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Zusammenfassung

Die Arbeit erfasst ein Studium der Zusammenhéange zwischen Struktur und Losungsverhal-
ten von Phosphat- und Bioaktivgldasern durch den Einsatz von analytische Techniken wie
der Elektron- (engl. EPR), Kern- und paramagnetischen Kernspinresonanzspektroskopie
(engl. NMR) in fliissiger und fester Phase.

Das Verstehen der Korrosionsprozesse von Phosphatgldsern ist fiir deren technologischen
Anwendungen wie z.B. eine kontrollierte Abgabe von therapeutische Ionen, antibakterielle
Mittel und Tissue Engineering von Bedeutung. Hierbei die Kernspinresonanzuntersuchun-
gen liefern dabei Einblicke tiber die Rolle von Kationen in dem Mechanismus der Hydrolyse
von Phosphatgldsern. Die Arbeit wurde bereits in einem Aufsatz mit dem Titel “Unravelling
the dissolution mechanism of polyphosphate glasses by 3' P NMR spectroscopy: ligand competition
and reactivity of intermediate complexes” verdffentlicht.

Der Einbau von Kobalt in Glaser ist ein neuer Ansatz zur Uberwindung des bislang noch
nicht geldsten Problems der Vaskularisierung im Tissue Engineering, bei dem die Bildung
neuer Blutgefifie stimuliert wird. Derartige Gldser spielen auch unter anderem als Hal-
bleiter, als optische Gerdte und als Zustandslaser eine Rolle. In dieser Arbeit konnte gezeigt
werden, dass die strukturellen Eigenschaften (wie z.B. die thermischen Eigenschaften)
von kobalthaltigen Phosphatgldsern mit gleichbleibender Basizitidt von der Koordination-
szahl von Co?* bestimmt werden. Dies ist der erste Teil der Studie {iber das Glassystem
und befindet sich unter dem Titel “Structural role and coordination environment of cobalt in
45P>05—CaO—NayO phosphate glasses: Thermal properties, Raman, UV-vis-NIR and EPR spec-
troscopy” in der Veroffentlichungsphase.

Der zweite Teil der Studie zu kobalthaltigen Phosphatglidsern ist unter dem Titel "Co?*
as an internal paramagnetic 3'P NMR probe for structural analysis of cobalt-phosphate glasses
in the solid-state and leachate solutions” ebenfalls in der Veroffentlichungsphase. In dieser
Arbeit wird ein neuer Ansatz zur Untersuchung sowohl zur Glasstruktur als auch zum
Loslichkeitsmechanismus von Phosphatgldsern basierend auf paramagnetischen Effekten
vorgestellt. Dementsprechend korrelieren Eigenschaften wie die Spin-Bahn-Kopplung (engl.



SO coupling), die Nullfeldaufspaltung (engl. ZFS) und die Symmetrie der Co?"-Umgebung
mit der paramagnetischen Verschiebung, der paramagnetischen Relaxations-Verstiarkung
(engl. PRE) und der Verbreiterung der Resonanz. Das wiederum erlaubt die Einschitzung
der Verteilung von Co?" Tonen im Glasnetzwerk. Dariiber hinaus erméglicht es die Verfol-
gung der Strukturdynamik von Phosphatkomplexen in Losung, einschliefSlich Konforma-
tionsdanderungen, nach der Charakterisierung von Ligandenbindung unter verschiedenen
Bedingungen wie z.B. gepufferte wissrige Losungen (Tris, EDTA).

Die Zusammensetzung von typischen Biogldsern weist Nachteile wie eine Tendenz zur
Kristallisation und unvollstandigen Abbau in vivo auf. Ein Losungsansatz beider Probleme
kann der Einbau von Ionen wie B>", Mg?*, Zn?" und Sr** in die Glasmatrix sein. Die vor-
liegende Studie prasentiert eine Ansammlung von 3P, 2Si und !!B-Festkérper-MAS-NMR,
die in Beziehung zu der potenziellen Koordinationszahl von verschiedener Metallkationen
korreliert wurden, die Ca?" auf bekannten Biogldsern ersetzen. Deshalb wurde im Rah-
men einer gemeinsamen Arbeit eine Studie NMR-Analyse an Mg/Sr-basierten bioaktiven
Glasern S53P4 eingesetzt und unter dem Titel “Structure and in vitro dissolution of Mg and Sr
containing borosilicate bioactive glasses for bone tissue engineering” verdffentlicht.

Zusammenfassend ldsst sich sagen, dass diese Arbeit eine neue Methode zur Untersuchung
der Struktur und des Losungsverhaltens von Phosphatgldsern mit biomedizinischem Poten-
tial durch die Nutzung von paramagnetischen Effekten auf NMR vorstellt. Es konnte gezeigt
werden, dass strukturelle Eigenschaften durch die symmetrische Umgebung der param-
agnetischen Ionen in diesen Gldsern bestimmt werden. Zukiinftige Forschungsvorhaben
konnten sich mit der Entwicklung neuer fortschrittlicher paramagnetischer NMR-Techniken
tir die Strukturanalyse von Gladsern, wie z. B. 170-DNP auf Metallionenbasis, auseinander-

setzen.



Abstract

The doctoral thesis comprises a study of the relationships between structure and dissolution
behaviour of phosphate and bioactive glasses by employing analytical techniques such as
electron paramagnetic resonance (EPR), liquid NMR, solid-state MAS NMR and paramag-
netic NMR spectroscopy, among others.

The understanding of the corrosion processes of phosphate glasses is important for their
technological applications, e.g. drug delivery, antibacterials and tissue engineering. In the
present work, the NMR findings provided insights about the role of cations on the mecha-
nism of hydrolysis of phosphate glasses. The work has already been published under the
title: “"Unravelling the dissolution mechanism of polyphosphate glasses by 3'P NMR spectroscopy:
ligand competition and reactivity of intermediate complexes”.

The incorporation of cobalt into glasses is a new approach to overcome the vascularization
limitation in tissue engineering by stimulating the production of blood vessels. These glasses
are also interesting as semiconductors, optical devices and solid-state lasers, among others.
This work shows that structural (i.e. thermal) properties of cobalt phosphate glasses with
constant basicity are dictated by the coordination number of Co?* sites. This is the first part
of the study on the glass system and it is in publication process under the title: “Structural
role and coordination environment of cobalt in 45P,O5—CaO—NayO phosphate glasses: 1, Thermal
properties, Raman, UV-vis-NIR and EPR spectroscopy”.

The second part of the study on cobalt phosphate glasses is in publication process under the
title: "Co®™ as an internal paramagnetic 3'P NMR probe for structural analysis of cobalt-phosphate
glasses in the solid-state and leachate solutions”. This work presents a new approach to investi-
gate the mechanism of dissolution of phosphate glasses based on the paramagnetic effects.
Accordingly, features such as the spin-orbit (SO) coupling, zero-field splitting (ZFS) and
symmetry of Co?" sites are correlated to the paramagnetic shift, paramagnetic relaxation
enhancement (PRE) and broadening effects on the spectra. That allows the assessment of the
distribution of Co?* ions in the glass network. Additionally, it enables monitoring structural
dynamics of phosphate complexes in solution, including conformational changes, upon



ligand binding recognition under different conditions, i.e. buffer aqueous solutions (Tris,
EDTA).

The composition of typical bioglasses exhibits drawbacks such as crystallisation tendency
and incomplete degradation in vivo. An approach to solve both problems may be the incor-
poration of ions such as B3*, Mg?*, Zn?* and Sr?* into the glass matrix. The present work
gathers a collection of 3!P, 2Si and B solid-state MAS NMR correlated to the potential
coordination number of different metal cations substituting Ca?>* on known bioglasses.
Thereby, in the frame of a collaborative work, the NMR analysis on Mg/Sr-based S53P4
bioactive glasses has already been published under the title “Structure and in vitro dissolution
of Mg and Sr containing borosilicate bioactive glasses for bone tissue engineering”.

In summary, this work suggests a new method to study the structure and mechanism
of dissolution of phosphate glasses with biomedical potential by exploiting the paramag-
netic effects on NMR. It has been demonstrated that structural properties are dictated by the
symmetry environment of the paramagnetic ions in these glasses. The outlook on future
research would be the development of new advance paramagnetic NMR techniques for
structural analysis of glasses such as metal-ion-based 17O DNP.



Chapter 1

Introduction

The doctoral thesis is divided into VIII chapters and comprises a structural study on the
liquid and solid-state of phosphate and bioactive glasses by employing new analytical
approaches such as paramagnetic NMR. The aim of the study is to find correlations between
property and solubility trends on glasses for a variety of potential technological applications,
including soft and hard tissue engineering.

Chapter I is the introduction which in turn is divided into six sections: (i) bioglasses,
(ii) phosphate glasses, (iii) dissolution of phosphate glasses, (iv) cobalt, (v) tissue engineer-
ing and (vi) paramagnetic NMR. In each section a survey of the state-of-the-art of the field is
performed in order to cover the interdisciplinary aspects that are involved in the research.
Chapter II comprises the theoretical framework relevant to the discussion of the research
problem. The concepts include: diffusion, solubility, hydration enthalpy, transition state and
paramagnetic effects in NMR, among others. Chapter III corresponds to the experimental
section in which a detailed description of the analytical procedures is presented.

Chapter IV comprises the first part of the results, the work has already been published
under the title: “Unravelling the dissolution mechanism of polyphosphate glasses by 3'P NMR
spectroscopy: ligand competition and reactivity of intermediate complexes” [1]. Herein, the NMR
tindings provided insights about the role of cations on the mechanism of hydrolysis of
phosphate glasses.

Chapters V comprises the second part of the results, the work is in publication process
under the title: “Structural role and coordination environment of cobalt in 45P»O5—CaO—NayO
phosphate glasses: Thermal properties, Raman, UV—vis-NIR and EPR spectroscopy”. Herein the
results showed that the structural properties of cobalt phosphate glasses with constant
basicity are dictated by the coordination number of Co**.



Chapters VI comprises the third part of the results, the work is in publication process
under the title: Co?" as an internal paramagnetic 3'P NMR probe for structural analysis of
cobalt-phosphate glasses in the solid-state and leachate solutions. Herein the work presents a new
approach to investigate the mechanism of dissolution of phosphate glasses based on the
paramagnetic effects on the liquid and solid-state 3'P NMR spectra.

Chapters VII comprises the forth part of the results, some of the work has already been
published under the title: “Structure and in vitro dissolution of Mg and Sr containing borosilicate
bioactive glasses for bone tissue engineering” [2]. Herein a combination of 3'P, 2°Si and !B solid-
state MAS NMR spectra are correlated to the potential coordination number of different
metal cations substituting Ca?" on known bioactive glasses. Finally, the conclusions of the
whole doctoral thesis are presented in chapter VIIL



1.1 Bioglasses

Table 1.1: Glossary of common terms in tissue engineering.

Term Definition

Bioactive a material designed to induce specific biological activity [3]. A material that
undergoes specific surface reactions, after immersion in a serum-like solution,
leading to the formation of bone-like hydroxyapatite [4].

Biodegradation transformation of a substance into new compounds through chemical or biochemi-
cal reactions or the action of microorganisms [5].

Osteogenesis the process of bone growth and regeneration [6].

Angiogenesis the process of developing new blood vessels. Newly formed blood vessels are
involved in nutrient supply and transport of macromolecules during bone repair
and regeneration [6].

Osteoconductivity =~ biomaterial’s property to serve as template guiding bone growth onto or through-
out [7].

Osteoinductivity biomaterial’s property to induce de novo bone formation [7].

Scaffold a three-dimensional temporary structure with high porosity and pore intercon-
nectivity that allows cells and extra cellular matrices to interact, and provides the
mechanical support for growing and tissue forming cells [6, 8, 9].

TCP tricalcium phosphate

HA hydroxyapatite

HCA carbonate substituted hydroxyapatite-like, similar to the mineral constituent of
bone [9].

Osteoblast mononuclear cells responsible for the production and mineralization of the bone
matrix [6].

Osteoclast multinucleated bone cells associated with the breakdown and resorption of bone
tissue through enzymatic action. [6].

Hypoxia low oxygen concentration

VEGF vascular endothelial growth factor, induces angiogenesis [6].

TGF-p transforming growth factor— g, a multifunctional cytokine that promotes angio-
genesis. [10].

MGP matrix GLA protein, calcification inhibitor in cartilage and vasculature [8].

HIF hypoxia-inducible factor

RBC red blood cell

MoM metal-on-metal orthopedic prosthetics, i.e. CoCr alloy [11, 12].

1.1 Bioglasses

Specific compositions of borate, phosphate, silicate and borosilicate glasses (Table 1.2) have
demonstrated to be suitable for hard and soft tissue engineering applications owing to their
bioactive, resorbable and mechanical properties [8, 13]. The bioactive properties of such
glasses are related to their dissolution behaviour. For instance, soluble silica and calcium
ions released from 45S5 Bioglass® [14], have the ability to stimulate osteoblasts to produce
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bone matrix [15]. Bioactive glasses can be classified as "third generation" biomaterials (Fig.
1.1), since their role is not only limited to provide temporary support, but to activate genes
that stimulate regeneration of living tissues [15].

Generation
Generation Goals
Goals Mechanical pr‘opert.les
Mechanical properties . Resorbable, bioactive
Inert Stimulation of celullar responses
nertness Activation of genes
2970 2010
S 2
g A < S
1st & 2nd & 3rd
s} N
1990
Generation
Goals

Resorbable, bioactive

Fig. 1.1: Generations of biomaterials [15].

Table 1.2: Composition of various bioactive glasses (mol%).

Glass P>0Os5 B,O3 SiO; CaO Na,O MgO K,O SrO Ref.
4555 2.6 46.1 26.9 24.4 [14]
13-93 1.7 54.6 22.1 6.0 7.7 7.9 [16]
6P53B 2.5 51.9 19.0 9.8 15.0 1.8 [17]
58S 4 60 36 [18]
70S30C 70 30 [19]
Bi25MgsSrig 1.72 6.73 47.12 6.77 22.66 5 10 2]
13-93B1 2 18 36 22 6 8 8 [20]
13-93B3 2 54 22 6 8 8 [20]
P5oC35N15 50 35 15 [21]

1.2 Phosphate glasses

Phosphate glasses are able to form homogeneous systems with inorganic ions, which
subsequently functionalize the glasses for different technological applications (Fig. 1.2).
They are interesting matrices owing to physicochemical properties such as high thermal
expansion coefficients, low transition and melting temperatures, and high UV transparency,
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among others. Nevertheless, phosphate glasses have also drawbacks, i.e., low durability,
hygroscopic nature and narrow processing windows, AT = T, , — Tg, which are challenging
for most applications [22, 23]. Despite it, the versatility of phosphate glasses to tailor
properties as a function of composition, provide them a bright potential for a variety of
applications (Table 1.3).

1.2.1 Properties and applications
Water softener, fertilizers and storage of wastes

In general, phosphate glasses have been known to have poorer durability as their silicate and
borosilicate pairs. Yet, their solubility depends strongly upon composition, thus, phosphate
glasses exhibit a wide spectrum of dissolution rates (10~* — 1077 g/(cm? - min)) [24]. The
most common use of phosphate glasses relates to the high solubility, i.e. NaPOs3, as water
softener [23]. For this application, the ability of phosphate species to prevent precipitation,
and to redissolve precipitates of alkaline rare earth metals is exploited [25]. Solubility of

Fe Cu

Al Storage of @ A _ Zn
Zn nuclear wastes ngiogenesis

Ca

Sealing m e
Sn e Ry
5 ' s ¢ ) Mg
1 2= Ve P N \ )
Ag KJ Bone
lonic & I lubl Solubl formaton SF
electrical nsofuble oluble
Li conductivity Fertilizers -
Batteries & Ti
Lasers .
Photosensitivity Fe Water [ p
Optical storage softener
Nd v

F

Functionalization of
phosphate glasses

Fig. 1.2: Functionalization of phosphate glasses via relevant inorganic ions for soluble and
insoluble materials applications.

phosphate glasses is also desired for controlled release of ions in applications such as eco-
fertilizers [26, 27] and biomedicine, the latter being discussed in section 1.3 (Dissolution
of phosphate glasses). Conversely, high durable glasses are required for nuclear waste
entrapment. Thereby, iron phosphate glasses have excellent durability comparable and
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Table 1.3: Relevant applications of phosphate glasses functionalized with inorganic ions.

Application Ion System / Role
Water softener P NaPOj3; avoids deposits of calcium [31].
K,O0-MgO—-CaO—-P,05—5i0O, where macroelements such as P, Ca,
P
Fertilizers Mg, K are released [26].
Fe 5i0; —P705-K,0—-MgO—CaO—Fe,O3 where iron plays an important
role as a microelement [27].
Zn SnO—ZnO—P;0s5 system for commercial sealing [31].
Sealing Sn LiO—SnO—P,0s for soldering electronic materials [31, 32].
Al NayO—Al,O3—P;0s5 for hermetically sealing aluminium alloys [33].
Yb Yb:fluoride phosphate glass femtosecond laser [34]
. Eu Eu:fluoride phosphate glass exhibits photosensitivity [35].
Photonics . . L o
Nd Nd-doped phosphate laser glasses in use on major multi-kilojoule lasers
[36].
Li Lil—LiPOj superionic glasses, ionic conductivity of about 107° S/cm

[37] and LiPON electrolyte for microbatteries [23].

Agl—AgPO; superionic glasses, ionic conductivity of about 1072 S/cm
[37].

NapyO—NaSO4—P;0s5 electrical conductivity ~ 100—fold higher than

Solid electrolytes Ag

Na  Nay,O—P,0s [38].
Semiconductors Co CoO—P,0s5, DC and AC conductivities reported [39, 40].
Storage of wastes Fe FeO—Fe;O3—P,05 glassy wasteforms have a corrosion rate lower than

that of comparable borosilicate glasses [28-30].

often superior to silicate and borosilicate glasses while conserving relative low melting
points. Phosphate glasses can dissolve high concentrations of oxides and both Fe?* and
Fed3* present in the structure contribute to the dielectric constant [28-30].

Photonics and sealing

Phosphate and fluoride phosphate glasses have been used for photonic applications such as
lasers, photosensitivity, amplifiers, Faraday rotators and optical storage. As a consequence
of their high UV transparency, low linear and non-linear refractive index, low melting
temperature, low viscosity, low stress optic coefficient, including the high solubility of rare
earth ions [35]. On the other hand, the criteria for a solder glass, for sealing of ordinary
glasses, may be fulfilled by phosphate glasses which include: low viscosity, low softening
temperature, delayed crystallization, high durability, high dielectric strength and thermal
expansion close to the work-piece. The latter is particularly important since a wrong design
is usually associated with mismatch in coefficient of thermal expansion, produces tensile
stresses leading ultimately to cracks. High durability is required and for that purpose
trivalent cations such as A1>* have been added [31-33].
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Solid electrolytes and semiconductors

Solid-state ionic materials are attractive alternatives to conventional liquid flammable elec-
trolytes in batteries, which involve risk of leakage and combustion. Therefore, phosphate
glasses as solid electrolytes have been investigated owing to the potentially simpler mecha-
nism of conduction that a glassy phase may involve compared to polycrystalline materials.
Furthermore, the conductivity of phosphate glasses may be tuned by compositional varia-
tions [23, 37]. On the other hand, phosphate glasses can form homogeneous systems with
transition metals which exist in different valency states. It allows the movement of carriers
between valency states to produce electrical conductivity, important for semiconductor
devices [39, 40].

1.2.2 Structural characterization by solid state NMR

Phosphate glasses are comprised of a random network of phosphate tetrahedra, whose
degree of polymerization is dictated by the composition [22, 41]. Their structural unit is
PO;?;*, which can attach to maximum three neighbouring groups [42]. The Lewis” descrip-
tion involves a localized double bound, leaving the P atom with more than eight electrons,
hypervalent. Nevertheless, it has been demonstrated experimentally and theoretically
that d-orbitals do not contribute to the bonding in these systems and hence hypervalent
structures do not represent the bonding in phosphates. Actually, X-ray experiments on
crystal structures have shown that delocalization of the "extra" electron pair occurs. Thereby,
hyperconjugative interactions increase the valence of the phosphorus atom. However, this
is compensated by P—O bond polarization [43].

The tetrahedral sites are characterized by the number of bridging oxygens (BO) in the
phosphate group. The sites are defined in terms of Q" where 7 is the number of BO per
tetrahedron, thus, Q% (BO = 3), Q% (BO =2), Q' (BO = 1) and Q" (BO = 0). 3'P MAS NMR is a
sensitive short-range probe for the qualitative and quantitative analysis of Q" distribution
in phosphate glasses [44-49], since Q" — Q"~! increases the isotropic chemical shift by
around 15-20 ppm [50]. The polymerization degree defines the type of network, thereby,
3P MAS NMR has shown the Q" distribution as follows: ultraphosphates (Q® and Q?
tetrahedra), metaphosphates (Q? tetrahedra), polyphosphates (Q? and Q! tetrahedra) and
orthophosphate (Q° tetrahedron). The polymerization degree of the glass network is in-
versely proportional to the content of modifiers (M""), i.e. Na*, Ca?", etc; whose role is to
charge balance the phosphate anions [22]. Empirical relationships have correlated the >'P
chemical shift to the field strength of the next nearest-neighbours, cations, namely the 3'P
shielding increases proportional to the average electron density on the P—O bonds [45, 51,
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52]. Additionally, novel 2D 3'P MAS NMR experiments have been exploited in order to get
insights into the medium-range structure of phosphate glasses [49, 50, 53].

1.3 Dissolution of phosphate glasses

Table 1.4: Physiological roles of therapeutic ions (see Glossary, Table 1.1).

Role Ion Physiological role
Cu induces VEGF expression and wound healing [54, 55].
Angiogenesis Co induces hypoxia on the cellular level by stabilizing HIF—1«, which subse-
quently promotes VEGF expression [10, 56-58].
Li activates the f—catenin signalling pathway, which positively regulate os-
teoblasts [59].
7n contributes to bone formation by promoting osteoblast differentiation and
suppressing osteoclastic resorption [55, 60, 61].
Osteogenesis . promotes bone healing and bone fracture repair by stimulating osteoblasts and
inhibiting osteoclasts [55, 62].
Mn promotes osteoblast differentiation and mineralization [63].
T its alloys are known to be supportive of osseointegration, the exact role remains
unclear, it may elicit a favourable cell response [55].
B contributes to the upregulation of TGF—p and VEGF [64]. Dietary boron
stimulates bone formation [8].
Si stimulates VEGF expression [65], may induce additional dose-dependent effects

Angiogenesis P

on bone and cartilage cells [66].
stimulates pro-angiogenic VEGF [10]. Phosphate and matrix GLA protein
(MGP) are key regulators of bone formation [67].

Osteogenesis
Ca stimulates pro-angiogenic VEGF [10]. Favours osteoblast proliferation, differ-
entiation and extracellular matrix mineralization [8].
Mg enhances the mitogenic response to angiogenic factors [10, 68]. Stimulates new
bone formation [8, 55].
Ag microbistatic effects against Staphylococcus aureus, Escherichia coli, Bacillus
cereus, among others [69].
Cu antibacterial activity against Staphylococcus aureus and Staphylococcus
Antibacterial epie'ier.midis' [70, 71_]', . , ,
Co antimicrobial activity against Staphylococcus aureus and Candida albicans
when in direct contact [72].
Sn used in dentifrices because of its antimicrobial properties [73].
F fluorides are effective against dental caries [73].

Understanding the corrosion processes of phosphate glasses is important in general for

their technological applications. Thereby, the durability should tailor the specific function of
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a material. For instance, high durable glasses are required for nuclear waste entrapment
[30, 74], while soluble glasses are desired as vehicles for controlled delivery of therapeutic
ions in bioapplications [55], as seen in Table 1.4. Phosphate glasses are attractive matrices,
since through compositional and structural modifications the solubility can vary orders of
magnitude, offering a wide spectrum of tailored-solubility for specific applications [24].
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Fig. 1.3: Dissolution of polyphosphate glasses [1]: I. Hydration process associated to initial
rise of pH owing to the basic character of Q! moieties of phosphate chains (highlighted
in fuchsia) in aqueous solution. Congruent dissolution, concomitant release of phosphate
chains and cations (M") from the glass into the aqueous solution. II. Degradation and
hydrolysis processes associated to ring formation, i.e., trimetaphosphate (P3n,) [75-77], which
is a strong acid [78-80]; and its breakage into tri-, pyro- and orthophosphate (weak acids),
respectively. The reaction is catalysed by metal cations M"* complexed in a polydentate
manner with phosphate species and another ligand (L: H,O, Tris, EDTA, etc) depending
on the coordination number (CN) of M"* and steric effects. (For the sake of simplicity
hypervalent Lewis pictures are used, however, they do not aim to represent the bonding
situation of P).

Table 1.5: A selection of activation energies of dissolution (E;) of NapO—CaO—P;,0s5 glasses.

E,; Av. chain
Glass (K] /mol) O/P length, 7 Ref.
26.2Na,0—24Ca0—0.1A1,03—49.7P,05 83 3.01 ~ 100 [81]
25Na; O—25Ca0O—50P,05 79 3 meta [82]
30Nap;O—20Ca0O—50P,05 67 3 meta [24]
[M>O+MO]—45P,05 39 3.1 9 [83]
31Na,O—30Ca0O—3Al,03—36P,05 24 3.46 ~2 [81]

1.3.1 The two-stage dissolution model

The first step involved in the dissolution of phosphate glasses has been described as the de-
tachment of ions from the solid surface to form hydrated species at the solid-liquid interface
[24, 84]. The transport of water molecules into the glass structure may be rate determining,
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a diffusion-controlled process. The hydration process occurs simultaneously with diffusion
of water, leading to a reduced diffusion coefficient due to the reaction [85]. The second
stage has been assigned as the transfer of hydrated ions from the solid-liquid interface to
the bulk solution [24], which is also a mass transport process (Fig. 1.3I). Both the hydration
and mass transport to the bulk solution can control the dissolution rates [85]. By correlating
the E, of dissolution (Table 1.5) with the rates of dissolution of phosphate glasses, it has
been concluded that the kinetics at early periods are controlled by the first stage, namely the
hydration process. Degradation processes taking place in solution after the second stage
(Fig. 1.3II) do not control the kinetics at early periods, since the higher E, values (Table 1.6)
would lead to lower dissolution rates [24].

According to pH-stat titration data, the diffusion of water into the glass surface is dif-
tusion controlled and corresponds to the first stage of glass dissolution [24]. In this process,
the release of the cumulative amount of glass shows a direct proportionality with /2 [24,
81, 86]. The description is based on a pseudo-steady state model in which the concentration
gradient, AC = Cs; — C,, remains relatively constant (with Cs; and C, as the saturation and
bulk solution concentrations). It applies for highly diluted solutions and particles approxi-
mately log-normally distributed [87, 88]. The length of the first stage has been reported to
be proportional to the durability of the glass [30, 81]. Therefore, for non-diluted solutions or
longer periods, the dissolution rates do not follow t!/2 dependency, but linear kinetics have
been reported [24, 30, 81, 89]. Furthermore, penetration of water into the glass may not be
affected by convection [82].

This two-stage dissolution model has been used to interpret that intact phosphate chains
from the glass surface are hydrated and subsequently transported into the bulk solution
leading to congruent dissolution [24, 30, 81]. Nevertheless, not only congruent dissolution,
but also selective ion leaching has been reported for phosphate glass systems [30].

1.3.2 Durability

The hydration process involves the cleavage of bonds through water and the formation of
hydrated species. Therefore, the process can be understood by considering the network
and hydration enthalpies. The network enthalpy is analogous to the lattice enthalpy in
crystals. Accordingly, it follows reasonably the empirical trend that states that compounds
with ions with widely different radii are soluble in water. The hydration enthalpy is the sum
of individual ion contributions and it is inversely proportional to the radius of the ion. Thus
an exothermic process takes place when the hydration enthalpy is larger than the network
enthalpy. However, both values depend on the radius of the ions in a more or less opposite
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manner, making the outcome not obvious at a first glance. Additionally, the entropy change
has to be taken into account since the solubility process is governed by the standard reaction
Gibbs energy. Thereby, a decrease in entropy is expected owing to the ordering of water
molecules involved by the hydrated ions [90].

The lattice enthalpy is inversely proportional to the distance between the centre of the
corresponding ions, thus, a good orbital overlap leads to strong bonds. In this regard, high
lattice enthalpies or networks enthalpies are partially associated with lower solubilities.
Pearson introduced the concept of "hard" and "soft" acids and bases; which states that hard
acids tend to bind hard bases and soft bases tend to bind soft bases [91]. The phosphate
anion POf;* is a hard base and the basicity of polyphosphates is inversely proportional to the
chain length [81, 92]. The decrease in solubility for shorter phosphate glasses (higher O/P
ratio) may be related to the higher hardness of shorter phosphate anions associated to larger
network enthalpies [30, 74]. Interestingly, despite the lower solubility, a decrease in the
activation energy for the dissolution of shorter polyphosphates has been reported (Table 1.5).

POi_ binds stronger to hard acids, within the periodic table the hardness decreases verti-
cally with increasing ionic radius, e.g. Lit > Na™ > K*; and horizontally from left to right
owing to both decreasing radius and increasing charge, e.g. AI** > Mg?* > Na* [90]. That
accounts for the experimental evidence where the chemical durability of phosphate glasses
is proportional to the field strength of the cations in the glass network [21, 89]. Likewise
anions with high charge such as PO; "~ lead also to high network enthalpies [90]. On the
other hand, higher coordination numbers associated to the cation size, provide them the
potential to cross-link to more phosphate tetrahedra. Such cross-links together with strong
bonds have been correlated with higher durability [24]. For instance, Ca?" binds together
more fragments of the phosphate glass network than Na™ [93].

The hydration enthalpy depends on the ion-dipole interaction between the cation an the
polar water molecule. Such enthalpy is proportional to the charge density, namely cations
with small size, e.g. Li* > Nat > K* and high charge, AI’* > Mg?* > Na'. Thereby, the
solubility follows the same trend as the lattice (network) enthalpy, as mentioned above.
The solubility process depends on both the hydration and network enthalpies or in other
words the enthalpy of the products minus the reagents. In general, for ions with high charge
density such as Ca?" and POi_, the network enthalpies outweigh the hydration enthalpy
and become the deciding factor in the dissolution behaviour.
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1.3.3 Aqueous degradation

Table 1.6: A selection of activation energies (E;) of hydrolysis of phosphates (two-stage
degradation: ring closure into trimetaphosphate” and hydrolysis’).

Glass E, (kJ]/mol) / pH o/P Av. chain Ref.
1 4 7 10-12 length, 1
Pyrophosphate 95 114 125 167 3.5 2 [94]
Tripolyphosphate 96 104 109 127 3.33 3 [94]
Tetrapolyphosphate 115 106 106 3.25 4 [95]
Pentapolyphosphate 91 97 111 3.2 5 [95]
Hexapolyphosphate 85 84 115 3.17 6 [95]
a ~
Polyphosphate 22 b g.OZ 3 > {ZZ}
Trimetaphosphate 87 115 3 3 [97]
Tetrametaphosphate 99 136 3 4 [97]

The degradation of phosphate glasses occurs after the second step of dissolution (Fig. 1.31II),
thus the transport of entire hydrated phosphate species into the bulk solution [24]. It is
known that only rings and chains (Q! and Q? moieties) can exist in aqueous solution, i.e. no
branching units [42]. Long chain polyphosphates degrade in aqueous solution in two stages.
The first stage consists of the formation of rings, mainly trimetaphosphate (Pap,) [1, 75-77].
While the second stage consists of the hydrolysis of rings (P3y,) into small polyphosphates
which subsequently hydrolyze stepwise at the ends into ultimately orthophosphate [1, 96,
98]. The formation of trimetaphosphate suggests folding of the chain into a helix, where the
three member phosphate tetrahedra seems to be favoured [96, 99].

Metal cations (M"") accelerate the degradation of phosphate glasses in solution, in the
following order K™ < Na™ < Li* < Ba?T < Sr?T < Ca*" < Mg?™ < AI’* [98]. The catalytic
effect of metal cations is proportional to their field strength and is related to their capacity to
complex with phosphate species [78]. Therefore, the mechanism of degradation may involve
metal cations coordinating phosphate species (Fig. 1.3), whose role may be to increase the
electrophilic character of the phosphorus atom for a subsequent nucleophilic attack [1]. The
latter process produces ring closure in case the nucleophile is an intramolecular P—-O™
group, or hydrolysis in case the nucleophile is water [77]. Steric hindrance increases the
barrier of the transition state which involves a 5-fold coordinated phosphorus atom [100,
101]. Accordingly, an ending group, Q!”, is more favoured as nucleophile or electrophile
than a more bulky middle group, Q*” [76, 100]. On the other hand, the catalytic effect may
get greatly reduced in case stronger complexing agents such as EDTA are in the solution
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[29, 30], since they compete for metal cations. The two processes related to the aqueous
degradation of polyphosphates, namely ring formation and hydrolysis follow first order

kinetics and depend on pH, temperature, concentration of reactant and ionic environment.
[77,94, 96, 102].

pH

Branched rings or chains of POi_ (ultraphosphates) cannot exist in solution owing to the
absence of stabilization by resonance [42]. Since taking into account that hydrogen and
phosphorus exhibit the same electronegativity using the Pauling scale [103], protons cor-
responding to middle groups (Q?) are strongly acidic. Therefore, the weak protons are
provided exclusively by the ending groups (Q!) [104, 105], where the basicity decreases from
4-10~19[106] to a value close to 1078 as the polyphosphate chain is lengthened [42]. From the
titration curve of trimetaphosphate is also evident the strong acidic character of its middle
groups in aqueous solution. Potentiometric measurements have shown that only one hydro-
gen is partially associated in trimetaphosphate and corresponds to pK3 =0.65 +0.10 at 25 °C
[79]. Thereby, computer simulations have provided a relatively higher value, pK3 =2.05 [107].

Published titration curves [42] show the increase in the ratio of weakly acid related to
strongly acid hydrogens as the polymerization decreases, which is in agreement with the
weak acidic character of the ending groups in polyphosphate chains. The protonation of
Q! sites of polyphosphate anions is expected to cause a rise in the pH in static dissolution
experiments at early periods of time [81]. Congruent dissolution may take place only when
the protonation of Q! sites occurs after the second stage of dissolution, thus after transport
of ions into the bulk solution (Fig. 1.3I) [1]. On the other hand, at prolonged time periods
weak acidic phosphate species, i.g. orthophosphate, accumulate as a product of hydrolysis.
Such weak acids, added to protons released as a result of ring formation decrease the pH
monotonically until a buffer solution is achieved (Fig. 1.31I) [1].

The activation energies (E;) of the dissolution processes depend on composition. They
are noticeably lower (24 — 84 KJ/mol), Table 1.5, compared to the activation energies related
to the degradation processes in aqueous solution (84 — 167 KJ/mol), Table 1.6, which depend
also on composition and substantially on pH. The aqueous degradation of phosphate glasses
is catalysed by acids, lower E, values [94, 102, 108], owing to the improvement of the leaving
group stability, involved in the transition state of a SN2-type reaction [1, 100]. For the same
reason the degradation may not be catalysed in basic media, higher E, values [24, 94]. The
effect of cations depends on the pH, namely it retards the hydrolysis in acidic media and
conversely accelerate it in neutral and basic media [109, 110].
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Fig. 1.4: Systemic toxic effects of cobalt [11].

1.4.1 Cobalt sources and toxicity

Cobalt metal and cobalt(II) compounds have a wide range of industrial applications such as:
hard metal alloys, tungsten carbide (WC) and metallic cobalt (Co); diamond tools; catalysts
in oil refining; drying agents in paints and lacquers; additives in fertilizers and animal
feeds; and pigments for pottery, ceramics, glass, jewellery; among others (Tables 1.7 and
1.8). It is an essential element in our diet and thus this is the main source of exposure for the
general population. Nevertheless, excessive exposure via inhalation, skin contact and oral
ingestion through different settings (Table 1.7), may lead to adverse health effects involving
the cardiovascular, neurological, endocrine, hematological, hematopoietic and respiratory
systems (Table 1.8) [11, 111-113].

Cobalt exposure via inhalation

In the occupational setting the main exposure source is related to cobalt powders in the
hard metal [114-116] and diamond polishing fields [117]. Which is associated with adverse
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Table 1.7: Cobalt exposure sources.
Category Industry / Source Material Intake route
hard metal [114-116] superalloys, Co-WC inhalation
construction [121] cement skin contact
Occupational e-waste recycling electric, electronic inhalation, skin, oral
diamond tools [111, 117] polishing disks inhalation
pigments & paints [122] dyes, glazes for pottery  inhalation, skin
pollution [123] air, water, soil oral ingestion
Environmental electronic devices depleted batteries skin contact
cosmetics & jewellery [124] lipstick, piercings skin contact
other [125, 126] leather, tattoos skin contact
vitamin By, [113] beef liver, molluscs oral ingestion
Dietar beer (1960s) [111, 127-129] foam stabilizer oral ingestion
y supplements [113] fortified food oral ingestion
drinking water Co-rich rocks oral ingestion
anemia [130-132] CoCl, oral ingestion
Medical estrogen hyperexcretion CoCl, oral ingestion

blood doping [133] CoClp
MoM hip prostheses [12, 134-139]  CoCr alloys

oral ingestion
internal

effects on the respiratory system when considering only the inhalation pathway [11, 111].
The hard metal toxicity has been correlated with activated oxygen species produced by
the combination of cobalt metal and tungsten carbide particles (WC), but not by cobalt
alone [115]. The inhalation of such hard metal particles may result in: asthma, interstitial
pulmonary fibrosis, alveolitis and lung cancer [113-116, 118, 119]. Cardiac dysfunction
was studied to find an early indicator for clinical examination of hard metal workers
[120]. On the other hand, chronic exposure to cobalt dust from diamond polishing tools,
microdiamonds cemented into ultrafine cobalt metal powder [111], been shown to cause
respiratory impairment [117].

Cobalt exposure via oral ingestion

Traces of cobalt are essential in the diet as vitamin By, (cyanocobalamin), necessary for the
production of red blood cells [112, 118]. Nevertheless, excessive intake of cobalt produces
goiter and hypothyroidism. [111, 112, 140]. Toxic effects of cobalt in the terrestrial food chain
has been suggested from soil-plant studies [123]. Cobalt intoxication related to beer consume
was reported in the 1960s, which caused cardiomyopathy, polycythemia and thyroid lesions
in heavy beer drinkers. The adverse effects were related to CoSO4 and CoCl, added to beer
as a foam stabilizer [111, 127-129]. Likewise, polycythemia, was reported in rats treated with
cobalt [141]. Exposure to ~ 150 mg/d of CoCl, resulted in development of polycythemia
with a substantial increase of hematocrit, hemoglobin and RBC volume [142, 143].



1.4 Cobalt 16

On this basis, it has been hypothesized that CoCl, oral intake may be an alternative blood
doping technique, hardly detectable by current anti-doping testing policies [133]. CoCl, was
used in the past in the treatment of anemia owing to its stimulant effect on the production
of hemoglobin and RBCs [130-132]. Such as for the treatment of the type of anemia that
is resistant to iron therapy [130]. CoCl; was also administrated to a child presenting Fe-
deficiency anemia, in order to suppress the sleeplessness and earth eating symptoms [131].
Additionally, CoCl, was successfully used for the treatment of patients with refractory
anemia of chronic renal failure, where despite larger cobalt doses than the described for beer
drinkers, no cases of cardiomyopathy were reported [132]. Cobalt neurotoxicity may cause
peripheral as well as central deficits, which may be evidenced as hearing, visual, cognitive
and motor performance problems. That occurs likely owing to the ability of cobalt to cross
the very restrictive blood-brain barrier [11, 144].

Cobalt exposure via skin contact

Cobalt, independent from nickel, has been recognized as an allergen capable of causing con-
tact dermatitis [125]. Among construction workers, contact dermatitis is the most common
occupational disease [11]. Cobalt oxides in cement are insoluble, however, in the presence
of amino acids the solubility increases to some extent. As a consequence of the capability
of cobalt to form complexes with amino acids. Eczematous skin is caused by chromium in
cement and has a high content of free amino acids. Thus, it is understandable that sensitivity
by cobalt is secondary to chromium sensitivity [121]. Conversely, dermatitis owing to leather
exposure is now associated to cobalt but not to chromate. Accordingly, 183 cases of patients
with allergy from leather gave positive results only for cobalt [125].

Cobalt is used in pre-metallized dyes and may be released in high concentrations from
leather items [126]. A rare case of allergic contact dermatitis from jewellery was reported.
Patch testing and chemical analyses proved high concentrations of cobalt from a necklace in
artificial sweat [124]. Cobalt blue underglaze colour was used in a Danish porcelain factory,
where plate painters complained of itching skin [122]. Cobalt driers in paints have also
been reported as producing allergic contact sensitivity. Likewise, azure blue and cobaltous
aluminate are used as cobalt-containing tattoo pigments. Thereby, cases have been reported
of allergic reaction confirmed by positive cobalt patch tests [125].

Cobalt exposure via MoM medical devices

Metal-on-metal (MoM) orthopedic prosthetics are predominantly comprised of cobalt (64%)
and chromium (28%), CoCr alloy [11, 12]. Outside the occupational and dietary settings,
patients with MoM implants undergo the most important Co exposure [11, 112]. The long-
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term biological consequences remain a concern due to ion and particle release from the alloy
implants [134]. Co®" ions are released into the bloodstream from Co-containing prosthesis
[112, 145]; as a result of both friction between the articulating surfaces and corrosion of
the metal surfaces [135]. It has been observed that Co?* ions migrate from the surface
of CoCr implant materials and bind with synovial fluid proteins. They get trapped in
serum deposits mainly as phosphates and hydroxides, which may contribute to osteolysis
[136]. The release of corrosion products from MoM implants has been assessed on patients
with hip replacements, where osteolysis and aseptic loosening was observed [137, 146].
Results suggest that metal ions elicited from corrosion affect proliferation and function of
osteoblasts, contributing to the delay in mineralization of bone tissue [147]. Immune cells
activate against infections caused by Co?* released from the implants [138]. Oxidized cobalt
together with Cr®" from corroded CoCr metal-on-metal hip implants have been associated
with mitochondrial damage [139]. Indications of possible carcinogenic effects of cobalt alloys
for medical use have arisen [119]. However, toxicological weight of evidence suggested
that CoCr-containing hip implants are unlikely to be associated with an increased risk of
systemic cancers, owing to low Co/Cr particulate and ion concentration in blood [12].

Mechanism of cobalt toxicity

The dose-response of systemic toxicity of cobalt has been associated to the presence of free,
namely unbound, Co?* disseminated in different organs from the blood and lymphatic
systems. It has the potential to interact with array of receptors, ion channels and proteins,
owing to its higher bioavailability [152, 153] compared to bound Co-albumin in blood
plasma [112, 154], as shown in Table 1.9. Disease states such as malnutrition, sepsis and
alcoholism favours the equilibrium towards free Co?* at expenses of bound Co-albumin.
Thus, making such individuals susceptible to toxicity symptoms at lower doses than healthy
ones [11]. For the latter population no adverse effects should be evidenced at concentrations
of Co?* in blood under 300 pg/L or 100 pg/L (taking into account a safety factor of 3) [112,
145]. Substantial high concentrations of Co?>* may cause: increased generation of reactive
oxygen radicals [155], depression of mitochondrial oxygen uptake caused by Co?* ions
complexing with thiol groups of co-factors necessary for the citric acid cycle [156]. Among
other factors, such mitochondrial dysfunction may potentially damage organs with high
energy demand affecting, e.g. the cardiovascular system [157].

The toxicity of cobalt involves the following factors: (1) Solubility, since the bioavailability
of cobalt is proportional to the solubility of cobalt compounds, thus, the amount of free
Co®* ions released [111, 113]. However, the toxicity does not only apply to highly soluble
cobalt forms (e.g., CoCly), but also to less soluble ones (oxides) and even cobalt metal and
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Table 1.8: Cobalt sources related to systemic health effects.
System Symptom Source Refs.
cardiomyopathy Co0SQy, CoCly, in beer [128]
Cardiovascular hypertension hard metal [120]
higher pulse rate porcelain [122]
hearing impairment
. visual impairment
Neurological cognitive decline CoCl, [144]
motor axonopathy
myocardial disease CoSOy, CoCly, in beer [148]
Endocrine follicular distortion Co0SOy, CoCly, in beer [148]
goiter, hypothyroidism CoCl, [111, 112, 140]
polycythemia CoCl, [142]
Hematological Increased RBCs,
hemogoblin, hematocrit CoCl, [143]
occupational asthma
allergic alveolitis
Respiratory interstitial pneumonia hard metal dust [114-116]
chronic fibrosis
lung cancer
hard metals [111]
dermatitis cement [121]
. Co allergy jewellery [124]
Dermatological eczema cosmetic products [149]
acne leather [125, 126]
CoSOy [150]
depression
irritability .
Psychological extreme fatigue MoM hip implants [151]
anxiety

its alloys. Additionally, such bioavailability is constrained in vivo owing to both physiologi-
cal concentrations of phosphates (i.e., Co3(POy)2, Ksp = 2.5 x 1073 at 25 °C) and the high
stability of complexes between cobalt and biomolecules such as albumin [113]. Although
cobalt metal and its alloys are practically insoluble in water, the solubilization of these
particles is possible owing to the ability of cobalt to reduce dissolved oxygen into reactive
oxygen species through the oxidation of cobalt metal into Co ions. The reaction occurs at
a non-significant rate, but it is catalysed on the surface of tungsten carbide, component of
hard metals, releasing the products in large amounts [113, 115].

(2) Ligands, by binding various proteins and receptors in blood and tissues, free Co**
have the ability to alter specific receptor activation, ion channel transport, among others
[112]. CoCl, was reported to inhibit iodination by complexing with the enzyme tyrosine
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iodinase causing hypothyroidism [140]. The bioavailability of cobalt is also influenced by
nutritional factors owing to the reduced Co-albumin-binding capacity. Albumin is the main
protein complexed with cobalt in serum, which offers a protective influence by reducing
the cobalt-bioavailability [111, 112, 158]. Additionally, results showed the protective action
of proteins rich in SH and NH, groups, acting as a reservoir to sequester Co?* ions [157].
Conformational changes of proteins such as fibrinogen caused by the interaction of Co?*
[159], and binding competition of cobalt for enzymes or co-factors with i.e. iodine, iron,
calcium, etc [112, 160, 161], among other factors may account as the mechanisms of action of
Co?" in the alteration of biological processes.

(3) Cation competition. The toxicity of cobalt occurs partially owing to its ability to compete
for divalent binding sites with other other divalent metal species such as Zn?t, Fe?t, Mn2™,
Mg?* and Ca?". For instance, competition between Co?* and Fe?" for binding in scaffold-
ing proteins has been reported, which in turn hinders the biosynthesis of Fe-S clusters [112].
During long term cobalt exposure, Ca?* hemoglobin-binding sites are irreversibly displaced
by Co?* [161].

Table 1.9: Partitioning of Co?" binding proteins in blood plasma for healthy individuals and
the mechanisms of action.

Co-ligand Ligand Co (%) Effects
serum albumin 2 — 3 high-affinity Co-binding sites [154, 162]
Strongly-bound lipoic acid 72 less bioavailable to cellular receptors

reduced glutathione

23 sites of lower affinity [162]

Weakly-bound Ibumi 20
cakly-boun serum albumin less bioavailable to cellular receptors

high bioavailability, toxic [152, 153]
fosters generation of oxygen radicals [155]

Free Co%*t none 8 alters mitochondrial function [156]
inhibits thyroidal iodine uptake [160]
alters Ca?T homeostasis [161]

Summary

In summary, the exposure to cobalt takes place mainly in the occupational, environmental,
dietary and medical settings and at sufficient doses may lead to severe toxic effects [11,
111-113]. (1) Exposure via inhalation may affect the respiration system causing diseases such
as: occupational asthma, allergic alveolitis, interstitial pneumonia, chronic fibrosis, likely
lung cancer and associated cardiac dysfunctions [113-120]. (2) Exposure via oral ingestion
may affect the cardiovascular, neurological, endocrine and hematological systems causing;:
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cardiomyopathy, hypertension, hearing and visual impairment, cognitive decline, goiter
and hypothyroidism, polycythemia, among others [123, 127-133, 140-144]. (3) Exposure
via skin contact may cause dermatological adverse reactions such as: dermatitis, allergy
and eczema [121, 122, 124-126]. (4) Exposure via medical setting mainly through MoM
implants, has been correlated with various of the mentioned systemic adverse effects, but
involving additionally the psychological system. The overall reported symptoms include:
high-frequency hearing loss, hand tremor, cognitive decline, depression, optic nerve atrophy,
diastolic dysfunction, headaches, convulsions, fatigue, heart failure, hypothyroidism and
metallosis, among others [112, 151].

The toxicity of cobalt is related to its bioavailability, or in other words the concentration
of unbound Co?* ions [152, 153]. Co?" ions are small enough to penetrate cellular ion
channels and also have the ability to interact with receptors and biomolecules [112]. Since
the bioavailability of cobalt refers to the concentration of free Co?* ions in serum, it is
proportional to the solubility of cobalt compounds [111, 113]. Free Co?™ have the ability to
alter specific receptor activation, ion channel transport, among others. That occurs owing to
the potential of Co®* ions to bind various ligands such as proteins and receptors in blood
and tissues. Accordingly, the toxicity of cobalt occurs partially owing to its ability to compete
for divalent binding sites with other divalent metal ions such as Zn?>*, Fe?*, Mn?*, Mg?*
and Ca®* [112].

1.5 Tissue engineering

1.5.1 Challenges

The aim in tissue engineering (see Glossary, Table 1.1) is to restore, maintain, or enhance
functional tissues and organs. For in situ regeneration, a scaffold implanted directly into the
injured tissue stimulates the body’s own cells to promote local tissue repair [10, 163, 164].
However, in absence of a functional vasculature, the assembling tissue is limited to oxygen
diffusion (~ 200 um). Accordingly, the absence of capillaries linking the two systems remain
the missing link [164, 165]. Hence, reduction in vascular supply at the site of injury is one of
the principal reasons of impaired healing [163, 166]. As the matter of fact, a major challenge
in tissue engineering is the development of scaffolds that promote tissue regeneration with
concomitant formation of efficient vascularized networks, namely angiogenesis. Thus, the
aim in tissue regeneration is the expansion of the conventional role of a scaffold from a
simply template, into a delivery vehicle that additionally interact with specific adhesion and
growth factor receptors [10, 163, 167].



21 1.5 Tissue engineering

Angiogenesis Healing Scaffold
| %“‘? o
i <A {*\v//'\@\ll,//\
A
N N
f@\:&\\} ¢ /‘n?i’/‘
HRSE NS
A e VIV
Capillari ' TN
apillaries e
- tf/'\\}@ o
0" :/\J
- ' Release
Ne of ions Bioactive
Red blood ‘ N glass
cells
Hypoxia

Endothelial cells

Fig. 1.5: Tissue regeneration with formation of vascularized networks triggered by cobalt-
containing glass implants. 1. Controlled release of Co** ions from bioactive glass scaffolds.
2. Activation of the hypoxia-inducible HIF—1a pathway by Co?" ions. 3. Hypoxia as
a stimulus of VEGE, vascular endothelial growth factor, production. 4. Angiogenesis,
formation of new blood vessels. 5. Healing.

1.5.2 Angiogenesis

Angiogenesis is the formation, bridging and growth of new blood vessels from the pre-
existing vasculature. Which is essential for the increased delivery of oxygen and nutrients
required for tissue development and regeneration [10, 164, 168-170]. The walls of vessels
are composed of endothelial cells, which are embedded in an extracellular matrix [169].
VEGE, vascular endothelial growth factor, is a potent mitogen for micro- and macrovascular
endothelial cells derived from arteries, veins, and lymphatics. VEGF not only elicits a strong
angiogenic response in a variety of in vivo systems [171], such as during endochondral
ossification [172]. But also promotes angiogenesis in vitro such as the formation of a
capillary-like network on collagen gels [170].

1.5.3 Hypoxia

The low oxygen pressure, hypoxia, in ischemic cells induces the production of VEGF and
other angiogenic cytokines. Thus, hypoxia is an important stimulus for blood vessel growth
by activating a broad range of homeostatic responses via induction of a transcriptional
complex termed hypoxia-inducible factor (HIF) [167, 173-175]. It has been demonstrated that
activation of HIF-1 pathway would increase vascularity and, subsequently, improve tissue
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response to injury and regeneration. [166]. HIF-1 has an essential role in the maintenance of
oxygen homeostasis. It is comprised of a heterodime, HIF—« and HIF— 8 subunits, where O,
regulates the former one. Subsequently, HIF—« is comprised of two isoforms (HIF—1x and
HIF—2«), which are continuously synthesized and degraded under normoxic conditions.
Whereas under hypoxic conditions, the degradation of HIF—1« is inhibited and accumulates
in the nucleus where it forms a dimer with the HIF— subunit [166]. Thus, HIF-1 mediates
developmental and physiological pathways that either promote O, delivery to cells or allow
cells to survive O, deprivation [173, 175].

1.5.4 Activation of the hypoxia-inducible pathway

An attractive strategy to overcome the vascularization limitation in tissue engineering
is to artificially stimulate the hypoxia-inducible HIF—-1«a pathway. Which promotes the
oxygen-regulated expression of angiogenic growth factors [167, 174]. Accordingly, it was
reported that HIF—1a is activated during bone repair and to improve skeletal healing [166].
Thus, materials capable to undertake controlled release of ions that activate the HIF—1a
pathway are of great interest. The incorporation of transition metals (e.g., Co?t, Cu2+) into
biomaterials have been suggested as an approach to enhance the angiogenic properties. By
taking into account that these ions promote the accumulation of HIF—1a and HIF—2a« [10,
174,176].

1.5.5 Cobalt as hypoxia-mimicking agent

Cobalt ions have been reported to bind HIF—2a proteins at sites that alter their oxygen-
regulated activity, thus mimicking hypoxia by inducing up-regulation of HIF—« protein
expression and thereby, pro-vasculogenic genes such as VEGF [176]. Therefore, Co?" ions
have been used extensively to investigate in vitro and in vivo the hypoxic response as a
trigger of angiogenesis (Table 1.10). Accordingly, CoCl, has been shown to promote rat
bladder growth and angiogenesis [177]. The effect of CoCl, on human pulmonary and
dermal microvascular endothelial cells was investigated in order to delineate the cellular
signaling mechanism of hypoxia [56]. Likewise, CoCl, was added to granulosa cell culture
to assess the VEGF production related to follicular angiogenesis [178]. Studies showed the
potential of cobalt in healing bone, by regulating VEGF expression in osteoblasts [168].

Summary

The reduction in vascular supply, oxygen and nutrients, at the site of injury is one of the
principal reasons of impaired healing and tissue regeneration. Thus, a major challenge in
tissue engineering is the development of constructs that not only serve as a template for cell
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growth, but also promote the formation of efficient vascularized networks. Angiogenesis
refers to the process of developing new blood vessels. Thereby, the vascular endothelial
growth factor (VEGF) is an important regulator of angiogenesis [10, 163, 167-171]. It has
been demonstrated that induction of a transcriptional complex termed hypoxia-inducible
tactor (HIF) would increase vascularity. Since hypoxia stimulates the production of VEGF
and other angiogenic cytokines [167, 173-175].

An attractive strategy to overcome the vascularization limitation in tissue engineering
is the artificial stimulation of the hypoxia-inducible HIF—-1« pathway [166, 167, 174]. Cobalt
ions are known to mimic hypoxia by binding HIF—2« proteins at sites that alter their oxygen-
regulated activity [176]. Therefore, Co?>" ions have been used extensively to investigate in
vitro and in vivo the hypoxic response as a trigger of angiogenesis [56, 177, 178].

1.5.6 Cobalt in biomaterials

Table 1.10: Cobalt in biomaterials.

Co—Material Test Properties Effects
o mechanical positive for 2 and 5 wt% Co
er MO0 teogenesis ositive for 2 wt% Co and negative for Co > 5 wt%
scaffolds [179] in vivo 08 : positive I &
angiogenesis positive, increased VEGF, Co dose-dependently
in vitro osteogenesis positive in vitro, negative in vivo
B—TCP [180] in vivo . . . . .
immunological negative, release of pro-inflammatory cytokine
TCP coating o osteogenesis positive, enhanced expression of the markers
on Ti [181] in vitro angiogenesis positive, enhanced expression of the markers
toxicity negative, cytotoxicity for Co > 7 wt.%
. PR} o 2+ .
HA nano- in vitro oste-ogene51.s pos?ve, up ’;o 1; w’;ojo oi goz+ ions
particles [182] in vivo angiogenesis - positive, up to 12 wt% of Co”™" ions
biocompatibility =~ no negative for epithelial cells, negative for osteoblas-
tic cells
Bioactive bioactivity positive, delayed HCA formation

glasses [167]

Ti-phosphate o biocompatibility =~ for osteoblastic cells
n vitro g oy -
glasses [182] toxicity positive, non cytotoxicity

An ideal biomaterial for a scaffold would selectively interact with the specific adhesion
and growth factor receptors expressed by target cells in surrounding tissues required for
wound healing [163]. Additionally, a controlled ion release system is vital for any tissue
engineering strategy involving delivery of cobalt [167]. Inorganic therapeutic chemistry
has a huge potential with approaches such as bioactive glasses as a vehicle for cobalt
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delivery. Since they allow a tailorable and controlled release of ions at physiologically
relevant concentrations, thus holding great potential as new hypoxia-mimicking materials
for regenerative medicine [10]. Table 1.10 lists biomaterials doped with cobalt tested in vitro
and/or in vivo.

1.5.7 Cobalt-containing phosphate glasses

Phosphate glasses are another class of bioactive glasses, highly attractive in hard and soft
tissue engineering [10]. Since their chemical durability can be tailored through orders of
magnitude, by modifying the chemical composition [24, 81]. This makes phosphate glasses
suitable candidates for controlled release of therapeutic ions in vivo, such as cobalt, in low
and sustained doses [55].

The effect of CoO doped into titanium phosphate glasses was studied, where the glasses
were shown to be stable, biocompatible and VEGF secretion was significantly enhanced [57].
Additionally, static and dynamic cell tests on phosphate glass microspheres doped with
TiO, and CoO, confirmed biocompatibility and VEGF upregulation by osteoblastic cells [58].

1.6 Paramagnetic NMR
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Fig. 1.6: (a) Paramagnetic effects on the NMR spectra: paramagnetic shifts and line broad-
ening. (b) Range of electron relaxation times for metal ions compared with typical nuclear
longitudinal relaxation times [183].

Paramagnetic systems are chemical moieties with positive magnetic susceptibility that con-
tain one or more unpaired electrons. They produce a strong localized magnetic field as a
consequence of the magnetic moment of the electron which is significantly bigger than that
of the nucleus [184]. Therefore, NMR spectra are particularly sensitive to the presence of
unpaired electron spins through the hyperfine interaction [183, 185, 186]. The paramagnetic
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effects depend on the concentration of paramagnetic centres and refer to the paramagnetic
shift, paramagnetic relaxation enhancement (PRE) and broadening sources [187]. In solids,
the relaxation of nuclei can be achieved by strong dipolar coupling and motions, if the latter
are significant enough [188]. Accordingly, in motionless solids the nuclear relaxation is very
slow, however, it can be enhanced when paramagnetic impurities are present [189]. That is
due to the spin diffusion, which consists in a mutual flipping of spins of dipolar-coupled
nuclei. Another mechanism of relaxation influenced by the paramagnetic centres is through
dipolar or direct contact electron-nucleus, which is orientation dependent and causes peak
broadening [190]. On the other hand, the paramagnetic shift provides valuable structural
information related to its dependency on the distance (r—2) and orientation, allowing i.e. the
determination of the location of the paramagnetic centre [183, 185].

Paramagnetic effects such as substantial broadening and peak-shifting outside the observed
region may lead to low sensitivity or even non-observable NMR spectra (Fig. 1.6). Neverthe-
less, such interactions may be rather an opportunity instead of a shortcoming [191]. In fact,
paramagnetic interactions yield important structural information, for instance regarding
the bonding environment, spatial arrangement, delocalization of the unpaired electrons
onto the coordinating ligands and dynamics, among others [186]. Hence, paramagnetic
NMR provides the opportunity to further enhance the utility of structural NMR analysis.
That may be achieved by approaches such as the systematic structure-based analysis of
ligand-metal binding and molecule recognition. Accordingly, paramagnetic NMR has been
extensively used as NMR probes over the past two decades for structural and mechanistic
studies of biologically important macromolecules [185]. Nevertheless, it has not been widely
applied to the study of other systems such as glasses and their dissolution products.



Chapter 2

Theoretical Framework

2.1 Diffusion

In the absence of convection, Brownian motion or the random transport of particles due to
thermal motion, is the main mechanism of mass transport. This is an irreversible process
and occurs from a region with high to one of lower concentration. The diffusion process is
an example of the second law of thermodynamics, driven by the entropy change, AS > 0.
Even though no enthalpy is required in the process, heat may affect the diffusion rate [85].

2.1.1 Fick’s laws

The basic equations that describe the diffusion process are Fick’s first and second laws (Egs.
2.1 and 2.2), where | is the flux or rate of diffusion, D is the diffusion coefficient, Q is the
fraction dissolved, A is the area of the surface, C is the concentration of dissolved solid and
t is time [85].

Fick’s first law

Fick’s first law (Eq. 2.1) states that the rate of transfer (/Q/dt) through the area (A) in the
dimension (x) is proportional to the gradient of concentration. The negative sign indicates
that the flow occurs from high to low concentration regions [85].

_dQ __oC

J

Fick’s second law

Fick’s second law (Eq. 2.2) is derived from Fick’s first law (Eq. 2.1) and states that the rate
of concentration change (9C/0dt) in an element of volume (dV), or for a one-dimensional
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system (dx), is proportional to the flux gradient (9] /9x) of the solute in the element [85].

oc 9] _ _&C

2.1.2 Steady-state diffusion

At the steady state there is no change of concentration with time (Eq. 2.3) in an element of
volume, even though material still diffuses.

oC
i 0 (2.3)
The concentration profile is linear with distance through the diffusional path, for a one-

dimensional system (x) with constant surface area (Eq. 2.4) [85, 192].

aC
o const. (2.4)

Pseudo-steady-state

The pseudo-steady state is established when during a finite time the concentration gradient
becomes relatively constant (Eq. 2.5). In order to reach this state, the requirements are that
the concentration change of dissolved solid in the bulk solution is negligible. Additionally, it
requires that within the time for an average molecule to cross the diffusion layer, no change
of particle surface area occurs [84, 85].

oC
= ~0 (2.5)

2.1.3 Higuchi equation

A rather simple equation was derived for the kinetics of dissolution [87], which relates
the rate of release of a drug, as a solid of fine particles, that dissolves under perfect sink

conditions (Eq. 2.6).
Q=+ADCst (2.6)

Where Q is the amount of drug released, D is the diffusion constant, ¢ is the time and A
is the amount of non-dissolved drug per unit volume, which must be substantially bigger
than its solubility Cs;. Under these conditions (A >> C;) the concentration gradient remains
constant and its linearity over the diffusion layer follows Fick’s first law (Eq. 2.1).
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2.1.4 Diffusion and a chemical reaction

In case a slow reaction takes place simultaneously with a diffusion process, the net effect of
the reaction would be a reduction of the diffusant concentration. Therefore, the expression,
i.e. first order reaction, is nothing but Fick’s second law (Eq. 2.2) reduced by the reaction
rate (R) as shown in (Eq. 2.7) [85].

%—f = D% ~R (2.7)
2.2 Solubility
2.2.1 Lattice enthalpy

AHE o (2.8)

The lattice enthalpy is inversely proportional to the distance between the radii of the ions,
where r and r_ refer to the radii of the cation and anion respectively [90].

2.2.2 Hydration enthalpy

1 1
AH, — + — 2.9
hyd & 7+ (2.9)

The hydration enthalpy is the sum of individual ion contributions, since each ion is hydrated
individually, where r and r_ refer to the radii of the cation and anion respectively [90].

2.2.3 Congruent dissolution

The concentrations of ions in solution can be normalized to the initial glass composition,
which leads to the normalized mass release, NL(i) (mg/cm?), and can be calculated by Eq.

2.10
Ci

(fi) - (SA®)/V)

where C; refers to the measured concentration (ppm) of ion (i), f; is its mass fraction (wt%)

NL(@) = (2.10)

in the glass and SA(t) is a time-dependent ratio of the glass surface area (cm?) to leachate

volume (L). SNL(D)
i

ot
Congruent dissolution takes place when the composition of ions in solution is equal to the

= const. (2.11)

ion composition in the glass structure. Thus, the ion release rate is equal for all ions (Eq.
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2.11), which means that the normalized concentration of each ion in solution NL(i) as a

function of time (t) remains constant [30].

2.3 NMR

2.3.1 The nuclear spin Hamiltonian operator

The total NMR Hamiltonian, Hypr, for any particular spin system is the sum of individual

Hamiltonians that describe particular interactions, indicated by H, in Table 2.1. The main

interactions involving single nuclei (i) and pairwise (i) are described by (Eq. 2.12).

Hywmr = Y _(Hjz + Hes + HiQ + Hie + E(H}j + HgD
i :

(2.12)
ij

Table 2.1: Interactions of the NMR Hamiltonian operator [193].

H) Interaction Frequency Description
Magnetic interaction of nuclear spins with
Hiz  Zeeman 101000 MHz the static external field of the spectrometer.
The effect of the electron cloud surrounding
Hcs  Chemical shift 0—100 kHz the nuclear spins (modifications to the static
field).
Nuclei with I > 1/2 are sensitive to the
Hg Quadrupole 0—-10 GHz electric-field gradient generated by their
surroundings.
Interaction of nuclear magnetic spins
Hrr  Radio frequency 0—300 kHz with a coherent, externally applied radio-
frequency field.
. Interaction of pairs of nuclear spins through
H J coupling 01000 Hz bonding electrons.
Hpp  Dipole-dipole 0—40 kHz Magnetic interaction of nuclear spin pairs

through space.

Nuclear Zeeman interaction

The magnetic moment of the nucleus () is proportional to the magnitude of the angular

momentum I7 (Eq. 2.13).

pur=nhyl=gBil

(2.13)



2.3 NMR 30

where I is the nuclear spin operator, 1 is the gyromagnetic ratio, By is the nuclear magneton,
g1 is the dimensionless nuclear g—factor and e and m,, are the charge and the rest mass of
the proton (Eq. 2.14).

B eh
2mp

Bi (2.14)
The nuclear Zeeman Hamiltonian (Hjz) represents the interaction between the nuclear
magnetic moment () and the magnetic field (Bp), Eq. 2.15. By convention the laboratory

axis is defined so that By lies along the z direction.
Hiz = —pr-Bo= —hyBol; = hawol, (2.15)

where wy = —71By is the nuclear Larmor frequency. A nucleus of spin quantum number |
has 21 + 1 states, thus, values from —1I to I.

Chemical shift

The Hamiltonian given in Eq. 2.16 describes the chemical shift interaction, where J is the
chemical shift tensor which is explained further below.

HCS = —Fl’y[BO R | (216)

The magnetic field caused by the electrons makes the overall magnetic field B experienced
by a particular nucleus lower than the applied By (Eq. 2.17). This is the result of additional
magnetic fields (B’) produced by the electronic environment around the nucleus [193-195].

B=By— B (2.17)

The chemical shift () is defined by Eq. 2.18, where v and v,,s are the frequencies of the
nucleus of interest and the reference substance (Table 2.2), respectively [193, 196].

(2.18)

The chemical shift varies with the orientation of the moiety with respect to the external
magnetic field. Such orientation dependence is known as the chemical shift anisotropy
(CSA) and it is a second-rank tensor (3 by 3 matrix). By using the principal axis system,
the three diagonal elements (dxy,dyy,522) and the three Euler angles («,,7) fully define
the tensor [193]. The isotropic chemical shift (J;,) corresponds to the average of the three
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Table 2.2: Primary (1) and secondary (2) standard references for common nuclei [197].

Nucleus Reference substance Natural o Chemical shift
abundance (%) (ppm)
TMS (1) 0.00
g % Adamantane site 1, 4H (2) 99.985 1.873
Adamantane site 2, 12H (2) 1.756
TMS (1) 0.00
13 1
C2 Adamantane (2) 1.108 38.4
CFEClI3 (1) 0.00
19 1 3
F2 NaF(aq) 1 M (2) 100 -120
31p 1 H;3PO4 85 % (1) 100 0.00
2 NH,H,PO; (2) 0.9
. TMS (1) 0.00
29¢g; 1
Sis TTMS (2) 4.70 99
BF3-Et,O (1) 0.00
11p 3 3-Etp
B> NaBH, (2) 80.1 3.2
Al(H,0)* (1) 0.00
27 A1 5 6
Al 3 Y3A15040 (2) 100 0.7
7Li3 LiCl(aq) 92.5 0.00
2Na 3 NaCl(aq) 100 0.00

diagonal elements of the matrix (Eq. 2.19) and it is the center of gravity of the lineshape.

51’50 =

(5X.X + 5yy + 522)

(2.19)

The chemical shift tensor have been described by different conventions such as the Haeberlen-
Mehring-Spiess [198-200] used by the software SIMPSON [201]. Thereby the principal
components of the CS tensor are sorted with respect to the isotropic chemical shift as shown

by Eq. 2.20.

|(5zz - 5iso| > |5xx - 5iso| > |5yy - (5iso|

(2.20)
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The anisotropy (d,,is0) is defined as the largest separation from the center of gravity (Eq.
2.21). The asymmetry parameter (1) refers to the deviation of the lineshape from an axially
symmetric tensor (Eq. 2.22). For an isotropic CSA tensor 6,,;s, = 0, for an uniaxial CSA
tensor ,,,is, # 0 and 1 =0, and for a biaxial tensor J,,5, #0 and 7 #0 [193].

(saniso = (522 - 51’50 (2-21)
(Oyy — Oxx)
p=-2 2 0<y <) (2.22)
éaniso

Nuclear quadrupole interaction

The nuclear quadrupolar Hamiltonian shown in Eq. 2.23 refers to the interaction between
the quadrupolar moment of the nucleus (I > 1/2) and the electric-field gradient owing to
the surrounding electrons.

eQ

Ho==——=1-V-I 2.23
Q7211 -1) (223)

where Q is the electric quadrupolar moment of the nucleus, e is the charge of the electron, V
is the electric-field gradient tensor and I is the nuclear spin.

The Hamiltonian shown in Eq. 2.24 is defined in terms of the quadrupolar coupling constant
Cg (Hz) and the quadrupolar splitting frequency wg, which are defined in Eq. 2.25.

2th

Hp = I-V-1 2.24
Q 3eq ( )

where eq is the electric-field gradient anisotropy defined as V. = eq for | V.| > |V | > | Vi |.

e29Q 371Cq
w7201

Co= (2.25)
J-coupling

The J-coupling, indirect spin-spin coupling or indirect dipole-dipole coupling provides a
direct evidence of chemical bonding. The nuclear spins are coupled together through the
bonding of electrons, therefore, the J-coupling is exclusively intramolecular. The Hamilto-
nian (H; Y ) given in Eq. 2.26 represents the heteronuclear J-coupling interaction.

H] = 27LJ]; (2.26)
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where I; and I; are the nuclear spins, Jj; is the J-coupling tensor and the factor 271 makes
reference to the Hz units in which the J-coupling is invariably expressed.

Dipole-dipole interaction

The through-space dipole-dipole coupling or direct dipole-dipole coupling takes place when
the spin fields propagate through space without involving the electron clouds. The dipole-
dipole interaction may be intermolecular or intramolecular. The NOESY (Nuclear Over-
hauser Effect Spectroscopy) pulse sequence makes use of magnetization transfer through
dipole-dipole interactions, cross-relaxation [193]. The secular part of the Hamiltonian of the
dipolar interaction [202] for two spin-1/2 particles separated by a vector forming an angle 0
with an external magnetic field is described by Eq. 2.27.

1 .. .
Hpp = —Eb[lllf — I'Z](1 — 3cos?6) (2.27)

where b is the dipole-dipole coupling constant. The factor 1 — 3cos? vanishes when 6 is
equal to 54.7356° [203]. The effect of the “magic angle spinning” (MAS) is similar to the
tumbling of a molecule in a liquid so it has the potential to remove the dipolar interactions
and to average out the anisotropy of the chemical shift to the isotropic value J;5, [203, 204].
The speed of the rotation is an important factor, when the frequency (Hz) is smaller than
the spectral width of the respective static spectrum, sidebands at integer multiples of the
rotation frequency show up. The intensity depends on the speed, such sidebands have been
used to extract the chemical shift anisotropy [205, 206].

Nutation frequency

The amplitude of a pulse is specified through the nutation frequency (wyy). Thereby, B,
and T, refer to the flip angle and duration of the pulse, respectively (Eq. 2.28).

Bp = Wnut Tp (2.28)

For a flip angle 8, = /2, the nutation frequency in (Hz) can be calculated as follows as
shown by Eq. 2.29 [193].

1

p
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2.3.2 The paramagnetic shift

The shift, rather than a splitting of the NMR resonance, is a result of the electronic relaxation
occurring at orders of magnitude faster than the nuclear one (10714—1078 vs. 1073102
s). Which does not lead to a coupling between the spins of the nucleus to the electron but
rather to the average of the electronic magnetic moment. Thus, the rapid electron relaxation
effectively “decouples” the NMR spectrum, resulting in a singlet appearing at a frequency
that corresponds to the weighted average of the two peaks () [183]. Hence, this interaction
is partially alike to the chemical shift [183], as shown by Eq. 2.30,

B
— = —CU(),[(l + ‘51'550) (2-30)

where A is the hyperfine coupling constant and &3 is the isotropic paramagnetic shift (Eq.
2.31), which is proportional to the magnetic field By as shown in Eq. 2.30.

A
o = ﬁfffkir 2.31)

There are three important contributions to the paramagnetic shift according to the suscepti-
bility formalism: the through-bond Fermi-contact, the through-space spin-dipolar coupling
which leads to the pseudo-contact shift (PCS) and the antisymmetric hyperfine interaction.

Contact shift

The contact shift arises from the through-bond spin-spin interaction. As can be seen in Eq.
2.32, the contact shift (57, ") is proportional to the isotropic magnetic susceptibility (x™),
which means that ions with higher magnetic moments lead to larger contact shifts. The
magnitude of the unpaired electron density (0*~#(0)) at the nuclear site is also proportional
to ;"X Thus, a good overlap between the orbitals of the metal ion and the s-orbital of the

150
nucleus favors larger shifts. The sign of the contact shift corresponds to the sing of p*~#(0).

con Xz'so
O ¥ = 55" F(0) (2.32)

Pseudo-contact shift

The PCS is a shift that arises from the through-space spin-dipolar interaction. Thus, it is
a longe range effect compared to the contact shift and it depends on the relative spatial
position between the nucleus and the paramagnetic ion. Owing to the dependency of PCS
on the anisotropic but not on the isotropic susceptibility, PCS only takes place for ions that
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undertake SO interaction.

1 3
57 = s Axax(22 — 22 —y?) + EAth(xz ) (2.33)

where x, y and z are the Cartesian coordinates, while Ay, and Ay, are the susceptibility
anisotropy parameters. As can be seen in Eq. 2.33, the PCS depends only on the susceptibility
anisotropy and not on the isotropic susceptibility.

2.3.3 Homogeneity approach

The homogeneity of the doping of a paramagnetic species into a diamagnetic host can be
assessed through quantitative NMR according to a model function [207] that correlates
the molar fraction of the paramagnetic dopant x,,,, with the respective fraction of target
"visible" nuclei f,;sp. as follows:

3
foisible = exp(_klroxpam) (2.34)
where the constant k is a fitting parameter, rj is the wipe-out radius and f;s;yj. is defined by

Adoped/ndoped

fvisible = A (2-35)

non—doped/nnon—doped
where A and n are the peak area and the number of moles of the respective doped and
non-doped samples. This is nothing else than the relative area normalized by using the non-
doped sample as reference. The model assumes that the target nuclei inside the wipe-out
radius rp will not contribute to the NMR signal due to the broadening and shift caused by
paramagnetic effects. Thus, Aj,pe4 corresponds to the area under the peak that remains at the
same position as the non-doped sample. In case of uniform distribution of the paramagnetic
dopant in the system, the decay of the NMR signal should follow Eq. 2.34 and at certain
concentration, fy;sipje Should vanish completely meaning that all target nuclei are under the
influence of paramagnetic centres.

2.3.4 Relaxation
Spin-lattice relaxation time

Also known as relaxation in the z-direction or longitudinal relaxation, this process cor-
responds to the return of the macroscopic magnetization to the Boltzmann equilibrium.
The transfer of the energy given by the RF pulse to the lattice is achieved through lattice
vibrations and rotations at the Larmor frequency. The relation between the time ¢ that takes
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the recovery of the equilibrium magnetization M? and M.(t) is given by
M,(t) = Mo(1 — e~ /Th) (2.36)

from this expression is evident that Tj is the time that takes to recover about 63 % of M?,
it is also obvious that the time to reach the equilibrium follows an exponential law [193,
208]. Saturation recovery is an experimental method to determine T;, where initially a loop
of (5) pulses is applied to cause saturation, afterwards the magnetization is allowed to
recover during a T delay and finally a (%) is applied to measure the signal. A rule of thumb
states that when 7 = 5T the equilibrium magnetization is practically reached [209].

Correlation function

The reduced correlation function (Eq. 2.37) contains all the information about the dynamics,
chemical exchange, and electronic relaxation properties.

8(17) = exp(—|1| /72) (237)

where g(7; T) is the correlation function and 7, is the correlation time.

Spectral density

The reduced spectral density j(7.;w) which is the Fourier transform of the correlation
function g(t;; 7) is shown in Eq. 2.38.

iww)= [ exp(-ltlfrydr =2 (2.39)

. 1+ w?t?

where the spectral density j(7.;w) is a Lorentzian function and w is the frequency.

In the extreme-narrowing limit 7, is short enough (up to 10 ps ) that |wT.| << 1, and
j(Te; w) = 27, and independent of w. This applies for situations in which unrestricted tum-
bling takes place, such as small species in solution. Conversely, in the spin-diffusion limit 7
is long enough (> 1 ns) that |wt| >> 1 and j(t;;w) ~ 2/w?T, [183].

2.3.5 Paramagnetic nuclear relaxation

The paramagnetic relaxation enhancement (PRE) is the result of the random variation of
the electron—nuclear spin interactions, which opens new pathways for spin relaxation (T;
and Tp), as well as for some other phenomena (such as cross-correlated relaxation) [186]. For
large paramagnetic systems with slow rotational dynamics, the transverse relaxation time
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(T) is dominated by the Curie relaxation, whereas the longitudinal relaxation time (T7) is
dominated by the Solomon-Bloembergen-Morgan relaxation.

For rigid solids neither tumbling nor internal motional dynamics are relevant for relaxation.
Therefore, vibrations are the only motional source which are not an efficient way for the nu-
clear relaxation, leading to significant long T; values in diamagnetic systems (from minutes
to hours). Even though, it seems obvious that the Curie relaxation would apply for rigid
solids, the model is not valid. Instead, the Solomon relaxation takes place for rigid solids.
Regarding paramagnetic systems with slow rotational dynamics, short relaxation times take
still place, since vibrations still cause electronic relaxation which subsequently cause nuclei
relaxation [183].

Solomon-Bloembergen—Morgan relaxation

In this theory only the first-order Fermi-contact and spin-dipolar parts from the hyperfine
tensor are used for calculating T; and Tp. It is useful to describe the PRE in systems un-
dertaking fast rotational diffusion (7g), which are comparable to the electronic relaxation
times (T1,, T2¢). Therefore, it works well for small complexes in solution in which the nuclear
relaxation is dominated by the electron relaxation rather than any molecular dynamics.

The Solomon mechanism refers to the relaxation by the point-dipole part of the hyper-
fine interaction. This model applies for nuclei fairly far away from the paramagnetic center
(>4 A), in which the unpaired electrons can be thought as localized at the paramagnetic ion.
This allows to treat the unpaired electrons as point dipole moments. On the other hand, in
this theory the relaxation mediated by the isotropic Fermi-contact interaction was proposed
by Bloembergen. In this mechanism the nuclear relaxation is induced by chemical exchange
and electronic relaxation [183].

Curie-spin relaxation

This mechanism of relaxation is suitable when the electronic relaxation occurs on signif-
icant shorter scales than the rotational processes. The effect of the Curie-spin relaxation
is proportional to the magnetic field By, thus becoming more important at high magnetic
fields. It is useful to describe the PRE in systems undertaking slow rotational diffusion (7r),
order of magnitude slower than the electronic relaxation times (T3,, To, << Tr). Therefore, it
works well for large species in solution, such as proteins, in which the nuclear relaxation is
dominated by the electron relaxation rather than any molecular dynamics [183].
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2.4.1 EPR spin Hamiltonian operator

The EPR spin Hamiltonian (Hgpr) shown in Eq. 2.39 accounts for transition metal ions,

where each interaction (H) ) is described in Table 2.3.

Hgpr=Hir + Hso + Hsz + Hss + Hyr (2.39)

Ligand field interaction

The crystal or ligand field interaction takes place between the metal ion and the ligands

in a coordination complex. For the transition elements the crystal field interaction is large

enough (~ 10* cm™1), that only the ground state is thermally populated and it is the biggest

interaction in the EPR Hamiltonian.

Table 2.3: EPR spin Hamiltonian interactions for transition metals [183].

H), Interaction Frequency Description
Interaction between the metal ion and
; ; 3_104 en—1
Hrr  Ligand field 10°—10%* cm the ligands.
. . . Transition metal ions with S > 1/2 un-
- 2_103 -1
Hsop  Spin-orbit coupling  10°—10° cm dertake SO coupling.

Hsy; Zeeman 107 1—10' em™!

Hss  Electronic spin-spin 10~ !—1 cm™!

Hpyr  Hyperfine 1071 -1cm™!

Magnetic interaction of nuclear spins
with the static external field of the spec-
trometer.

Magnetic coupling between individual
electrons.

Magnetic coupling between the nu-
cleus and the unpaired electron.

Spin-orbit coupling

The spin-orbit coupling (Eq. 2.40) is the second largest interaction (10>—10% cm™!) after the

crystal field splitting.

Hso = ALS (2.40)
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where Hgp is the Hamiltonian representing the spin-orbit coupling by assuming LS coupling
and Hund’s rules. The many-electron SO coupling parameter A is given by Eq. 2.41.

. ¢
A= (2.41)

where ¢ is the single electron coupling parameter, which takes positive values for shells less
than half filled, and correspondingly negative values for shells more than half filled (Eq.
2.41).

2.4.2 Electronic Zeeman interaction

The electronic Zeeman interaction (Hgy) that combines the orbital and the spin Zeeman
terms is shown in Eq. 2.42, which are described below.

Hgy = —ﬁe -Bg = (L + geS) (242)

In the limit of LS coupling, the total angular momentum operator is J = L + S. Thus, the
total magnetic moment operator (m) is defined by Eq. 2.43.

m=—PBe(L + g:5) (2.43)

The orbital angular momentum is quantized and denoted by the quantum number L where
each level comprises 2L + 2 states. An electron of spin quantum number S has 2S + 1 states,
thus, values from —S to S. The gyromagnetic ratio between the free electron and 'H (|7ys/71])
is 658.23.

Spin Zeeman term

The magnetic moment of the electron () is proportional to its spin angular momentum %S
(Eq. 2.44).

s =hysS =—gePeS (2.44)

where S is the electron spin operator, s is the electron gyromagnetic ratio, g, is the free-
electron g—factor (g =2.002322) and f, is the Bohr magneton, which can be calculated from
the charge (e) and the rest mass (m,) of the electron (Eq. 2.45).

B eh
© 2m,

Be (2.45)



2.4 EPR 40

The electron Zeeman Hamiltonian (Hgy) represents the interaction between the electron
magnetic moment (y.s) and the magnetic field (Bp). By convention the laboratory axis is
defined so that By lies along the z direction (Eq. 2.46).

Hsz = —ps - Bo=gefeBoS: (2.46)

Orbit Zeeman term

3d transition-metal ions with spin S > 1/2 undertake SO coupling. In turn this affects the
paramagnetic shift.

ur =—p.L (2.47)

where y is the orbital contribution to the magnetic moment and L is the total orbital angular
momentum operator, which is orientation dependent.

2.4.3 Electronic spin-spin interaction

The electronic spin-spin interaction Hgg refers to the magnetic coupling of individual elec-
trons (Eq. 2.48).

Hess=—p |(L-S)Y* + %(L 'S) — %L(L +1)S(S + 1)1 (2.48)

where p is an energy coefficient that for transition metal ions takes values up to 1 cm ™.

2.4.4 The hyperfine interaction

The nuclear and electronic magnetic moments couple to each other resulting in the hyperfine
interaction. Thus, the Hamiltonian can be written in terms of the electron (S) and nuclear (I)
spin operators (Eq. 2.49). The hyperfine interaction consists of two important contributions
namely, the Fermi contact (through-bond, scalar interaction) and the pseudocontact shift
(through-space) interactions, which couple the unpaired electron and the nucleus at the side
and outside the nucleus, respectively [183, 186].

Hs;=S-A-I (2.49)

where A is the hyperfine coupling tensor (Eq. 2.50), which comprises a ‘through-bond’
isotropic Fermi-contact term (AFC), analogous to the J—coupling, and a ‘through-space’
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anisotropic spin-dipolar term (ASP).

A = AFC1 4 ASP (2.50)

The Fermi-contact interaction

The Fermi-contact coupling constant associated to electrons delocalized onto the ligands
is shown by Eq. 2.51. The Fermi contact shift is analogous to the J-coupling interaction
between nuclei. This situation refers to an electron in immediate vicinity of the nucleus and
it is proportional to the total unpaired electron spin density transferred to the nucleus. Thus,
the sum of the contributions from the individual electrons. This contribution is different
for each unpaired electron, since each one sits on orbitals with different spatial distribution
of electron density. Therefore, the magnitude and the sign of the shift depend on the bond
nature, orbital overlap, bond distances, and angles [183, 185].

e8ell P
AFC - %p B(0) (2.51)

where p*~f(r) is is the total spin-unpaired electron density at the position , 2S is the number
of unpaired electrons and y is the permeability of free space.
The spin-dipolar interaction

The spin-dipolar interaction is analogous to the classical interaction between two magnetic
dipoles. The Cartesian components of the spin-dipolar tensor are given by Eq. 2.52.

3rirj — 8;ir?
A};C:”‘)%i;hw / " P(nd’r (2.52)

where i and j are equal to x, y, or z, ¢; is the unit vector along axis 7, and J;; is the Kronecker
delta.

2.4.5 EPR effective spin Hamiltonian

The Hamiltonian formulated in Eq. 2.53 includes the coupling between the electronic spin
and orbital angular momentum. It is comprised by three terms and it is referred as the EPR
effective spin Hamiltonian.

Hepr=BeBo-ge-S+S-A-1+S-D-S (2.53)
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where the first term refers to the electronic Zeeman interaction, which is spatially anisotropic
owing to the SO coupling and the g shift is analogous to the chemical shielding of the
nucleus. The second term is the hyperfine interaction and the third term is the zero-field
splitting, described below.

EPR and NMR tensors

The Hamiltonian shown in Eq. 2.54 includes the nuclear Zeeman and chemical shielding
(c°"?) interactions, besides the terms shown in Eq. 2.53.

Hepr = —hyBo-(1—0°?) -1+ BBy -ge-S+S-A-1+S-D-S (2.54)

24.6 ZFS

The zero-field splitting (ZFS) is equivalent to the nuclear quadrupole interaction, (I- Q - I),
where Q is the tensor related to the orientation dependence of the quadrupolar coupling.
Likewise,it is zero for both S < 1 and perfect cubic symmetry (Eq. 2.55).

H=S-D-S (2.55)

where H is the Hamiltonian in absence of the external magnetic field and nuclear magnetic
moments, S is the electron spin operator and D is the ZFS tensor (Eq. 2.56).

D = Dnr + Dso (2.56)

where the ZFS tensor (D) is comprised by the electron spin-spin interaction (Dyr) and a
term involving the SO interaction (Dgp), the latter taking place only for S > 1/2 and non
perfect cubic symmetries.



Chapter 3

Experimental Section

3.1 Glass Preparation

Glasses in the system 45P>,05 — xCaO—(55 — x)NayO (CNP45, 25 < x <40 mol%, O/P =3.1),
where the CaO/Na,O ratio was varied while the phosphate content was maintained con-
stant, were prepared by a melt-quench route in platinum crucibles as described previously
[210]. Nominal glass compositions are given in Table 3.1; batch size was 25 g. Glass powders
were prepared by crushing the glass in a steel mortar and sieving to different particle size
ranges. Glasses in the system 45P,05—(30 — x)CaO—25Na;O—xCoO with 0 < x < 10 mol%,

Table 3.1: Nominal glass composition in mol% of CNP45 glasses.

Glass P,0Os5 CaO Na,;O Li,O
C25 45.0 25.0 30.0
C27.5 45.0 27.5 27.5
C30 45.0 30.0 25.0
C35 45.0 35.0 20.0
C40 45.0 40.0 15.0
L27.5 45.0 27.5 27.5

O/P =3.11 given in Table 3.2. The glasses were produced, in the frame of a collaborative
work [211], by a melt-quench route. Batches of 60 g were prepared by thoroughly mixing
stoichiometric amounts of (NaPOs), (Carl Roth, 96.5 — 99.5%), Ca(H,PO4),-HpO (Chemis-
che Fabrik Budenheim KG), CaCOj; (Carl Roth, > 99%) and CoCOj (Alfa Aesar, 99.5%).
The mixtures were calcined at 600 °C for 30 min in quartz crucibles (AdValue Technology,
High Form) and subsequently melted in a preheated oven at 1050 °C for 1 h. The melts



3.2 Compositional Analysis 44

Table 3.2: Nominal glass composition in mol% of cobalt-phosphate glasses.

Glass P>,0s5 CaO Na,O CoO
Co0 45.0 30.0 25.0 -
Co00.01 45.0 29.99 25.0 0.01
Co00.05 45.0 29.95 25.0 0.05
Co0.5 45.0 29.5 25.0 0.5
Col 45.0 29.0 25.0 1
Co2 45.0 28.0 25.0 2
Co5 45.0 25.0 25.0 5
Co10 45.0 20.0 25.0 10

were rapidly quenched between brass plates, annealed at the respective glass transition
temperatures, Tg + 5 °C, for 2 h, and let to cool down overnight. Glasses were crushed in a
steel mortar, sieved into different size ranges, and stored in desiccators prior to analysis.

3.2 Compositional Analysis

Glass samples (100 mg, x < 38 pm) for compositional analysis were digested in volumetric
flasks (50 mL), with a mixture of 10 mL of HNO3 (Merk, Suprapur®, 65%) and 10 mL
deionized water, placed inside an ultrasonic bath for periods of 10 min, to avoid heating,
until complete dissolution and filled up to the mark with deionized water. Quantification
was carried out with ICP-OES (Optima 5300 DV, Perkin Elmer) using external calibration
with matrix-matched (HNOj3 + deionized water) multi-element standard solutions. Glass
solutions were diluted with the solvent (deionized water) to obtain analyte concentrations
interpolated from the calibration curve. Experiments were performed in triplicates, and
results are presented (Table 5.1) as the mean =+ standard deviation (SD).

3.3 Buffer Preparation

Respective masses of tris(hydroxymethyl)amino methane (Sigma-Aldrich, >99.8%) and
EDTA tetrasodium salt dihydrate (Roth, >99%) were weighted to obtain 2 L of Tris (0.0250
M) and EDTA (0.0500 M) buffer solutions, transferred quantitatively into 2 L PE beakers and
dissolved in about 1800 mL of deionized water + 80% of the corresponding volume of HCI
(Roth, 1 M). Solutions were kept in a shaking incubator (37 °C) over night and afterwards the
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remaining HCl was added slowly while stirring, to the solution placed inside a water bath
(37 °C) until the respective pH for Tris (pH 7.4) and EDTA (pH 10.0) buffers was adjusted.
The pH was monitored with a calibrated pH electrode (HI 8314 with pH electrode HI 1217
D, HANNA Instruments). Finally, each solution was transferred quantitatively intoa 2 L
volumetric flask and filled up to the mark with deionized water.

3.4 Static dissolution Test

Glass samples (50 mg, 125 < x < 315 pm) were immersed in 50 mL of Tris buffer solution
0.0250 M (pH 7.4, 37 °C) and maintained in a shaking incubator at 37 °C from 0.25 up to 14
days. After the respective periods of time, samples were filtered (5 pm particle retention,
VWR International) and pH measurements of solutions (HI 8314 with pH electrode HI 1217
D, HANNA Instruments) were performed inside a water bath (37 °C). Solutions (30 mL)
were acidified using 750 pL of HNOj3 (Merk, Suprapur®, 65%) for ICP-OES analysis, carried
out following the procedure described in the compositional analysis, where matrix-matched
standards, blanks and dilutions were prepared using the corresponding solvent, Tris buffer
0.0250 M.

3.5 Liquid state >'P NMR Spectroscopy

Quantitative >'P NMR experiments were recorded at 37 + 1 °C on a Bruker AVANCE
III spectrometer, with magnetic field By = 9.4 T and equipped with a 5 mm broad band
probe (BBFO). 3!P spin-lattice relaxation times were determined by inversion-recovery
(180—7—90). The spectra were acquired using a 30° single-pulse of 8 ym, 60 s delay time
(D7) and collecting 64 scans. FID’s were exponentially multiplied with a line broadening
factor of 1.0 Hz before Fourier transform. D,O was used as an internal heteronuclear lock
on 2H and chemical shifts were referenced to 85% H3POj resonating at 0 ppm.

3.5.1 Sample Preparation

The samples were prepared by immersing about 250 mg of glass powder with grain size
smaller than 38 ym into 50 mL of the respective buffer solution 0.0250 M. After specific
periods of time (7, 10 and 14 days) the pH was measured with a portable pH-meter (Mettler-
Toledo AG) at 37 °C. NaH,POy, - 2H,0O (Carl Roth, > 99%), Na4P,O7 - 10H,O (Carl Roth,
> 98%), NasP30jg - 6HO (Sigma-Aldrich, ~ 98%) and Na3zP30g (Sigma-Aldrich, > 95%)
were used to prepare the standard solutions (Tris buffer solution 0.0250 M, pH 7.4, 37 °C)
used for peak assignment. Afterwards 495 pL of the solution were transferred into a 5
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mm diameter NMR-tube (Type 5HP, Armar Chemicals) and 55 pL D,O (Sigma-Aldrich,
99,9 atom% D) were added to obtain 4.0 cm height of solution inside the tube. Finally, the
samples were stored in a freezer (-20 °C) previous to the NMR analysis to prevent further
reactions in solution. The 3!'P spin-lattice relaxation times were measured on samples in
Tris buffer solution 0.0250 M set at pHy 7.4. By taking into account that T; of the identified
trimetaphosphate [212], as slowest relaxing species.

3.6 X-ray Powder Diffraction (XRD)

XRD patterns were recorded on a Rigaku Miniflex 600 X-ray diffractometer using Cu
Ka radiation at a wavelength of 1.5418 A (30 kV, 10 mA). Data were collected at room
temperature in the 20 range between 10° and 60°.

3.7 Solid-state 3'P MAS NMR

31P single pulse solid-state MAS NMR spectra were recorded at room temperature on a
Bruker AVANCE III HD NMR spectrometer with magnetic field By = 9.4 T. Magic angle
spinning (MAS) was performed with a commercial 4 mm rotor. All chemical shift values
(dis0) were quoted to 85% H3PO,. Quantitative spectra with 16 accumulations were taken at
a spinning frequency of 12.5 kHz and nutation frequency of 62—71 kHz after adjusting the
delay time (D7) to minimum five times the spin-lattice relaxation time (T;), Table 3.3. The
latter was calculated after the measurement of a 2-scan (T7) saturation recovery experiment
followed by further processing such as the fitting of the line-shape of the pseudo 2D spectrum
with the Bruker NMR software [213].

3.7.1 Borate-based 45S5 glasses

3P single pulse solid-state MAS NMR spectra were recorded at room temperature on a
Bruker AVANCE III HD NMR spectrometer with magnetic field By = 7.0 T. Magic angle
spinning (MAS) was performed with a commercial 4 mm rotor. All chemical shift values
(dis0) were quoted with respect to 85% H3PO4. Quantitative spectra with 16 accumulations
were taken at a spinning frequency of 10 kHz and nutation frequency of 62.5 kHz after
adjusting the delay time (D; ~ 350 s) to five times the spin-lattice relaxation time (T7) of the
slowest relaxing species. Signal deconvolutions into Gaussian components were done with
the DMFIT software [216].
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Table 3.3: 3P MAS NMR parameters: spin-lattice relaxation time (T7) for Q% Q! and Q?
sites, delay time (D) and duration of the pulse (7,); used to record quantitative spectra.
45S5-based glasses were analysed in the frame of collaborative works [214, 215].

Glass Q Q ol Ds (s) Tp (ps)
T1 (s) 5 x T1 (s) Ty (s) 5 x T1 (s) Ty (s) 5 x T (s)

C25 391.3 1956.5 376.4 1882.1 3000 3.845
C27.5 445.1 22254 412.2 2061.0 3000 3.780
C30 488.5 2442.6 4744 2371.9 4000 3.966
C35 627.1 3135.5 615.9 3079.4 4000 4.044
C40 791.7 3958.4 705.8 3529.1 4000 4.000
Co0 25.80 129.00 1000 3.685
Co00.01 24.58 122.90 1000 3.597
Co00.05 18.48 92.425 1000 3.665
Co0.5 5.306 26.530 1000 3.560
Col 5.305 26.525 1000 3.611
Co2 1.617 8.085 1000 3.611
Cob 0.674 3.370 1000 3.611
4555 1365.5 5000
4555-Mg100 2731 1365.5 3000
45S5-7Zn25 132.7 663.5 3000 3.500
4555-Zn50 115.9 579.5 5000 3.600
45S5-7Zn75 104.4 522.0 3000 3.580
45S5-Zn100 92.19 460.95 3000 3.680

3.8 Solid-state 'H MAS NMR

'H MAS NMR spin-echo solid-state MAS NMR spectra were recorded at room temperature
on a Bruker AVANCE III HD NMR spectrometer with magnetic field By = 7.0 T. Magic angle
spinning (MAS) was performed at 30 kHz. All chemical shift values (J;5,) were quoted to
TMS. Spectra with 4096 accumulations were collected using the rotor-synchronized spin-
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echo pulse sequence (77/2 — T — T — T—acquisition) with 7r/2 of 1.5 s, evolution period (T)
of 98.5 ps and delay time (D) of 2 s.

3.9 Solid-state 2Si MAS NMR

2Si single pulse solid-state MAS NMR spectra were recorded at room temperature on a
Bruker AVANCE III HD NMR spectrometer with magnetic field By = 9.4 T. Magic angle
spinning (MAS) was performed with a commercial 4 mm rotor. All chemical shift values (J;s,)
were quoted with respect to TMS. Quantitative spectra with 64 accumulations were taken
at a spinning frequency of 12.5 kHz with 30° pulses, after full destruction of longitudinal
magnetization using a train of 90° pulses; a nutation frequency of 52.6 kHz and a delay
time (D) of 4000 s. Line broadening of 200 Hz was applied prior Fourier transform. Signal
deconvolutions into Gaussian components were done with the DMFIT software [216].

3.10 Solid-state ''B MAS NMR

!B single pulse solid-state MAS NMR spectra were recorded at room temperature on Varian
VNMRs 500 spectrometer with magnetic field By = 11.7 T. Magic angle spinning (MAS) was
performed with a commercial 2.5 mm rotor. All chemical shift values (6;5,) were quoted with
respect to BF3-Et,O. Quantitative spectra with 128 — 1024 accumulations depending on the
B content were taken at a spinning frequency of 30 kHz and nutation frequency of 500 kHz
after adjusting the delay time (D = 50 s) to five times the spin-lattice relaxation time (717).

3.11 Electron Paramagnetic Resonance (EPR)

All EPR measurements were done using a commercial Bruker Elexsys E580 spectrometer at
X-band. Oxford Instruments temperature control system was used to maintain cryogenic
temperature (7 and 20 K). The weighted powdered samples (typically 11 — 13 mg) were
placed into quartz sample tubes (OD 2.8 mm) and investigated. The number of Co** spins
was calculated using a reference Co?* sample with known weight and amount of Co?*

nuclei. Modelling of the EPR spectra was done using EasySpin [217].

3.12 Raman

Raman spectra were collected at room temperature using a Renishaw inVia™ Raman
spectrometer (Renishaw, Gloucestershire, UK) equipped with a Peltier cooled CCD array
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detector, a 2400 lines/mm visible grating and a confocal system. The spectrometer was
calibrated using the 520.7 cm ™! line of mono-crystalline Silicon (reference sample). Samples
were excited with an Argon-Ion laser emitting at 514.5 nm. The light was focused into the
polished sample through a Leica microscope equipped with 50x long working distance
objective and the back scattered signal was collected through the same objective. All spectra
were recorded in the range from 200 to 1400 cm ! with a spectral resolution of ~ 2 cm™1.
The Raman spectra were first baseline corrected then the data were corrected for temperature
and excitation line effects following Neuville and Mysen (1996) [218]. Finally, Raman spectra

were normalized to the intensity of the most intensive band, positioned around 1167 cm 1.

3.13 UV-—-vis—NIR

UV—vis—NIR absorption spectra were obtained from 200 to 1500 nm using a double-
beam spectrophotometer (Cary 5000, Agilent Technologies). Polished samples with 1 mm
thickness were measured at a scan speed of 600 nm/min.

3.14 DSC/TGA-MS

Differential scanning calorimetry coupled with thermogravimetric analysis-mass spectrom-
etry (DSC/TGA-MS, Netzsch STA 449 F1 Jupiter TG instrument coupled with a Netzsch
QMS 403 C Aéolos MS detector) was carried under N atmosphere (50 mL/min purge and
20 mL/min protective flow) at a heating rate of 10 K/min. About 40 mg of each sample
(particle size < 38 nm), was measured in a Pt-Rh pan from 40 to 900 °C. Mass scanning was
carried out over the m/Z range of 2 to 200.

The glass transition temperature (Ty) was defined as the onset of the glass transition peak.
The melting point was characterised by both the liquidus temperature (Tr) defined as the
offset temperature of the melting peak, and the absolute minimum of the melting curve
(Ty, ;). The latter was used for comparison with HSM measurements. The crystallisation tem-
perature was taken at the onset point of the crystallisation curve (T;,), while the difference
between the crystallisation and glass transition temperatures is referred as the processing
window (AT =T, — Ty).

3.15 Hot Stage Microscopy (HSM)

The sintering behaviour of the glass series (size fraction < 45 nm) was studied using hot
stage microscopy (HSM, Misura 3.0, Expert System). The heating rate was 40 °C/min to
350 °C and then 5 °C/min to 800 °C. A cylindrical sample (height 3 mm, diameter 2 mm)
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pressed from the powdered glass was imaged after every 5 °C increase in temperature.
The sintering curve given by the sample height as a function of temperature was used to
define the sintering temperature (T;), the starting and ending of the plateau (Ty; and T,y),
corresponding to the glass crystallisation domain and fusion temperature (Tf,son)-



Chapter 4

Kinetics and mechanism of cation-catalysed hydrolysis of
P,05—Ca0O—Na,O glasses: the effect of ligand competition

and reactivity of intermediate complexes on *'P NMR spectra
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Structural changes in phosphate glasses tailor degradation, which is of interest for biomed-
ical applications such as therapeutic ion delivery. Here, 3'P MAS NMR of 45P,05 —
xCaO—(55 — x)NaO glasses was correlated with dissolution kinetics. Glasses dissolved
congruently, the first dissolution stage was attributed to the hydration of chains (8 — 9
groups), identified in EDTA via liquid 31P NMR. The mild initial rise in pH was ascribed
as protonation of the two terminal groups of chains. Trimeta- and orthophosphate were
the predominant species in solution, indicating fast degradation of chains. Hydrolysis was
proportional to phosphate complex stability, being the complexes with chains stronger than
with rings. Competition between solvent and phosphates for metal ions occurred in the
order: EDTA > Tris > H,O. Coordination of phosphate species with metal ions may play
a catalytic role in the hydrolysis mechanism which consist in turning phosphorus into a
suitable electrophile, for a subsequent nucleophilic attack by water.
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4.2 Introduction

Chemical durability of phosphate glasses can be tailored through compositional modifi-
cations, within orders of magnitude [24]. In this regard, different ions have been added,
which in turn functionalize glasses for potential biomedical applications, e.g., Ca?* for
reinforcement of biodegradable implants [219], bone cell growth [220] and dental cements
[221]; Zn?T for bone formation [222] and osteoblast cell adhesion [61]. Co?>T and Cu?*t
have been investigated for tissue regeneration and wound healing owing to their ability
to stimulate blood vessel formation [10, 57, 58, 223]. Solubility has been correlated with
the cellular reaction in vitro [224], and biological response [220]. On the other hand, highly
durable glasses such as iron phosphates for vitrifying nuclear wastes are of interest [29, 30,
225].

Various studies have been undertaken on the dissolution behaviour of phosphate glasses.
Yet, divergent interpretations have been reported and crucial questions remain unanswered,
i.e., regarding the mechanism of hydrolysis of phosphate species [24, 81-83, 86, 226, 227].
On the other hand, previous investigations on condensed phosphates provide unexploited
physicochemical foundations to be extrapolated to their glass pairs. Thereby, it is well
known that only simple rings and straight chains can exist in aqueous solution [78]. The rate
of degradation of phosphate species via hydrolysis follows linear first-order dependence
[94]. It increases considerably in acid medium, in contrast with the mild increase in basic
conditions [24]. Rate constants are directly proportional to temperature [228]. Rings (primar-
ily trimetaphosphate, P35,) have been suggested to be the principal degradation product of
long chains [75, 76, 95].

Nucleophilic attack by water molecules, via SN2 reaction, seems to be the most likely
mechanism of scission of P—O bonds [97, 109, 229-231]. The catalytic effect of metal com-
plexes on the hydrolytic degradation have been studied [25, 98, 105, 109, 110, 232]. 3!P
NMR have been used to assess the stability of phosphate-metal complexes, as well as ligand
competition for cations between phosphate species and the solvent [233-235]. 3'P chemical
shifts as a function of pH have been reported [236, 237]. In general, the dissolution behaviour
of condensed phosphates has been addressed by performing structural analysis via, e.g.,
chromatography [75, 76, 81, 89, 95, 238, 239] or 3'P NMR [99, 212, 240-242].

The major differences in the current research compared with previous work comprise:
(i) The study of the dissolution behaviour of the system, 45P,05 — xCaO —(55 — x)NayO
(CNP45, 25 < x < 40 mol%, O/P = 3.1), with biomedical potential, under physiological
conditions, namely pH 7.4 and 37 °C. (ii) The use of liquid 3!P NMR as a sensitive tool to
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assess interactions such as: metal-induced shifts, i.e., Nal* and Ca%*t; and ligand-induced
shifts, i.e., HyO, Tris, EDTA and phosphate species. The relationship between the structure
of complexes and hydrolysis is discussed. (iii) An attempt to formulate a mechanism of
dissolution by combining glass structure by >'P MAS NMR and kinetics, i.e., pH, ICP-OES
and liquid 3'P NMR.

4.3 Glass System

Table 4.1: Nominal and analysed glass composition (mol%) from ICP-OES, including water
content (%) from TGA. Experimental O/P ratio and average chain length 7 from deconvolu-
tion of quantitative 3'P MAS NMR.

H,0%  Exp.O/P 7
Glass P,0s CaO Na,O Li,O 2 xp- O/ "
(+£0.02)  (+£0.07)  (+02)
45.0 25.0 30.0
C25 0.16 312 85
44.0+04) (251401) (30.8+0.1)
45.0 27.5 275
C275 0.16 312 8.7
(440 +03) (2784+02) (282+02)
45.0 30.0 25.0
C30 0.11 311 8.8
439+02) (302402 (258+02)
45.0 35.0 20.0
C35 0.12 311 8.8
@38+01) (356402 (20.5+02)
0 45.0 40.0 15.0 o7 - 00
(44.0 £04) (405+02) (15540.1) ' ' ‘
45, 27.
127.5 >0 > 0.06 311 9.0

(43.8 & 0.4)

(27.8 +0.2)

(28.4 4+ 0.2)

4.4 Glass Structure

As can be seen in Fig. 4.1a, the isotropic chemical shifts (J;s,) are typical for P with Q! and
Q? topology. It is evident from the stacked spectra, that a systematic increase in shielding
of both resonances occurs with increasing CaO content. Such trend can be addressed as a
cation effect related to the higher field strength (Z/r?) of Ca?* in comparison with Na* [45,
51], which subsequently reflects an increase in the covalent character of the M—O bonds
[48, 243]. 45P;05 — xCaO—(55 — x)Na,O glasses should be comprised by chains, based
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Fig. 4.1: Quantitative solid-state >'P MAS NMR for the series of glasses. (a) Experimental

spectra (fuchsia), best-fit (blue) and the difference curve (gray) beneath each NMR spectrum.

For the deconvolution [216] into two Gaussian lines corresponding to Q! (black) and Q?

(red, fractional population in %) groups, the spinning sidebands were taken into account.

(b) Full width at half maximum (fwhm) of the 3!P §;;, peaks ascribed as Q' and Q? moieties
(£ SD from deconvolution [213]), as a function of nominal composition (lines are guides for

the eye).

on composition [22, 41], being the theoretical chain-length equal to 9 phosphate groups.

Which is in good agreement with the experimental average chain length, 77 =8 — 9 phosphate

groups (Table 4.1), obtained from deconvolution of >'P MAS NMR quantitative spectra. It

also confirms constant polymerization O/P ~ 3.11, as expected for the glass system.



55 4.4 Glass Structure

As can been seen in Fig. 4.1b, the full width at half-maximum (fwhm) of J;5, for Q! and Q?
peaks increases with CaO content. Thus, a wider range of P environments, namely bond
lengths and angles [45]. The fwhm for Q! and Q? peaks show a non-linear behaviour as a
function of CaO content. Interestingly, below 30 mol% CaO, the fwhm trend lines for both
sites remain fairly parallel. It indicates non-preferential distribution of Ca®* /Na* in Q! and
Q? sites. Whereas, above 30 mol% CaQ, the slope of the fwhm trend line increases for Q?,
as it resembles a plateau for Q! sites. It suggests saturation of Q! sites with Ca?", since the
theoretical Q! /Q? ratio is ~ 2/7, in the glass system.

4.4.1 Water in the glasses

1.1

6.8
— T T T T T — 1 T T 1
150 75 0 -75 -150
'H 3 (ppm)

(a)

Fig. 4.2: Spin-echo '"H MAS NMR spectrum for the glass 1.27.5. The MAS spectrum was
measured at 30 kHz and quoted to TMS.

Phosphate glasses are known for their potential hygroscopic nature [22], whereby water
may act as an additional network modifier in the glass structure [44]. Thus, the water content
was assessed via TGA and the maximum amount obtained was equal to 0.47% (Table 4.1).
Such relatively low value is in accordance with the good agreement between the theoretical
and experimental polymerizations.

'H MAS NMR allows the determination of distinct proton environments, accordingly,
studies on silicate and phosphate glasses have shown two main chemical shift ranges. The
first 'H environment is related to molecular water (0 — 10 ppm), thus, weak intermolecular
hydrogen bonds. Whereas the second one involves structural water (11 — 16 ppm), thus,
intramolecular hydrogen bonds such as P—OH groups [244-246].

As can be seen in Fig. 4.2, the 'TH MAS NMR spectrum exhibits only two resonances
at 1.1 and 6.8 ppm. In this regard, the nature of water in the glass system (Table 4.1) is
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assumed to be molecular adsorbed water, which is weakly bound to the phosphate glass
network. The fact that two different chemical shifts occur has been associated to adsorption
on sites with different acidities [246]. Accordingly, since the glass structure consists of
chains comprised of middle (Q?) and end (Q!) sites, it may be suggested that the two peaks
correspond to adsorbed water in the nearby of each site.

These findings are in good agreement with the low content of water in the glasses, and
the good correspondence between the experimental and theoretical polymerizations, as
mentioned above. The corrosion process of phosphate glasses involves as initial step the
adsorption of water, followed by hydration and hydrolysis [245, 246]. Hence, the glass sys-
tem seemingly has a relatively high resistance to corrosion under the non-dry experimental
conditions, since the nature of the water detected is related to the fist step exclusively.

4.5 Dissolution Behavior

4.5.1 ICP-OES analysis
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Fig. 4.3: Percentage of glass dissolved in Tris buffer 0.0250 M (pHy 7.4 &+ 0.1) at 37 °C. (a)
Percentage of phosphorus, (b) sodium, phosphorus and calcium (« + SD) as a function of
time (lines are guides for the eye) and (c) as a function of the square root of time (lines are
fits, R? > 0.99, by using the square-root time model [24, 81, 88], a (%) = k x t1/2) for the glass
series.

As discussed above, the glasses are comprised of phosphate chain anions (8 — 9 phosphate
groups), connected to one another through Ca?>" and Na* cations. Since in order to de-
tach the polyphosphate anions from the glass network, M—O bonds must be broken. It is
expected that the durability increases proportionally to the CaO content [24, 227, 247] as
shown in Fig. 4.3a, owing to the higher field strength of Ca*" compared to Na™. In addition
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to the stronger M—O bonds, molecular dynamics simulations have suggested that calcium
ions connect more phosphate fragments and P—Oj, tetrahedra than sodium ions, leading to
higher durability [93].

The relative concentrations of Na, P or Ca in solution (Fig. 4.3b) remained fairly equal
(within the error limits) up to day 3 and 5 for C25 and C40, respectively. This indicates
congruent dissolution [24, 82, 248] and hence no selective leaching of Ca%t or Na™t ions
occurred. Since only the two Q! sites of polyphosphate anions behave as weak bases, thus
being able to produce an alkaline reaction [24, 78, 104, 105] through an exchange of Na*
or Ca?* for H* from H,O. It can be inferred that such ion exchange occurs exclusively
after complete hydration of a given polyphosphate chain from the glass structure, as shown
in Scheme 4.11I, otherwise congruent dissolution would not take place. As shown in Fig.
4.3b, after 3 — 5 days, the concentration of Ca and P decreased in comparison to Na, which
suggests saturation of the solution and, subsequently, precipitation of calcium phosphate
(CaP) species.

The dissolution kinetics under static conditions have been described as a two-stage process
[24]. In the first stage, the process is controlled by water diffusion into the bulk glass (Scheme
4.11) [24, 249]. The hydration process may be considered as a chemical reaction, and in order
to hydrate the chains, existing intermolecular interactions in the solid and solvent should be
broken i.e., M—O bonds and water-water hydrogen bonds (19 kJ /mol) to form the hydrated
ions. However, the formation of water-polyphosphate interactions (hydration) requires in
the first place mass transfer of water molecules into the bulk glass, to allow the encountering
between the reaction pair [250]. Thus, the reaction occurs simultaneously with diffusion
and causes a reduction of the free diffusant concentration, leading to a diffusion coefficient
reduced by the reaction rate [85]. In this regard, the increase in durability of the glass system
may be addressed as the effect of a progressively slower reaction, with increasing content
of Ca®" ions, occurring simultaneously with the diffusion of water into the glass. Such
diffusion-controlled reaction, determines the kinetics of the dissolution process at early time
periods [24].

During the first stage of dissolution the release of the cumulative amount of glass shows
a direct proportionality to /2 [24, 81]. The description is based on a pseudo-steady state
model, in which the concentration gradient remains relatively constant, thus, it applies
for very diluted solutions and particles approximately log-normally distributed [88]. The
length of the first stage has been reported to be proportional to the durability of the glass
[30, 81]. The square root dependency on time gave satisfactory fits to the experimental
dissolution profiles (Fig. 4.3c), at the early stages of glass dissolution, thus concentrations
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well below saturation. Condition that seems fairly fulfilled by the glass system before 3 — 5
days. Penetration of water into the glass may not be affected by convection, therefore, a
dissolution process controlled by the first step should be independent of the stirring speed
in diluted solutions, as observed by [82].

During the second stage of the dissolution process fully hydrated chains (8 — 9 PO, groups)
together with Na™ and Ca®" ions are released congruently from the solid matrix 4.11). This
process undertakes linear reaction kinetics and it dominates at later time periods [24, 81,
86, 248]. The second step corresponds to the mass transport of the extracted ions from
the solid-liquid interface to the bulk solution [85]. At early stages the rate of diffusion
of hydrated ions from the glass interface across the diffusion layer to the bulk solution
[251-253], is much faster than the diffusion of water into the glass surface. Nevertheless,
excluding natural convection, e.g., density and thermal gradients, under static conditions
the diffusion layer is growing in thickness with concomitant decrease of the concentration
gradient. The second step becomes important and rate-determining at later time stages. As
can be seen in Fig. 4.3a, for the glass system, the dissolution profile of P reaches a plateau or
even decreases in the glass system after 3 — 5 days, as the concentration gradient decreases
until it becomes zero, saturation [254, 255].
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Scheme 4.1: I. Hydration of 45P,05 — xCaO—(55 — x)NayO glass series. Congruent disso-
lution: concomitant release of a phosphate chain (highlighted in fuchsia) and cations from
the glass into aqueous solution; with i = Q% moieties (from MAS NMR, theoretical value =
7), a=[x(i+2)]/(45- Zc,) and b =[(55 — x)(i + 2)]/(45 - Zn,), with Z = charge. II. Rise of
pH: basic character of Q! moieties of phosphate chains in aqueous solution [78, 105] (For
the sake of simplicity hypervalent Lewis pictures are used, however, they do not aim to
represent the bonding situation of P) [43].

4.5.2 pH analysis

A pH rise occurred at early time points (Fig. 4.4) of dissolution tests in Tris buffer solutions
(pHp: 7.4 and 7.9) or deionised water (pHy 5.5), which was also observed for related glasses
in the literature [81, 247]. This effect was more prominent in the unbuffered medium (Fig.
4.4c). As discussed above, the glass system is comprised of polyphosphate chains (77 ~ 9).
Since the Q? groups in such chains are expected to be strongly acidic [24, 78, 104, 105], only
the Q! groups are capable of affecting the pH. Phosphate Q! anions behave as weak bases,



59 4.5 Dissolution Behavior

whose basicity decreases, Ku4 from ~ 10~ for pyrophosphate [106, 256] to ~ 1078, as the
chain is lengthened [78]. Protonation of the two Q! groups of a polyphosphate chain, Scheme
4111, should occur only until the polyphosphate chain is completed hydrated, Scheme 4.11,
to be consistent with congruent dissolution [24].
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Fig. 4.4: pH (& SD) of the leachate solutions at 37 °C in Tris buffer 0.0250 M at (a) pHp 7.4 &+
0.1, (b) pHp 7.9 £ 0.1 and in (c) deionized water at pHy 5.5 & 0.1 (lines are guides for the
eye) for the glass series.

The fact that the average chain length in solution has been found to correspond to the
calculated one in the glass [24, 81], suggest that scission of P—O—P bonds does not occur on
the glass surface but rather on the bulk solution. As discussed above, the glass system is
exclusively comprised of chains. Hence, the predominant presence of the trimetaphosphate
ring P3, (as will be discussed below), is a consequence of a cleavage of P—O—P bonds from
the chain [75, 76, 95, 230] in the bulk solution, rather than a hydration product from the
glass. The strong acidity of cyclic phosphates, i.e., tri- (P3y,) and tetrametaphosphate (Pyp)
[79, 80, 107], implies the full release of the two protons gained by the Q! groups, Scheme
4111, providing that the ring-formation involves the endings of the chain [76, 257], Scheme
4.2. Thus, summing up the effect of protonation of Q! groups and ring closing, the net
effect on the pH should be zero after a given time. However, accumulation of weak acidic
species produced during scission of P—O—P bonds by hydrolysis, Scheme 4.3, account for
the monotone decrease on the pH at late time periods.

4.5.3 Liquid 3'P NMR Spectroscopy
Tris buffer solution, pH 7.4

The species in solution were identified by dissolving commercial grade reagents in Tris buffer
set at pH 7.4 (Fig. 4.5a and Table 4.2). However, the assignment of chemical shifts of larger
cyclic metaphosphates than P3,, i.e., tetra- Py, penta- Psp,, and hexametophosphate Pgp,
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Fig. 4.5: Liquid 3'P NMR at 37 °C in Tris buffer 0.0250 M (pHp 7.4 + 0.1). (a) Spectra of
standard solutions used for peak assignment with polymerization groups highlighted: Q°
(blue), Q! (black) and Q? (red). NaH,POy: 2.42 (s, Q%); NasP,Oy: -7.22 (s, Q!); NasP30;:
2.51 (s, QY hydrolysis product), -7.15 (s, Qt, hydrolysis product), -7.35 (d, Jpp = 21.65 Hz,
Q), -21.62 (t, Jpp = 21.65 Hz, Q?); and Na3P309 (P3p): -21.13 (s, Q?). (b) Spectra of the
leachate solutions of glass C30 as a function of time (from 6 h to 14 d), with peaks assigned:
polyphosphate chains, tri- P3,, and tetrametaphosphate Pyyy,.

(Fig. 4.6a and Table 4.3), was based on literature [99, 238, 258]. In Fig. 4.5b can be seen the

Table 4.2: 3'P NMR at 37 °C. Chemical shifts (5 & 0.01 ppm) of Q™ groups, multiplicity (s:
singlet, d: doublet and t: triplet) and P—O—P spin coupling (}Jpp) of standard substances in
Tris buffer 0.0250 M (pHy 7.4 £ 0.1, 37 °C) used for peak assignment; with respect to 85%
H3PO;.

Glass PH() 5 (PPm) 3]PP
(Tris) Q" Q! Q? (Hz)

Na3P30q 7.4 21.13 (s)

NasP3019 7.4 2.50 (s) -7.15 (s), -7.35 (d) 21.62 (t) 21.65

Na4P207 74 -7.22 (S)

NaH,PO, 7.4 2.42 (s)

3P NMR spectra of C30 in Tris buffer (pHy 7.4) as a function of time. The trimetaphosphate
ring (P3m, Q?) is steadily the predominant species, being noticeable already at 6 h leaching
time. It seems that two factors combine simultaneously in its predominance. Namely, a
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Table 4.3: 'P NMR at 37 °C. Chemical shifts of Q* groups of trimetaphosphate (P3;,,) and
tetrametaphosphate (P4,,) complexes with respect to 85% H3POj,.

2
Solvent (L) pHo Q" /8 (ppm)
Pam M"*(L)(P3m) M (L)(Pam)
H,O 5.5 -21.10 (4 0.01) -23.70 (+ 0.01)
Tris 7.4 -21.12 (& 0.01) -23.71 (& 0.01)
Tris 7.9 -21.14 (£ 0.01) -23.71 (£ 0.01)
EDTA 10.0 -21.02 (£ 0.02) -21.22 (£ 0.02)

very favorable formation from polyphosphate chains [76, 95, 97, 105, 230] together with a
high stability in aqueous solution at around neutral pH [97, 108, 259]. Hence, the hydrolytic
degradation path may involve an initial scission of chains (7 ~ 9) in solution into mainly the
P3m ring (Scheme 4.2).

Larger rings were also identified, i.e., tetra- P4y, penta- Ps,, and hexametophosphate Pgp,.
However, at significant much lesser proportions than Ps,,. Helical conformation of polyphos-
phates in solution may account for probability of ring formation, being P3,, particularly
tavorable [99, 105]. In general cyclic methaphosphate are resistant to hydrolysis [97, 257,
258]. However, the stability of a ring decreases as its structure flexibility increases [79,
97, 258, 260], which is related to the catalytic effect of metal complexes on the hydrolytic
degradation, as will be discussed below. Cleavage of O—P—O bonds of condensed phos-
phates lead ultimately to accumulation of orthophospate [76, 94, 257]. Nevertheless, the
concentration of orthophosphate (Q") becomes ostensible only after 5 d leaching time. Such
delayed build-up of orthophosphate suggests a stable intermediary source, namely rings
such as P3, (Scheme 4.3). The low intensity of resonances corresponding to end- Q! and
middle Q? groups of chains throughout time, points out the lability of chains compared with
rings [95, 257]. Which is another fact supporting a favored degradation path through rings.
Since an alternative path involving successive cleavage of polyphosphate chains (77 ~ 9) into
shorter chains, instead of Py, rings, would mean a much rapid build-up of orthophosphate.
For the same reasons, scission of polyphosphates into P3p, rings may take place preferably
at the end of the chains [76, 257], supporting a decrease of pH owing to the strong acidity of
rings (Scheme 4.2) as discussed above.

3IP chemical shifts as a function of pH

Cyclic metaphosphates were identified owing to their strong acidity (Fig. 4.6a), which
meant that their 3!P chemical shift was not affected by pH as long as the pH remained
above 2 [79, 236, 258, 259] as well as its single sharp 31p resonance [258, 260, 261]. Thereby,
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Fig. 4.6: (a) 3'P chemical shifts § as a function of pH at 37 °C, with cyclic methaphosphates

as: tri- P3p,, tetra- Py, penta- Ps;, and hexametaphosphate Pgp,; end- (e) and middle (m)

groups of chains (PnO;n(iJ{z)). (b) Liquid 3'P NMR at 37 °C of the leachate solutions for the

glass series in deionized water (pHp 5.5 &+ 0.1) after: 7 d ("early" time), P53y, single peak and
14 d ("late" time), P3p, peak splitting (A8 &~ 0.02). pH-dependence for the Q° peak is also
evident.

P3m: -21.15 £ 0.07 ppm, Pym: -23.70 & 0.02 ppm, Psp: -23.93 £ 0.07 ppm; and Pgp,: -23.26
+ 0.05 ppm. It can be noticed that the >'P chemical shift of ring structures do not vary
correspondingly with the number of phosphorus atoms. Such behaviour has been ascribed
as a result of preferential average conformations [99, 105]. The standard deviation associated
to the respective 3'P chemical shifts and signal line-width reflects, among other aspects,
the influence of cations in solution [241, 262]. Regarding polyphosphates, the resonances
corresponding to Q! and Q? groups are pH sensitive [236] (Fig. 4.6a) and exhibit multiplet
structure owing to 3!P spin coupling, whose spin coupling constants Jpp are affected by
cations [263]. The Q! signals of end groups from chains (PnO;ﬂTZ), n > 2) were not resolved
and less shielded than the single peak of pyrophosphate (P,0%"), throughout the pH range
[236, 240]. In contrast, four different Q? signals of middle groups from chains (PHO;/ET{Z))
were identified. In general the further the middle- (m) from the end (e) group, the more

shielded the Q? resonance, but no regular trend between such Q? shifts and the length of the
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chain has been found [240]. Nevertheless, by taking into account the discussion above, the
Q? groups might be ascribed as hydrolysis products of the identified cyclic metaphosphates
[238, 257-259], thus, chains most probably with sizes up to 6 phosphorus atoms.

Effect of Nat and Ca”" on 3!P peak splitting

In Fig. 4.6b can be seen, that at 7 d leaching time, the glass series exhibits a P3y, single
resonance line, corresponding to three phosphorus atoms chemically and magnetically
equivalent [212]. Nevertheless, after 14 d leaching time, a splitting of the P3,, resonance
occurs (Aé ~ 0.02 ppm) for the less durable glass, C25. Simultaneously, the full width at
half-maximum (fwhm) for such split-peak becomes more than twice as for Pz, single peaks,
thus 6.60 &= 0.05 Hz and 3.00 & 0.05 Hz, respectively. As cations form complexes with
phosphates, they withdraw electron density from P—O bonds [262, 263]. The appearance of
the more shielded bifurcation of the Ps;,, resonance, is evidence of Na™ replacing Ca®T in the
complex [241, 263], since the former by having lower field strength (Z/ r?), draw less electron
density from P—O bonds. This indicates a favourable equilibrium towards the formation of
binary complexes between Pz, and Ca®*, compared with Na™, as expected [25, 259, 264].
Hence, P3, peak splitting occurs at "late” time periods, when the concentration of Ca?* ions
in solution becomes scarce owing to precipitation of Ca/P species. This also evidences the
rapid exchange between metal cations bound to phosphate anions [263]. Unlike P3y,, the
31P § for orthophosphate species QU is sensitive to pH changes, specially in the 5 — 8 range
(Fig. 4.6a). As observed in Fig. 4.6b, the 3!P resonance for Q splits 7 d earlier than for Py,
which occurs at 14 d for C25. Since such peak splitting is attributed to Na* replacing Ca?"
in the complex. Even though, Na* forms weak complexes, stability constants with Q° have
been reported, being as expected higher for Na™ [235]. The earlier splitting is an indication
of the poorer complexing ability of orthophosphate species compared to Pspy, [25, 265, 266].
Since the stability of a complex is proportional to the charge of the ligand and to the number
of donor groups [235, 267], being in both cases higher for P3, (PgOg_) as compared with Q°
(HPOi_ /HoPO, ). Hereby, it is necessary to point out that owing to the fast hydrolysis of
polyphosphates, as discussed above, competition for complexation with cations takes place
mainly between P3p, and orthophosphate anions [234].

Effect of Tris on the hydrolysis

Figs. 4.5b, 4.7a and 4.7b, correspond to time-depended spectra of the glass system leaching
in Tris pH 7.4, deionized water and Tris pH 7.9, respectively. The conjugated base of Tris
(tris(thydroxymethyl)amino methane) is a stronger Lewis base than H,O, thus it forms
stronger complexes, M(Tris). Tris has a pK,; =7.71 at 37 °C, calculated taken into account
the pKy value for liquid water at 37 °C [268]. At pH = 7.4 (0.0250 M) the alpha value
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Fig. 4.7: Liquid 3'P NMR at 37 °C of the leachate solutions for the glass series, with cyclic
metaphosphates as: tri- Py, tetra- Py, and pentametaphosphate Ps,,. (a) In deionized water
at pHp 5.5 £ 0.1 and (b) in 0.0250 M Tris buffer at pHp 7.9 & 0.1 as a function of time (from 1
to 14 d).

(« =[A™]/[AH]) is equal to 0.52, which means that the concentration of the conjugated base
[A™] is about half of its conjugated acid [AH]. While Tris at pH 7.9 has an alpha value
equal to 1.6, thus a concentration of [A™] of about 62%. Since the scission of O—P—0O is
catalyzed by cations, as will be discussed below (Schemes 4.2 and 4.3). It is expected that
the degradation of phosphates is less effectively catalyzed by M(Tris) as by M(H,O). As Tris
undergoes the highest competition for Na™ and Ca?* with phosphate species. In that sense,
it can be rationalized that the concentration of phosphate chains increases as the strength
and proportion of Lewis bases [A™] competing for cations increases. Therefore, the relative
intensity of resonances corresponding to end- Q! and middle Q? groups of chains vary as
follows: HyO < Tris pH 7.4 < Tris pH 7.9, being more notorious for the weaker glasses (C25
and C27.5) at 14 d.

Effect of EDTA on the hydrolysis

Fig. 4.8a shows liquid 3'P NMR spectra of the glass system in EDTA set at pHy 10.0. Even
though, the peak corresponding to P3p, is still predominant throughout time, the intensity
pattern between Q") resonances evidences a significant contrast, as compared with the pat-
terns obtained in Tris (pH: 7.4, 7.9) and deionized water, Figs. 4.5b, 4.7b and 4.7a, respectively.
Namely: (i) the proportion of end- Q! and middle Q? groups of chains was greatly increased,
which is in accordance with long polyphosphate chains in EDTA solution identified through
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Fig. 4.8: Liquid 3'P NMR at 37 °C in EDTA pHj 10.0 4 0.1, with cyclic methaphosphates as:
tri- P35, and hexametaphosphate Pg,,. (a) Spectra of the leachate solutions of the glass series,
from 3 to 16 d. (b) 3'P COSY of the leachate solution of C40 glass after 231 d.

chromatography [29]. (ii) The intensity pattern remains relatively constant throughout the
glass series and time. (iii) Orthophosphate builds up mildly (Q"), even at later time points
(16 d). Altogether, these facts indicate a substantial reduction in the rate of hydrolysis under
the current experimental conditions. This is further supported by 3P COSY of a leachate
solution of glass C40 (Fig. 4.8b), which clearly shows the cross peaks corresponding to the
J-coupling between end- Q! and middle Q? groups of chains, even after a leaching time of
231 d. Time in which no signs of precipitation of Ca/P species are observable either.

EDTA (ethylenediaminetetraacetate) is an hexadentate ligand, with pKs = 10.37 (NH™)
and at pHy 10.0, the alpha value a =[Y*~]/ [HY3~]=0.3 (20 °C) [269]. The buffer capacity
allowed the pH to remain fairly constant upon time. The formation constant, K¢, of the
complex Ca(EDTA) is orders of magnitude higher, as compared with the rigid Ca(P3y,)
complex [25, 269]. In general, K¢ increases with the number of the charges of the ligand [235].
In spite, the substantial increase of K¢ for complexes between Ca?* and polyphosphates
(PHO;H(TIZ)) [25, 234, 235], owing to the charge, the stability of the Ca(EDTA) complex is still
higher. Hence, it can be safely assumed that Ca?" ions are quantitatively complexed with
EDTA and that dissociation of Ca(EDTA) is negligible. Nevertheless, Ca?" is large enough
to accommodate more than six ligand atoms, ternary eight-coordinate complexes such as
the Ca(EDTA)(HZO)g_ have been reported [270, 271].

Phosphate species, as stronger Lewis bases, have the potential to replace water as addi-
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tional ligand, e.g, Py, forms weak ternary complexes with lanthanides and EDTA such as
La(EDTA)(P3y,) [233, 234]. Taking into account that Ca®* exhibits a pronounced preference
for eightfold coordination [270], and also considering the electronic repulsion and steric hin-
drance that occur between ligands in the complex [234]. It may be expected that P3,, adopts
the boat conformation, as a bidentate ligand [233, 272], to form Ca(EDTA)(P3y,). Hence,
causing an appreciable upfield shift (A ~ 0.1) of the P3, resonance (-21.20 £ 0.02 ppm), as
compared with the P3p, shift in Tris and water, where P3,, coordinates most probably in a
tridentate fashion [233, 234]. In contrast with Ca?*, no more than six ligands can be inserted
in the coordination sphere of Na™ [267].

The weak constants of formation of the Na(EDTA) and Na(P3y,) complexes are compa-
rable in magnitude [25, 267], hence, ligand competition is expected. The dissociation into the
free Pz, from complexes with Ca?* and/or Na™ seems to be slow on the NMR time scale,
which resulted in separated signals. The bifurcation appears at lower field (Ad ~ 0.2) and its
intensity increases gradually upon time. The high stability of Ca(EDTA) and the weak nature
of Na™ complexes lead to a poor catalytic effect of such on the O—P—O scission. In spite
of the remarkable decrease of the hydrolysis in EDTA, it still takes place even on the stable
P3p, ring, since the build-up of chains and rings of different sizes, including orthophosphate,
is associated to cleavage of polyphosphates from the glass. Thus, the weak but existing
interaction between cations and phosphate species may still catalyse the degradation process
in EDTA [234] (Schemes 4.2 and 4.3).

4.6 Mechanism of hydrolysis
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Scheme 4.2: Formation of trimetaphosphate (P3y,) from a hydrated polyphosphate chain
[75-77] (chain tail as a line in fuchsia), reaction catalyzed by a metal cation M"" complexed
in a polydentate manner with phosphate species and another ligand (L: H,O, Tris, EDTA,
etc) depending on the coordination number (CN) of M"* and steric effects. Decrease of
pH during P3,, formation owing to its strong acidity [78-80] (For the sake of simplicity
hypervalent Lewis pictures are used, however, they do not aim to represent the bonding
situation of P) [43].
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Scheme 4.3: Mechanism of hydrolysis of trimetaphosphate, P3p,. The metal cation M"*
acts as a catalyst, which by complexing with phosphate groups increases its electrophilic
character 0, favoring nucleophilic attack by water [229]. I. Addition of water to a rigid
complex M"*(L)(P3,), L: HoO, Tris, EDTA, etc; may lead to a higher E, for the formation a
five-coordinated phosphorus in the transition state [77, 100]. II. Hydrolysis of tripolyphos-
phate and III. pyrophosphate is faster, owing to the more flexible nature of chain-complexes,
which may lead to a comparatively lower E,. (For the sake of simplicity hypervalent Lewis
pictures are used, however, they do not aim to represent the bonding situation of P) [43].

The hydrolysis of condensed phosphates is reminiscent of a bimolecular nucleophilic
substitution, SN2 [97, 229, 231]. Where the solvent in this reaction, water, works also as
a nucleophile. Hence, the reaction follows first-order kinetics [94, 97, 102, 229-231, 257],
instead of the expected second-order law characteristic of a concerted process [273].

The relative facility of SN2-type reactions depends on several factors: (i) The leaving group,
an electron pair of the 7t bond of P=0, gets displaced by water as nucleophile (Scheme 4.3a).
Since weak bases are good leaving groups, the conjugated acids of phosphates, [P—O—H],
are better leaving groups (Scheme 4.3c). That may address the dramatic rate increase of
hydrolysis rate in acid medium [24, 94, 102].

(ii) The reactivity of the nucleophile, where the basicity correlates with its strength, thus,
HO™ is more nucleophilic than H,O. Therefore, it would be expected a considerable in-
crease of the hydrolysis rate with pH. However, protic solvatation weakens substantially the
nucleophile strength by hydrogen bonding [110, 229, 230]. That may account for the mild
increase of hydrolysis rate in aqueous basic solution [24, 94, 230].

(iii) The electrophilic nature of the substrate. Since nucleophilic attack takes place on
an electrophilic centre, the polarization (6) of the P=O bond [109, 110], is as a necessary
initial step. As can be seen in Scheme 4.3, such polarization can be achieved by cations in
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general [P—O—M]"", including protons. The catalytic effect of cations is proportional to
zZ/ 12 ratio [25, 98, 105, 109, 110, 232, 274]. Cations interact simultaneously with different
ligands (L) in solution depending on their CN and other factors [233, 234], as discussed
above. The suggested mechanism corresponds to an electrophilic cation-addition, which is
suited for reactions of relatively weak nucleophiles such as water [273].

(iv) The structure of the substrate. Cyclo metaphosphates are comprised exclusively of
middle Q? groups, thus the reactive center is a middle group surrounded by equals. That
creates a substantial higher steric repulsion with the incoming nucleophile (Scheme 4.3a), as
compared with the less crowded chain (Scheme 4.3d). That also implies that in the latter,
nucleophilic attack may be more favorable through end- Q! instead of middle Q? groups
[76, 257] (Scheme 4.31I). Folding into conformations in order to unblock the backside for
nucleophilic attack, may be an additional role of the cations. Effect more efficient in flexible
structures such as chains in comparison with the rigid rings. Altogether, such factors account
for the slow hydrolysis (Scheme 4.3I) of cyclo metaphosphates [97, 257, 258] related to the
fast hydrolysis of chains (Schemes 4.31I and 4.3I1I) [233, 234]. (v) Regarding the transition
state, a five-coordinated phosphorus atom, formed by addition of a water molecule has been
suggested [77, 100]. Which seems likely owing to the capacity of phosphorus of expanding
its valence shell. As can be seen in Schemes 4.3b and 4.3¢c, a substantial steric hindrance
in the Pz, ring structure is obvious, hence a high energy transition-state for the O—P—-O
cleavage is expected, activation energies for hydrolysis 84 — 170 kJ /mol (Table 4.4). The

Table 4.4: A selection of activation energies for hydrolysis (E;) of phosphate glasses (Two-
stage degradation of polyphosphates: ring closure into trimetaphosphate” and hydrolysis’).

Glass E, (kJ]/mol) / pH 0/P Av. chain Ref.
1 4 7 10-12 length, 7

Pyrophosphate 95 114 125 167 3.5 2 [94]
Tripolyphosphate 96 104 109 127 3.33 3 [94]
Tetrapolyphosphate 115 106 106 3.25 4 [95]
Pentapolyphosphate 91 97 111 3.2 5 [95]
Hexapolyphosphate 85 84 115 3.17 6 [95]

98 ¢ 3.02 ~54 [96]
Polyphosphate g6 b 3 3 [96]
Trimetaphosphate 87 115 3 3 [97]
Tetrametaphosphate 99 136 3 4 [97]

P—O~ group is a stronger nucleophile than water, owing to the negative charge. In the case
of ring formation from polyphosphate chains (Scheme 4.2), the reaction still does not follow
second-order kinetics of SN2 reactions, since the substrate and the nucleophile are belonging
to the same species [77]. Phosphate groups in chains are more bulky than water, which also
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causes steric hindrance. Therefore, it is expected that end- Q! instead of middle Q? groups
behave preferentially as the nucleophiles [76, 257]. Where cations may contribute to twist
the chain into a proper conformation, probably helical [99, 105], for nucleophilic attack.

As can be seen in Table 4.4, the activation energies related to the degradation processes
in aqueous solution (84 — 167 KJ/mol) depend on composition and substantially on pH.
The aqueous degradation of phosphate glasses is catalyzed by acids, lower E, (Table 4.4)
[94, 102, 108], owing to the improvement of the leaving group stability, involved in the
transition state of a SN2-type reaction [1, 100]. For the same reason the degradation may
not be catalyzed in basic media, higher E, (Table 4.4) [24, 94]. The effect of cations depends
on the pH, namely it retards the hydrolysis in acidic media and conversely accelerate it in
neutral and basic media [109, 110].

On the other hand, as can be seen in Table 4.4, at pH 7 the E,; of hydrolysis decreases
from pyrophosphate to hexapolyphosphate, in agreement with the hypothesis of higher
lability of longer chains in solution. Despite the higher E, for ring closure into trimetaphos-
phate (98 kJ/mol) compared with the E, of hydrolysis (86 k] /mol) of longer chains, referred
as polyphosphate on the Table. The ring closure is favoured as discussed thorough the
chapter and hence, the ring formation may be kinetically instead of thermodynamically
controlled. Regarding, the higher stability of rings compared with chains, no data (E;) was
found at neutral pH. Nevertheless, according to the NMR findings discussed in the present
chapter, the ring closure of polyphosphates should more favoured than the hydrolysis of
such.



Chapter 5

Structural role and coordination environment of cobalt in

45P,05—Ca0O—Na,;0 phosphate glasses: Thermal properties,

Raman, UV-vis-NIR and EPR spectroscopy

5.1 Abstract

.w/n\

e

..—/\\

8%

8% -34

%

.|
. - ,AC
/ | \ \\‘\\ ~ / |

)

2+
o

N~

Cob5

9%
%% 20, 35%

T
500

|
600

Wavelength (nm)

Cobalt-containing materials are of interest for a wide range of applications, from biomaterials

to solid-state lasers in optics. For instance, Co?" is known to trigger the formation of new

blood vessels, i.e. angiogenesis. Thereby, phosphate glasses are an attractive strategy to

overcome the vascularisation limitation in tissue engineering, as a vehicle for local release

of Co?" ions. This study aimed to establish structure-property correlations as a function
of the coordination environment of cobalt, on 45P;05—(30—x)CaO—25Na,O—xCoO (x:
0.01 to 10 mol%) glasses. The constant polymerization, O/P ratio, and ultimately constant
basicity were proved by ICP-OES and Raman spectroscopy. The latter, combined with EPR
analysis, indicated that the presence of Co>" might be excluded, Co?>* being the predominant
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oxidation state. The expected cation-dependent shifts on the Raman spectra are discussed.
UV —vis—NIR absorption spectra accounted for the characterization of the coordination
number of Co?t, which showed that the ratio between V1Co?t and V1Co?* remained
constant throughout the glass series. Owing to the higher field strength of Co*" compared
to Ca2t, VICo?™ is expected to strengthen the glass network. Conversely, despite the higher
field strength, 'VICo?* would weaken the network by binding together less fragments of
the phosphate glass network. Hence, a compensation between the opposite effects takes
place leading to a levelling off of the thermal properties measured by DSC and HSM, i.e.
constant Tg values. These results indicate that the structural properties of the glasses with
constant basicity are dictated by the coordination number of Co?*.

5.2 Introduction

An attractive strategy to overcome the vascularization limitation in tissue engineering is to
artificially stimulate the hypoxia-inducible HIF—-1« pathway, which is correlated with the
production of new blood vessels, i.e., angiogenesis. Cobalt (II) is known to mimic hypoxia
by binding HIF—2a proteins at sites that alter their oxygen-regulated activity [166, 167,
173-176]. Nevertheless, excessive exposure to cobalt may lead to adverse health effects
involving the cardiovascular, neurological, endocrine, haematological, haemopoietic and
respiratory systems [11, 111-113]. Therefore, a controlled ion release system is vital for
any tissue engineering strategy involving delivery of cobalt [167]. Phosphate glasses are a
highly attractive vehicle for cobalt delivery in vivo [55, 57, 58]. Their chemical durability can
be tailored through orders of magnitude by modifying the chemical composition [24, 81].
Therefore, phosphate glasses have the potential to release Co®>* ions at low and sustained
doses [55].

On the other hand, cobalt-doped materials are also considered as potential candidates
for tunable solid-state lasers [275-277], nonlinear optical devices [278, 279], plasma display
panels [280], new inorganic pigments with large colour scale [281], over-heat temperature
indicators [282], DC electrical conductivity [39, 40], among others. For this reason, there is a
large number of studies of cobalt in both crystalline [277, 281-284] and amorphous matrices,
i.e., glass ceramics [278, 285], silicate [279], borate [280, 286, 287], borosilicate [276, 288]
and phosphate glasses [39, 40, 92, 289, 290]. These materials have been characterised by
various methods such as: XRD, SEM, DSC, density, EDS, EXAFS, XANES, Diffuse reflectance,
UV —vis—IR absorption, Raman, luminescence, EPR, solid state NMR spectra, gamma rays,
DC and AC conductivity [39, 40, 92, 276-280, 282-293]. Particularly, optical spectroscopy has
been extensively used for structural analysis, since the colour provided by Co?™ is related
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to its coordination number [292, 294]. The latter varies as a function of the optical basicity,
a concept that is useful to explain the electron density distribution in glass networks [288,
295]. Co?* in octahedral coordination exhibits a pink colour in contrast with its tetrahedral
counterpart, which is blue with a substantially higher extinction coefficient [294]. Other less
common intermediate Co-species with 5-fold [281, 284, 287] and 8-fold coordination [92]
have been reported.

Despite the fact that the relationship between optical basicity and coordination number of
Co?* has been known for a long time [291-295], most of the studies on glasses have varied
both the basicity of the glass network and CoO content simultaneously. Thus, the variation
of more than one parameter at the time has led to biased correlations, such as the ratio
of tetrahedral coordination being necessarily proportional to the CoO content [279, 280,
289]. Moreover, relatively little information is available about the structural role of cobalt in
phosphate glasses [92, 289, 296].

The present study aimed to explain the structural properties induced by CoO as a function of
the coordination environment of cobalt, in a phosphate glass network with constant basicity,
45P>05—(30—x)CaO—25NaO—xCoO (x: 0.01 to 10 mol%). The glasses were characterised
by UV —vis—NIR absorption, Raman and EPR spectroscopy and thermal properties. In
contrast with previous studies, we report a constant ratio tetrahedral to octahedral coordina-
tion independent of CoO content. This study accounts for also constant thermal properties
throughout the glass series. The paramagnetic effects of Co?>™ on NMR spectra is exploited
in part II of this research, to explain the dissolution behaviour of the glass system.

5.3 Glass System

Table 5.1 gives the nominal and analysed compositions of the glasses, which were produced
in the frame of a collaborative work [211]. The small differences between the values are
explained by phosphate losses during melting. Thereby, minor SiO, amounts in the analysed
compositions has dissolved from the quartz crucibles.

The durability of phosphate glasses varies with phosphate content [22, 81], and polyphos-
phate glasses generally tend to be more durable compared to their phosphate-richer coun-
terparts, namely metaphosphate (O/P = 3) and ultraphosphate (O/P = 2.5) glasses [22, 42].
The composition of 45P,05—(30 — x)CaO—25Na,O—xCoO glasses (Table 5.1), O/P = 3.11,
lies in the polyphosphate region (3 < O/P < 3.5) [22, 41]. By using >'P MAS NMR, we have
recently shown this glass to consist of middle (Q?) and end (Q!) tetrahedra, corresponding
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Table 5.1: Nominal and (analysed) glass composition in mol% as mean 3 standard deviation
(SD), experimental O/P ratio and experimental average phosphate chain length (77) obtained

from ICP-OES analysis.

Glass P,0O5 CaO Na,O CoO SiO, Exp. O/P 7
CO (4467005 (04403 (46403 : 03%tooy 312 89
o0l (43-3100.2) (30.299i90.1) (25.2100.1) (0.0100£10.001) (059004 10 86
C00.05 (43.35%00.4) (31%)250.3) (25.i5£00.3) (0.05005250.001) (0.52 + 0.01) 316 86
o005 (44.;1100.5) (30.%15 03) (24;100.2) (0.440£5 oo (©atoony 312 89
COl (4805 (91403 @50403) ©<oony ©mioony 2 90
O (yer05) (84103 (16503 (We00) Oeeoomy 2 89
o5 (44.§5£00.5) (25.?100.3) (24.?100.2) (4.51 : 005)  (79:002 12 89
Col0 (43.3100.1) (2o.§0£00.1) (25.§5£00.1) (9.98 i 001) (5000 16 86

to chains of about 9 phosphate tetrahedra in length on average. We expect the other glasses

to show a similar chain length as discussed below [1].

5.4 Thermogravimetric analysis-mass spectrometry

Phosphate glasses are known for their potential hygroscopic nature [22]. Therefore, the
evolution of water was followed in situ by the coupled TGA-MS system. The respective
TGA curves of the glasses fluctuated around the quantification limits (£ 0.08%) over the
entire range of temperature (40 to 900 °C). Hence, no significant mass-loss corresponding to
dehydration processes was determined by TGA. Additionally, the characterization of water
release by means of mass spectra was possible through the ions: HyO" (m/Z = 18), OH™
(m/Z =17) and O (m/Z = 16). Thereby, the evolution curves of such ions did not show any
appreciable peak over the entire range of temperature. Thus, the presence of both absorbed
and structural water in the glass system may be neglected [44, 297].

Water may act as an additional network modifier in the glass structure [44], therefore,



5.5 Powder X-ray Diffraction (XRD) 74

a significant water content would be expected to cause depolymerization of the phosphate
chains. Nevertheless, ICP-OES and Raman analyses (Table 5.1 and Fig. 5.2), showed the
experimental and theoretical composition and polymerization of the glasses to be in good
agreement, as discussed below. On the other hand, we have recently reported a non-
significant water content for P,O5; —CaO—Na,O glasses of the same polymerization (O/P =
3.1D[1].

5.5 Powder X-ray Diffraction (XRD)

X-ray diffraction patterns of the glasses, Fig. 5.1, reveal no presence of crystalline phases,
hence pointing out the amorphous nature of all prepared glasses.

M

Co5

Co2

Intensity (a.u.)

10 20 30 40 50 60
20 (°)
Fig. 5.1: Powder XRD patterns of 45P,05—(30 — x)CaO—25Na,O—xCoO glasses, with 0
< x <10 mol%.

5.6 Raman

The analysis of Raman spectra in the frequency region between 200 and 1400 1/cm is
summarized in Table 5.2. Based on the P,Os content, the glass system comprises chains
with constant polymerization degree and theoretical average length equal to 9 phosphate
groups [22, 41]. This is in good agreement with the ICP-OES analysis, which provided the
experimental average phosphate chain length (1) ~ 9 and O/P 3.1 — 3.2 (Table 5.1).

Table 5.2 shows the typical bands associated with chains as follows: terminal v5(PO3) for
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Q!, and v5(PO,) and v,5(PO») for Q? tetrahedra; besides the bands associated with P—O—P
vibrations of linear polymers in the region between ca. 600 and 850 cm~!. Qualitative evalu-

Table 5.2: Raman spectral bands (cm™!) and assignments for 45P,O5—(30 —
x)CaO—25Na,O—xCoO glasses

Assignment Wavenumber (cm™1) Ref.

(P—O—P), network bending 340 [47,298-300]
vs(P—O—P), stretch, BO 690 [299-302]
v5(PO3), stretch, NBO, Q! 1021 [47,299, 302, 303]
v5(POy), stretch, NBO, Q? 1167 [299-302]
V45(PO»), stretch, NBO, Q? 1258 [47, 299, 300, 302]

ation of the spectra (Fig. 5.2) does not show any appreciable change neither in position nor
in intensity of the vibrations sensitive to the length of the phosphate chains, i.e., vs(P—O—DP),
vs(PO2) and v,5(PO7) [299, 300, 302]. In case of depolymerization, the former band (690
cm~!) would be expected to increase in peak frequency owing to a decrease in the P—O—P
bond angle. While, a decrease in intensity and the full width at half-maximum (fwhm)
would be expected. On the other hand, for the band v5(PO,) at 1167 cm ™! an opposite effect
in position and fwhm, compared with vs(P—O—P), would be observed [302]. However, the
negligible changes in the Raman spectral features (Fig. 5.2) indicate constant polymerization
(17) throughout the glass series, which is in agreement with 3P MAS NMR reported for an
analogous glass system [1]. The relative constant 77 implies that depolymerization caused by
water as an additional network modifier may be discarded, as discussed above. Additionally,
it also suggests that a non-significant amount of Co®* exists in the glasses, since it would
lead to depolymerization of the glass network especially at high CoO content. Thereby,
Co®* (3d®) in octahedral coordination has been reported to be a potential oxidation product
resulting from melting and annealing processes [276, 278-280, 289].

Regarding the cation effect, namely the substitution of CaO for CoO, the strong and sharp
band v5(PO;) occurring at 1167 1/cm and the weaker band v5(P—O—P) observed at 690
1/cm (Fig. 5.2) are expected to be cation-dependent. In reported binary and mixed-modifier
metaphosphate glasses, the series Li — Cs* and Mg?™ — Ba?" show a clear trend of
frequency decreasing in both bands as the ionic radius increases [301, 304, 305].

According to a reported vibration model, the cation-dependent shifts are caused by changes
in network bond angles and variation in metal-oxygen bonding force constants (Fy1.0). Thus,
as the angle increases and Fy1.o decreases through the series of alkali and alkali earth metals,
the frequency of v5(PO;) and vs(P—O—P) bands decrease by both parameters [304]. How-
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Fig. 5.2: Normalized Raman spectra of 45P,O5—(30 — x)CaO—25Na,O—xCoO glasses, with
0 < x <10 mol%.

ever, discrepancies between the observed and predicted vibrational frequencies have been
associated to more covalent interactions between the metal cation and the glass network
[301]. Accordingly, for reported binary metaphosphate glasses of Mn?*, Fe?™, Zn?" and
HgZJr no clear trend was observed despite the similar ionic radii [301, 306]. Therefore,
there is no a reliable basis to predict the magnitude of the frequency shift caused by the
substitution of Ca?* for Co?*.

Cobalt ions exist predominately as Co?t in glass networks [279, 280, 289, 294], as an ad-
mixture of tetrahedral and octahedral symmetries depending glass composition [294, 307].
Whereas Ca?" ions preferentially undertake coordination numbers from 6 to 8 [308]. Thereby,
the coordination number of Ca2* in 50P,05—CaO—Na,O glasses has been reported to cor-
respond to 6 [309]. By assuming that Ca?" exists predominantly as 6-fold coordinated in
the glass system, the ionic radius of Ca?* would be 25% and 42% bigger than [VICo?* and
[VICo?*, respectively (Ionic radii: [VICa?* = 1 A, high-spin [VCo?* = 0.745 A, high-spin
[VICo2t = 0.58 A) [306], thus, ¢, < 7ca-

An increase in the frequency of v5(PO,) and vs(P—O—P) vibrations proportional to CoO
content would be expected, owing to the higher field strength, calculated from the respective
ionic radii [306], of Co** compared with Ca?* ions (Z/r%: VlCa?t =21/ A Vo2t = 3.60
1/ Az, [VlCo?+ =591/ AZ). Nevertheless, no distinguishable cation effect on the Raman
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spectra was observed, Fig. 5.2. On the other hand, for 50P,05—(50 — x)SrO—xCoO glasses,
a slight shift to higher frequencies has been reported. Namely, 11 and 14 1/cm for the
vs(P—O—P) and v5(PO;) bands, respectively, for complete CoO substitution [296]. Regarding
the 45P,05—(30 — x)CaO—25Na,O—xCoO glasses, the Co?* content is always a minority
compared to Na* and Ca?*. For example, in the Co10 glass any shift due to Co>* would
be diluted by a factor of ~ 8 compared to having exclusively Co?* as a network modifier.
By doing a rough correlation between the reported slight shifts [296] with the dilution
factor calculated for Co10, the resulted blue shifts for Co10 would be 1 and 2 1/cm for the
vs(P—O—P) and v5(PO;) bands, respectively. Therefore, the expected cation-dependent shifts
in 45P,05—(30 — x)CaO—25Na,O—xCoO glasses may not be noticeable not even for the
highest CoO content, 10 mol%. This is in agreement with the reported data on 50P,O5—(50
— x)SrO—xCoO glasses, where the expected blue shifts are only observable up to 25 mol%
CoO substitution [296].

Despite this, it is interesting to notice that the size difference in the case of octahedral
Co?* would be expected to be less abrupt than for tetrahedral Co*" symmetries. Hence,
the observed independence of the intensity and shift of v5(PO,) and vs;(P—O—P) vibrations
thorough the series, may suggest a major proportion of octahedral Co?" in the glass network,
as discussed below.

57 UV—-vis—NIR

As shown in Fig. 5.3, synthesized glasses are transparent up to Co2. The colour changes
from blue-violet (Co00.01, C00.05), turns into an intense blue (Co0.5), and reaches finally an
opaque dark blue colour (Co5). The analysis of UV —vis—NIR absorption spectra (200—1250

Co00.01 Co0.05

b
|

]

Fig. 5.3: Colour of 45P,05—(30 — x)CaO—25Na,O—xCoO glasses, with 0.01 < x <5 mol%.

nm) for the glass series is summarized in Fig. 5.4a. The strong UV absorption was ascribed
as an O — M charge-transfer band owing to Fe>" traces, which have been associated with
impurities in starting materials for glass preparation [281, 286, 289]. It is well known that
Co%*t (3d”) exhibits octahedral and tetrahedral symmetries in glasses [276, 278-280, 289,
294], and indeed both coexist also in the 45P,05—(30 — x)CaO—25NayO—xCoO system.
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The d—d electronic transitions corresponding to Co?" in octahedral symmetry were as-
signed for low crystal field splitting (Ap/B < 15, with A( being the crystal field splitting
and B being the Racah parameter) via the Tanabe-Sugano diagrams [310, 311], as has been
already reported for Co?" in phosphate matrices [281, 282, 296]. Thus, the visible bands with
maxima at 533 and 622 nm were ascribed as 4T1g(413) — 4Tlg(‘lP) and 4T1g(4F) — 4A2g(413)
transitions respectively; while in the IR region the 4T; g(4F) — *T,(*F) transition is expected
to lie in the mid-IR [281], out of the measured range.

The d—d electronic transitions associated with Co®* ions in a tetrahedral field were also
observed [284, 285, 289, 294]. Thus, the absorption centred at 579 nm was assigned as the
4A,(*F) — 4T1(*P) transition. In the IR range, an additional lower intensity band is expected
owing to the 4 A (*F) — 4T, (4F) transition [296]. Even though the maxima of the IR bands
are out of the measured range, they can still be noticed to emerge from ~1000 nm.

The proportion of cobalt octahedral relative to tetrahedral symmetry depends upon the
basicity of the glass. Thus the tetrahedral coordination requires a threshold of basicity to
appear, where the basicity is proportional to the content of metal oxides [92, 292, 294]. Even
though the ligand field stabilization energy LFSE for octahedral coordination is higher than
for tetrahedral coordination, the preference for the former is less pronounced for weak-field
ligands [293]. m—donor ligands or Lewis bases such as phosphate matrices belong to this
group, since they decrease the crystal field splitting [90, 291]. Indeed, phosphates may
provide crystal-field splittings among the smallest for transition metals, such as Co?" in
octahedral symmetry [281, 282]. However, the Lewis base character on terminal groups of
polyphosphates is inversely proportional to the average chain length (7), where the middle
groups behave as strong acids [24, 78, 104, 105]. Thus, the residual negative charge on NBOs
and subsequently, the crystal field splitting varies to a certain extent as a function of the
polyphosphate chain length [92, 281, 312].

According to the Oxygen Bonding Model, the first coordination sphere around oxygen
atoms must satisfy a total formal charge of +2 bond donation [46]. In order to balance NBOs
with a high residual negative charge, an increase in the bond donation through a rise in
the covalent character of Co—O bonds would be necessary. This may explain the reduction
in the coordination number of Co?" proportional to the basicity of the glass network [92,
295]. In contrast, highly covalent P—O bonds would force M—O bonds to be more ionic,
increasing the coordination number [282].
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Fig. 5.4: (a) Normalized UV —vis—NIR absorption spectra and (b) deconvolution in the
visible range (400—700 nm) of experimental spectra (black), best-fit (red) and the difference
curve (gray) beneath each spectrum; the Gaussian lines correspond to transitions for octahe-
dral symmetry at 536 nm (pink) and 622 nm (blue); and tetrahedral symmetry at 579 nm
(dark blue, fractional population in %) of 45P,05—(30 — x)CaO—25Na,O—xCoO glasses,
with 0 < x < 5 mol%.
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In 45P,05—(30 — x)CaO—25Na,O—xCoO glasses, the polymerization remains constant
as discussed above, owing to the constant metal oxide content, hence kept constant to 55
mol% (25NayO + (30—x)CaO + xCoO). Alkali cations such as Na™ ions would have a
more pronounced effect on the basicity [294], hereby Na,O was maintained constant to
25 mol%. Therefore, it would be expected that the basicity remains invariant for the glass
system, which implies that the ratio between octahedral and tetrahedral symmetries remains
likewise constant. Indeed, it was confirmed by deconvolution in the visible range (400—700
nm) of the spectra using the minimum number of component Gaussian lines. As shown
in Fig. 5.4b, the constant ratio between symmetries, independent of the CoO content, is
appreciable even at concentrations as low as 0.05 mol% CoO.

On the other hand, there is no appreciable change in the position of the bands as the
CoO content increases. Changes in the absorption spectra (400—1200 nm) are only related
to the intensity (5.4a and 5.4b). This is in agreement with a relatively constant Lewis base
character. Hence, a constant average chain length (77) of phosphate ligands provides a steady
crystal field throughout the glass series.

The characteristic colour of Co?" ions with octahedral symmetry is pink or violet [281,
282, 291], being the corresponding bands 536 and 622 nm (Fig. 5.4b). The former band
corresponds to green absorption and red emission, while the latter corresponds to orange
absorption and blue emission. As a result, the colour emitted would be violet. The absorp-
tion band at 579 nm was assigned as Co?" with tetrahedral symmetry, which corresponds
to yellow absorption and, accordingly, blue emission.

Transitions between d orbitals are forbidden in octahedral complexes owing to the Laporte
selection rule which applies for centrosymmetric geometries. Nevertheless, d-d ligand-field
transitions in octahedral complexes may sill occur because the selection rule gets relaxed
as a result of symmetry distortions, which are expected on the glasses. That accounts in
general for the weakness of the transitions in octahedral compared with those in tetrahedral
complexes [90]. Accordingly, the extinction coefficient of Co?* in tetrahedral coordination
is about two orders of magnitude larger than for its octahedral counterpart [288, 294, 296].
Hence, instead of violet, the glasses develop an intense blue colour abruptly, from low Co?*
concentrations (0.5 mol%, Fig. 5.3), characteristic of tetrahedral symmetry. This means that
the colour emission is dominated by Co?" in tetrahedral coordination regardless of the

minor proportion, 8—9%.

For cobalt pyrophosphate and orthophosphate salts a five-fold coordination has been re-
ported [284]. Taking into account that the basicity is inversely proportional to the chain
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length, a high proportion of tetrahedral symmetry may be expected for such salts [294].
Therefore, a five-fold coordination may account as an intermediate between tetrahedral and
octahedral symmetries owing to the high basicity of short phosphates. Nevertheless, for
metaphosphate glasses, an absorption (~ 480 nm) owing to a possible five-fold transition
of Co%* ions was not excluded [296]. On the other hand, a Jahn-Teller effect is possible for
octahedral high-spin d” electron configurations. However, as the to, orbitals do not point
directly at the ligands, the effect may be insignificant to induce a measurable distortion in
the structure [90]. Accordingly, no assignments in this regard were performed in the current
work, yet Jahn-Teller effects on Co?" ions have been correlated to band-shoulders elsewhere
[296].

5.8 EPR spectroscopy
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Fig. 5.5: X-band (9.78 GHz) CW EPR spectra of 45P,05—(30 — x)CaO—25Na;O—xCoO
glasses, with 0.5 < x < 10 mol%, measured at 20 K. The spectra are obtained in the same
conditions, shown on the same scale and normalized to their weight. Asterisk indicates a
signal of resonator, useful for calibration.

Fig. 5.5 shows the EPR spectra of the glass system measured at 20 K. Lower concentrated
samples had insufficient sensitivity at 20 K. At the same time, measurement at lower
temperatures (7 K) was challenging since samples Col and below began to experience
microwave saturation, and therefore could not be reliably measured. The spectra of all
samples shown in Fig. 5.5 are typical of high-spin Co?" (S = 3/2) with significant zero-
field splitting (D value larger than the microwave quantum at X-band ~ 0.3 cm™!). As an
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Fig. 5.6: (a) Experimental EPR spectrum of Co5 at 20 K and theoretical modelling (S=3/2, g
=[2.22.22.4], Vyw =9.78 GHz, D >> 0.3 cm~!, E= 0. Asterisk indicates a signal of resonator,
useful for calibration. (b) Experimental EPR spectra of Co2, Co5 and Co10 glasses measured
at 7 K in the same conditions.

O 9

illustration, Fig. 5.6a shows the theoretical modelling of the Co?* spectrum using reasonable
spectroscopic parameters. It is noteworthy that all detected spectra are extremely broad,
and they do not become narrower even at 7 K temperature (Fig. 5.6b). Thus, such broad
lineshapes are most likely determined by a distribution of spectroscopic parameters in cobalt
centres due to the corresponding geometrical distributions. This situation is not surprising
for glassy states, whereas narrower Co?" signals are typically observed in crystals. An
estimation of the number of high-spin Co?" ions was done for the series of spectra shown
in Fig. 5.5. Due to the broad lineshapes, the accuracy of such measurements does not
exceed 20 — 30% (see Fig. 5.7). Nevertheless, from the absolute numbers, it is clear that the
observed Co?* signals correspond to the main fraction of cobalt nuclei, which, according
to the UV—vis—NIR results, has to be assigned to a mixture of high-spin Co?* ions in
octahedral and tetrahedral environments.
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Fig. 5.7: The calculated EPR-based number of high-spin Co(Il) atoms per mg vs. CoO mol%.

5.9 Thermal Properties

The thermal properties of 45P,05—(30 — x)CaO—25Na,O—xCoO glasses recorded by DSC
and HSM are summarized in Fig. 5.8 and Table 5.3. All glasses were prepared in fused silica
crucibles. Therefore, a change in the polymerization degree of the phosphate network may
not be excluded owing to the potential intake SiO, [313]. Nevertheless, the SiO; content (0.2
— 0.8 mol%, Table 5.1) was seemingly low enough not to produce any significant change in
the polymerization of the glass series, as shown by Raman (Fig. 5.2) and ICP-OES (Table
5.1) analyses. Asshown in Fig. 5.8a, T, values obtained from DSC remained comparatively

Table 5.3: Thermal properties of selected glasses. DSC (£ 5 °C): glass transition temperature
(Tg), crystallisation onset (T¢ ), melting point characterised by both the liquidus (T7) and the
absolute minimum (T, ;) temperatures and the processing window (AT =T, , — T,). HSM
(£ 5 °C): sintering (T;;), starting and ending of the plateau (T; and Ty), corresponding to
the crystallisation domain and fusion (Tf,s,,) temperatures.

Class DSC (+ 5) °C HSM (+ 5) °C
Ty  Teo Twi To AT=To—Tg T Tvi Ti—Ti  Tof  Thusion

Co0 377 485 736 740 107 395 459 64 721 736
Co0.01 379 496 734 738 117 400 465 65 721 733
Co0.05 378 494 733 737 116 404 459 55 722 730
Col 372 481 731 741 109 390 451 61 718 732
Cob5 371 491 714 722 119 390 461 71 699 713
Col0 368 481 708 712 113 381 449 68 692 706

constant (374 + 4 °C) throughout the glass series. Such a constant trend in the T, values was
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Fig. 5.8: Thermal properties of 45P,05—(30 — x)CaO—25Na,0—xCoO glasses, with 0 < x <
10 mol%. (a) DSC (£ 5 °C): glass transition (Ty), crystallisation (T¢,), liquidus (T1), melting
at the absolute minimum (T}, ;) temperatures and processing window (AT =T, — Ty) as
a function of the nominal CoO content. (b) HSM (£ 5 °C), sample height as a function of
temperature: sintering (T;), starting and ending of the glass crystallisation plateau (Ty; and
Tyy) and fusion (Tyso,) temperatures.

further confirmed by HSM measurements, since the offset of T, would approximately corre-

spond to the sintering temperature (T;), Fig. 5.9. Accordingly, T,; remained approximately
constant over the glass series, 393 & 8 °C (Fig. 5.8b and Table 5.3).
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Taking into account exclusively the field strength (Z/r?, calculated from the respective
ionic radii), it is expected that introducing CoO at expenses of CaO would strengthen the
glass network (Z/r2 VICa2* =2 1/A%, VICo?+ = 3.60 1/A%, IVICo?* = 5.9 1/A%) [306].
However, that would be the case only for [VICo?*, which would keep the cross-linking of
POy tetrahedra as in the Co-free glass network, assuming that calcium exists exclusively
as VICa%* in the glasses [309]. In this case an increase of T, proportional to the cobalt
content would be expected. Analogously, 'VICo?* would decrease the cross-linking of POy
tetrahedra compared with [VICa?* and ultimately cause a decrease in T, [312].

According to the UV —vis—NIR results, both octahedral and tetrahedral symmetries co-
exist and its ratio remains constant throughout the glass series. Hence, a levelling off of
both effects may explain the relatively constant T, as a function of the CoO content. Such a
constant trend in the T, values (512 + 5 °C) has been further confirmed by reported data on
50P;05—(50 — x)SrO—xCoO glasses [296].

As shown in Fig. 5.8a and Table 5.3, the crystallisation temperatures T; , (DSC) remained also
relatively constant (488 4 7 °C) over the glass series. Altogether, the relative constant Tg and
T.,, temperatures lead to a steady processing window AT =T, , — Ty =114 £ 5 °C over the
glass series. Likewise such trend was confirmed by HSM, where the difference between the
starting of crystallisation and sintering temperatures, Ty; — T; = 64 &= 6 °C analogous to AT
(Fig. 5.9), remained steady. The relatively constant T, and T,; values may be explained in
terms of bond enthalpies which increase as the bond length M—O decreases [90]. The bond
enthalpies are expected to change in the following order: [VCa?* < VICo?* < VICo?T,
thus T, and T,; should increase with CoO content. Nevertheless, a levelling off occurs as
a result of the constant 'V1Co?* and [V1ICo?* ratio. Namely, the rise in energy cost that is
involved in breaking more covalent M—O bonds in the glass network, and the energy gain
involved in the formation of more stable M—O bonds in the crystal phases.

As shown in Table 5.3 and Fig. 5.9, the melting T,,; (DSC) and fusion T, (HSM)
temperatures are in good agreement with each other. The liquidus temperature (17) follows
the same trend as Ty, ;, but with an offset of about ~ 6 °C in average, as shown in Fig. 5.8a
and Table 5.3. T,,; values remained relatively steady for glasses from 0 to 1 mol% CoO
content, namely 736 and 731 °C, respectively. A decrease trend in T,, ; occurs for the glasses
with substantially higher content of cobalt, thus 714 and 708 °C for 5 and 10 mol% CoO,
respectively. Thus, a decrease of about 30 °C between the Co-free glass (Co0) and Co10 (10
mol% CoO) occurs. On the other hand, T,; and T, , were relatively unaffected by the CoO
substitution for CaO. Unlike the end temperature of crystallisation Ty, which decreases
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Fig. 5.9: DSC and HSM curves for glass Co0.05, x = 0.05 mol% CoO. Thermal properties:
glass transition inflection point (T}), crystallisation onset (T ,), melting point at the absolute
minimum (T}, ;), the liquidus (T7), sintering (Ts;), starting of crystallisation domain (T,;) and
fusion (Tfysi0n) temperatures.

proportionally to T,so,, thus reducing the crystallisation domain range (Fig. 5.8b, Table 5.3).

According to the Pauling scale [103], the electronegativity of calcium is significantly lower
than that of cobalt. Therefore, the higher ionic bonding nature of calcium-rich crystal phases
may lead to higher melting points. Analogous trends regarding Tc, Ty, Ty, Txf and Tysion
have been observed in a glass system where MgO was substituted for CaO. The former
oxide is well known to undertake tetrahedral and octahedral symmetries such as CoO [314].



Chapter 6

Co’" as an internal paramagnetic >'P NMR probe for
structural analysis of cobalt-phosphate glasses in the

solid-state and leachate solutions

6.1 Abstract
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The incorporation of CoO into phosphate glasses is of interest for therapeutic appli-
cations were cobalt could be released locally such as in wound healing or as bactericide.
Herein Co?* was used as an internal paramagnetic 3'P NMR probe for the study of the
structure of 45P>,05—(30—x)CaO—-25NaO—xCoO (x: 0 to 10 mol%) glasses, both in the
liquid and solid-state, seeking for insights regarding the mechanism of dissolution. Ac-
cording to 3!P solid-state MAS NMR, all glasses were composed of pyrophosphate Q! and
metaphosphate Q? species with chains from 8 to 9 phosphate groups in length. Owing to
paramagnetic effects, namely the paramagnetic shift and inhomogeneous broadening, the
intensity of both resonances decreased concomitantly with increasing CoO content. The
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paramagnetic relaxation enhancement (PRE) also increased with CoO content, since Co?*
may undertake strong zero-field splitting (ZFS) proportional to the expected site asymmetry
in glasses, opening new spin relaxation pathways. The assessment of the homogeneity of
Co?* ion distribution in the diamagnetic host glass suggested a cluster scenario at high CoO
content. Additionally, paramagnetic liquid 3'P NMR offers a new approach to investigate
the mechanism of dissolution of phosphate glasses. Thereby, Co?>* ions allowed the tracking
of the structure and dynamics of phosphate complexes, including conformational changes,
upon ligand binding recognition under different conditions, i.e. Tris and EDTA set at pH 7.4
and 10.0 at 37 °C, respectively.

6.2 Introduction

Phosphate glasses are able to form homogeneous systems with inorganic ions, which subse-
quently functionalize the glasses for a variety of technological applications. Among them, it
can be highlighted: water softeners [31], fertilizers [26, 27], sealings [31-33], in photonics
[34-36], solid electrolytes [23, 37, 38], semiconductors [39, 40] and storage of wastes [28-30].
The versatility of phosphate glasses lie on their potential to tailor properties as a function
of composition. For example, phosphate glasses exhibit a wide spectrum of durability
(1074 —10~° g/ (cm? - min)) [23, 24]. Moreover, phosphate glasses dissolve in aqueous
media congruently without any preferential leaching of ions [1, 24, 81]. Accordingly, the
glasses have the capability to release ions at low and sustained doses [55]. For this reason,
inorganic therapeutic chemistry has a huge potential with approaches such as bioactive
glasses as a vehicle for ion delivery in vivo [55, 57, 58].

The reduction in vascular supply at the site of injury is one of the principal reasons of
impaired healing [163, 166]. Therefore, a major challenge in tissue engineering is to promote
the formation of efficient vascularized networks, angiogenesis [164, 165]. Co?* ions have
been used extensively to investigate in vitro and in vivo the hypoxic response as a trigger
of angiogenesis [56, 166, 167, 173-178]. However, the excessive exposure to Co?t may lead
to adverse health effects [11, 111-113]. Thus, a controlled ion release system such as a
phosphate-glass matrix is of acute interest in bioinorganic chemistry. [167]. On the other
hand, studies of cobalt-phosphate compounds are also interesting because of their optical
[92, 289, 290, 296, 315] and electrical properties [39, 40]. For this reason, they also find
potential applications in solar collectors [316], cathode materials in Li-ion batteries [183] and
solid-state lasers [317], among others.

Paramagnetic systems are materials that contain unpaired electrons and have positive
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magnetic susceptibility [183, 186, 318]. The unpaired electron-nucleus interaction causes the
paramagnetic shift and the PRE of the nuclear spin [318], such effects provide atomic-level
and long-range information [183, 185, 186, 319]. Therefore, paramagnetic NMR may offer a
valuable source of structural, thermodynamic, and dynamic insights for a wide variety of
materials including both solids and liquids [186, 320]. Nevertheless, paramagnetic NMR
has been generally restricted to medicinal chemistry and drug discovery [185, 186, 321].
Thus, it has been mostly used to elucidate the structure of metalloproteins [183, 319]. In
that sense, it has been rarely applied to the study of minerals and glasses, mainly owing to
severe line broadening and signal loss [320, 322]. In crystalline materials, models based on
peak positions and areas have been developed as a criterion of doping homogeneity [207,
320, 323]. Another interesting approach related to paramagnetic NMR is dynamic nuclear
polarization (DNP), which involves the electron to nuclear spin polarization transfer [318].

This work presents a new approach to investigate the mechanism of dissolution of phos-
phate glasses for different applications, i.e. local delivery of Co*" as a therapeutical ion.
Herein the paramagnetic nature of Co?" was exploited as an internal >'P NMR probe to
undertake structural analysis in both the liquid and solid-state. The paramagnetic effects
were investigated on 45P>,05—(30—x)CaO—25Na,O—xCoO (x: 0 to 10 mol%) glasses via 3p
solid-state MAS NMR and liquid 3'P NMR. Accordingly, features such as the spin-orbit (SO)
coupling, ZFS and symmetry of Co?* sites are correlated to the paramagnetic shift, PRE and
broadening effects on the spectra. That allowed the assessment of the distribution of Co?*
ions in the glass network and the tracking of the hydrolysis process of phosphate fragments
associated to the structure and dynamics of cobalt-complexes in aqueous solutions, i.e. Tris
and EDTA.

6.3 Glass Structure

Table 6.1 gives the nominal and analysed compositions (ICP-OES) of the glasses, which
were produced in the frame of a collaborative work [211]. The small differences between the
values are explained by phosphate losses during melting. Thereby, minor SiO, amounts in
the analysed compositions has dissolved from the quartz crucibles.

As can be seen in Fig. 6.1, the isotropic chemical shifts (J;s,) are typical for 3'P with
Q! and Q? topology (-6.2 and -22.1 ppm). 45P,05—(30—x)CaO—25Na;O—xCoO (x: 0 to
10 mol%) glasses should be comprised by chains, based on composition [22, 41], being the
theoretical chain-length equal to 9 phosphate groups. This is in good agreement with the
experimental average chain length (77 ~ 8.8) and O/P ratios (~ 3.14) obtained from ICP-OES
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Table 6.1: Nominal and (analysed) glass composition in mol% as mean =+ standard deviation
(SD), experimental O/P ratio and experimental average phosphate chain length (77) obtained

from ICP-OES analysis.

Glass P>0s CaO Na,O CoO SiO; Exp.O/P 7
CO (446005 (04403 (46%03) : 03ctooy 312 89
o001 (43-3100.2) (30.2993290.1) (25.254:00.1) (0.0100£10.001) 059 £oosy 16 86
C00.05 (43.35%00.4) (31%9i50.3) (25.i5i00.3) (0.05003250.001) 0524001 16 86
o0 (44.25%00.5) (30.§9£50.3) (24.§5£00.2) (0.44%:5 001) (0324001 12 89
col (44.3100-5) (29?9%00.3) (25.(2)100.3) (0.90 jlz 001) (©23+o001) 12 90
Coz (44.3100.5) (28.283:00.3) (24.2100.3) (1.80 : o) ©e7xooy 12 89
o5 (44;100.5) (25.§5£00.3) (24.554:00.2) (451 : 005) (9002 12 89
Colo (43.3100.1) (20.§O£00.1) (25.3100.1) (9.98 . 00 ©s0+o00n) 16 86

analysis (Table 6.1). As can be seen in Table 6.2, this is also in good agreement with the
values (11 ~ 8.5, O/P ~ 3.12) obtained from deconvolution of quantitative solid-state 3p
MAS NMR spectra. Even though, the values are slightly smaller as the ones obtained by
ICP-OES analysis, that may be associated to the decrease in sensitivity and resolution owing
to the systematic line broadening of the solid-state NMR spectra.

The relative constant experimental 77 and O/P values throughout the glass series confirm
constant polymerization, as expected for the glass system with constant P,Os content (45
mol%). As discussed in the last chapter, as a consequence of the constant polymerization,
the glass network has constant basicity consistent with invariant metal oxide content, 55
mol%. The constant basicity is subsequently related to a constant proportion between the
tetrahedral and octahedral symmetries of Co?" ions, independently of the CoO content.
EPR showed the typical spectra of high-spin Co?* (d”), the electronic ground state therefore
has spin S = 3/2, and excluded the presence of Co®>" ions in the glasses.

It is evident from Fig. 6.2a and Table 6.2, that no increase in shielding of the Q! and
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Fig. 6.1: Quantitative 3!P solid-state MAS NMR for the cobalt-free glass, Co0. (a) Experi-
mental spectra (fuchsia), best-fit (blue) and the difference curve (gray) beneath each NMR
spectrum. For the deconvolution [216] into two Gaussian lines corresponding to Q' (black)
and Q? (red, fractional population in %) groups, the spinning sidebands (*) were taken into
account.

Q? groups occurs with increasing CoO content. Overlooking by now the paramagnetic
effects caused by the Co?* ions, an increase in shielding of Q! and Q? resonances propor-
tional to CoO content would be expected [45, 51]. Since the field strength of Co?* is higher
compared with Ca?* ions, herein calculated from the respective ionic radii (Z/r%: [VICa?* =
21/ A% VCo2+ = 360 1 / A% IVICe2+ =59 1 / AZ) [306]. Accordingly, an increase in the
covalent character of the M—O bonds for the former ions is expected [48, 243]. Nevertheless,
direct relationships between the 3!P solid-state MAS NMR parameters such as the field
strength (Z /r?) and structure are complicated. That is related to the fact that the chemical
shifts in phosphates are dictated predominantly caused by the paramagnetic rather than
the diamagnetic contribution of the shielding tensor. Thereby, the paramagnetic term may
not be directly related to the bonding electron distribution. Hence, 31P solid-state MAS
NMR is limited to empirical correlations regarding the bonding environment of phosphate
tetrahedra [197]. Additionally as will be discussed below, the paramagnetic shifts may be
large enough to shift the resonances outside the recorded spectral window.

6.4 Paramagnetic effects on solid-state >'P MAS NMR

6.4.1 Linewidth

The dispersion of the spinning sidebands involves the chemical shift and paramagnetic shift
anisotropies (SA), both proportional to the gyromagnetic ratio (y;). Given that in the glass
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Table 6.2: Isotropic chemical shifts (diso 3= 0.2 ppm), full width at half-maximum (fwhm =+
0.2 ppm) and 3P spin-lattice relaxation time (T;) of Q% phosphate species determined from
fitting of quantitative single-pulse 3'P MAS NMR spectra [213, 216].

Glass Q' (02 ppm) Q' (02 ppm) Exp. O/P n
Siso fwhm Jiso fwhm Ti (s)
Co0 -6.2 8.2 -22.1 10.0 25.80 3.12 8.1
Co00.01 -6.3 8.2 -22.2 10.1 24.58 3.12 8.2
Co0.05 -6.2 8.3 -22.1 10.2 18.48 3.12 8.1
Co0.5 -6.3 9.6 -22.2 11.5 5.306 3.12 8.2
Col -6.3 11.1 -22.3 13.1 3.05 3.11 9.2
Co2 -6.2 14.1 -22.4 16.0 1.617 311 9.0
Cob - - - - 0.6743 - -

system neither 'H nor “F are present, P is the best nucleus to perform the NMR study.
Even though the anisotropy was not determined, an initial inspection of the SA, within the
spectral window, indicates that it covers the range between 220 and -270 ppm for all glasses
(Fig. 6.2a). Both the SA and inhomogeneous broadening are proportional to the magnitude
of the external magnetic field. Thus, low magnetic fields may be more convenient (By < 200
MHZz) to acquire the spectra of paramagnetic samples. However, another approach would
be to achieve broadband excitation pulse sequences applicable to high fields [183]. The
fwhm peak widths are reported in Table 6.2 and Fig. 6.2b, indicating a systematic trend
of severe increasing for Q' and Q? peaks width with CoO content in the glasses, as also
observed in spectra 6.2a. The resolution of the spectra allowed only the determination of the
fwhm peak widths up to 2 mol% CoO.

The incorporation of an additional metal ion, cobalt, in the glass network is expected
to lead to a wider range of P environments, namely bond lengths and angles [45]. As can
be seen in Fig. 6.2b, below 0.5 mol% CoO, the fwhm trend lines for both sites remain fairly
parallel. It may indicate non-preferential distribution of Ca?*/Co?" in Q! and Q? sites at
low CoO content. The fwhm of Q? related to the Q! peak is about 2 ppm higher for the
former with increasing CoO content, up to 0.5 mol%, which may attributed to the ratio
Q! / Q? ratio is ~ 2 /7, in the glass system. In other words, there are 3.5 more Q? sites per1
Q! site, making the former peak 2 ppm broader along the glass series.

The paramagnetic nature of Co?* ions in the glass network causes also severe broadening
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Fig. 6.2: (a) Quantitative 3'P solid-state MAS NMR spectra of the glass series
45P,05—(30—x)CaO—25Na;O—xCoO (x: 0 to 10 mol%), where the &;;, are assigned for the
Q! and Q? moieties, the spinning sidebands are marked with asterisks (*). (b) Full width
at half maximum (fwhm) of the Q! and Q? peaks (£ SD from deconvolution [213]), as a
function of nominal composition in the log scale for the glasses with x: 0.01 to 2 mol% CoO
(lines are guides for the eye).

due to the potential combination of the anisotropic bulk magnetic susceptibility (ABMS),
PRE and the extended network of dipolar couplings [183]. Co?*" belongs to the paramagnetic
ions that undertake rapid electronic relaxation (1 — 10 ps) and strong SO coupling, for which
is generally found that BMS, and not the transverse PRE, dominates the linewidth [183]. The
broadening contribution of the former is about one order of magnitude larger than the latter.
The fast FID decay of such systems causes significant phase dispersion owing to the dead
time. Thereby, the rotor-synchronised spin-echo pulse sequence helps by refocussing both
the inhomogeneous decay and the isotropic shift [183]. Moreover, sensitivity enhancement
can be obtained by applying a series of spin-echoes rotor period synchronized pulses called
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Carr—Purcell-Meiboom-Gill sequence. In the present work the CPMG sequence was not
used to record the spectra, however it may be considered in a future complementary work.
For instance, it could be incorporated into a more sophisticated experiment to enhance sensi-
tivity, such as the SHAP-CPMG (short high-power adiabatic pulse) sequence for broadband
excitation [183].

The spectra were recorded at an external field corresponding to a 3!P Larmor frequency
of 162 MHz and 12.5 kHz MAS. The MAS speed used in the present work is clearly below
the ultra fast MAS (60 — 100 kHz) used to enhance spectral resolution and sensitivity in
paramagnetic systems. In this regard, higher rotation frequencies reduce signal overlap and
number of spinning sidebands and dipolar couplings [318, 324]. Nevertheless, the ABMS
broadening is not removed by MAS and may dominate the lineshapes and linewidths due
to the magnetic anisotropy of ions such as Co?*. Despite the enhancement in sensitivity and
resolution associated to high magnetic field, fields lower than 200 MHz are advantageous
in paramagnetic NMR, since shifts, SA and inhomogeneous broadening scale up with the
external magnetic field [183, 197].

6.4.2 Paramagnetic shift

The presence or absence of paramagnetic shifts may provide structural information such
as clustering or random distribution of paramagnetic species in solid systems [207, 320,
323]. The "paramagnetic shift" instead of a splitting is the result of the coupling between
the nucleus and the unpaired electron spins, know as the hyperfine interaction [183]. This
interaction is comprised by the Fermi-contact due to a through-bond transfer and the pseudo-
contact shift (PCS) due to a through-space spin-dipolar transfer of the unpaired electron spin
onto the nucleus [183]. The magnitude and sign of paramagnetic shifts are highly dependent
on different factors such as: the distance, bonding geometry and dihedral angle between the
observed NMR nucleus and the paramagnetic centre [185, 320]. Accordingly, the shorter
distances of more covalent M—O bonds may be related to larger paramagnetic shifts owing
to the Fermi-contact interaction [183]. In fact, oxygens directly bonded to paramagnetic
cations have displayed paramagnetic shifts as large as 3000-7500 ppm [320]. Regarding 3'P
spectra of paramagnetic samples, they may be challenging owing to large paramagnetic
shifts (100-1000 ppm) [191].

The isotropic paramagnetic shift is the sum between the contact (through-bond) and pseudo-
contact (through-space) interactions. However, PCS only appears on metal ions with elec-
tronic configurations that are subject to SO coupling, since it depends on the susceptibility
anisotropy but not on the isotropic susceptibility. Therefore, transition metal ions that
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do not undertake SO coupling or in coordination environments with cubic symmetry, the
isotropic paramagnetic shift is defined entirely by the Fermi-contact interaction [183, 320].
Accordingly, for such systems the zero-field splitting (ZFS) interaction is non zero and it is
proportional to SO coupling effects [183]. In 45P,05—(30—x)CaO—25Na,O—xCoO (x: 0.01
to 10 mol%) glasses, Co?* ions are a 3d” high spin system with S = 3/2, as shown by EPR.
Hence, large SO coupling effects related to Co>* ions are expected, which may contribute
significantly to the total paramagnetic shift, especially the PCS due to the likely large ZFS
interaction. Even though UV-vis-NIR showed that the glass system is comprised by Co?*
ions with about 8% tetrahedral and 92% octahedral symmetries, non cubic environment can
be assumed owing to the expected lower symmetry of glasses compared to crystals [320].
Hence, this also supports the fact that both the Fermi-contact and PCS contributions are
important in the overall paramagnetic shift of the glasses [320].

The 3'P paramagnetic shifts on the glasses are expected to have most likely an impor-
tant contribution from the Fermi-contact. This may be the case for nuclei located within
the first and second coordination spheres of the Co?™T ion, it means relative short-range
pathways [320]. However, this depends on a favourable orbital overlap and accordingly
an appreciable transfer of electronic spin density from the Co?* ion to phosphorus. That is
confirmed by the large 3!P paramagnetic shifts reported for LiCoPQy, indicating a strong
orbital overlap, thus, the Fermi-contact interaction along the Co—O—P pathways [183]. The
magnitude and number of the individual short-range Co—O—P pathway contributions
depend on the symmetry of the P sites and coordination angles. The sign of the pathway
contribution is correlated to the latter and therefore difficult to predict. A positive contri-
bution indicates a dominance of the delocalization spin-transfer mechanism, whereas, a
negative one indicates a dominance of the polarization mechanism. Generally, it is likely
that both mechanisms are active, being the case for LiCoPO;, [183].

As can be seen in Fig. 6.2a and Table 6.2, the Ji5, from the Q? and Q! moieties remain
invariant within the experimental errors. Owing to the low symmetry nature of the glasses,
it is expected that the number of Co—O—P pathways is substantially larger than for LiCoPOy4
and proportional to the broad range of P sites (Fig. 6.2b). Even though, it may be likely to
have positive and negative signs of the electron-spin transfer for each pathway contribution;
it may be rather unlikely to have a levelling off of the sign for all pathways contributions
thorough the glass series. Accordingly, the overall paramagnetic shifts involving the Fermi-
contact interaction may be sufficiently large to lie outside the spectral window, making them
not observable. In fact the reported &, of the Q° group for LiCoPOy is 2756 ppm [183],
whereas the experimental spectral window used herein was from 300 to -300 ppm.
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Both the non perfect cubic symmetry expected in a glass system and the large magnetic
anisotropy of the Co?" ion may lead to a non negligible PCS contribution. Thus, PCS or
spin-dipolar interactions are expected from both intermolecular and intramolecular long-
range pathways. Such long-range pathway contributions are counted further away than
the five nearest-neighbour interactions, thus Co?* ions at larger distances than the second
coordination sphere [320]. As discussed above, the P sites (Q! and Q?) are non equivalent
in the glasses but rather split into a broad range of distinct sub-sites, which subsequently
involve broad peaks associated to the paramagnetic shifts. Hence, a broad range of PCS
contributions proportional to the corresponding range of P sites, would be expected for
the glasses. That may be extrapolated to the larger linewidth of the Q? compared to the Q'
peaks (Fig. 6.2b). For LiCoPOy, a non negligible PCS contribution on the overall “Li and 3'P
paramagnetic shift was reported [183]. Accordingly, herein the overall paramagnetic shifts
involving the PCS interaction most likely lie outside the spectral window, as discussed for

the Fermi-contact interaction.

Regarding the effect of the temperature on the paramagnetic shift, it is related to a coupled
cluster of paramagnetic ions. Accordingly, the shifts may increase or decrease with tempera-
ture in correspondence with antiferromagnetic and ferromagnetic coupling, respectively.
Both effects are due to ordering of the electronic spin states at low temperatures, which may
lead subsequently to an increase or decrease of the magnetic moment [183]. In general, as
the temperature increases it is expected that the paramagnetic shifts converge to the main
peak [320]. The temperature dependence of the paramagnetic shifts on the glass system was
not investigated. Nevertheless, it may be unlikely that all magnetic exchange interactions
between the paramagnetic centres may not persist up to room temperature, at which the
spectra were recorded.

6.4.3 Paramagnetic relaxation enhancement (PRE)

The motions associated to the phosphate polymers that comprise the glasses are expected to
start at their glass transition temperature. However, the spectra of the glass system were
measured at room temperature, way below their glass transition temperatures. Therefore,
neither overall tumbling nor internal motional dynamics on the relevant timescale can
account for the mechanism of electronic relaxation, as it is the case for liquids. In solids such
as glasses, phonons have been suggested as a likely mechanism for electronic against nuclear
relaxation. For metal ions with non-zero SO coupling such as Co?, the interaction of such
metal with the lattice may be mediated phonons. In fact, three main mechanisms have
been suggested for the electronic relaxation. (1) Phonons matching the electronic Zeeman
interaction, only important at low temperatures (~ 10 K). (2) The Raman effect, where the
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energy difference between two phonons should match the electronic spin transition energy
and (3) the Orbach process [183].

T; values of glasses depend strongly on their preparation technique, i.e. solid or liquid-state
syntheses, casting, etc [325]. As can be seen in Table 6.2, the diamagnetic glass (Co0) exhibits
a relatively long T; value, 25.80 s. Nevertheless in the present thesis, significantly larger T}
values (~ 800 s) have been measured for other alike diamagnetic glass systems, discussed on
other chapters, as can be seen in Table 3.3. One reason may lie on the more restricted motions
of rigid diamagnetic systems, such as vibrations, which are a less efficient source of nuclear
relaxation as compared to more mobile systems [183]. Conversely, in paramagnetic glasses
there is a substantial reduction of T; values, which is proportional to the concentration of
paramagnetic centres, i.e. T1 = 0.6743 s for Co5 (Table 6.2). For instance, owing to signal loss
it was not possible to determine the T; value for Col0. Hence, the paramagnetic relaxation
enhancement (PRE) was efficient. Despite the rigid nature of the glasses, the vibration
motion is still an efficient source of electronic relaxation related to the paramagnetic centres,
which subsequently induces nuclei relaxation [183]. Hence, Co®>* ions open new pathways
for nuclear spin relaxation, which allows rapid acquisition by reducing the recycle time [183,
186].

The Solomon-Bloembergen—Morgan relaxation mechanism is expected to work in rigid
systems, such as glasses, in an analogous way as in solution. It is the principal mechanisms
of nuclear relaxation and includes: (1) the spin-dipolar hyperfine interaction called the
Solomon mechanism, and (2) the Fermi-contact interaction called Bloembergen mechanism
[183]. On the other hand, d-block transition metal ions with large SO couplings result
in fast electronic relaxation, i.e. Co** (S=3/2, 1 — 10 ps) [183]. The Curie mechanism
dominates for such systems, namely for paramagnetic centres with fast correlation and
electronic fluctuation times (< 107! s) [183]. Nevertheless, the Curie mechanism may only
take place in solids, providing that slow internal motions still take place. That is not the case
for glasses owing to their motionless nature below the transition temperature, as discussed
above. Hence, the contribution of the Curie relaxation to the linewidths and their coherence
lifetimes may be negligible in glasses. Accordingly, PRE caused by Co?* in the glasses is not
expected to decrease the magnetization transfers, conversely as for solutions [185].

6.4.4 Homogeneity approach

An empirical function to assess the homogeneity of paramagnetic ion distribution in a
diamagnetic host was used, fysipre = exp(—k1 rgxco) [207]. The model assumes that the per-
turbed nuclei by the paramagnetic effects are located inside a radial sphere (rg) of influence
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Fig. 6.3: The visible fraction of 3!P nuclei (fy;sit1.) from quantitative single pulse 3!P solid-
state MAS NMR for 45P,05—(30—x)CaO—25Na;O—xCoO (x: 0 to 10 mol%) glasses,
calculated according to the statistical distribution model based on the fitted function
foisivle = exp(—klrgxco) plotted against the Co?>" doping mole fraction x¢, in the log scale
[207]. Two functions were used by fitting with the peaks Q? (red) and Q! (black) with
k1 =0.0405 = 0.0009 and k1 = 0.0537 £ 0.0018, respectively. The determined wipe-out radii
ro are 1.89 + 0.04 and 1.64 + 0.05 A for Q2 and Q', respectively.

of the paramagnetic ion, in this case Co?* (Fig. 6.4). Such nuclei are non-observable by
assuming that the paramagnetic shift is large enough to shift the resonance outside the
spectral window. The approach involves quantitative single-pulse 3'P MAS-NMR to obtain
the distribution of Co?" in the diamagnetic glass, 45P,05—30CaO—25Na,O. The expected
peak areas of the 3!P nuclei that are outside the sphere of Co*" ions were obtained by
simulating the spectra, where the position and width of the peaks were constrained to the
values of the diamagnetic glass [320]. Thus, the relative areas of the unshifted resonances,
relative to the diamagnetic glass, as a function of the Co?" content are used to assess its
random distribution [207].

As can be seen in Figs. 6.2a and 6.2b, the 3!P solid-state MAS NMR spectra of the glass
series show a monotonous decay of the signal intensity with concomitant broadening of the
resonance as a function of the Co>" content. In the present work, the fraction of unperturbed
3P nuclei determined from the NMR signal followed the curve correlating the empirical
fitting function (fy;sip1.) and the mole fraction of the paramagnetic centre (x¢,) in the log
scale [207]. That relationship shows a simple behaviour following a monotonous decay, as
can be seen in Fig. 6.3. Two functions were used by fitting with the peaks Q* and Q!, whose
titting parameters are ky = 0.0405 £ 0.0009 and 0.0537 £ 0.0018, respectively. Accordingly as
can be seen in Fig. 6.4, the determined wipe-out radii o are 1.89 4 0.04 and 1.64 +0.05 A
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for Q% and Q!, respectively.

Interestingly, in the last chapter it has been suggested that 'V1Co?* may link preferentially to
Q! sites in the glasses, owing to the higher basicity of Q' compared with Q? sites. That may
be correlated with the slightly smaller wipe-out radius (ro) for Q! sites, by taking into account
the ionic radii of high spin Co?*, namely VICo?* < [VICo%* [306]. Additionally, the theoreti-
cal effective magnetic moment for high spin Co?" is 5.2, us 1 = v/45(S + 1) + L(L + 1), with
S =3/2 and L = 3. However, owing to significant quenching of orbital angular momentum in

tetrahedral compared to octahedral complexes, . rr may be lower for the former ones [319].
Hence, herein the wipe-out radii (r9) obtained by fitting the peaks Q! and Q? are associated
with VICo?* and VICo?+, respectively.

The wipe-out radii (7o) for [VICo?* and 'VICo?* are rather small compared to the reported
one for Eu?" ions, 17 A [207]. Lanthanide ions are in the "weak crystal-field limit", where
the SO coupling is much stronger than the crystal-field interaction. Thus, in non-cubic
systems the ZFS is generally expected to dominate [183]. Owing to the half-filled f shell of
Eu?" (4f7) with spin S =7/2, the SO coupling is effectively zero and subsequently the PCS
contribution is likewise zero. Conversely, the Fermi-contact shifts are expected to be large
for Eu?* ions [183]. On the other hand, high spin Co?* with S = 3/2 is expected to undertake
substantially smaller Fermi-contact shifts in comparison with Eu?>" ions. Additionally, PCSs
are also expected for Co?* owing to the and large SO couplings despite the tetrahedral
and octahedral symmetries of Co?" in the glasses. That is related to the non perfect cubic
symmetries expected in glasses owing to their amorphous nature.

As mentioned above, the calculated r( values for the tetrahedral and octahedral symmetries
may be too small (Figs. 6.3 and 6.4). By taking into account the potential magnitude of
the Co—O—P pathway distances, the threshold of the calculated ry values may not reach
even the short-range pathways. Thereby, the ionic radii, high-spin [VICo?* = 0.745 A and
[ViCo?*+ = 0.58 A [306], are a hint about the potential pathway distances. On the other hand,
the model assumes that at extremely low paramagnetic concentration, the spheres would
not overlap with each other [207]. Thus clustering is a matter of statistical probability which
may be noticeable on the NMR spectra at relatively high content of paramagnetic centres.
In that sense, multiple interactions caused either by clustering or saturation with paramag-
netic centres may cancel each other. Unpaired electrons from clusters exchange magnetic
interactions via coupling, which may result in temperature-dependent ferromagnetic or
antiferromagnetic behaviour [183].

A levelling off between Co?" interactions owing to clustering may be a reason for the
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Fig. 6.4: Schematic of the calculated radial spheres of influence 7 of the paramagnetic ion
Co?T with (a) octahedral and (b) tetrahedral symmetries in the glass series. According to
the model, the NMR resonances are assumed to become non observable for the 3'P nuclei
located inside the wipe-out radius rq [207].

small wipe-out radii ro of the two symmetries of Co?" in the glasses (Fig. 6.4). A strong
indication of clustering may be the non disappearance of the NMR signal even for concen-
trations of Co%™ as high as 10 mol% , Co10, as can be seen in Fig. 6.2a. That may be further
confirmed by Fig. 6.3, which shows a mild decay of the curve relating the empirical function
foisivle against xc, in comparison with the curve published for Eu?t [207]. Hence, it is a
good indication that the Co?* ions are not randomly distributed in the angstrom scale but
rather heterogeneity may occur as a result of clustering in the glasses.

On the other hand, Co?" in non-cubic environments may undertake a ZFS interaction
which is proportional to the spin-spin and SO interactions. The ZFS is analogous to the
nuclear quadrupole interaction and hence presents a radial dependence [183]. Accordingly,
the radial sphere model [207] may not apply for Co?" ions even in tetrahedral and octahedral
symmetries owing to the distortion of such environments in non-crystalline solids. Never-
theless, it may still provide a hint about the distribution of Co?* ions in the diamagnetic
host glass, 45P,05 — 30CaO—25Na;O. In this case, clustering instead of random distribution
has been suggested at high concentrations of Co** ions.

An open question still remains regarding the constant nature of the wipe-out radius. It has
been published that the wipe-out radius of Eu’* may be a constant value independently of
the lattice. Accordingly, the cation distribution may be potentially assessed from interpo-
lation on the published curve involving the empirical fitting function [207]. However, by
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Fig. 6.5: Liquid 3P NMR spectra of the leachate solutions for the glass series
45P;05—(30—x)Ca0O—25Na,O—xCoO (x: 0 to 5 mol%), recorded at 37 °C in Tris buffer
0.0250 M (pHp 7.4 = 0.1). (a) The 31p 5,,, are assigned for all phosphate species in solution,
thus Q°, Q' and Q? moieties. (b) Spectra shown only on the 31P 6ic0 range of the Q? moieties.

taking into account the discussion regarding the paramagnetic shifts, through-bond and
through space. The invariance of the the wipe-out radius (rp) seems quite unlikely since the
shifts depend strongly on the pathway geometries, which are particular of the lattice [183].

6.5 Paramagnetic effects on liquid *'P NMR

6.5.1 Linewidth

The linewidth of the liquid NMR spectra involves both fluctuations of the local field and
the distribution of Larmor frequencies. Thereby, the linewidth is given by a combination of
PRE and the inhomogeneous broadening owing to the non-spherical shape of the sample
container [183]. For paramagnetic ions with rapid electronic relaxation such as Co?", the
transverse PRE contributes to the broadening. As can be seen in Figs. 6.5a and 6.5b, the
Co?* causes severe broadening of all peaks (Q?, Q' and Q°) of the spectra. From the
spectra is obvious that the broadening of the resonances is proportional to the CoO content,
as expected. Accordingly, it indicates that the 3!P nuclei are located in the immediate
environment of the Co®* ions. As a result, at high concentration of paramagnetic centres the
NMR signal may turn non observable. That is in fact the case for the Q! and Q° peaks of the
glass with 5 mol% of Co?* (Co5). Thereby, the Q? peak is still slightly observable as shown
in Figs. 6.5a and 6.5b.



6.5 Paramagnetic effects on liquid >'P NMR 102

6.5.2 Paramagnetic shift

The hyperfine coupling constant related to the Fermi-contact interaction is proportional
to the electron density transferred to the nucleus of the ligands [183]. The contact shift is
expected to attenuate after five bonds, thus the second coordination sphere, Co?t—O-P.
Therefore, this contribution is restricted to 3P nuclei coordinated around the Co?" ions.
The Fermi-contact interactions should be important, even though the PCS contributions
may be predominant in Co>™ complexes [319]. Hence, for long phosphate chains in solution
it would be expected that the paramagnetic shift is composed significantly by the the
dipolar interaction , PCS (5 — 30 A) [183, 319]. This would imply that electron delocalization
around the 3!P nuclei may not be extensive, but rather the electrons reside substantially as
point dipoles at the metal centre [319]. That is the reason for the utility of high spin Co?**
complexes associated to the PCS interaction, which depends strongly on the geometry and
thus provides a long-range structural information [319]. However, independently of the
origin of the paramagnetic shifts, they are expected in the glasses to be sufficiently large to
shift the peaks outside of the spectral window, rending them non-observable. Hence, the
slight shifts observed in Fig 6.5b of the Q? species for Co2 and Cob are related to potential
variations of the field during spectra acquisition, rather than paramagnetic shifts.

6.5.3 Paramagnetic relaxation enhancement (PRE)

The presence of paramagnetic ions, such as Co*", attached to a phosphate fragment influ-
ences T; and T, values of the 3'P NMR signal. Such effects is expected to be substantially
larger than that caused by diamagnetic sodium and calcium ions. Thereby, T; is always
shorter than T}, either because the former time reflects the Fermi-contact contribution in the
limit of fast exchange or because it is influenced by the ligand residence time [326]. Hence,
the binding of phosphate fragments to the paramagnetic Co?>" to form the corresponding
Co-phosphate complexes can be monitored by the enhancement in 3P NMR relaxation rates.
The PRE can be obtained by subtracting the relaxation times between the paramagnetic
Co-phosphate and the diamagnetic phosphate complexes in solution [327]. In the present
work the PREs were not determined but this will be the subject of a future study.

The Curie contribution dominates for paramagnetic metals with relaxation times sub-
stantially shorter than the reorientation times [183]. Therefore, the PREs dominated by
Curie mechanism is useful to obtain structural information of macromolecules such as
metalloproteins [319, 326]. The Curie relaxation may be interpreted as a consequence of
hyperfine interaction associated to stochaistic modulation, it affects T and leads to severe
line broadening [183]. Therefore, for Co?* the Curie relaxation is important in the range
3 — 10 A [185]. On the other hand, the Solomon-Bloembergen-Morgan mechanism involves
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the spin-dipolar hyperfine and the Fermi-contact interactions known as the Solomon and
Bloembergen mechanisms, respectively [183]. This mechanism becomes important for high
external magnetic fields and fast molecular dynamics. Herein both conditions apply for
the relaxation of the 3'P nuclei, thus the high magnetic field By = 9.4 T and the fast motion
owing to the relative small size of the phosphate fragments in solution.

The principal mechanisms of electronic relaxation are modulation of the transient, ZFS
and phonons [183]. For metal ions such as Co?t with spin S > 1/2, the electronic relaxation
is mainly due to its considerable ZFS and corresponding strong SO couplings, being both
inversely proportional to the symmetry [183, 319]. Hence, rapid relaxation times are an
indication of low symmetry. Owing to the presence of different potential ligands in solu-
tion (HyO, Tris, EDTA), high-spin Co?" ions are expected to undertake different distorted
octahedral symmetries [319]. As can be seen in scheme 6.1, the complexes between a metal
ion (M"+ = Co?") and a phosphate fragment (P3,,,) may undertake different denticities (bi-,
tri-, tetradentate), and accordingly different conformations. Therefore, the examination of
paramagnetic effects such as PREs on the 'P nuclei offers a logical alternative to probe the
conformational structures and dynamics of Co>" —phosphate complexes in solution.

6.6 Cobalt-phosphate complexes in solution

In aqueous solutions phosphate fragments and other potential ligands (L: Tris) bind to metal
cations such as Co**, replacing a given number of water molecules, kH,O (Scheme 6.1). In
this case an appreciable change in the 'H NMR relaxation of the bulk water is expected,
since coordinated water molecules are exchangeable with Co?" [326]. Complexes that react
quickly are known as labile such as [Co(OH,)6]?", and their lifetimes are of the order of ns
which is the time for diffusion of a molecular diameter [90]. Hence it may be worth it to
explore PREs on 'H nuclei in a future work. Regarding the nature of the cations, they are less
labile as the radius decreases, namely Co?>" < Ca?" < Na™, owing to the larger M—L bond
strengths. Additionally, for the same reason it is sterically difficult for incoming ligands to
approach the metal cation (M) closely. Therefore, the aqua complexes of the s-block ions
i.e. Nat and Ca®" ions are very labile. It means that in non-saturated solutions all leachate
cations from the glass system (Co?", Ca?", Na'), are complexed to ligands with higher
basicity than water, i.e. Tris < phosphate species < EDTA [1]. As can be seen in Scheme 6.11,
it would be expected that in the leachate solutions buffered with Tris, the equilibrium would
be favoured towards the formation of complexes between M"* and phosphate fragments in
a polydentate fashion [234]. That is also related to the additional stability from the ligands
i.e. LFSE and chelate effects [90].
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Scheme 6.1: Formation of a complex between a metal cation (M"*: Na™, Ca?>*, Co?*) and
trimetaphosphate (P3p,), and an additional ligand (L: H,O, Tris, EDTA) depending on the
coordination number of M"* and steric effects. The metal cation (M"™) acts as a catalyst of
hydrolysis, which by complexing with phosphate groups increases the electrophilic character
of B, 67, favouring nucleophilic attack by water [1]. (I) Favoured formation of M(L)(P3p)
with L: H,O, Tris and P3,, coordinated in a tridentate manner as a chair conformation.
(IT) Non-favoured formation of M(L)(P3.,) with L: H,O, EDTA and Pj,, coordinated in a
bidentate manner as a boat conformation.

QZ
P3m
-20.92 -21.19
chains
N
/ &
o o -20.01
231d 3.1 -4.70 |
16 d oy ( M__

. | o Y
—
1r d 4 > L"-"""""'~'-"---

-10 -20 -‘3(')

Fig. 6.6: Liquid 3!P NMR at 37 °C of the leachate solutions for Co5 in EDTA at pHy 10.0 +
0.1, from 3 to 231 days. The polymerization of the phosphate species in solution, namely Q°,
Q! and Q? from chains and rings (P3,) is highlighted on the spectra.

In Scheme 6.11, the formation of the M(Tris)(P3,) complex is depicted and aims to ex-
plain the 31p NMR spectra of leachate solutions for the glass series in Tris buffer (Fig. 6.5).
From Fig. 6.5b is evident the decrease of the P3y,, peak intensity as a function of the Co?*
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Scheme 6.2: Displacement reaction in which the trimetaphosphate (P3y,) ligand is driven
out of the Co(EDTA)(P3p,) complex leaving P53, as a free anion and the stable Co(EDTA)
complex.

owing to the PRE and paramagnetic shift. It confirms the direct binding of Co*" to the P3p,
ring, most likely in chair conformation. As shown in Fig. 6.5a, the peak broadening, as an
indication of the direct coordination of the phosphate fragments to the paramagnetic Co?*,
is observed for all the resonances, namely Q°% Q! and Q? moieties.

The results confirm the ones reached indirectly through the analysis of the time-dependent
3P NMR spectra of leachate solutions in Tris buffer in analogous diamagnetic glasses [1].
Thereby, the catalytic role of the metal cations in the hydrolysis were proved by the increase
of the Q° resonance at expenses of the Q! and Q? ones. Owing to the high stabilization
by chelate effects, it is expected that the equilibrium would be non-favoured towards the
formation of complexes between M(EDTA)(H,O), and phosphate fragments. Accordingly,
the formation of the M(EDTA)(P3y,) complex is depicted in Scheme 6.111, which explains
the 3P NMR spectra (Fig. 6.6) of leachate solutions for the glass series in EDTA buffer.
From Fig. 6.6 is evident that the intensities of the Q! and Q? peaks remain steady even
after 231 days, no precipitation took place in EDTA solution along time. Even though this
is an indication of substantially low rates of hydrolysis, it still takes place as it is obvious
from the appearance and evolution of the Q° peak. The suggested mechanism of hydrolysis
is catalysed by metal cations [1], thus, the paramagnetic effects of Co?" on the >'P peaks
may be expected. Nevertheless that is not the case in EDTA solutions, which is expected
owing to the high stabilities of M(EDTA) complexes, associated to LFSE and chelate ef-
fects. The only remarkable difference of the spectra in EDTA, related to the ones in Tris, is
the splitting of the P, resonance (Aé ~ 0.2 ppm) to lower field into a sharper peak with
stable position (6 = —21.00 £ 0.02 ppm), whose intensity tends to increase with time (Fig. 6.6).

Scheme 6.2 shows a reaction that intends to explain the Pz, peak splitting, in which both
EDTA and P3y, are initially coordinated to Co?" in a tetra- and bidentate fashion, respectively.
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That corresponds to the second bifurcation at high field of the P, resonance (—21.22 + 0.02
ppm) of the Co(EDTA)( P3p,) complex, assignment based on the broadening correlated to
the paramagnetic effects. Additionally, the boat conformation is suggested owing to the
slight shift of the broad bifurcation to higher field (—21.08 &= 0.02 ppm), of the P3y, in EDTA
compared to Tris. Even though it may be expected that from the beginning the most stable
complex Co(EDTA) may exist in solution, seemingly the coordination of the phosphate
fragments to Co>* occurs, potentially nearby the glass surface and at early time periods.

On the other hand, the slow increase in intensity of the sharp bifurcation of the Pz, peak
implies a high activation energy of ligand displacement of EDTA for P3,,, owing to the
steric repulsion associated to bulky ligands such as Pz, [90]. Hence, the Co(EDTA)(P3yy,)
complex may be non labile, which is translated into low rates of reaction. The existence of
the free P3,, anion in EDTA solution, as dissociation product of the Co(EDTA)(P3p,) complex,
is supported by the sharp resonance with fixed position, independently of time and glass
composition. Additionally, the sharp feature of the resonance may indicate that the free P3p,
anion undergoes fast dynamic conformational changes in the NMR timescale.



Chapter 7

Structural characterization of bioactive glasses by solid-state
NMR
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Fig.7.1: 1B golid-state MAS NMR spectrum of a Borate-based 4555 bioactive glass, 4555-25B.
Schematic of the bioactive glass reaction in body fluid: (1) Selective leaching of Nat and
Ca’" ions at early stages. (2) Break-up of the silicate network and subsequent condensation
of silanols to form a silica gel layer. (3) Migration of Ca?* and POZ_ to the interface to form
amorphous HA. (4) Crystallisation of HA to form new bone [15, 328].

7.1 Introduction

The current state of the art of solid-state MAS NMR involves increasingly sophisticated
computational methods and has provided invaluable structural information about bioactive
glasses. 4555-based glasses are predominantly comprised of Q2; species with eventual pres-
ence of Qéi, Qgi and Q‘éi unresolved fractions, not accessible by deconvolution of 295i MAS
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NMR spectra [329]. P,Os in 4555 attracts network modifiers, as shown by 31p MAS NMR,
where a single resonance assigned as orthophosphate species QY appears, whose asymmet-
ric features did not exclude minor amounts of Q}, in the form of P—-O—P or P—O—Si species
[329], which were not detected by 17O MQMAS NMR [330]. Conversely, in a sodium-free
45S5-based glass, P—O—P species were excluded by using a J-based experiment (*'P refo-
cused INADEQUATE), whereas the presence of P—O—Si species in 2°Si-enriched samples
was proved by 3P {?Si} REDOR [331].

Nearly statistical intermixing of spatial distribution of phosphate species was concluded
from DQ 3'P MAS NMR and MD simulations on bioactive phosphosilicate glasses with NC
~ 2.11 [332]. Conversely, aggregates of 5 — 6 phosphate units were deduced from 3'P MQ
NMR experiments on a sodium free bioglass [331]. Regarding preferential bonding, a set of
bioactive glasses including 4555, where the Ca/Na ratio was varied, was probed by MD
simulations together with 23Na {S} REDOR and {S} Na REAPDOR, with S = {¥’Si, 31P}.
This indicated a random distribution with either phosphate or silicate species. However, an
eventual preference of Ca?* for the most negative QY, Qéi and Q%i species, was not excluded
[333]. On the other hand, some degree of selectivity between Na!™/Q} and Ca?*/Q} for
particular P,Os contents was suggested from 3'P MAS NMR analysis [334]. However, it
seems the subject has not been unambiguously explained yet.

Since until now there are still open questions regarding the interlinking between (a) Si-
O-B™) /B (b) B-O-B™) /B (¢) P-O-BMV) /B, P-O-Si (BD as ring and non ring) (d)
the spacial distribution of phosphate species and (e) Ca/Na in the ternary-former system at
compositions relevant for bioactive glasses; and this type of information concerns connec-
tivity, which can be addressed by NMR through REDOR and REAPDOR as self verifiable
experiments, homonuclear dipole-dipole interactions, DQ-NMR, and J-based experiments
[329]. The aim of the present chapter was to undertake a preliminary structural investigation
by solid-state NMR, in order to perform future advance solid-state NMR studies on se-
lected 4555-based systems to establish structural relationships with solubility and bioactivity
trends.

7.2 45S5-based glasses with variable borate content

45S5 is the standard Bioglass® [14], however it has critical drawbacks such as a narrow
processing window, which restrains the manufacturing of porous scaffolds by sintering. As
a consequence the material poorly meets the mechanical properties of the original tissue.
Boron-containing bioglasses have drawn attention recently, since by introducing B,O3 at ex-
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penses of SiO,, the mentioned drawbacks smooth out to a big extent, while holding or even
increasing bioactivity [9]. In this regard, the boron content increases both the processing
window and the degradation rate, , which leads to a fully transformation into HA [335-337].
Thereby, the rates of the dissolution processes are tunable by adjusting the B,O3/SiO; ratio
[20]. Currently, scientific work has also addressed biological responses of borate-based
bioactive glasses such as: inhibition of cell proliferation at high concentrations of B,O3 [335],
biocompatibility and enhancement of bone formation in rats [338], healing capacity of soft
tissue wounds by ionic dissolution products [337] and stimulation of angiogenesis in vivo
[339], among others.

Structural approaches concerning degradable borate-based 4555 glasses are highly desirable
to enable the design of bioactive glasses with an improved high-temperature processing win-
dow. In the frame of a collaborative work [215], 3P, 2Si and !B solid-state MAS NMR were
combined to investigate the system 24.4Na;O—26.9CaO—xB;O03—(46.1—x)SiO, —2.6P,05
with 0 < x < 6.1 mol% (Table 7.1) in an attempt to get insights into the structure of such
glasses.

Table 7.1: Nominal composition of 4555-based glasses with variable borate content (mol%).

Glass 3203 NaZO CaO P205 SiOQ
4555-25B 6.1 25.8 28.6 2.8 36.7
4555-20B 4.8 25.5 28.2 27 38.7
4555-15B 3.6 25.2 27.9 27 40.6
4555-10B 24 249 27.6 2.7 42.5
4555-1B 0.2 244 27.0 2.6 45.8
45S5 0 244 26.9 2.6 46.1

7.2.1 Solid-state MAS NMR
3lp MAS NMR

According to solid-state 3'P MAS NMR, the system containing 2.6 mol% of P,Os was
composed mainly by orthophosphate QY with a minor presence of pyrophosphate Q}
tetrahedra (Fig. 7.2), corresponding the latter either to P—O—Si or P—O—B species [331,
340, 341]. The isotropic chemical shift for 4555 was 582 = 8.7 ppm, the slight shift to higher
frequencies with increasing boron content (~ 0.4 ppm) can be accounted as a deshielding
effect of sodium relative to calcium (Table 7.2). That would be expected, owing to the higher

field strength (Z /1?) of calcium compared with sodium.
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Table 7.2: Isotropic (Jiso), at peak maximum (dmax) chemical shifts (£ 0.2 ppm) and relative
areas of Q}} phosphate, Si'V silicate (tetrahedral) and B, Bl borate (trigonal, tetrahedral
coordinations) species; determined from deconvolution [216] of quantitative single-pulse
MAS NMR spectra.

0 1 IV 111 IV
B,Os Qb Qp Si B B
mol%  Giso (PPM)  Giso (PPM) A (%)  Smax (ppm) i, (ppm) G (ppm)  biso (ppm) A (%)
6.1 8.7 0.4 1.6 78.5 18.8 19.3 0.1 17.8
48 8.5 0.4 3.6 - 18.9 19.1 0.3 13.6
36 8.5 0.4 2.8 - 19.0 18.8 0.5 13.3
24 8.5 0.4 32 79.1 18.7 19.0 0.8 11.7
0.2 8.5 0.4 40 79.6 14.7 18.6 1.2 7.7
0 8.4 0.4 5.6 79.7 - - - -
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Fig. 7.2: Quantitative solid-state 3'P MAS NMR spectra of the glass series
24.4Na0—-26.9Ca0O—xBy;O03—(46.1—x)Si0,—2.6P;05 with 0 < x < 6.1 mol% in (black),
best-fit (blue) and the difference curve (black) beneath each NMR spectrum. For the decon-
volution [216] into two Gaussian lines corresponding to QY and Q! (red, relative areas in %)
groups, the spinning sidebands were taken into account.

296§ MAS NMR

As can be seen in Fig. 7.3, solid-state 2°Si MAS NMR spectra showed only one broad
resonance ranging from -65 to -100 ppm which corresponds to four-coordinated Si—O sites.
The #Si lineshape was fitted into three Gaussian peaks consisting of a dominant QZ, merged
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with Qéi and Qgi groups [340, 342]. Only a weak but clear decrease in shielding (~ 1.2 ppm)
from x =0 to x =6.1 mol% was observed (Table 7.2), which can be explained by Si—O—B
replacing Si—O—Si species.

Q' Q? Q°
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6.1
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Fig. 7.3: Quantitative solid-state 2°Si MAS NMR spectra of the glass series
24.4Na,0—26.9Ca0O—xB,O3—(46.1—x)Si0,—2.6P,05 with 0 < x < 6.1 mol% in (black),
best-fit (blue) and the difference curve (black) beneath each NMR spectrum. The experi-
mental spectra are comprised of a single resonance corresponding to tetrahedral Si—O sites.
4555 (B,O3: 0.0 mol%) was deconvoluted [216] into three Gaussian lines: Qéi, Q%i and Qgi ;
where the positions and relative areas were constrained based on [342].

| AN
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1B MAS NMR

As can be seen in Fig. 7.4, solid-state !'B MAS NMR revealed that the glasses are comprised
by BO3 and BO, moieties. The peak assigned as B! was deconvoluted into two 2nd order
quadrupolar lines corresponding to ring and non-ring trigonal borate species. The spectra
exhibited progressive decrease of the BO3/BOj ratio at growing boron-content with concomi-
tant deshielding of both resonances (Table 7.2). This suggests two coexistent environments,
a B-rich and a Si-rich one formed by a network of BO; entities and a network of BIY —O—Si
species, respectively. Therefore, at increasing content of boron a depolymerization of BO3
into BO4 may occur as well as a reduction of the number of Si—neighbours in the BIY —O—Si
species.

Connectivity between BO3;—SiOy4 preferred at expenses of BO4—SiO4 on a borosilicate
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Fig. 7.4: Quantitative solid-state !B MAS NMR spectra (black). The spectrum with B,O3:
6.1 mol% was deconvoluted [216] into one Gaussian line for tetrahedral borate BV (relative
area in %) and into two 2nd order quadrupolar lines for the resonance (écg, centre of gravity
shifts) corresponding to trigonal borate Bl (ring and non-ring); best-fit (blue) and the
difference curve (black) beneath the spectrum.

system has been controversial [325] and opposite to results on bosilicate-bioactive glasses
[340]. On the other hand, #Si {1!B} double-resonance REAPDOR and CP heteronuclear cor-
relation (HETCOR) showed clear Si—O—B linkages, although no indication for the presence
of direct bonds between boroxol rings and the silicate network was found [343].

7.3 Mg/Zn-based 45S5 bioactive glasses

4555 Bioglass® [14] has a high trend to crystallisation which restricts the manufacture range
of the glass into fibres and porous scaffolds [9]. An strategy to overcome the small processing
window limitation is the incorporation of different ions into the 4555 matrix, including MgzJr
and Zn?" ions [344, 345]. These ions in turn may additionally play an active role in the
human bone by stimulating osteoblast proliferation [8, 55, 60, 61].

The aim of this preliminary study was to combine 3!P and solid-state 2°Si MAS NMR
to get insights concerning the structural role of Mg?* and Zn?* ions substituting Ca?* in the
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4555 glass network. The glasses were analysed in the frame of a collaborative work [214],
thus, 24.4Na,O—(26.9—x)CaO—xX0—46.1510, —2.6P,05 with 0 < x < 26.9 mol% and X: Zn
and Mg (Table 7.3).

Table 7.3: Nominal glass composition of Mg/Zn-based 4555 glasses (mol%).

Glass Na,O CaO P,0Os Si0; MgO ZnO
45S5 244 26.9 2.6 46.1 - -
4555-Mg100 244 - 2.6 46.1 26.9 -
4555-7Zn25 244 20.2 2.6 46.1 - 6.7
4555-7Zn50 24.4 13.5 2.6 46.1 - 13.5
4555-7Zn75 244 6.7 2.6 46.1 - 20.2
4555-Zn100 244 - 2.6 46.1 - 26.9

7.3.1 Solid-state MAS NMR

Table 7.4: Chemical shifts (£ 0.2 ppm) at peak maximum (émax) and the full width at half-
maximum (fwhm) of Qf phosphate and SilV silicate (tetrahedral) species; determined from
deconvolution [216] of quantitative single-pulse MAS NMR spectra.

0 IV

Glass Qv Si

dmax (ppm) fwhm (ppm) dmax (Ppm) fwhm (ppm)
45S5 8.2 7.52 +0.04 -79.7 13.6 £ 0.1
4555-Mg100 8.4 7.94 £+ 0.04 -80.4 14.31 4 0.07
4555-7Zn25 8.7 7.47 £+ 0.04 - -
4555-7n50 9.3 7.36 + 0.05 - -
4555-7n75 10.2 7.10 4+ 0.06 - -
4555-7Zn100 11.3 6.40 £+ 0.07 -80.3 16.8 = 0.1

3IP MAS NMR of Zn-based 45S5 glasses

According to solid-state 3P MAS NMR, Zn-based 45S5 glasses are comprised mainly by
orthophosphate QY with a minor presence of pyrophosphate Q} tetrahedra (Fig. 7.5), the
latter corresponding most likely to P—O—Si species [331, 340]. The Q3 chemical shift at peak
maximum for 4555 was dmax = 8.2 ppm. A shielding effect of zinc relative to calcium would
be expected owing to the higher field strength (Z/7?) of the former (Ionic radii: [VCa?* =
1A, WVizn2t = 0.6 A, V1Zn2t = 0.68 A, Vllzn?+ = 0.74 A) [306]. Nevertheless as can be
seen in Table 7.4, a steady shift of the Q9 peak to higher frequencies with increasing zinc
content occurs, ~ 3.1 ppm between the complete zinc-substituted (4555-Zn100) and 45S5
glasses. This may be accounted as a deshielding effect of sodium relative to calcium owing
to the higher field strength (Z/r?) of the latter, since the Ca-content decreases within the
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series. Hence, preferential bonding of Na™ into the phosphate network and accordingly
preferential bonding of Zn?* into the silicate network may occur with increasing content
of Zn?* substituting Ca>" ions. The hypothesis of enrichment of Na™ ions into the phosphate
network is further confirmed by the fwhm values (Table 7.4). The fwhm for the Q3 peaks
decreases with ZnO content, which translates into a narrower range of P environments,
i.e. bond lengths and angles, caused by the exclusion of Ca?* ions around the phosphate
network.

45S5-Zn100

45S5-Zn75

45S5-Mg100
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Fig. 7.5: Quantitative solid-state 3'P MAS NMR spectra of the glass series
24.4Nay0—(26.9—x)CaO—xX0—-46.1510,—-2.6P,05 with 0 < x < 26.9 mol% and X: Zn
and Mg.

3IP MAS NMR of Mg-based 45S5 glasses

According to solid-state 3'P MAS NMR, Mg-based 45S5 glasses are comprised mainly by
orthophosphate Q9 with a minor presence of pyrophosphate Qb tetrahedra (Fig. 7.5), the
latter corresponding most likely to P—O—Si species [331, 340]. As can be seen in Table
7.4, a negligible change in the QY shift (~ 0.2 ppm) between 4555 and 4555-Mg100 was
observed (Fig. 7.5). Nevertheless, a shielding effect of magnesium relative to calcium would
be expected owing to the higher field strength (Z/7?) of the former (Ionic radii: [VCa?* =1
A, WiMg?t =057 A, VIMg?t = 0.66 A, VMgt = 0.72 A) [306].

MD simulations and NMR on 45S5-based glasses have suggested that Na™ and Ca?* ions
coordinate preferentially with QY species [340, 346]. In case of preferential bonding of Mg*"
on the silicate network, a similar effect as observed for Zn-based 45S5 glasses would be

expected. Thus, an enrichment of Na™ coordinated to the orthophosphate species, leading
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to deshielding and narrowing of the QY peak, as described above. Conversely, only at low
substitution of Mg*" for Ca®" ions, a steady chemical shift and fwhm of the Q resonance
would be expected, owing to its small concentration (2.6 mol%). Nevertheless, as can be seen
in Table 7.4, even after complete substitution of Mg?* for Ca®* (4555-Mg100) a negligible
shift and fwhm increase (~ 0.42 ppm) of QY occurs.

Interestingly, similar results regarding the negligible shift and fwhm change of the QJ
peak have been observed on an analogous bioactive glass system. In which no statement
was made regarding the Ca/Mg distribution in the vicinity of the orthophosphate species
[344]. Contrarily to a different study on the substituting Mg?* for Ca?* on bioactive glasses,
which reported a substantial deshielding of the QY resonance, similar to the Zn-based 4555
glasses [345]. By taking into account that POZ* is a hard base, it binds preferentially and
stronger to hard acids, following the Pearson’s series [91]. Thus, within the periodic table
the hardness decreases vertically with increasing ionic radius, i.e. Mg?* > Ca?*; and hori-
zontally from left to right owing to both decreasing radius and increasing charge e.g. Mg?"
>Na™ [90]. Hence, it is obvious that the orthophosphate species should coordinate as well
with Mg?" ions.

According to the Oxygen Bonding Model, the first coordination sphere around oxygen
atoms must satisfy a total formal charge of -2 bond donation [46]. In order to balance NBOs
with a high residual negative charge, an increase in the bond donation through a rise in the
covalent character of M—O bonds would be necessary. This may explain the reduction in
the coordination number of M proportional to the basicity of the glass network [92, 295]. In
contrast, highly covalent P—O bonds would force M—O bonds to be more ionic, increasing
the coordination number [282]. Taking into account that the basicity is inversely proportional
to the chain length, a high proportion of Mg?* in tetrahedral symmetry may be expected for
pyrophosphate and orthophosphate species. Thereby, Mg?* in a 5-fold coordination may
account as an intermediate between tetrahedral and octahedral symmetries owing to the
high basicity of short phosphates.

This is confirmed by MD simulations in which the local environment of phosphate tetrahe-
dra of 45S5 based glasses is reported to be coordinated preferentially by 5-fold coordinated
Mg?" ions with a non negligible amount of 4-fold coordination. The polymerization of
phosphate species on Mg-based 4555 glasses, where Mg?™ substitutes Ca®*, is assumed to
remain constant. Hence the basicity of such should remain invariant within the series and
the ratio Mg?* 5-fold to 4-fold coordination around the phosphate species may likewise
remain constant. A hypothesis to explain the negligible shift of the QY resonance even
after complete substitution of Mg?* for Ca®", may be the compensation between opposite
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effects. Thus, on one hand the deshielding caused by enrichment of QY with Na™ ions and
on the other hand, the shielding expected by Mg?* likely in 5-fold and 4-fold symmetries
coordinated to the phosphate species.

45S5-Zn100

2
4555-Mg100 A

4535 QA @
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Fig. 7.6: Quantitative solid-state ?Si MAS NMR spectra of the glass series
24.4Na;O—(26.9—x)Ca0—xX0—46.1510,—-2.6P,05 with 0 < x < 26.9 mol% and X: Zn
and Mg. The experimental spectra are comprised of a single resonance corresponding to

tetrahedral Si—O sites. 4555 was deconvoluted [216] into three Gaussian lines: Qéi, Q%i and
Qgi ; where the positions and relative areas were constrained based on [342].

29Si MAS NMR of Zn-based 45S5 glasses

As can be seen in Fig. 7.6, solid-state 2Si MAS NMR spectra of Zn-based 45S5 glasses
showed only one broad resonance ranging from -65 to -100 ppm which corresponds to
four-coordinated Si—O sites. The ?°Si lineshape of 45S5 was fitted into three Gaussian
peaks consisting of a dominant Q%i merged with Qéi and Q%i groups [340, 342]. Taking into
account the solid-state 3'P MAS NMR findings, in which it was concluded that Zn?* exhibits
preferential bonding with the silicate rather than the phosphate network. A shielding effect
of zinc relative to calcium would be expected owing to the higher field strength (Z /r?) of
the former (Ionic radii: V1Ca?t =1 A, IVIzn?+ = 0.6 A, V1Zn2t = 0.68 A, VZn2t = 0.74 A)
[306]. Nevertheless as can be seen in Table 7.4, only a negligible change in shielding (~ 0.6
ppm) from 45S5 to 4555-Zn100 was observed. In contrast with the significant increase in the
fwhm of the 2°Si lineshape (~ 3.2 ppm) between the same glasses.

The basicity depends on the glass network polymerization and ultimately it determines the
coordination number of the cations, as mentioned above. The polymerization of the silicate
network on Zn-based 45S5 glasses, is assumed to remain constant by substituting Ca?" for
Zn?* jons. Hence, the basicity of such should remain invariant within the series and the
ratio between the potential symmetries of Zn?* (4, 5 and 6-fold) around the silicate species
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may likewise remain constant.

In order to balance NBOs with a high residual negative charge, an increase in the bond
donation through a rise in the covalent character of M—O bonds would be necessary. This
may explain the reduction in the coordination number of M proportional to the basicity of
the glass network [92, 295]. Thus, Q. species may be coordinated to 4-fold coordinated Zn*"
ions. In contrast, highly covalent Si—O bonds such as Q2 species would force M—O bonds
to be more ionic, increasing the symmetry into Zn?* 6-fold coordinated [282]. Regarding
the Q% species, the most likely symmetries may correspond to 5 and 6-fold coordinations.
This corresponds well with the fwhm of the 4555-Zn100 glass relative to 45S5 of the 2Si
resonance (Table 7.4), in which the increase in the chemical environments should be propor-
tional for each QY. site, assuming constant polymerization. Hence, by introducing Zn?™ into
the glasses the Qg; distribution should remain equal as for 45S5, as can be seen in Fig. 7.6.

2Si MAS NMR of Mg-based 45S5 glasses

As can be seen in Fig. 7.6, solid-state 2Si MAS NMR spectra of Mg-based 4555 glasses
showed only one broad resonance ranging from -65 to -100 ppm which corresponds to
four-coordinated Si—O sites. The 2Si lineshape of 4555 was fitted into three Gaussian peaks
consisting of a dominant Q2 merged with QZ; and Q2. groups [340, 342]. Taking into account
the solid-state 3P MAS NMR findings, in which it was concluded that Mg?" does not exhibit
preferential bonding. Thus, it most probably binds to both the phosphate and the silicate
network. As mentioned above, a shielding effect of magnesium relative to calcium would be
expected owing to the higher field strength (Z /r?) of the former (Ionic radii: [V1Ca?* =1 A,
[ViMg?* = 0.57 A, VIMg?* = 0.66 A, VIMg?* = 0.72 A) [306]. Nevertheless as can be seen in
Table 7.4, only a negligible change in shielding (~ 0.7 ppm) from 4555 to 4555-Mg100 was
observed.

The basicity depends on the glass network polymerization and ultimately it determines the
coordination number of the cations, as mentioned above. The polymerization of the silicate
network on Mg-based 4555 glasses is assumed to remain constant by substituting Ca?* for
Mngr ions. The silicate network connectivity (NCg; ~ 2.1) has been found to remain similar
to that of the 45S5 Bioglass® on Mg-45S5 glasses, which results from the unchanged number
of NBOs [347]. Hence, by introducing Mg?" into the glasses the Q% distribution should
remain equal as for 4555, as can be seen in Fig. 7.6. Accordingly, the basicity of such should
remain invariant within the series and the ratio between the potential symmetries of Mg?"
ions (4, 5 and 6-fold) around the silicate species may likewise remain constant.

In order to balance NBOs with a high residual negative charge, an increase in the bond
donation through a rise in the covalent character of M—O bonds would be necessary. This
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may explain the reduction in the coordination number of M proportional to the basicity
of the glass network [92, 295]. Highly covalent Si—O bonds would force M—O bonds to
be more ionic, thus increasing the symmetry into Mg?" 6-fold coordinated [282]. This is
confirmed by MD simulations in which it was concluded that the majority of the Mg-silicate
crystal phases exhibited a 6-fold coordinated Mg?* ion [347].

4555-Zn100 showed a substantial increase in the 2°Si fwhm (3.2 ppm), in contrast with
the slight increase in fwhm (~ 0.7 ppm) that displayed 4555-Mg100 relative to 4555 (Table
7.4). This is in agreement with a silicate network rich in a single symmetry of Mg?* ions,
namely 6-fold, rather than the whole potential symmetries (4, 5 and 6-fold). Conversely, the
significant increase in the chemical environments on the silicate network for 4555-Zn100,
may lie on the presence of multiple symmetries of Zn?" (4, 5 and 6-fold). These results
are in agreement with solid-state 3P MAS NMR of Mg-based 45S5 glasses, in which it
was suggested that Q% may be coordinated preferentially to Mg*™ with 5-fold and 4-fold
symmetries.

7.4 Mg/Sr-based S53P4 bioactive glasses

BonAlive® S53P4 is a clinically used glass, however the composition has still some draw-
backs such as an adverse crystallization and incomplete degradation in vivo [9]. An alter-
native to enhance the hot forming domain is the incorporation of ions such as Mg?* and
Sr?* into the S53P4 matrix [2, 314]. Regarding the dissolution behaviour, the substitution of
SiO, with B,O3 has been reported to improve the degradation rate and the transformation
of bioglasses into hydroxyapatite (HA) [335-337].

The aim of this study was to perform solid-state 3'P MAS NMR to get insights concerning
the structural role of Mg?" and Zn?" ions substituting Ca®" in the S53P4 glass network.
Thus, 47.12510,—6.73B,03—(21.77 — x — y)CaO—22.65Na,O—-1.72 P05 — xMgO—ySrO
with x,y=0,5,10 mol% (Table 7.5). The glasses were analysed in the frame of a collaborative
work already published about the development of new bioactive glasses [2].

Table 7.5: Nominal glass composition of Mg/Sr-based S53P4 glasses (mol%).

Glass B,O3 Na,O CaO P,Os SiO; MgO SrO
B12.5 6.73 22.66 21.77 1.72 47.12 - -
B12.5-Mg10 6.73 22.66 11.77 1.72 47.12 10 -
B12.5-Sr10 6.73 22.66 11.77 1.72 47.12 - 10

B12.5-Mg5-5r10 6.73 22.66 6.77 1.72 47.12 5 10




119 7.4 Mg /Sr-based S53P4 bioactive glasses

7.4.1 3P solid-state MAS NMR
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Fig. 7.7: Quantitative solid-state 3'P MAS NMR spectra of the glass series
47.125i0,—6.73B,03—(21.77 — x — y)CaO—22.65NayO—1.72P,05 — xMgO—ySrO with x,y =
0,5,10 mol%.

According to solid-state 3P MAS NMR, Mg/Sr-based S53P4 glasses containing 1.72
mol% of P,Os are comprised mainly by orthophosphate QY with a minor presence of py-
rophosphate Q}, tetrahedra (Fig. 7.7), the latter corresponding most likely to P—O—Si species
[331, 340]. As can be seen in Fig. 7.7, the isotropic chemical shift for B12.5 was 5182 =8.0
ppm and no change in the QY shift between B12.5, B12.5-Mg10 and B12.5-Sr10 was observed.
While only a slight shift to higher frequencies for B12.5-Mg5-5r10 (~ 0.4 ppm) occurred.
Nevertheless, a shielding effect of magnesium relative to calcium would be expected owing
to the higher field strength (Z /r?) of the former, whereas strontium would cause the opposite
effect (Tonic radii: V1Ca?t =1 A, IVIMg?* = 0.57 A, VIMg?* = 0.66 A, VIMg?* = 0.72 A,
VIlgr2+ = 1.18 A, VIlIge2+ = 1.21 A, VIlIgr2+ = 126 A) [306].

MD simulations and NMR on 45S5-based glasses have suggested that Na™ and Ca®* ions
coordinate preferentially with QY species [340, 346]. That was the hypothesis used to explain
the no shift of the QY resonance in the B12.5, B12.5-Mg10 and B12.5-5r10 glasses [2]. Never-
theless as discussed above, for 4555-based glasses containing 2.6 mol% of P,Os, a negligible
shift of QY occurred even after complete substitution of Mg?* for Ca?" (Table 7.4). Such
results were also observed on an analogous bioactive glass system [344]. Contrarily to a
different study on the substitution of Mg?* for Ca>* on bioactive glasses (P,Os: 1.07 mol%),
which reported a substantial deshielding of the QY resonance, similar to the Zn-based 4555
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glasses [345].

By taking into account that POZ* is a hard base, it binds preferentially and stronger to
hard acids, following the Pearson’s series [91]. Thus, within the periodic table the hardness
decreases vertically with increasing ionic radius, i.e. Mg?* > Ca®* > Sr?*; and horizontally
from left to right owing to both decreasing radius and increasing charge e.g. Mgt > Na™
[90]. Hence, it is obvious that the orthophosphate species should coordinate as well with
Mg?" ions. Whereas, that may not be necessarily the case for Sr>* ions. Hence, the preferen-
tial bonding of Na* and Ca?* with phosphate species to explain the no shift related to B12.5
of the QY resonance may apply only for the B12.5-5r10 glass (Table 7.5).

The basicity depends on the glass network polymerization and ultimately it determines
the coordination number of the cations, as mentioned above. The polymerization of the
glass network on Mg /Sr-based S53P4 glasses is assumed to remain constant by substituting
Ca®* for Mg?™ and Sr?" ions, which results from the unchanged number of NBOs. The
silicate network connectivity (NCg; ~ 2.1) has been found to remain similar to that of the
4555 Bioglass® on Mg-45S5 glasses, which results from the unchanged number of NBOs
[347]. Accordingly, the basicity of such should remain invariant within the series and the
ratio between the potential symmetries of Mg?* ions (4, 5 and 6-fold) around the phosphate
species may likewise remain constant.

According to the Oxygen Bonding Model, the first coordination sphere around oxygen
atoms must satisfy a total formal charge of +2 bond donation [46]. In order to balance NBOs
with a high residual negative charge, an increase in the bond donation through a rise in the
covalent character of M—O bonds would be necessary. This may explain the reduction in
the coordination number of M proportional to the basicity of the glass network [92, 295]. In
contrast, highly covalent P—O bonds would force M—O bonds to be more ionic, increasing
the coordination number [282].

Taking into account that the basicity is inversely proportional to the chain length, a high
proportion of Mg?* in tetrahedral symmetry may be expected for pyrophosphate and or-
thophosphate species. Thereby, Mg?* in 5-fold coordination may account as an intermediate
between tetrahedral and octahedral symmetries owing to the high basicity of short phos-
phates. As discussed above for the Mg-based 4555 glasses, the no shift of the qu resonance
of B12.5-Mg10 related to B12.5 may be addressed as the compensation between opposite
effects. Thus, on one hand the deshielding caused by enrichment of Na™ and on the other
hand, the shielding expected by Mg?* 5-fold to 4-fold coordinated to the phosphate species.
This under the assumption that the Sr** ions would bond with preference to the silicate
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network owing to their soft acid character.

As can be seen in Fig. 7.7, the slight shift to higher frequencies for B12.5-Mg5-5r10 re-
lated to B12.5 (~ 0.4 ppm) may be addressed as a deshielding of the Q3 resonance caused
by a relative enrichment with Na™ ions. This may be attributed to two effects. Firstly that
Mg?* and Ca®* ions already in a relative minor quantity (Table 7.5), may associate also to
the borate and silicate networks. Secondly as mentioned above, that the Sr?* ijons may bind
with preference to the silicate network owing to their soft acid character. Hence the overall
effect may be a deshielding caused by Na™ rather than Sr?>* around the phosphate species
in the B12.5-Mg5-5r10 glass.



Chapter 8
Conclusions

Kinetics and mechanism of cation-catalyzed hydrolysis of P,O5—CaO—Na,O glasses: the
effect of ligand competition and reactivity of intermediate complexes on 3'P NMR spectra

Structural changes in phosphate glasses tailor degradation, which is key for therapeutic
applications such as drug delivery. 3'P MAS NMR of 45P,05 — xCaO—(55 — x)NayO glasses
was correlated with dissolution kinetics on the system 45P;0O5 — xCaO—(55 — x)Na,O
(CNP45, 25 < x < 40 mol%, O/P = 3.1), where the CaO/Na;O ratio was varied while the
phosphate content was maintained constant. The glasses consist of phosphate chains, with
the experimental average chain length of 8 to 9 phosphate groups agreeing well with the
theoretical one of 9. The chains are connected to one another through randomly distributed
Ca?" and Na™ ions. The glass system seemingly has a relatively high resistance to corrosion,
since the nature of the water determined by 'H MAS NMR is related to adsorbed water
exclusively.

These glasses dissolve congruently in aqueous solutions and their durability increase with
increasing CaO/Na;O ratio. Dissolution under static conditions was shown to be a diffusion-
controlled process where the durability is associated with a decreasing diffusion coefficient
with increasing CaO content. Protonation of the two end groups of hydrated chains released
from the glass causes an initial pH rise. Over time, ring-formation from chains and accumu-
lation of weak acidic species produced by hydrolysis caused a monotonic pH decrease.

31P liquid NMR allowed for the identification of cyclic metaphosphates owing to their
3IP chemical shift remaining constant even when the pH changes. In Tris buffer solution or
water, the delayed build-up of orthophosphate species suggests stable intermediary species,
most likely rings. By contrast, the low intensity of Q! and Q? resonances throughout the
experiment suggests a low hydrolytic stability of chains compared to rings.

The suggested mechanism of aqueous degradation corresponds to a reaction similar to Sn2.
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Nucleophilic attack by water takes place on a P—O bond, which is polarised by cations,
(P—O—M)"*, as an electrophilic centre. Metal cations thus seem to have a catalytic effect on
P—O—P bond scission. The conjugated base of Tris is a stronger Lewis base than H,O, thus
forming stronger complexes and competing for cations. As a result, the relative intensity
of resonances corresponding to chain Q! and Q? groups increases in the order H,O <
Tris pH 7.4 < Tris pH 7.9. In EDTA, the high stability of Ca(EDTA) and the weak nature
of Na™ complexes lead to a pronounced decrease in degradation. However, phosphate
species, as better Lewis bases, have the potential to replace H,O as additional ligand, e.g,
Ca(EDTA)(P3y,), making hydrolysis still possible.

Structural role and coordination environment of cobalt in 45P,05—CaO—Na;O phosphate
glasses: Thermal properties, Raman, UV-vis-NIR and EPR spectroscopy

Cobalt-doped phosphate glasses are attractive materials for several applications, e.g., to over-
come the vascularization limitation in tissue engineering, semiconductors, optical devices
and solid-state lasers among others. TGA-MS showed that the presence of both absorbed
and structural water may be neglected in 45P>,05—(30 — x)CaO—25Na,O—xCoO glasses
(with 0 < x < 10 mol%).

Raman spectra of the glasses do not show any appreciable change neither in the posi-
tion nor in the intensity of the vibrations sensitive to the length of the phosphate chains,
ie., vs(P—O—P), v5(PO,) and v,45(PO,). This is in agreement with a constant polymerization
obtained from ICP-OES analysis, O/P 3.1 — 3.2 and 7 ~ 9 phosphate groups. The expected
blue shifts of the cation-dependent bands, vs;(P—O—P) and v5(PO;), may not be sensitive
enough to be noticeable at the substitution range, 0 < x < 10 mol% CaO for CoO.

According to the UV —vis—NIR spectroscopy, the d—d transitions corresponding to [VICo?*+
symmetry were ascribed as 4T1g(413) — 4Tlg(‘lP) and 4Tlg(‘LF) — 4A2g(4F) with maxima at
533 and 622 nm, respectively. While the d—d transition corresponding to 'V1Co?* symmetry
was assigned as *A;(*F) — 4T1(*P) centred at 579 nm. Deconvolution in the visible range
showed a relatively constant proportion between the tetrahedral and octahedral symmetries,
independently of the CoO content. That is a consequence of the constant basicity consistent
with invariant metal oxide content, 55 mol%, and accordingly constant polymerization of
the glass network.

EPR spectra are typical of high-spin Co?" (S = 3/2) with significant zero-field splitting.
It is also obvious that the main fraction of cobalt ions in the glasses corresponds to Co**.
Results are in agreement with a constant polymerization degree since Co®>* would lead to
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depolymerization of the glass network.

A fairly levelling off of the thermal properties measured by DSC (T, T¢,) and HSM (Ty;,
T,;) occurs owing to the compensation between opposite effects, as a result of the constant
[VICo?+ and [VIICo?* ratio over the glass series. Thus, T, analogous to Ts; may level off since
[VIICo?* in the glass would strengthen the glass network owing to the higher Z /12, whereas
[VICo?* would bind together less POy tetrahedra, weakening the glass network. Likewise,
the constant T, , and T,; values were addressed as a compensation between the increasing
enthalpies of breaking and formation of Co—O bonds, at expenses of Ca—O bonds, in the
glasses and crystal phases, respectively. Accordingly, the processing temperatures remained
steady. Summarizing, the role of Co?" on the structural properties, i.e. thermal properties,
of phosphate glasses with constant basicity is dictated by the coordination environment of
Co?t.

Co’" as an internal paramagnetic 3'P NMR probe for structural analysis of cobalt phos-
phate glasses in the solid-state and leachate solutions

A new approach based on the paramagnetic nature of Co*" was used to investigate the
mechanism of dissolution of 45P;O5—(30—x)CaO—25Na;O—xCoO (x: 0 to 10 mol%) glasses
for different applications, i.e. would healing and bactericide. High spin, S =3/2, Co?*
interacts with the >'P nuclear spins causing the so called paramagnetic effects providing
short an long-range structural information.

In the glass network, Co?" causes severe broadening due to the combination of the BMS
and the extended network of dipolar couplings. Thereby the transverse PRE does not
contribute significantly to the linewidth. The non perfect cubic symmetry expected in the
glass system is associated to large SO couplings and thus ZFS of the Co?" ion. Hence, both
the Fermi-contact and PCS contributions may be important in the overall paramagnetic shift
of the glasses, being the shifts sufficiently large to lie outside the spectral window. Despite
the rigid nature of the glasses, the vibration motion is still an efficient source of electronic
relaxation related to the Co?" ion, which subsequently induces PRE. The assessment of
Co?" ion distribution in the diamagnetic host glass suggested a cluster scenario at high Co**

concentration.

In the leachate solutions, the broadening is proportional to the CoO content and it is
given by a combination of PRE and the inhomogeneous broadening. It indicates that the 3P
nuclei are located in the immediate environment of the Co?* ions. Hence, the Fermi-contact
interactions should be important, even though the PCS contributions may be predominant
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in Co?* complexes. The paramagnetic shifts are expected to be sufficiently large to shift
the peaks outside of the spectral window, rending them non-observable. Owing to the
presence of different potential ligands in solution (H,O, Tris, EDTA), high-spin Co?* ions
are expected to undertake different distorted octahedral symmetries [319]. Thus rapid
relaxation times are expected due to the low symmetry of Co?* in the leachate solutions.
The Solomon-Bloembergen-Morgan mechanism may apply for the system owing to the
high external magnetic field and fast molecular dynamics of the relatively small phosphate
fragments.

The aqua complexes of Na*, Ca?" and Co?" are labile, thus the cations are complexed
to ligands with higher basicity than water, i.e. Tris < phosphate species < EDTA. Peak
broadening as a function of the Co?*" concentration indicates a direct coordination between
the phosphate fragments and Co?>* owing to the PRE and paramagnetic shift. That was
observed for all the resonances in Tris buffer, namely QY Q! and Q? moieties. It confirms
the direct binding of Co?" to i.e. P3y, ring, most likely in chair conformation. This supports
a mechanism of hydrolysis is catalysed by metal cations such as Co?*.

No broadening of the peaks was observed in EDTA, since owing to the chelate effects the
equilibrium is not favoured towards the formation of Co?* —phosphate complexes. Thereby,
the only difference was the splitting of the P53y, resonance, assigned as the Co(EDTA)( P3y).
Despite the high stability of Co(EDTA), seemingly the coordination of the phosphate frag-
ments to Co?t occurs, potentially nearby the glass surface and at early time periods. Herein
is suggested that in the Co(EDTA)( P3p,) complex EDTA and P3, are initially coordinated to
Co?" in a tetra- and bidentate fashion, respectively. Even though low rates of hydrolysis in
EDTA are expected, it still takes place as it is obvious from the appearance and evolution of
the Q° peak.

Structural characterization of borate-based 45S5 bioactive glasses by solid-state NMR

Structural approaches concerning degradable borophosphosilicate glasses analogue to Bio-
glass 45S5 are highly desirable to enable the design of new bioactive glasses with improved
high-temperature processing. 3'P, 2Si and !B MAS NMR were combined to investigate the
system 24.4Na;O—26.9CaO—xB,03—(46.1—x)SiOy —2.6P,05 with 0 < x < 6.1 mol% in an
attempt to get insights into the structure of such glasses. According to 3'P MAS NMR the
system was composed mainly by orthophosphate Q. The slight shift to higher frequencies
with increasing boron content (~ 0.4 ppm) can be accounted for as a deshielding effect of
sodium relative to calcium.

29Si NMR spectra showed only one broad resonance ranging from -65 to -100 ppm which
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corresponds to four-coordinated Si—O sites. The 2%Si line shape was fitted to three Gaus-
sian peaks consisting of a dominant Q% merged with Q! and Q? groups. Only a weak but
clear decrease in shielding (~ 1.2 ppm) from x =0 to x =6.1 mol% was observed, which
can be explained by Si—O—B replacing Si—O—Si species. ''B MAS NMR revealed that the
boron-containing glasses are comprised of mostly BO3 and some BO4 moieties. The spectra
exhibited a progressive decrease in the BO3/BOjy ratio with increasing boron-content with
concomitant deshielding of both resonances.

Structural characterization of Mg/Zn-based 45S5 bioactive glasses by solid-state NMR

Another strategy to overcome the small processing window limitation of 45S5 Bioglass®
is the incorporation of different ions into the 4555 matrix, including Mg?* and Zn?* ions.
These ions in turn may additionally play an active role in the human bone by stimulating
osteoblast proliferation. 3!P and ?Si solid-state MAS NMR were combined to get insights
concerning the structural role of Mg?* and Zn?* ions substituting Ca?* in the 45S5 glass
network. Thus, 24.4Na;O—(26.9—x)CaO—xX0—46.15i0,—2.6P,05 with 0 < x < 26.9 mol%
and X: Zn and Mg. According to 3!P MAS NMR, Mg/Zn-based 45S5 glasses are comprised
mainly by orthophosphate QY with a minor presence of pyrophosphate Q}, tetrahedra, the
latter corresponding most likely to P—O—Si species.

Regarding Zn-based 45S5 glasses, a steady shift of the QY peak to higher frequencies
with increasing zinc content occurs, ~ 3.1 ppm between the complete zinc-substituted (4555-
Zn100) and 45S5 glasses. This may be accounted as a deshielding effect of sodium relative
to calcium owing to the higher field strength (Z /r?) of the latter. The fwhm for the QY peaks
decreases with ZnO content, which translates into a narrower range of P environments.
Hence, preferential bonding of Na™ into the phosphate network may occur with increasing
content of Zn?" substituting Ca* ions.

Regarding Mg-based 4555 glasses, a negligible change in the QY shift (~ 0.2 ppm) and
fwhm increase (~ 0.42 ppm) between 4555 and 4555-Mg100 was observed. By taking into
account that POZ* is a hard base, it is obvious that the orthophosphate species should
coordinate as well with Mg?* ions. Mg?* in 4 and 5-fold coordination may be expected for
pyrophosphate and orthophosphate species owing to the high basicity of short phosphates.
Hence, the negligible shift of the Q3 resonance even after complete substitution of Mg?* for
Ca?", may be owing to the compensation between the deshielding caused by enrichment of
QY with Na™ ions and the shielding expected by Mg?™ coordinated to the phosphate species.

29Si MAS NMR spectra of Mg/Zn-based 45S5 glasses showed only one broad resonance
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ranging from -65 to -100 ppm which corresponds to four-coordinated Si—O sites. The 2°Si
lineshape of 4555 was fitted into three Gaussian peaks consisting of a dominant Q% merged
with QL and Q2, groups. The polymerization of the silicate network on Mg/Zn-based 4555
glasses, is assumed to remain constant by substituting either Zn?* ions or Mg?* for Ca?*
ions. Hence, the basicity of such should remain invariant within the series. Negligible
change in shielding (~ 0.6 ppm) from 45S5 to 4555-Zn100 and (~ 0.7 ppm) from 45S5 to
4555-Mg100 were observed.

Preferential bonding of Zn?" into the silicate network was concluded from 3!P MAS NMR
on Zn-based 4555 glasses. The significant increase in the fwhm of the 2Si lineshape (~ 3.2
ppm) between the same glasses is in agreement with the 3P MAS NMR findings. The basic-
ity of Zn?" should remain invariant within the series and the ratio between the potential
symmetries (4, 5 and 6-fold) around the silicate species may likewise remain constant. The
coordination number of M is proportional to the basicity of the glass network. Thus, Q.
species may be coordinated to 4-fold coordinated Zn?* ions. In contrast, highly covalent
Si—O bonds such as Qgi species would force M—O bonds to be more ionic, increasing the
symmetry into Zn?" 6-fold coordinated. Regarding the Q% species, the most likely symme-
tries may correspond to 5 and 6-fold coordinations.

By introducing Mg?" into the glasses the Q. distribution should remain equal as for
45S5. Therefore, the potential symmetries of Mg? ™ ions (4, 5 and 6-fold) around the silicate
species may likewise remain constant. Highly covalent Si—O bonds would force M—O
bonds to be more ionic, thus increasing the symmetry into Mg?* 6-fold coordinated. This
is in agreement with the slight 2Si fwhm increase (~ 0.7 ppm) that displayed 4555-Mg100
relative to 45S5. Likewise, in agreement with the 3'P MAS NMR findings which suggested
that the phosphate species may preferably coordinate to Mg?* in 4 and 5-fold coordination
owing to the high basicity.

Structural characterization of Mg/Sr-based S53P4 bioactive glasses by solid-state NMR

BonAlive® S53P4 is a clinically used glass. An alternative to enhance its hot forming domain
is the incorporation of ions such as Mg?" and Sr*" into the S53P4 matrix. 3'P solid-state
MAS NMR was used to get insights concerning the structural role of Mgt and Zn?* ions
substituting Ca?t in the S53P4 glass network. Thus, 47.125i0,—6.73B,03—(21.77 — x —
y)CaO—22.65Na,O—1.72 P,O5 — xMgO—ySrO with x,y = 0,5,10 mol%. According to 3P
MAS NMR, Mg/ Sr-based S53P4 glasses containing 1.72 mol% of P,O5 are comprised mainly
by orthophosphate QY with a minor presence of pyrophosphate Q}, tetrahedra, the latter
corresponding most likely to P—O—Si species. The polymerization of the glass network on
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Mg/Sr-based S53P4 glasses was assumed to remain constant by substituting Mg?* and Sr?*
for Ca?" ions, which results from the unchanged number of NBOs.

By taking into account the Pearson’s series, it is obvious that the orthophosphate species
should coordinate as well with Mg?* ions. Whereas, that may not be necessarily the case
for Sr>* ions. Thus, Sr?* ions would bond with preference to the silicate network owing to
their soft acid character. Hence, the preferential bonding of Nat and Ca?" with phosphate
species may explain the no shift related to B12.5 of the QY resonance of the B12.5-Sr10 glass.
The no shift of the QY resonance of B12.5-Mg10 related to B12.5 may be addressed as the
compensation between opposite effects. Thus, the deshielding caused by enrichment of Na™
and the shielding expected by Mg?* 5-fold to 4-fold coordinated to the phosphate species.
The slight shift to higher frequencies for B12.5-Mg5-5r10 related to B12.5 (~ 0.4 ppm) may
be addressed as an overall caused by the deshielding of Na* rather than Sr?>* around the
phosphate species in the B12.5-Mg5-5r10 glass.
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