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 Abstract 

This PhD thesis presents structural investigations of amorphous inorganic 
materials: oxide and oxynitride glasses and mesoporous bioactive glasses 
(MBGs), by solid-state Nuclear Magnetic Resonance (NMR). 

Lanthanum oxide and oxynitride [La-Si-(Al)-O-(N)] glasses have a large 
number of potential applications due to their physical properties. In our work 
we have studied, compared to previous investigations, significantly ex-
panded ranges of glass compositions (for oxynitride glasses, including sam-
ples of very high nitrogen content, up to 53 % out of the anions). We have 
estimated local environments of 29Si and 27Al structural units (their coordina-
tion, polymerization degree and number of N incorporated into tetrahedral 
units) in the materials. We have suggested a random Al/Si distribution along 
with almost uniform non-bridging oxygen atoms distribution in aluminosili-
cate glasses. 

Silicon nitride was used as precursor in the oxynitride glass synthesis. We 
studied both α- and β-modifications of silicon nitride, 15N-enriched, as well 
as fully (29Si, 15N)-enriched samples. We have shown that the linewidths of 

15N NMR spectra are dominated by J(29Si-15N) coupling in 29Si3
15N4 sample. 

Mesoporous bioactive glasses in the CaO-SiO2-P2O5 system show supe-
rior bioactivity (the ability to form a hydroxycarbonate apatite layer on the 
glass surface when exposed to body fluids) compared to conventional bioac-
tive glasses due to their large surface area and uniform pore-size distribution. 
Previous studies suggested a homogeneous cation distribution over the MBG 
samples on a 10−20 nm length-scale. From our results, on the other hand, we 
may conclude that Si and P is not intimately mixed. We propose a structural 
model, in which the pore walls of MBGs are composed of a silica network, 
and a phosphate phase is present as nanometer-sized clusters that are dis-
persed on the pore wall. 
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Preface 

Modern industry and technology are in growing need of new advanced spe-
cially designed materials that possess desired properties. Developing science 
provides new methods for obtaining new materials, even mimicking those 
created by living organisms or constituents of thereof. As the properties of 
the materials depend on the way they are built, it is important to investigate 
the structure of the compounds and relate the results to their properties. 
Known structure−property relationships help in designing the new materials. 

Solid-state Nuclear Magnetic Resonance (NMR) spectroscopy is a power-
ful technique for structural studies of materials. As NMR is element-specific, 
it allows investigating the local environment exclusively of the atom of in-
terest: distinguishing between various constituent structural units, determin-
ing the nature of the nearest and next-nearest neighboring atoms, and atomic 
coordinations. This technique is especially efficient for studying amorphous 
solids when the diffraction techniques, IR and Raman spectroscopy do not 
provide sufficient results. NMR data, complemented by X-ray diffraction, 
elemental analysis, transmission microscopy, etc., provide the information 
needed for developing structural models of investigated materials. 

Solid-state NMR studies on complex oxide, oxynitride and mesoporous 
bioactive glasses, as well as related to oxynitrides crystalline silicon nitride 
is the subject of the present work. 

This thesis contains a summary of the structure and properties of the in-
vestigated materials (Chapter 1): lanthanum oxide and oxynitride glasses, 
silicon nitride and mesoporous bioactive glasses. The basics of NMR theory 
and methods are presented in Chapter 2. Methods (relevant to the present 
work) for studying amorphous materials by solid-state NMR are described in 
Chapter 3. A summary of the results, followed by concluding remarks is 
given in Chapter 4. 
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1. Glasses: an Overview 

An amorphous solid that possesses a glass transition temperature is called a 
glass. “Amorphous” implies absence of long-range order - no regularity in 
arrangement of structural units on a scale larger then a few times the size of 
the smallest units. The glass transition temperature (Tg) is the temperature at 
which an amorphous solid becomes soft on heating. 

Figure 1.1. Schematic illustration of glass transition temperature. 

Glass has been traditionally made by melting together a mixture of pre-
cursors, followed by cooling the melt to a solid material with a cooling rate 
that prohibits the crystallization process. Precursors used for making glass 
are silica, sodium carbonate, magnesium carbonate and calcium carbonate, 
alumina, lead oxide, sodium borate, zinc oxide etc. To date, a few methods 
are used to ease a synthesis procedure or to improve the homogeneity and 
purity of produced glasses. For example, glass powder can be pressed and 
sintered similarly to crystalline ceramics. Over the past decades, the sol−gel 
method of glass synthesis has come into use when the aim is to obtain highly 
pure and homogeneous glasses. 

The most important applications of glasses today are containers, windows 
and lamp envelopes, as well as decorations. There are many special applica-
tions for glasses as well; most of them were developed over the past few 
decades. These applications are glass ceramics, surface strengthened glass, 
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fiber glass, glass electrodes for alkali ions, host materials for lasers, biomate-
rials, etc. 

Additives to basic glass compositions can modify glass properties. For 
example, alumina is used to decrease devitrification and improve weathering 
resistance. Thus, aluminosilicate glasses are chemically durable, resistant to 
devitrification, possess higher temperature resistance and strength; they are 
used in cooking ware, glass ceramics, fiber glass and seals1,2. 

1.1. Glass Structure 
 
The crust of the earth is mostly composed of various silicates. The most fa-
miliar silicate is SiO2, silica, which can be either crystalline or amorphous.  
The structure of the majority of silica modifications is represented by a 
three-dimensional network. Most basic glass compositions are based on sil-
ica due to its ability to form glass easily. 

First, the ability of oxides to form three-dimensional networks was con-
sidered to be a necessary condition for glass formation2. The building blocks 
of these networks consist of a positively charged central atom (called 
“cation”) surrounded by a certain number of negatively charged atoms (ani-
ons). Glass networks are not periodic and possess no translation symmetry. 
Their average behavior in all directions is the same, which implies that glass 
properties are isotropic. 

There are two main theories that try to answer the question why some ma-
terials form glasses and others do not. Zachariasen based his “random net-
work theory”3 on the glass-forming ability of oxides and derived the follow-
ing rules for oxide structures that are able to form glasses: 
1. An oxygen atom should be bonded to no more than two glass-forming 

atoms. 
2. The coordination number of the glass-forming cations must be small. 
3. The coordination polyhedra share corners with each other. 
4. The polyhedra form a three-dimensional network. 
Thus, oxides with formula AO2 and A2O5 satisfy these rules if oxygen atoms 
form tetrahedra around metal atoms, but A2O3 structures satisfy only rules 1, 
3 and 4 (here A can be both metal and non-metal). 

Other correlations of oxide structure with glass-forming tendency have 
been proposed by Stanworth, who suggested the following criteria4: 
1. The network-forming cation coordination number must be three or 

higher. 
2. The tendency to form a glass is higher for small cations. 
3. The electronegativity of the cation should be 1.5-2.1 on Pauling’s scale. 
According to these criteria, Stanworth defined four groups of oxides: the 
strong glass-formers (oxides of Si, Ge, As, P and B); intermediate glass-
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formers (oxides of Sb, Mo, V, W and Te); oxides that do not form glasses on 
fast cooling, but do form them on oxidized surfaces of their metals (oxides 
of Al, Ga, Ti, Ta, Nb and Bi), and oxides that never form glasses4. 

1.2. Multicomponent Glasses 
 
Some cations, for example aluminum and phosphorus, can substitute silicon 
in the silicate network. Thus, a network of intermixed tetrahedra will be 
formed. 

In nature almost all silicates contain more than one cation in their struc-
ture. Their presence modifies the three-dimensional network of SiO4 tetrahe-
dra. 

The precursor materials for glass synthesis can be classified according to 
their role in the process: network (glass) formers and network modifiers. So-
called colorants and fining agents may also be present. Glass formers create 
a network of connected tetrahedra that consist of a central cation and four 
anions at the corners (Si, P, Al and O or N). Typical glass-formers are silica 
(SiO2), boron oxide (B2O3) and phosphorus oxide (P2O5); a large number of 
other oxides can also be network formers when, for example, mixed with 
silica (for example, GeO2). Network modifiers, when present in the glass 
structure, depolymerize the network: the processing and melting tempera-
tures of glasses are lowered by addition of alkali, alkali-earth or rare-earth 
oxides due to the breakage of Si-O-Si bonds. A combination of different 
network modifiers can be used in order to obtain the desired properties of the 
glass. 

Figure 1.2. Three-dimensional structure of aluminosilicate glass. Here Si and Al are 
network-formers, M is a modifier cation, NBO is terminal oxygen atom. 



 5 

The following nomenclature is generally accepted for describing networks 
built of tetrahedra: the sign Qn is used, where n is the number of bridging 
oxygen atoms (BO) connected with another tetrahedron. Then (4-n) is the 
number of terminal anions (not connected to other units, non-bridging oxy-
gens, NBO), which carry negative charges (Fig. 1.2). Thus, Q4 describes a 
three-dimensional network, Q3 – two-dimensional sheets, Q2 – chains and 
rings, Q1 and Q0 correspond to isolated dimers and tetrahedra, respectively. 

 

Figure 1.3. Possible Qn units. 

1.3. Experimental Methods for Structure Investigation 
 
A variety of experimental methods can be used to investigate glass struc-
tures. X-ray and neutron diffraction5-7, infrared (IR) and Raman spectros-
copy8-12, nuclear magnetic resonance (NMR)7,9,10,13-16 and X-ray spectroscopy 
(EXAFS)17 are some of the frequently used techniques. 

X-Ray diffraction (XRD) is efficient for characterization of the crystal 
structure. An XRD glass pattern consists of just one or two broad peaks. The 
mathematical analysis of this pattern gives information on distances between 
pairs of neighboring atoms. 

Neutron diffraction is used for the determination of the atomic and mag-
netic structure of the material. It also provides the same information on a 
pair distribution function as XRD, and it has some advantages as well. As 
neutrons interact with atomic nuclei, the contribution to the diffraction inten-
sity differs among nuclear isotopes, and this effect is more significant for 
nuclei of different atoms. Thus, atoms close to each other in periodic table 
can be easily distinguished, and that results in a better definition of intera-
tomic distances. 
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IR and Raman spectroscopies provide absorption spectral characteristic of 
atomic bond motions. The resulting absorption bands are fingerprints of 
particular structures. 

EXAFS is a good technique for studying the light atoms in silicate 
glasses. Pair distribution functions of similar atoms with low atomic mass 
can be isolated and studied without interference with signals from other atom 
pairs. 

NMR spectroscopy is used for investigating local atomic environments. 
This technique is element-specific – it allows studying one particular atom of 
interest without any interfering contributions from other atoms of similar 
atomic mass. Spectra are primarily sensitive to short-range environments. 
NMR spectroscopy is particularly good for investigations of amorphous 
materials. 

1.4. Rare-Earth Aluminosilicate Glasses 
 

Rare-earth aluminosilicate glasses are interesting materials due to their spe-
cific physical and chemical properties: high refractive index, glass transition 
temperature, hardness, elastic modulus, chemical durability and low electri-
cal conductivity. These glasses have a wide range and variety of applications 
in science and industry, due to their specific optical properties, as compo-
nents for amplifiers and lasers, including those used in computers for reading 
data from disks; lenses etc. These materials are good models for glass matri-
ces designed for nuclear waste storage: their physical properties have been 
extensively studied and have been found similar to those of actinide-
containing glasses. NMR studies on La and Y aluminosilicate glasses can be 
easily carried out to obtain structural information without contributions from 
paramagnetism18-23. 

Rare-earth aluminosilicate glasses are used in liquid-phase sintering of 
silicon carbide and nitride ceramics. A powdered mixture of oxides SiO2, 
Al2O3 and M2O3 (M is a rare-earth metal), is added during the sintering 
process. At high temperatures, oxides form a liquid (melt), and on cooling, 
these systems solidify within the glass-forming region, creating intergranular 
phases. This sintering approach results in fully dense ceramic materials. 

1.4.1. Glass Structure 
 

Some of the important parameters that define the materials properties are 
bond strength, bond length and atom distribution. Hence, the origin of the 
specific physical and chemical properties stem from structural changes at the 
atomic level. 
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The local structural environment of cations in aluminosilicate glasses has 
been the subject of a number of studies: ultrasonic measurements24, Raman 
and FTIR spectroscopies21,25,26 and solid-state NMR spectroscopy20-23,26,27. 
Based on the results of the investigations, it has been suggested that rare-
earth aluminosilicate glasses lack long-range order in their structure, as any 
glasses, and there is a wide distribution of distinct tetrahedral units. Model-
ing of the glass structure suggested a two-dimensional layer structure24. 

The structural role of modifier cations in aluminosilicate glasses is de-
fined by their size and charge, which control the cation coordination number 
and the strength of the bonds with neighboring oxygen atoms, respectively20. 
The rare-earth cations can occupy octahedral sites, creating bonds to sur-
rounding oxygen atoms. These bonds are the weakest in the glass structure. 

Al plays an important role in silicate structure, because the AlO4 tetrahe-
dron that carries five negative charges is approximately the same size as 
SiO4 unit and can replace it in the network; the extra negative charge must be 
balanced by modifier cations in the structure28. 

Four-fold coordination is dominant for Al in the aluminosilicate glasses21-

23,27,29, provided that Al/La is smaller than 3. It is foreseen from the fact that, 
compared to five- and six-fold coordinations, the Al-O bond in a tetrahedron 
is stronger and creates a more rigid structure26. Al(IV) acts as a network 
former. One Ln3+ cation charge-balances three neighboring Al(IV) tetrahe-
dra. The linkages Al(IV)-O-Al(IV) are, according to the Loewenstein rule, 
prohibited by the excess of the negative charge if two AlO4 tetrahedra share 
an oxygen atom; to avoid it, various types of species with Al in higher coor-
dination can be formed30. This charge compensation can also be achieved by 
producing non-bridging oxygen atoms in Qn (n<4) units of Si or Al tetrahe-
dra, resulting in depolymerization of the aluminosilicate glass network. The 
fraction of Al(V) species depends on the composition: it has been observed 
in 27Al NMR spectra that the relative intensity of the Al(V) peak increases 
with decreasing SiO2 content and with increasing Al/La ratio23. The presence 
of Al(V) species in the rare-earth aluminosilicate glasses is debated. Al-
though signals that correspond to Al(V) species were found in a number of 
27Al NMR spectra21-23,29, there is an opinion that those signals actually corre-
spond to triclusters formed by Al(IV) and Si tetrahedra sharing a common 
oxygen atom. These species have been experimentally evidenced only in an 
aluminate glass31. Small amounts of Al(VI) species, which together with Al 
(V) species act as network modifiers, are commonly observed in 27Al NMR 
spectra of rare-earth aluminosilicate glasses21-23,29. 

The atomic structure of La aluminosilicate glasses can be better described 
by a mixed aluminosilicate network than by separate silicate and aluminate 
networks. 
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1.5. Silicon Nitride 
 

Silicon nitride is one of the most intensively studied ceramic materials due to 
its wide technological use. Si3N4-based ceramics have been investigated for 
more than 40 years because already existing commercial materials and new 
ceramics under development potentially can replace metals in tough operat-
ing conditions. 

Silicon nitride is used in a number of industrial applications, such as re-
ciprocating engine components and turbochargers, metal cutting and shaping 
tools, hot metal handling, heat exchangers, pump seal parts, ball bearings 
and ceramic armor. This large number of applications of silicon nitride is 
due to its low density and better high-temperature capabilities than most 
metals, high strength, good wear resistance, oxidation, mechanical fatigue 
and creep resistance. Its low thermal expansion coefficient is a reason for 
good thermal shock resistance compared to most known ceramic materials. 

Si3N4 occurs in two modifications, known as α and β, which differ in 
their crystal structure32,33. 

Figure 1.4. α− and β−modifications of silicon nitride. 

At ≈1300 °C the favored phase formed during the reaction of elemental Si 
with nitrogen gas is α−Si3N4; that reflects steric constrains of the N2 mole-
cule bonding to silicon. Above the melting point of Si (1410 °C), nitrogen 
dissociates into atoms, and due to the eased diffusion through the liquid sili-
con, the conditions favor β-Si3N4 formation34. 

1.5.1. Silicon Nitride and Sialons 
 

One of the major difficulties in dealing with Si3N4 is that it cannot be sin-
tered into a fully dense material by any conventional technique and cannot 
be heated above 1850 °C due to its dissociation into silicon and nitrogen 
atoms. Dense silicon nitride can only be made using methods that create 
bonding between grains via a liquid phase35. It is done by introducing a small 
amount of chemicals, which are known as sintering additives, to the reaction 
mixture.  
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Although the use of sintering additives solves the problem of obtaining 
dense materials, it in turn creates a problem of a different kind – properties 
of silicon nitride sintered with additives do not remain the same: the material 
to some extent looses its excellent characteristics. Therefore, many attempts 
have been made to create an alternative material, which can be used for the 
same applications in tough conditions as silicon nitride, and can be obtained 
by easy and low-cost techniques. It was found that intergranular phases ob-
tained in liquid-phase sintering of silicon nitride fulfill these requirements. 

Sintering additives in silicon nitride can be a mixture of rare-earth oxides 
(yttrium or lanthanum oxides) and aluminum oxide. On heating sintering 
additives react with silicon nitride and silica, which is always present on the 
surface of nitride particles. On cooling, liquid phases solidify and bond the 
Si3N4 grains, which results in densification of the ceramic. New phases 
formed during sintering can be described by a general formula M-Si-Al-O-N 
where M is a rare-earth metal36,37. These new chemical compounds are called 
sialons, as they contain Si, Al, O and N atoms. They are built of Si/Al-O/N 
tetrahedra in the same way as silicates are built of SiO4 tetrahedra. Due to 
the negative charge (-3) of nitrogen, which is higher than that of oxygen, 
more or higher-valent cations can be incorporated in the sialon phases. 

Jack28 observed that the local atomic structure of Si3N4 is a chain of tetra-
hedra, composed of nitrogen atoms and a central silicon atom, which are 
similar to SiO4 tetrahedra. He also suggested that similar values of bond 
lengths of Si-N, Si-O and Al-O could be the reason for nitrogen incorpora-
tion into the network of silicates and aluminosilicates. The local charge on 
the non-bridging nitrogen ions is balanced by the presence of metal cations 
(network modifiers). 

At the present, sialons are widely used due to their good thermal, me-
chanical, chemical and electrical properties28. 

1.6. Oxynitride Glasses 
 
It has been mentioned that, on cooling, sintering additives used in liquid-
phase sintering of silicon nitride sometimes form intergranular glass phases. 
Similar phases were found between sialon grains. These glasses contain 
small amounts of nitrogen atoms in their structure and are called oxynitride 
glasses. The composition and fraction of such oxynitride glass phases deter-
mine the properties of the formed ceramic sialon materials, in particular their 
high-temperature properties. 

Oxynitride glasses have attracted the attention of scientists due to the en-
hanced mechanical properties compared to their oxide equivalents. The in-
terest in the new class of materials has resulted in a number of studies on 



 10 

glass formation, structure and properties in various M–Si–(Al)–O–N sys-
tems15,16,38-46. 

There are many areas of applications for oxynitride glasses due to their 
specific physical and chemical properties: high dielectric constants, elastic 
moduli, viscosity, temperature resistance, glass transition temperature, hard-
ness and refractive index, and low density. They can be potentially used as 
coatings for refractory protection, high-speed hard disk drives, windows and 
glasses for special needs; as phases between non-oxide ceramics and metals 
for bonding these materials; high-temperature resistant glass-ceramics, etc47. 
Fibers made of oxynitride glasses may be used as constituents of translucent 
fiber-reinforced glasses and fiber-reinforced aluminum metal. Oxynitride 
glass coatings due to their high temperature resistance, can be used for pro-
tection of the surface of metals with low melting temperatures41. 

1.6.1. Synthesis and Nitrogen Solubility in Glasses 
 

A number of attempts have been made to synthesize oxynitride glasses sepa-
rately from the sialon ceramic materials. 

In the first synthesis attempts, nitrogen was incorporated into silicate 
glasses assuming physical solubility of nitrogen gas in a melt. In soda-lime 
silicate glasses the physical solubility achieved by bubbling nitrogen gas 
through the glass melts was found to be very low, while using ammonia gas 
resulted in a chemical solubility of nitrogen in a glass 105 times higher than 
the physical solubility after a five-hour reaction at 1400 °C. This way, 0.33 
wt% nitrogen was introduced into soda-lime silicate glasses48, and in general 
a solubility of 0.25 – 2.5 wt% was achieved after a 24 h synthesis for various 
systems49. It was proposed that nitrogen could substitute for oxygen in the 
SiO4 network under reducing conditions50. Glasses obtained by this method 
revealed a significantly increased hardness and electrical resistivity and a 
decreased thermal expansion coefficient. Changes in glass properties were 
attributed to incorporation of nitrogen into the structure. Incorporation of 
nitrogen also inhibited devitrification of the glass. This was attributed to 
increased viscosity due to presence of two- and three-coordinated N atoms in 
the glass, which implies higher network cross-linking50. When Si3N4 was 
added to a melt of oxides under nitrogen atmosphere, N incorporation was 
more rapid and reached 4 wt%49. 

The currently prevailing synthetic approach is based on melting the mix-
tures of oxides and nitrides of the Si and Al, as well as M (modifier metal) in 
N2 or NH3 atmosphere, followed by fast melt quenching28,51. It has been 
found that the highest N incorporation into glasses (up to 40 e/o) by devel-
oped conventional synthesis methods was achieved when lanthanide metals 
were used as network modifiers42. 
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Recently, another method of oxynitride glass synthesis has been discov-
ered. Here, modifiers are introduced in their metallic form into a melt of 
oxides and nitrides under a nitrogen atmosphere. They react with nitrogen 
gas at quite low temperatures and form very reactive nitrides, which in turn 
react with the other components of the mixture (SiO2, Si3N4 and Al2O3) at 
higher temperatures. In this way, glasses with high content of modifier 
cations and of nitrogen content have been obtained, and the glass-forming 
region has thus been significantly expanded44,45. 

1.6.2. Effects of the Composition on Properties of the Oxynitride 
Glasses 
 
It has been mentioned above that physical and chemical properties of oxyni-
tride glasses change with increasing nitrogen content. Increase in the silicon 
nitride concentration in the fixed glass composition leads to a simultaneous 
increase of Si content and decrease in Al or modifying cation concentrations; 
the change of properties of oxynitride glasses cannot be attributed only to 
changes in nitrogen content, but simultaneous deviations of quantities all the 
components47. 

It has been experimentally proven that nitrogen incorporation into the 
glasses results in materials with higher hardness and fracture toughness and 
lower thermal expansion, as described in the review48. Investigations have 
also shown that reducing the alumina content in the oxynitride glasses results 
in higher refractory indexes and higher viscosities. It was observed that M–
Si–Al–O–N systems demonstrate a larger glass-forming region than M–Si–
O–N glasses. Thus, the presence of alumina extends the glass-formation 
range, which is attributed to the lower viscosity of the formed melts50. The 
presence of the rare-earth modifier cations in the glasses results in increased 
refractive indices48. 

Hence, by varying the contents of rare-earth metal, N or Al in the glass, it 
is possible to tune the sample properties. 

1.6.3. Nitrogen Coordination in Glasses 
 

The enhancement of the glass properties with substitution of nitrogen for 
oxygen has been attributed to the replacement of a two-coordinated bridging 
O by tri-coordinated bridging N and a resulting increase in the cross-linking 
of the silicate network48,50. However, there is no direct evidence for this fact, 
at least not in glasses with high modifier content; investigations only demon-
strated the presence of Si-N bonds in the glass structure. To study the coor-
dination of nitrogen in oxynitride glasses, a number of experiments have 



 12 

been performed, using such techniques as FTIR, NMR and neutron diffrac-
tion6-9,16,41 and molecular dynamics calculations52. The following conclusions 
have been drawn: 

• Nitrogen, incorporated in the network is connected to Si via Si-N 
bonds, whose existence has been proved by spectroscopic methods. 

• Nitrogen atoms that are bonded to only one or two cations, instead 
of three, are very probable in the glass structure16,41. This conclusion 
was supported by molecular dynamics calcultions52. 

A calculation based on neutron diffraction data assuming that only nitrogen 
atoms bonded to three or two silicon atoms are present, provided the follow-
ing results: 58% of the nitrogen atoms are bonded to two cations and only 
42% are bonded to three cations6,41. Based on molecular dynamics calcula-
tions for the oxynitride glass system Na–Si–O–N, Unuma et al.52 obtained 
the value 2.3 as an average coordination number of nitrogen. This suggests 
that the improved physical properties of oxynitride glasses cannot be ex-
plained by increased network cross-linking. Another explanation is the more 
covalent nature of the Si-N bond and a resulting lower flexibility than that of 
the Si-O bond. 

Ajula et. al.13 described the preference for Si-N bonding over to Al-N 
bonding. Hater et. al.53 and Leonova et. al.16 found a similar tendency. IR 
and Raman spectroscopy studies38,54 showed the absence of Al-N bonding in 
the investigated glasses (containing up to 30 at% nitrogen). Neutron diffrac-
tion studies by Jin et al.7 confirmed that the nitrogen atom has a much 
stronger tendency to form chemical bonds with Si than with Al in Y–Al–Si–
O–N glasses. 

1.7. Bioactive Glasses  
 
Inorganic chemistry and life science are combined in one discipline when 
dealing with biomaterials such as calcium carbonate that forms exoskeletons 
or hydroxyapatite that is a component of bones and teeth. Biomaterials are 
designed to be in a contact with the living body and cause it no harm. Mate-
rials for medical applications need to possess specific physical, chemical and 
biological properties. 

To date, a large number of various materials have been successfully used 
for medical purposes. Glasses in the systems CaO–SiO2 and CaO–SiO2–P2O5 
have shown the ability to bond to bone and integrate in the body; they were 
found to increase recovering and growth of tissue. These materials are called 
bioactive due to their special property: a time-dependent formation of a bio-
logically active hydroxycarbonate apatite (HCA) layer on their surface when 
exposed to physiological liquids. The HCA phase that forms on bioactive 
materials is believed to be chemically and structurally equivalent to the bone 
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mineral. This growing crystalline phase bonds to collagen, and strong inter-
facial attachment forms between the inorganic implant and the living bone. 
Hence, the implants made of bioactive materials are designed to be slowly 
replaced by bone. The rate of HCA formation and its crystallization varies 
for different types of bioactive materials. 

The discovery of bioactive glasses dates back to the 1970s. Bonding to 
bone was first studied for glasses that contained SiO2, Na2O, CaO and P2O5 
in specific proportions55. This composition has been in clinical use for last 
15 years. It was found that glass compositions with about 60 mol % SiO2, 
high modifier cations content and high CaO/P2O5 ratio result in fast ion ex-
change with physiological liquids and nucleation and crystallization of HCA 
on the surface56. 

There are various applications of bioactive glasses (BGs). The applica-
tions depend on the composition, properties and the history of the glass, i.e., 
the synthetic route used. As the synthetic methods were developed, the range 
of applications was simultaneously extended. 

Except for their application as implants, dental prostheses and bone-
filling materials56,57, porous bioactive glasses can be potentially used as sys-
tems for controlled release of anti-inflammatory drugs and antibiotics58. The 
controlled drug release is an interesting method due to its high delivery effi-
ciency, continuous action and non-toxicity. The studies of controlled drug 
delivery systems have been mainly focused on biopolymers. However, these 
materials are not well suited as filling materials for bones, as most of the 
biopolymers are not bioactive. 

1.7.1. Synthesis Methods 
 

Initially, bioactive glasses were prepared by quenching melts of SiO2 and 
P2O5 used as network formers and CaO and Na2O (network modifiers)55. In 
the 1990s, a sol-gel process was suggested for the bioactive glass synthesis59. 
This technique allows preparation of glasses with high purity and homogene-
ity, and the expansion of compositional ranges. All the steps of this route are 
carried out at temperatures significantly lower than those used in the melt-
quenching method. Hence, in this synthesis route it is not necessary to use 
components that lower the melting temperature (Na2O). This way the first 
CaO-SiO2-P2O5 systems were obtained. Today, bioactive glasses are mostly 
prepared by sol-gel synthesis. 

While melt-quenched glasses are dense, glasses, prepared by the sol-gel 
method were found to be porous. Their enhanced bioactivity, compared to 
dense BGs, was attributed to the increased specific surface area. Therefore, 
further technique improvements were directed towards obtaining glasses 
with large surface area and narrow pore size distribution. This was achieved 
by using the evaporation-induced self-assembly (EISA) process60. The 
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chemical composition of an amphiphilic block copolymer used as the struc-
ture-directing agent determines what types of highly symmetric mesopore 
structures can be obtained61. Mesoporous glasses compositions similar to 
those of sol-gel derived glasses can be prepared. Ordered mesoporous bioac-
tive glasses (MBGs) showed higher bioactivity than conventional sol-gel 
bioactive glasses62. 

1.7.2. Process of Hydroxyapatite Formation 
 

The process of hydroxyapatite formation takes place on the free surface of 
the bioactive glass; hence, an increase of the surface area accelerates the 
chemical reactivity of the material. 

Hench56 has defined the main steps in the process of the formation of 
HCA layer: 

Chart 1.1. Scheme describing HCA layer formation. 

After this layer formation, purely biological processes occur, knowledge of 
which is very scattered:  
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• adsorption of biological cells on the HCA layer; 
• influence of macrophages; 
• bonding of stem cells to the layer; 
• differentiation of stem cells; 
• creation of the bone mineral matrix; 
• crystallization of the latter2. 

In approximately two weeks, the crystalline HCA layer becomes equivalent 
to biological apatites grown in vivo56. 

Glass composition has drastic effects on the final stages of HCA forma-
tion. 

1.7.3. Bioactivity 
 
Hench et al.55 first introduced the concept of bonding synthetic materials 
with bone through chemical reactions that take place on the surface when the 
material is exposed to physiological liquids. The origin of the bone-bonding 
ability of bioactive glasses is the chemical reactivity of the glass surface in 
the presence of body fluids. The surface reactions lead to the formation of an 
HCA layer and bonding of implant to tissue. 

The chemical composition, structure, and textural properties (pore size, 
pore volume and pore structure) of biomaterials influence the appearance 
and growth of the HCA layer. For BGs prepared by the sol-gel process, the 
compositional change is known to modify the glass structure and texture59: 
higher calcium content leads to chemical heterogeneity, larger pore sizes and 
pore volumes63,64. Increasing the pore size and pore volume results in rapid 
massive release of Ca2+ ions from the glass into the solution and therefore 
favors the formation of the HCA layer. By varying the CaO content, bioac-
tive behavior can be changed by means of modified network connectivity 
and textural properties. 

Many compositions containing SiO2, CaO and P2O5 are found to be bio-
logically active, and at first it was concluded that P2O5 was required for a 
glass to be bioactive. Nevertheless, a number of investigations have shown 
that two-component SiO2-CaO glasses with a maximum SiO2 content of 65 
mol% also possess in vitro and in vivo bioactivity65-67. Therefore, the key to 
bioactivity is not the phosphorus in the glass structure, but rather the surface 
reactions. A hydrated silica-gel layer, which contains Si-OH groups, is be-
lieved to play a key role in apatite nucleation. However, many glasses that 
are able to form this layer are still not bioactive. A realistic conclusion is that 
surface chemistry plays the main role in the bioactive layer, which controls 
the adsorption of phosphate salts and modifies the chemical state of the ad-
sorbed phosphate ions. 
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1.7.4. Mesoporous Bioactive Glasses 
 
It has been shown that both composition and structure are important for sol-
gel BGs to exhibit bioactive behavior. Increasing the specific surface area 
and pore volume of BGs is assumed to accelerate the process of HCA forma-
tion and, therefore to enhance the bone-forming ability.  Control of porosity, 
pore size and internal pore architecture of BGs is important for the design of 
better bone-forming biomaterials. 

Recently, a new class of BGs has been synthesized by using non-ionic 
block copolymers as structure-directing agents through an evaporation-
induced self-assembly process. This new synthesis route allows producing 
mesoporous bioactive glasses (MBGs) with uniform and controllable pore 
sizes, large pore volumes and superior in vitro bioactivity compared to sol-
gel derived BGs. For given values of pore size and pore volume, a number of 
different compositions of MBGs may exist. It has been shown that the 
mesostructure of the MBGs is important with respect to their bioactivity62. It 
was confirmed that such materials exhibit high chemical 
homogeneity61,62,68,69. These materials show a different structure−bioactivity 
correlation compared to conventional sol-gel derived BGs, where usually 
higher calcium content implies a higher bioactivity70.  

Due to their properties, MBGs are good materials for two important bio-
medical applications: drug delivery systems71 and bone tissue 
regeneration62,68. The drug molecules can be immersed into the mesopores 
and released via a diffusion-based mechanism without drug-material interac-
tion. The amount of drug loading was increased for the mesoporous bioac-
tive glasses (three times more than that of sol-gel glass) due to the well-
ordered mesostructure. Also, the rate of release was slower for mesoporous 
than for conventional bioactive glass. The higher load and slower release 
were attributed to the large surface area58. 

It has been observed that before soaking in water, MBGs have a narrow 
and uniform pore size distribution centered around 5 nm. After exposure to 
water a bi-modal pore size distribution was observed, centered at around 5 
and 20 nm, which shows that initially present channels and pores are trans-
formed by release of inorganic species from the pore wall68. Increasing spe-
cific surface area and pore volume of bioactive glasses greatly accelerates 
the HCA formation and therefore enhances the bioactive behavior. 
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2. Nuclear Magnetic Resonance 
Spectroscopy 

2.1. Introduction 
 
At present, many techniques are used in science for studying various com-
pounds and their properties. One of these techniques, Nuclear Magnetic 
Resonance (NMR) spectroscopy, was discovered in 1945 by two groups 
independently of each other: Purcell, Torrey and Pound detected weak radio-
frequency signals from the nuclei of paraffin wax; Bloch, Hansen and Pack-
ard observed signals of the same kind from water. These two experiments 
were the beginning of NMR spectroscopy. Over the past years NMR has 
become a routine technique for studying physical, chemical and biological 
properties of compounds. Magnetic resonance is also used to image spin 
density and provide anatomic and functional images. NMR and magnetic 
resonance imaging (MRI) are applied in many different areas such as medi-
cine, biology, chemistry and materials science, in particular for studying 
cells, bones, brain, protein folding, drug design, membranes, liquid crystals, 
surfaces of the materials, zeolites, polymers, colloids, catalysts, metals, 
phase transitions, cements, gasses, ceramics; and many other materials and 
processes72. As this technique is element-specific, it is possible to study at-
oms of interest without any interference from other atoms of similar atomic 
mass, unlike the X-ray diffraction technique. 

NMR is based on the specific property of the atomic nucleus that it pos-
sesses a nuclear magnetic moment and can respond to an applied external 
magnetic field. Due to this interaction, a response signal can be detected. 

The majority of nuclei in the periodic table possess a nuclear magnetic 
moment, which is proportional to the nuclear spin angular momentum I: 

€ 

µ = γ ⋅ I ,                                                   (2.1) 
where the gyro-magnetic ratio γ, is a constant, specific for each nucleus. The 
angular momentum of a nuclear spin is a vector and can point in any possi-
ble direction in the space. 
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When a magnetic field is applied to the spins, they start to precess (rotate) 
around the magnetic field axis. The frequency of this precession is called the 
Larmor frequency ω0: 

€ 

ω0 = −γ ⋅ B0 ,                        (2.2) 
where B0 is the external static magnetic field. The quantization axis in NMR 
is defined by the axis of the static magnetic field (usually taken as along the 
z-axis). The Hamiltonian 

€ 

ˆ H  for a nuclear spin in a static field is expressed as  

€ 

ˆ H = − ˆ µ B0 ,                        (2.3) 
where 

€ 

ˆ µ  is the nuclear magnetic moment operator and B0 is the magnetic 
field applied in the NMR experiment. The magnetic moment operator can be 
expressed as follows: 

  

€ 

ˆ µ = γÎ ,                       (2.4) 
where   

€ 

  is the reduced Planck constant. 
As the magnetic field is applied along z-axis, the x and y contributions of Î 
will be 0 and thus 

  

€ 

ˆ H = −γÎzB0 .                       (2.5) 
A radio-frequency (rf) pulse is an oscillating magnetic field of specific 

frequency ωrf and duration, and it is applied to fulfill a resonance condition 
(Eq. 2.2). The radio-frequency pulses are applied in a direction perpendicular 
to the magnetic field B0. If the rf pulse is set to be on resonance, then 

   

€ 

ωrf =ω0,                       (2.6) 
An oscillating magnetic field, B1, is associated with the applied radio-
frequency pulse and is perpendicular to B0. The rf pulse flips the magnetiza-
tion vector into the xy-plane (transverse plane). Spins will keep precessing 
around the magnetic field B1, as they did around B0, at frequency 

€ 

ω1 = −γ ⋅ B1,                        (2.7) 
which is called the nutation frequency. After the application of the rf pulse, 
the spins return to their thermal equilibrium state. Time interval, needed for 
reaching the thermal equilibrium, denoted T1, is called spin-lattice relaxa-
tion. The precession of the transverse magnetization induces oscillating elec-
tric currents that can be detected: this is an NMR signal, the so-called free-
induction decay, FID. This oscillating signal detected in the time domain can 
be transformed into the frequency domain by Fourier transformation. The 
peak maximum of the obtained spectrum corresponds to the Larmor fre-
quency of the nuclei under observation. 

2.2. Interactions in NMR 
 
In the above introduction to NMR, nuclei were regarded as isolated objects. 
In reality, this is never true. Atomic nuclei are surrounded by electrons and 
other nuclei of the same or different type. A nucleus interacts with its envi-
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ronment due to the fact that it possesses electric charges and magnetic mo-
ment and therefore can interact with surrounding electric and magnetic 
fields72. 

The main and most prominent interaction of the nucleus is the interaction 
with the static magnetic field. The Hamiltonian is given by Eq. 2.5. This 
external interaction is called the Zeeman interaction. 

Nuclei always experience local electric and magnetic fields that originate 
from the sample itself – internal interactions. There are a number of internal 
spin interactions: chemical shift, dipolar couplings, J-couplings, and 
quadrupolar couplings. 

2.2.1. Chemical Shift 
 
The electrons cause changes in the local magnetic fields around nuclei. The 
local magnetic fields experienced by nuclei at two various sites in the same 
molecule or crystal are different if the electronic environments are different. 
This interaction is called chemical shift; it is the most important interaction 
in NMR, since it allows identification of the local nuclear environments. 
The chemical shift interaction contains two steps: 

1. the external magnetic field B0 induces circulating electric currents in 
the electron clouds in the atoms; 

2. the induced electric currents generate a small magnetic field (Bin-

duced). 
The nuclear spins sense the local magnetic field Bloc, which is the sum of the 
external magnetic field B0 and the induced field Binduced generated by the 
electrons72: 

€ 

Bloc = B0 + Binduced .                         (2.8) 

Figure 2.1. Schematic illustration of the chemical shift mechanism. 

The induced magnetic field is usually very small, around 10-4 of the value of 
the external field. Its strength is directly proportional to B0: 

€ 

Binduced = Δ ⋅ B0 .                      (2.9) 
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Thus, the oscillating frequency during the free induction decay is changed 
from the Larmor frequency according to the change in the magnetic field: 

€ 

ω'0 = −γ ⋅ B0(1+ Δ) .                    (2.10)  
As the result of the chemical shift interaction, NMR peak positions are 
shifted from the position of Larmor frequency. 

As was mentioned before, induced magnetic fields are proportional to the 
external magnetic field (Eq. 2.9) and so are the chemically shifted Larmor 
frequencies (Eq. 2.10). To calibrate NMR frequencies and make measure-
ments comparable, NMR spectroscopists use reference compounds for each 
NMR-active nucleus. These compounds are chosen so that they have a large 
signal intensity and low chemical reactivity; and their chemical shifts are set 
to 0 ppm. All the other spectral positions are measured with respect to the 
corresponding reference frequencies. Calculated with respect to references 
peak positions δ are very small values (≈ 10-6), and therefore the unit of parts 
per million, ppm, is used. 

Figure 2.2. Schematic illustration of 29Si NMR spectra from the 29Si reference com-
pound tetramethylsilane (TMS) and α-quartz (one of the modifications of SiO2). 

The chemical shift is dependent on the orientation of the molecule or 
crystal with respect to the external magnetic field. This chemical shift anisot-
ropy (CSA) is a result of the fact that molecular electron density has ellip-
soidal rather than spherical symmetry. The orientation dependence (anisot-
ropy) of the chemical shift may reach large values. The largest chemical shift 
δ11 occurs when the electron density ellipsoid is oriented along the B0 axis, 
and the smallest shift δ33 occurs when the electron cloud is flattened with 
respect to the B0 axis. The third chemical shift value δ22 corresponds to a 
molecular orientation perpendicular to the δ11 and δ33 axes. These three 
chemical shifts are called principal values of the chemical shift tensor. The 
chemical shift tensor is a 3×3 matrix, which relates the orientation of the 
molecule and the magnetic field.  This matrix can be placed into its principal 
axis system by diagonalization with δ11, δ22 and δ33 as resulting 
eigenvalues72-74. 
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Figure 2.3. In a solid sample, the chemical shift depends on the orientation of crys-
tallite with respect to the external magnetic field (modified from Ref.72). 

2.2.2. Dipolar Coupling 
 
The nuclear magnetic moment of a spin induces a small magnetic field in the 
surrounding space. A neighboring spin interacts with it; and, in turn, the first 
nuclear spin also experiences the field induced by the second spin. Magnetic 
fields produced by spins either increase or decrease their local magnetic 
fields Bloc, depending on the orientation of the spins with respect to the mag-
netic field. 

Figure 2.4. Spin I interacts with a magnetic field, produced by spin S, and vice 
versa. Spins are separated by the distance r. 

This interaction is called direct dipolar coupling and occurs through space, 
meaning that it can originate within the same molecule or neighboring mole-
cules that are in close to each other in space. Dipolar couplings can be ob-
served between different or identical nuclear species, then they are called 
heteronuclear or homonuclear couplings respectively. The magnitude of the 
dipolar coupling is measured by the dipolar coupling constant, bIS: 

  

€ 

bIS = −
µ0
4π

⋅
γSγ I

rIS
3

.                    (2.11)  

Here γS and γI are gyro-magnetic ratios of nuclei S and I and rIS is the dis-
tance between these nuclei. As can be seen from Eq. 2.11, dipolar couplings 
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decrease drastically with increasing distance between interacting spins. The 
magnitude of the dipolar coupling is proportional to the product of the gyro-
magnetic ratios. Logically, nuclei with larger magnetic moments produce 
stronger magnetic fields, which in turn increases their dipolar coupling inter-
actions. 

 Fig. 2.5. The orientation of vector between the interacting S and I spins with respect 
to external magnetic field is described by the angle θ. 

The dipolar coupling interaction is dependent on the orientation of the in-
teracting spins. The Hamiltonian of a heteronuclear dipolar interaction is 
represented as follows: 

€ 

HIS = −bIS (3cos
2θ −1)Iz

I Iz
S .                    (2.12) 

The angle θ describes the orientation of the internuclear vector with respect 
to the external magnetic field.  

Two identical spins experience an energy-conserving flip-flop transition 
where one spin flips up while the other spin flips down. To account for the 
flip-flop, an additional term 

€ 

(3Iz
I Iz

S − II IS )  exists in the Hamiltonian de-
scribing the homonuclear interaction72,74: 

         

€ 

HIS = −bIS
1
2
(3cos2θ −1)(3Iz

I Iz
S − II IS ) .                (2.13) 

2.2.3. J-Couplings 
 
An atomic nucleus experiences a hyperfine interaction with electrons that 
participate in chemical bonds between neighboring atoms and influence the 
local nuclear magnetic fields. This interaction is called J-coupling. Existence 
of J-couplings is a direct proof that atoms under observation are bound: two 
spins have a measurable J-coupling only if they are connected together via a 
small number of chemical bonds. J-couplings are intramolecular interactions. 

In solids the contribution of J-couplings are usually small and therefore 
often ignored.  
 

The interactions described above are present in all spin systems. Spins 
with I≥1 experience an additional interaction that is called quadrupolar cou-
pling. It will be discussed in detail in section 2.4. 
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2.3. Solid-state NMR 
 

NMR can be performed both in liquid and solid state. In liquids fast isotropic 
motions result in spectra that are usually narrow and well resolved, as fast 
molecular tumbling in solutions averages all the orientation-dependent inter-
actions.  Liquid-state NMR is routinely used in academic and industrial re-
search for simple compound identification and for advanced studies. In solid 
samples isotropic motions are usually absent, and that results in broad, 
poorly resolved spectra, which is a big disadvantage. Although liquid-state 
NMR is very informative and rather easy to perform, more information 
about molecular dynamics and structure can be obtained by solid-state NMR. 
For example, the chemical shift anisotropy tensor provides more information 
about the electronic environment than a single isotropic chemical shift value. 
Quadrupolar interactions provide information about electronic distribution in 
the solid, while dipolar couplings directly offer intermolecular distances. 

For spin-1/2 nuclei, two interactions contributing to the line broadening 
are the chemical sift anisotropy and the dipolar coupling. Nuclei with I≥1 
possess a quadrupolar moment, and their spectra are dominated by quad-
rupolar interactions. All these interactions are anisotropic as they depend on 
the orientation of each crystallite in the sample. The orientation dependence 
of the interactions mentioned above can be represented by second-rank ten-
sors, i.e. they can be described mathematically by a 3×3 matrix. 

Dipolar Interaction in Solids 
The dipolar coupling between a pair of spins is always axially symmetric. 
The reorientation of a molecule in solution is much more rapid than the evo-
lution of the dipolar coupling, which results in averaging the term 
(

€ 

3cos2θ −1) of the dipolar coupling Hamiltonian to zero. In solid-state 
NMR it is usual to deal with powdered samples, where crystallites are ran-
domly oriented, and therefore the spectrum is a superposition of many indi-
vidual lines, which correspond to all possible internuclear vector orientations 
with respect to the external magnetic field. The resulting spectrum is called a 
Pake pattern (Fig. 2.6). 

Figure 2.6. Dipolar Pake pattern for a pair of coupled spins in a powdered sample. 
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The Pake pattern is built from two patterns, which are produced by parallel 
and antiparallel alignment of the I spin with respect to the S spin. There is a 
special orientation of the S-I vector where the resonance frequency of the 
crystallites is not changed by the heteronuclear dipolar coupling. Here, the 
internuclear vector makes an angle of θ = 54.74° with B0, the so-called 
“magic angle”. 

As dipolar couplings introduce unwanted broadening in the solid-state 
NMR spectra, two possible ways of eliminating this interaction have been 
devised. One is spinning a sample at the magic angle (see section 2.3.1), and 
the second method is applying radio-frequency waves75. The second method 
can eliminate dipolar couplings between protons and dilute nuclei. It is 
called heteronuclear decoupling. Constantly applied rf pulses rotate the pro-
ton spins so that they take all possible orientations; thus, the influence of the 
protons on the dilute nuclei is zero and the dipolar coupling appears to be 
vanished. Lately, a number of new techniques that use advanced pulse se-
quences for heteronuclear decoupling have been developed76,77. 

Homonuclear dipolar couplings cannot be averaged by applying the same 
decoupling pulse sequences, because they have an additional term in their 
Hamiltonian that differs from the heteronuclear dipolar interaction (Eq. 
2.13). Homonuclear decoupling can be achieved using specially designed 
pulse sequences, for example, WAHUHA78.   

Chemical Shift Interaction in Solids 
Chemical shift interaction in solid-state NMR is also anisotropic. In pow-
dered samples, which consist of a large number of randomly oriented crys-
tallites, a powder pattern similar to a Pake pattern is observed. The left and 
right edges of this pattern correspond to chemical shifts δ11 and δ33, respec-
tively, and the position of the maximum intensity of the pattern corresponds 
to δ22.  

The chemical shift Hamiltonian is represented as  

  

€ 

ˆ H CS = γB0Iz[δiso +
1
2
δCSA (3cos2θ −1)]. (2.14) 

The angle θ describes the orientation of the major axis of the CSA ellipsoid 
with respect to B0, δCSA reflects the magnitude of the CSA: 

€ 

δCSA = δ33 −δiso,                    (2.15) 
and δiso is isotropic chemical shift. 

Chemical shift anisotropy can be measured directly by fitting the spinning 
sideband intensities of the spectrum79. 
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2.3.1. Magic-Angle Sample Spinning 
 
In solution NMR, high resolution is obtained due to fast isotropic tumbling 
of the molecules, which averages the anisotropic (orientation-dependent) 
interactions to zero. To achieve high resolution in solid-state NMR, the same 
approach should be adopted: anisotropic interactions should be eliminated. 

Chemical shift anisotropy and dipolar coupling Hamiltonians contain sec-
ond-rank tensors, which comprise the same term (3cos2θ - 1), where the 
angle θ describes the orientation of the crystallite or CSA ellipsoid. Thus, 
second-rank tensors can be averaged to zero if the orientation-dependent 
term vanishes. That can be achieved when the angle between internuclear 
vector or major axis of the CSA ellipsoid and the external magnetic field θ is 
equal to θ=54.74° (the magic angle). At this angle, the term (3cos2θ - 1) term 
equals 0. In reality single crystals are very difficult to obtain, and spectro-
scopists deal with polycrystalline samples. Nevertheless, a solution has been 
found. Rotation of the solids has been shown to produce narrower lines80. If 
the spinning axis is chosen so as to create a 54.74° angle with B0, the CSA 
and dipolar interaction are eliminated. This technique is known as magic-
angle spinning (MAS)81,82. The narrowing of lines at magic-angle spinning 
has proved experimentally81-83. 

A vector at an angle of 54.74° can be considered as a space diagonal of a 
cube. The x-, y- and z-axes are symmetric with respect to this space diagonal. 
Under rotation, each crystallite will experience the average chemical shift  

€ 

δiso = (δxx +δyy +δzz ) / 3 = (δ11 +δ22 +δ33) / 3,                    (2.16) 
i.e. an isotropic chemical shift74. 

Figure 2.7. The vector at the magic angle (angle θ = 54.74° between the magnetic 
field and the rotation axis) as a space diagonal of a cube (modified from Ref.74).   

During the rotation of the sample, the static line shape splits up into a cen-
terband and spinning sidebands, which are separated by a value equal to the 
spinning frequency. At high spinning speeds the signal intensity is mostly 
concentrated at the centerband, and its position corresponds to the isotropic 
chemical shift. 
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2.3.2. Cross-Polarization NMR Experiments 
 
Solid-state NMR experiments often deal with nuclei of low natural abun-
dance, such as 13C, 15N, 29Si, etc. Direct measurements on these nuclei give 
poor signal-to-noise ratio (S/N) in the spectra. 

To obtain solid spectra of reasonably good signal intensity in experiments 
conducted on low-abundant nuclei, researchers employ a technique called 
cross polarization (CP). 

The typical pulse sequence for CP is shown in Fig. 2.8.  

Figure 2.8. The basic pulse sequence used for cross-polarization. 

The magnetization of the abundant spin I is flipped into the xy-plane by a 
90° pulse, then an rf pulse is applied to both spins for a time period τcp, caus-
ing the magnetization to “flow” from I spins to the dilute S spins. Usually, 
strong proton decoupling is used during the signal acquisition to remove 
effects of heteronuclear dipolar couplings. 

Magnetization transfer occurs when rf pulse is applied at the resonance 
for both spins I and S, and if the Hartmann-Hahn matching condition 

€ 

γ I BI = γSBS                      (2.17) 
is satisfied84: spins I and S possess equal precessing rates (nutation frequen-
cies) in their respective rotating frames. The magnetization, formed in the 
system of coupled spins I and S lasts for the interval equal to spin-lattice 
relaxation time T1 of the I spin, as long as strong rf fields are applied. The 
magnetization transfer is performed by spin-locking (a condition when the 
magnetization vector MI of I spins is aligned with the rf field and does not 
precess in the rotating frame, therefore only insignificantly decays with 
time). After the spin-lock, I spins are decoupled from S spins, and hence 
their influence on the latter is removed. 

The transfer of magnetization can be explained in terms of spin tempera-
ture.  Before spin-locking, the S spin temperature TS = ∞ and the I spin tem-
perature TI is very low (spin temperature is inversely proportional to the 
magnetization). During the time interval τCP the “cold” I spins and the “hot” 
S spins are brought into contact, the magnetization transfer occurs when I 
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and S spins achieve the same effective spin temperature, and thus the S spins 
gain the magnetization84,85. 

As the acquisition rate of an CP experiment is determined by the relaxa-
tion time of the I spins (which for protons is usually short), the experimental 
time is significantly improved by using the CP technique instead of direct 
excitation of S nuclei, whose relaxation times are very long and, together 
with low abundance, result in spectra of low intensity. 

The combination of CP, MAS and decoupling creates an efficient tech-
nique, which is routinely used to obtain spectra of high sensitivity and reso-
lution from dilute nuclei. A large number of works have improved the ini-
tially suggested CP technique86-88. 

2.4. Quadrupolar Nuclei 
 
Most existing nuclei have spins higher than 1/2; they are called quadrupolar 
nuclei. These nuclei possess non-spherically symmetrical electric charge 
distribution. The electric quadrupolar moment of the nucleus interacts with 
the electric field gradients (EFG), which are denoted eq and arise from the 
distribution of electrons and other adjacent nuclei. This interaction is called 
quadrupolar coupling: it is an intramolecular interaction and can take a value 
larger than all other interactions (except for the Zeeman interaction, gener-
ally) and dominate the spectra. 

Figure 2.9.  Quadrupolar nuclei interact both with magnetic and electric fields. 

Quadrupolar nuclei possess a quadrupolar moment, which is denoted by eQ. 
The magnitude of the quadrupolar interaction is called quadrupolar coupling 
constant CQ; its value depends on the particular nucleus and its molecular or 
crystalline environment. 

€ 

CQ =
e2qQ
h

.                      (2.18) 

The quadrupolar frequency νQ (Hz) or ωQ (rad/s) is defined by89 
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€ 

νQ
(1) =

ωQ
(1)

2π
=

3CQ

2I(2I −1)
.                    (2.19) 

The size of the quadrupolar interaction is defined by the size of the nuclear 
electric quadrupole moment and EFG, which depends on the electronic 
structure of the molecule or crystal. The strength of the interaction between 
nuclear electric moment and EFG depends on the orientation of the molecule 
with respect to the external magnetic field, and that makes the interaction 
anisotropic90. 

The number of spin states depends on the nuclear spin quantum number: 
in general, there are 2I+1 spin states and 2I directly detectable transitions. 
For quadrupolar nuclei there is therefore more than one transition. Most of 
the quadrupolar nuclei have half-integer spins. Fig. 2.10 shows the energy 
levels for spin 3/2, at first without quadrupolar coupling (only under the 
influence of Zeeman splitting), and then under the influence of the first- and 
second-order quadrupolar interaction. The first-order quadrupolar interaction 
shifts the central transition (CT) (-1/2 and +1/2 energy levels) by the same 
amount of energy. Thus, the energy of the central transition -1/2  +1/2 and 
hence the resonance frequency of this transition is unchanged by the first-
order quadrupolar interaction. The resonance frequencies of the -3/2  -1/2 
and +1/2  +3/2 satellite transitions (ST) are shifted by a value 

€ 

ωQ
(1) that is 

proportional to CQ, i.e., the quadrupolar coupling constant.  

 
Figure 2.10. Energy levels diagram (modified from Ref.74). 

The second-order quadrupolar interaction shifts all the transitions including 
the central one by the value proportional to 

€ 

ωQ
(2) . In general, the first-order 

quadrupolar interaction broadens the powder spectra and shifts the satellite 
transitions signals from their resonance positions, but not that of the central 
transition. The central transition is significantly broadened and shifted from 
its isotropic position by the second-order interaction, so are the satellite tran-
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sitions, in addition to the first-order quadrupolar interaction effects. The 
second-order quadrupolar frequency is proportional to the square of the first-
order quadrupolar frequency: 

€ 

ωQ
(2) ≈

(ωQ
(1))2

2ω0

,                     (2.20) 

where ω0 is a Larmor frequency74. As can be seen from Eq. 2.20, the size of 
the second-order quadrupolar interaction constant can be decreased with 
increasing the strength of the external magnetic field. 

It is very difficult to excite all the transitions simultaneously the same 
way as for non-quadrupolar nuclei, because the effective pulse lengths of the 
applied rf pulse are different for the central and the satellite transitions. The 
effective nutation frequency ωnut depends both on ω1 and 

€ 

ωQ
(1) (which is pro-

portional to CQ). For selective excitation of the central transition of a quad-
rupolar nucleus, the 90° pulse should be a factor of (I+1/2) shorter than the 
one for used for spin-1/291: 

€ 

ωnut
CT = (I +1/2)ω1.                     (2.21) 

Also, for obtaining quantitative spectra of sample with different crystallo-
graphic sites that have various quadrupolar coupling values, short flip angles 
must be used: their length (τp) should satisfy the condition92 

(I+1/2)ω1τp≤π/6.                     (2.22) 
      The second-order quadrupolar interaction is orientation-dependent: there 
are three orientation terms, which correspond to zero-, second- and fourth-
order Legendre polynomials: 

€ 

P0(cosθ) =1, 

€ 

P2(cosθ) = −1/2(3cos2θ −1) ,

€ 

P4 (cosθ) =1/8(3− 30cos2θ + 35cos4 θ) .                    (2.23) 
The zero-order term is a scalar, and is not dependent on θ. The second-order 
quadrupolar term can be removed by MAS, just as any other second-rank 
tensor. The broadening of the spectra still does not disappear after applying 
MAS, due to the influence of the term from fourth-rank tensor, which has a 
more complex dependence on the θ angle and therefore cannot be removed 
by magic-angle spinning. 

The line shape of the central transition is non-symmetrical when the sec-
ond-order quadrupolar interaction is large. The quadrupolar pattern of the 
central line is characterized by three parameters: the quadrupolar coupling 
constant CQ, the asymmetry parameter η and the center of gravity of the 
experimental line 

€ 

δCG
exp . CQ reflects the strength of the quadrupolar interaction 

and η reflects the deviation of the EFG from axial symmetry. The true 
chemical shift δCS is expressed as92: 
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δCS = δCG
exp +

1
30

1+
1
3
η 2 

 
 

 
 
 I (I +1) − 3

4
 
  

 
  

3CQ
2I (2I −1)ω0

 

 
 

 

 
 
2

.     (2.24) 
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2.4.1. Experimental Methods 
 
Quadrupolar nuclei require careful choice of experimental conditions for 
obtaining quantitative spectra. As mentioned before, the first-order quad-
rupolar interaction does not influence the central transition, but does affect 
the satellite transitions. As a result, MAS will give rise to broad powder pat-
terns that originate from satellite transitions and are broken up into spinning 
sidebands. Magic-angle spinning does not fully average out the second-order 
quadrupolar interaction, as it contains a fourth-rank tensor with complicated 
orientation dependence. Therefore, the central transition is affected by sec-
ond-order quadrupolar interaction even under MAS. 

Figure 2.11. The basic echo pulse sequence. 

 
As spectra from quadrupolar nuclei are broad, their FIDs are short, and 

due to spectrometer “dead time” the first few points of the signal are miss-
ing. This can result in a rolling baseline. The problem is solved by forming 
an echo signal, such that the first FID points can be detected93. The simplest 
pulse sequence for spin echo is shown in Fig. 2.11. 

A number of advanced techniques have been developed to overcome the 
effects of quadrupolar coupling. They are based on canceling the second-
order quadrupolar interaction. For example, double rotating technique 
(DOR)94 and dynamic angle spinning (DAS)95 eliminate the second-order 
quadrupolar interaction contributions to the spectra by spinning the sample 
at two different angles; the transfer of the magnetization from single-
quantum coherence associated with satellite transitions to that of CT is used 
in satellite transition MAS (STMAS)96. 

Multiple Quantum Magic-angle spinning 
One of the techniques routinely used by spectroscopists to obtain well-
resolved spectra and isotropic shifts is based on the use of multiple quantum 
spectroscopy in combination with MAS and is called multiple quantum 
magic-angle spinning (MQMAS). It was proposed by Frydman and Har-
wood97. This technique results in two-dimensional spectra. It is experimen-
tally easier to perform than DOR and DAS, since standard MAS probes are 
used and special equipment is not required. 

In the MQMAS experiment, a symmetric (+m  -m) multiple quantum 
coherence is initially excited and evolves for a time period t1. Under MAS, 
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the second-rank term of the quadrupolar Hamiltonian averages to zero; thus, 
during the t1 period, the 2m multiple quantum coherence is influenced by 
zeroth- and fourth-rank terms. At the end of t1 the magnetization from the 
MQ coherence is transferred to a single-quantum coherence that correspond 
to the central transition +1/2  -1/2 and evolves during time t2 (Fig. 2.12). 
The central transition is only influenced by a second-order quadrupolar in-
teraction. The fourth-rank tensor not averaged by MAS causes the line 
broadening. The single-quantum coherence evolves for a time t2=kt1; k is 
equal to the ratio between the fourth-rank terms in the MQ coherence evolu-
tion frequency and the singe-quantum evolution frequency. At the end of the 
time t1+kt1, the effects of the second-order quadrupolar interactions are re-
moved90. 

An FID of the central transition is acquired in t2. The signals in the first 
dimension are correlated with powder patterns in the second dimension cor-
responding to the central transition for each crystallographic site. Simulation 
of the patterns allows obtaining quadrupolar parameters such as CQ and 
η that can be used in structure determination of the material.  

The MQMAS technique has proved to be very useful for the structure de-
termination of inorganic solids. A lot of attention has been paid to the opti-
mization of the technique, and as a result, different variants of MQMAS 
have been proposed91,98-101. 

Figure 2.12. Schematic pulse sequence and coherence transfer pathway diagram for 
a 3QMAS experiment, modified from Ref.90. 



 32 

3. Structural Studies of Materials by Solid-
state NMR. 

Design and synthesis of new materials have developed in the modern world. 
To create a new material, it is important to understand which local atomic 
arrangements, compositions or textures can result in a material with required 
characteristics. Therefore, every new material undergoes careful studies of 
properties and structure. For amorphous materials, such techniques as XRD, 
IR, scanning and transmission electron microscopy, etc., provide limited 
information. Therefore, solid-state NMR has become the method of choice 
for structural characterization of such materials. 

One of the most important NMR interactions in structural studies is the 
chemical shift interaction, which can be a direct indication of the electronic 
environments of the nuclei under study (i.e., the local symmetry). For exam-
ple, in silicates, 29Si NMR peaks corresponding to SiO6 groups appear be-
tween -180 and -220 ppm and SiO4 groups yield peaks between -65 and -120 
ppm. Another example is the isotropic shifts, which are increased by about 
10 ppm with each introduction of a new non-bridging oxygen atom; each 
substitution of oxygen of nitrogen for oxygen in the Qn silicate units also 
increases the chemical shift by about 10 ppm; and the isotropic shift differs 
by about 5 ppm when Si is replaced by Al in XO4 tetrahedra102. 

 

Direct Excitation Experiments for Spin-1/2 Nuclei 
 

Direct excitation of spin-1/2 nuclei in experiments (i.e., single-pulse experi-
ments) performed on glasses often yields broad, featureless spectra, which 
result from a superposition of multiple NMR resonances corresponding to a 
number of distinct structural units. By deconvoluting the broad spectra, it is 
possible to extract the isotropic shifts as well as relative site populations, 
which together can result in peak assignment for different Qn units. In this 
work, Q is represented either by SiO4-pNp (p = 0−4) or by PO4. There is, 
however, a disadvantage of the deconvolution method – it may be associated 
with large experimental errors since the solution from deconvolution is often 
not unique.  

In addition, deconvolution of NMR spectra performed on oxide and 
oxynitride glasses can provide information about the dominating depolym-
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erization degree and the number of nitrogen atoms per tetrahedron for a par-
ticular glass composition15,16. The composition specifies the glass network 
condensation degree and dominating SiO4-pNp units in oxynitride glasses. 

The line width in NMR resonance indicates the degree of disorder in the 
glass structure. The line width varies with different modifier cations26, nitro-
gen content16 and Al/Si ratio23,27. For example, NMR spectra of La-
containing glasses are narrower and more symmetric than those of Y-
containing glasses; this indicates a smaller distribution of distinct local envi-
ronments. In lanthanum oxide glasses it has also been observed that the line 
width decreases as the Al/Si ratio increases: the number of Al-O-Si bonds 
increases. Murdoch et al.103 suggested that the peak narrowing when Al/Si is 
around 1 could be caused by notable Si-Al ordering, that occurs due to the 
Loewenstein “aluminum avoidance” rule30. The nitrogen content in oxyni-
tride glasses also influences the spectral line widths. Pure oxide glasses have 
relatively narrow line width compared to the oxynitride glasses with N con-
tent up to ≈ 35 at%. Nitrogen-rich oxynitride glasses are observed to have 
narrower spectra than those of low nitrogen content. This effect is caused by 
an increase in ordering – fewer distinct structural units contributing to the 
spectra. 

Solid-state NMR spectra of crystalline compounds are usually narrow, so 
the data analysis and assignment is significantly easier than for amorphous 
materials. 

 

Cross-Polarization 
 

Cross-polarization magic-angle spinning (CPMAS) experiments may be 
utilized to obtain high signal-to-noise ratio and resolution spectra, and re-
duce experimental time. This experiment is based on transferring polariza-
tion from abundant to dilute nuclei, on the condition that nuclei participating 
in the polarization transfer are close to each other in space. 1H-13C, 1H-31P 
and 1H-29Si CPMAS experiments are routinely performed also on inorganic 
materials. The proton source is usually the structural or surface-adsorbed 
water; hence, CPMAS NMR spectra can provide information about the 
structural units close to or on the surface. CPMAS and single-pulse experi-
ments can complement each other to provide a full picture of the network 
(surface and interior) in the structure. 

In an aluminosilicate network, the 100% naturally abundant 27Al nuclei 
can be the source of magnetization for polarization transfer. For instance, 
27Al-29Si CPMAS has been conducted on aluminosilicates to study spatial 
proximity of Al and Si atoms16,104. 
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Quadrupolar Nuclei (27Al): MAS and MQMAS 
 

Quadrupolar nuclei (I >1/2) are known to yield broad NMR spectra (section 
2.4). The broadening is more pronounced in spectra of amorphous materials. 
As a result, deconvolution of overlapping patterns is nearly impossible. Nev-
ertheless, various Al sites can be distinguished in the ST sidebands92,105; the 
data can be used to extract quadrupolar parameters. Alternatively, 2D 
MQMAS experiments are routinely used to extract isotropic shift informa-
tion from overlapping quadrupolar powder patterns16. The isotropic shifts 
can then be used in spectral simulations of projections (i.e., overlapping pat-
terns), in order to obtain quadrupolar parameters of individual sites. 

Al chemical shifts are significantly influenced by the atomic coordination 
and symmetry. The condensation degree as well as neighboring anions and 
cations have the same effect on Al shifts as on those of Si. A number of in-
vestigations13,16,53 have shown the preference of Al atoms for a high 
condensation degree as well as formation of Al-O rather than Al-N bonds. 
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4. Discussion of the Results 

This PhD work is based on five papers, which present NMR structural stud-
ies on amorphous and crystalline materials. 

In our papers, we conducted one-pulse MAS experiments on 29Si, 27Al, 
31P, 15N and 1H nuclei. Our conclusions were based on accurate chemical 
shift determinations and analysis of the obtained data. We have performed 
deconvolution (using an in-house program run in Matlab software) of 31P 
and 29Si spectra of the amorphous compounds. 

For bioactive glasses, CPMAS experiments were conducted together with 
single-pulse experiments, as these materials contain a large number of pro-
tons in adsorbed surface water. A comparison was made between CP and 
direct excitation MAS spectra. 

More advanced NMR techniques have been used for 27Al (3QMAS) for 
accurate determination of isotropic chemical shift and extraction of quad-
rupolar parameters. In the work of paper V, such experiments as heteronu-
clear correlation and double-quantum NMR were conducted to determine the 
spatial proximities and correlations of the structural units and groups of at-
oms. 

4.1. Lanthanum Oxide Glasses 
 

The network structure investigations of lanthanum aluminosilicate glasses by 
29Si and 27Al solid-state NMR are reported in Paper I. The studied samples 
cover a large range of compositions, and therefore are good representatives 
of various polymerization degrees and Al/Si ratios. 

Fig. 4.1 and 4.2 show 29Si NMR spectra of the glass series. We have 
noted the deshielding and peak line widths narrowing with increasing frac-
tion of Al in the glass for constant polymerization degree (Fig. 4.1) as well 
as progressive depolymerization of the network for the constant Al content 
(4.2). Deshielding is caused by the changes in the local 29Si environment 
(increasing amounts of NBO and Si-O-Al linkages). The narrowing of the 
29Si NMR spectra can be explained by the decreasing number of possible 

€ 

Qm
n  

units (here n is a number of bridging oxygen atoms and m is a number of the 
nearest-neighboring Al tetrahedra) contributing to the glass sample spec-
trum. 
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Fig. 4.1. 29Si NMR spectra grouped in columns according to the indicated value of r, 
the average network polymerization. The spectra are ordered according to increasing 
Al content of the sample; the fraction of Al is indicated at the right portion of each 
spectrum. 

Fig. 4.2. Zoomed regions of 29Si NMR spectra of La-Si-Al-O glasses grouped ac-
cording to the nearly constant fractions of Al. 

27Al NMR spectra of glass samples (not shown) verifies that Al predomi-
nantly occupies tetrahedral sites, small fractions of Al(V) and Al(VI) are 
also present. The trends in isotropic chemical shifts with change in glass 
composition are similar to those observed for 29Si. 

We used a simple approach to determine the network structure of the 
samples by comparing the calculated 29Si chemical sift with the experimental 
ones and analyzing the fitting errors. We predicted chemical shifts using six 
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structural models obtained from the combination of all the possible distribu-
tions of BO/NBO (uniform, non-uniform and split between silica and alu-
mina network) with Al/Si distributions (random and Loewenstein). We 
found that the structure of lanthanum aluminosilicate glasses is best de-
scribed by random distribution of Al and Si and almost uniform distribution 
of BO and NBO between Si and Al tetrahedra. 

 

4.2. Oxynitride Glasses 
Papers II and III present structural investigations of calcium and lanthanum 
oxynitride glasses, produced by a novel technique where modifier cations are 
introduced into the melt as metals. This method allows introducing signifi-
cantly higher nitrogen and modifier cation contents, and that has a great in-
fluence on the glass properties. We have studied glass samples with nitrogen 
content varying from 0 to 63 e/o. The structural investigations were based on 
29Si and 27Al MAS NMR and supported by XRD and TEM investigations as 
well as measurements of physical properties (density and microhardness). 

29Si MAS NMR experiments have been conducted to investigate local Si 
environment and its change with increase of nitrogen content. Fig. 4.3 shows 
the series of 29Si spectra. 29Si spectra for La oxynitride glasses are not pre-
sented in this thesis due to the inconvenient format of the figure. 

Fig. 4.3. 29Si NMR spectra of two glasses from the Ca-Si-O-N system with 33.3 (a) 
and 49.5 (b) e/o N. 

29Si signals stem from Si in tetrahedral coordination. A progressive deshield-
ing is observed with increasing lanthanum and nitrogen content (Fig 4.3; Fig. 
2 of paper III). The peak maxima of Ca oxynitride glasses spectra were asso-
ciated with Si primarily coordinated by N, with contribution of distinct SiO4-

pNp and SiO4(Q1) units resulting a superposition of their individual lines. 
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Deconvolution was performed on the spectra from lanthanum oxynitride 
glasses (Fig. 4.4). The deconvolution gave the following results: spectra of 
nitrogen-poor glasses are dominated by Q2 SiO4 units while spectra of nitro-
gen-rich samples are dominated by SiO2N2 tetrahedra. Our data have also 
shown that the Al-containing glasses are associated with a higher number of 
N atoms per Si tetrahedron. This suggests preference for Si-N over Al-N 
bonding. 

Fig. 4.4. Experimental 29Si spectra (black lines) and some deconvolutions (b, c, d) 
into component peaks (grey lines) of the Si tetrahedra present in the structure of the 
La-Si-(Al)-O-N glasses. The two minor peaks marked by circles in (a) derive from 
unknown impurity phases. 

Fig. 4 of paper III shows the 27Al MAS spectra obtained for the glass se-
ries. All the spectra reveal Al predominantly in tetrahedral coordination with 
small fractions of Al(V) and Al(VI). Al(IV) signals are deshielded for nitro-
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gen-rich glass samples. This trend is clearly seen in Table 4.1, which pre-
sents 27Al shifts as well as 

€ 

CQη  (quadrupolar product, which is defined as 

€ 

CQ 1+η 2 / 3 ) for investigated samples obtained from 3QMAS spectra (Fig. 
5 of the paper III). 

Table 4.1. 27Al NMR parameters 
Sample/unit 

€ 

δAl
max  (ppm) 

€ 

δAl
iso  (ppm) 

€ 

CQη  

LaAl 
Al(IV) 
Al(V) 
Al(VI) 

 
58 
36 
12 

 
77 
45 
14 

 
5.3 
4.7 
3.6 

€ 

La0.66
0.55 (0)  

Al(IV) 
Al(V) 
Al(VI) 

 
49 
- 
- 

 
69 
36 
3 

 
5.6 
4.2 
4.3 

€ 

La0.96
0.93 (0)  

Al(IV) 
Al(V) 
Al(IV) 

 
52 
- 
- 

 
72 
38 
5 

 
5.6 
5.2 
4.2 

€ 

La1.15
0.90 (0)  

Al(IV) 
Al(V) 
Al(VI) 

 
53 
- 
- 

 
73 
40 
8 

 
5.5 
4.7 
4.4 

€ 

La0.89
0.89 (10.6)  

Al(IV) 
Al(V) 
Al(VI) 

 
56 
- 
- 

 
76 
39 
5 

 
5.8 
4.9 
4.7 

€ 

La0.76
0.68 (16.6)  

Al(IV) 
Al(V) 
Al(VI) 

 
55 
- 
- 

 
76 
39 
5 

 
5.8 
5.0 
4.4 

€ 

La1.46
0.24 (35.4)  

Al(IV) 
Al(V) 
Al(VI) 

 
69 
- 
- 

 
88 
41 
6 

 
5.6 
5.0 
4.7 

€ 

La1.42
0.61 (36.2)  

Al(IV) 
Al(V) 
Al(VI) 

 
69 
- 
- 

 
90 
46 
8 

 
5.9 
4.4 
4.5 

 
By combination of elemental analysis and NMR data, we have estimated that 
the AlO4 polymerization degree is higher than that of the SiO4 network. The 
analysis of fractional populations of various silicon tetrahedra in the glass 
series allowed us to conclude that glasses with high nitrogen content contain 
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AlO3N along with AlO4 units, and that tetrahedra are linked together through 
Si-N-Si and Al-O-Si bridges. 

The high nitrogen content in the samples is related to large amounts of 
La. Hence, N-rich glasses possess highly defragmented network. We sug-
gested that along with N3, high amounts of X1 and X2 anion (X=O, N) coor-
dinations must be present. Thus, the improved physical properties of these 
glasses cannot be explained by increased cross-linking of the network, but 
rather the high strength of Si-N bonds, which are frequent in N-rich samples. 

4.3. Silicon Nitride 
 

Paper IV presents solid-state NMR studies on α− and β−silicon nitride sam-
ples, fully (15N and 29Si) and 15N-enriched. The J(29Si-15N) through-bond 
coupling constant and spin-lattice relaxation time T1 were obtained for a 29Si, 
15N-enriched sample, and chemical shift anisotropy was measured for the 
29Si nucleus of  β-Si3N4. 

Fig. 4.5. 29Si MAS NMR spectra recorded from the as-indicated samples. The num-
bers on top of the inset peaks specify their respective peak maxima in ppm (see 
Table 1). The peak marked by an asterisk in (c) stems from a poorly crystalline SiC 
impurity.  

29Si MAS NMR spectra (Fig. 4.5) display two resonances for the α-Si3N4 
form and one resonance for the β-modification. The signals from Siα and 



 41 

Siβ overlap in the 29Si3
15N4 sample, as it is composed of a mixture of both 

silicon nitride modifications. 
Spin-lattice relaxation has been measured for 29Si nuclei via saturation re-

covery experiments. The obtained relaxation curves were fitted to obtain T1 
and the α parameter in the equation 

€ 

I (t) = I0 1− exp −(τ /T1)
α{ }[ ]  .                       (4.1) 

Results of fitting are collected in Table 4.2. Relaxation data reveal that the 
α-modification of Si3N4 relaxes half as fast as the β-modification. 

Table 4.2. 29Si relaxation data from the 29Si3
15N4 sample. 

Component T1/minutes α I0 Fraction 

(NMR)  

Fraction  

(XRD)  

β-29Si3
15N4 66.0±2.5 0.82±0.02 12.4±0.1 0.35 0.342±0.005 

α-29Si3
15N4 140±5 0.86±0.02 18.0±0.2 0.51 0.510±0.005 

29SiC 1.9±0.2 0.69±0.05 5.2±0.1 0.14 0.148±0.005 

 

Figure 4.6. 15N MAS NMR spectra recorded from (a) Si3
15N4 and (b) 29Si3

15N4. The 
inset in (b) shows a zoom of the experimentally observed peak constellation at ~52 
ppm, together with that from a numerical simulation incorporating a J(29Si-15N)-
coupling of 20 Hz and 40 Hz peak broadening. 
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Chemical shift anisotropy was measured on β-Si3N4 (29Si and 15N at their 
natural abundance). Fitting the 29Si NMR spectrum recorded at 1.8 kHz re-
sulted in the following values: δaniso=47 ppm and η=0.81. High CSA parame-
ters are attributed to four distinct Si-N bond lengths of the SiN4 tetrahedron. 

15N MAS NMR spectra were recorded for two 15N-enriched samples: 
Si3

15N4 and 29Si3
15N4 (Fig. 4.6). As in 29Si spectra, individual peaks from α- 

and β-Si3N4 forms overlap in the 15N-enriched samples. NMR signals from 
29Si3

15N4 are approximately three times broader than those of Si3
15N4. We 

assume that the reason for this broadening is the presence of J(29Si-15N) 
through-bond couplings. Fitting the spectra resulted in a J-coupling value of 
20 Hz. 

4.4. Mesoporous Bioactive Glasses 
 
Paper V reports 29Si, 31P and 1H MAS NMR experiments on highly ordered 
mesoporous bioactive glasses containing approximately 6% of P (out of 
cations) and Ca content varying from 10 to 35%. 

31P nuclei were studied by CP and direct excitation at magic-angle spin-
ning (Fig. 4.7). Spectra from both experiments display a relatively broad 
main peak at approximately 2.8 ppm, which can be attributed to the amor-
phous orthophosphate environment. The orthophosphate peak of an SBF-
exposed sample, S85, is narrower than those of the samples not exposed to 
fluid, which can be explained by slightly increasing local ordering of the 
orthophosphate phase.  

Fig. 4.7. 31P MAS NMR spectra of the MBGs, recorded by direct excitation using 
single pulses (left panel) and by 1H→31P CP (right panel). Numbers at the outermost 
spectral portions specify the respective peak maxima (in ppm). 
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The narrowing can be due to either newly forming hydroxyapatite (HAp) 
phase on the surface of MBG or to nucleation of crystals of the originally 
present amorphous orthophosphate units. A minor signal at ≈ -7 ppm was 
attributed to Q1 units and P-O-Si bonds. The population of Q1 units de-
creases with increasing Ca content. 

Fig.4.8. 29Si NMR spectra (black lines) recorded by direct excitation from the set of 
MBG samples. The peak components as obtained from spectral deconvolution are 
shown by grey lines. 

29Si NMR experiments have been performed to investigate the connec-
tivity of silica network. 29Si MAS spectra together with their deconvolutions 
are shown in Fig. 4.8. While Q4 units dominate in all the spectra, the distri-
bution of units of lower connectivity depends on the Ca content in the sam-
ple: S100 contains low amounts of Q3 units, significant fractions of Q2 units 
appear only in Si58, i.e. the Ca-richest sample. The latter suggests that Ca 
cations are consumed primarily for charge-compensation in the orthophos-
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phate phase and only then act as network modifiers and depolymerize the 
silicate network. 

Based on all our NMR experiments, we conclude that Si and P environ-
ments are not intimately mixed together but rather exist as two separate 
phases in close proximity: the silica network is a constituent of the pore wall 
and the orthophosphate phase is dispersed as nanometer-sized clusters in the 
pore walls, where P is probably connected to the silica network by a few P-
O-Si bonds. 
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5. Concluding Remarks 

The work presented in this PhD thesis is focused on structural investigations 
of complex amorphous inorganic materials: lanthanum oxide and oxynitride 
glasses and mesoporous bioactive glasses, and also silicon nitride, which is 
related to oxynitride glasses. These materials represent modern scientific and 
technological achievements in materials design. 

Lanthanum oxide glasses are interesting as materials for laser applications 
and as models of glasses for nuclear storage; and lanthanum oxynitride 
glasses are materials of high strength, hardness and wear-resistance with a 
large number of other potential applications. A quite limited range of com-
positions of these glasses has been investigated by solid-state NMR. In our 
work we have obtained NMR results for a significantly expanded composi-
tional range of both oxide and oxynitride glasses. We have identified con-
stituent structural units and their distribution in the materials, as well as an-
ion coordinations. 

Silicon nitride is a major component of hard and thermo-resistant materi-
als. It is also an important precursor in the oxynitride glass synthesis, as it is 
a source of nitrogen in the glass together with nitrogen gas. We have meas-
ured the spin-lattice relaxation time constants for both α- and β-
modifications of Si3N4. To our knowledge, we are the first to report chemical 
shift anisotropy parameters for β-Si3N4, as well as the J(29Si-15N) coupling 
constant for a 29Si- and 15N-enriched sample. 

Highly ordered mesoporous bioactive glasses (MBGs) represent a new 
class of biomaterials that possess superior bioactivity (an ability to form 
hydroxycarbonate apatite, a constituent of bone and teeth, on its surface at 
the exposure to body fluids) compared to conventional BGs, which is attrib-
uted to increased surface area and uniform pore-size distribution. Results 
from solid-state NMR experiments allowed us to propose a structural model 
in which the pore walls of MBGs are composed of silica and nanometer-
sized clusters of calcium phosphate phase that disrupt the SiO4 network.  

This work has shown that NMR data, complemented by results from the 
other techniques (elemental analysis, SEM, TEM, XRD) are able to yield 
satisfying structural models for such challenging materials as complex 
glasses. 
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