations in the
glass, while Xca =1-Xnais the molar ratio of Ca.

We then calculate homogeneous distribution of modifier cations around BO
and NBO. Firstly, it is necessary to determine the weight of a certain
combination of modifiers around (N)BO, that means the probability of
existence of a certain specie (N)BO-bCa,cNa, where (b+c) = n is the total
number of modifier cations around (N)BO.

Combination Weigh = a - xca™ ¢ * Xna®

Where a is the binomial coefficient:

n n!
a(E) - c!'(n—c)!

The number so obtained is multiplied by a molar ratio of (N)BO coordinated by
the same number n of modifier cations. Since we cannot know these ratio by
calculating them from glass composition, we employ the sum of the MD

population of each specie of (N)BO coordinated by n modifiers.
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This means, still considering CSN glass, that the random population 1 Ca and
2 Na around NBO species is so calculated:
3 3!
1) a(;) T 213-2)! 3
2) Combination Weigh = 30,51 0,52 = 0,375

3) Random Population = 0,375*(pop sinso@ns + POPsiNeo@aca) T POPsi-

NBO(1Na,2Ca) * POPSi-NBO(2Na,1Ca) ) =

= 0,375*(MDpop sinsoane) + MDpopsinso(ca) + MDpOPsingo(ina.2ca) *
MDpopsingo@Na,1ca) )
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Appendix C

Formulae for the calculation of random distribution of Al and Si around

bridging Oxygen atoms.

We consider the molar composition percentage of NAS glass: 78.0% SiO, —
11.0% Na20 - 11.0% Al,03

We now have to define define xsi=0.78 and xa= 0.22

bAI-BO-cSi, where (b+c) = 2, as the 3 possible species are Al-O-Al, Al-O-Si

and Si-O-Si; the binomial coefficient of the first one is:

2 2!
Aa1-0-Al (5) IO 1
And its combination weight:
Combination Weigh Al — 0 — Al = 1-0.22%2 = 0.048
Then:
Random Population Al-O-Al = 0.048 - (pop aso-a1 + POPArBo-si + POPsi-Bo-si) =
0.048 - (pop so)
pop so is known by the composition of the glass as ¥go: in a tectosilicate glass,
like CAS and NAS, according to the compensated continuum random network

model, NBO are not present and we define g0 = 1 and xgo = 0.
Random Population Al-O-Al = 0.048 - xgo = 0.048 - 1
Please note that CASN glass composition (60.0% SiO2— 10.0% Na2O - 10.0%

Al,03 - 20,0% CaO) implies the presence of NBO: xso = 160/180 = 0,83 and
Xso = 20/180 = 0,17.
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