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Hench  developed the first bioactive material, Bioglass®, based on a soda-lime phospho-silicate 
glass. Most materials, elicit a neutral response when implanted into the human body.  Bioglass®, 
however, was seen to create a positive response by depositing the body’s natural bone 
substance, Hydroxyapatite on its surface.  Although it is recognised that compositional 
modifications effect bioactivity, there is very little comprehension of the composition-structure-
property relationships that result in such bioactivity.  The objective of this investigation, 
therefore, was to study such fundamental relationships with respect to two components often 
found in bioactive glass compositions – P2O5 and MgO. 

 

The first component studied was P2O5.  The design of two series was undertaken – the first, a 
straight substitution of silicon for phosphorus, varying the network connectivity, NC, and the 
second, a charge compensating series, keeping the NC constant.  31P and 29Si MAS NMR of the 
two series provided evidence that the glasses were phase separated, with a predominantly Q2 
silicate structure co-existing with phosphorus in a predominantly Q0 orthophosphate 
environment.  Raman, FTIR, density measurements, differential thermal analysis and 
dilatometric analysis all further supported the existence of this structure.  Dissolution studies in 
SBF highlighted the importance of phosphorus on bioactivity, with the glass dissolution rates of 
both series increasing with the addition of phosphorus.  Instead of the dissolution of a glass 
depending solely on ion exchange reactions, as previously thought, it is proposed that 
dissolution depends upon the balance existing between the NC of the silicate phase and the 
existence of isolated orthophosphate rich domains.  It is hypothesised that phosphorus in a phase 
separated structure is far more important than previously suspected, with its ability to 
preferentially dissolve into solution, dominating over the effect of NC on the resultant 
bioactivity of the glass and apatite formation. 

 

The second component investigated was magnesium oxide and its influence on the glass 
structure when substituted for calcium oxide.  Two series of glasses were designed, the first 
series with a high sodium content and the second series with a low sodium content.  In order to 
eliminate any influence due to silicate network disruption, all glasses were designed to have a 
constant NC of 2.04.  All physical parameters were seen to be related strongly to the 
substitution of magnesium oxide, in both series.   31P, 29Si and 25Mg MAS-NMR of the high 
sodium magnesium glasses highlighted that magnesium, rather than acting to depolymerise the 
silicate network by acting as a network modifier, was acting partially as an intermediate oxide 
with a proportion entering the network as MgO4 tetrahedra.    The decreasing Tg and Ts values 
and increasing thermal expansion coefficients, with increasing MgO substitution, supported this 
theory; with the significantly weaker bond strength of Mg-O, compared to Si-O, explaining the 
experimentally observed weakening of the network.  The corresponding results for the low 
sodium magnesium glasses also pointed to magnesium acting as an intermediate oxide, 
however, with a smaller proportion entering the silicate network as MgO4 tetrahedra.  It is 
suggested that magnesium acts as an intermediate oxide in highly disrupted glasses, with a more 
disrupted glass giving a higher proportion of MgO4. Dissolution studies in SBF settled the 
previously controversial subject of magnesium and bioactivity, with the addition of magnesium 
resulting in decreased glass dissolution rates and apatite formation in both series. 

 

This work has highlighted the importance of having a detailed understanding of the 
composition-structure-property relationships which exist in a bioactive glass.  It is suggested 
that, from the contribution this work makes to this understanding, coupled with the knowledge 
gained from parallel studies, we are now at the point where a specific bioactive glass 
composition could be engineered, and tailored for a particular biomedical application. 
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Symbols and abbreviations 

BO   Bridging oxygen 

NBO   Non-bridging oxygen 

DTA   Differential thermal analysis 

HA   Hydroxyapatite 

HCA   Hydroxycarbonate apatite 

ICIE1   Imperial College Hill et al. base glass  

ICSW   Imperial College phosphorus series glass 

MAS NMR  Magic angle spinning nuclear magnetic resonance 

mol%   Mole percent 

CLD   Cross-link density 

NC   Network connectivity 

NC’ Network connectivity taking account of phosphorus in  

orthophosphate environment 

NMR  Nuclear magnetic resonance 

Q0  SiO4 structural unit with four non-bridging oxygens 

Q1  SiO4 structural unit with three non-bridging oxygens 

Q2  SiO4 structural unit with two non-bridging oxygens 

Q3  SiO4 structural unit with one non-bridging oxygen 

Q4  SiO4 structural unit without non-bridging oxygens 
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RO  Any alkaline earth metal oxide 

R2O  Any alkali metal oxide 

SBF  Simulated body fluid 

TEM  Transmission electron microscopy 

SEM  Scanning electron microscopy 

T.E.C  Thermal expansion coefficient 

α   Thermal expansion coefficient 

Tc  Glass crystallisation temperature 

Tc1  First glass crystallisation temperature 

Tc2  Second glass crystallisation temperature 

Tg  Glass transition temperature 

Ts  Dilatometric softening temperature 

wt%  Weight percent 

XRD  X-ray diffraction 



1 Introduction  
The concept of a bioactive material, capable of bone bonding, was originally suggested 

by Larry Hench in the late 1960s to early 1970s in response to the need to develop an 

innovative material capable of repairing large bone injuries suffered by servicemen 

during the Vietnam War.  Hench used silica glass as a host material, combining it with 

other components, such as calcium, to pack between bone fragments to fuse the 

shattered bones of injured soldiers.  In essence, the body is tricked into believing that 

this loaded glass powder is  bone, resulting in the stimulation and  re-growth of new 

bone between the fractures [1] .   

 

The bioactivity of glasses was initially observed for silicate glasses based on the system 

SiO2-CaO-Na2O-P2O5.  Bioglass®, otherwise known as 45S5, is the trade name given to 

the original glass developed in the system with the composition of 46.1 mol% SiO2, 

26.9 mol% CaO, 24.4 mol% Na2O and 2.5 mol% P2O5.  Since then, there have been 

many variations on the original composition, Bioglass®, with several glass compositions 

having been studied, tissue bonding mechanisms proposed, and clinical applications 

developed [2].  As a result, bioactive glasses are approved worldwide as materials for a 

wide range of clinical and cosmetic applications [3].   

 

The first bioactive glass device cleared for marketing in the United States was a device 

to treat the conductive hearing loss, by replacing the bones in the middle ear [4].  Since 

then, and over the last 30 years, there have been great advances in the field of bioactive 

glasses with bioactive glasses and ceramics particularly prevalent in the area of 

mineralised tissue regeneration in orthopaedic applications [5].  More recently, these 

materials are finding their way into ever expanding and diverse applications including 

acting as remineralising agents in toothpastes, (Sensishield marketed in the EU by 

Periproducts contains Novamin (45S5 Bioglass®) as the active ingredient) [6] and acting 
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as additives in relaxing and hair straightening products (L’Oreal also have a patent [7] 

for Bioglass® as an additive to products for relaxing / straightening hair).  This has 

opened up the possibility for bioactive glasses to be used in a variety of consumer 

products. 

 

Although the use of Bioglass® within the biomedical and, more recently, cosmetic field 

is ever expanding, it is suggested that the design of such products has been based on a 

trial and error approach, rather than one based on a thorough understanding of the 

glasses and the phenomenon of bioactivity itself.  Although many theories have been 

put forward to explain the mechanism of bioactivity there is not, as yet, a unified theory 

or understanding of how a glass’s composition results in its behaviour within the body.  

Furthermore, theoretical research scientists studying within the field of bioactive glasses 

seem to follow a similar trial and error approach to that of the commercial product 

designers, with only a few research groups understanding and vocalising the importance 

of a methodical and systematic approach [8] [9] [10] [11] [12] [13] [14] [15] [16]. 

 

Hill et al. [17] have made great strides in the last few decades to undertake a logical and 

thorough approach to the area of bioactive glass design by using the network 

connectivity model, in partnership with materials characterisation techniques such as, 

primarily, MAS-NMR to investigate the effect of each constituent within a bioactive 

glass system.  The work has focused on a similar composition to that of Bioglass®, a 

silicate glass named ICIE1 with a composition of 49.46 mol% SiO2, 23.08 mol% CaO, 

26.38 mol% Na2O and 1.07 mol% P2O5.  Hill et al. [17] already have a good 

understanding of the effect of silicon, sodium, calcium and strontium on bioactivity and 

this study aims to follow up on such work by investigating the effect of phosphorus and 

magnesium.  In a fully characterised glass system, in theory, it should be possible to 

custom design glass compositions for specific biomedical applications.  This study aims 

to contribute to this ultimate goal. 
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1.1 Objectives of Study 
The aim of this study was to characterise the glass structures of a series of bioactive 

glasses using 29Si and 31P MAS NMR spectroscopy, density analysis, differential 

thermal analysis, dilatometry, Fourier transform infra-red spectroscopy and Raman 

spectroscopy to -. 

 

1. understand the structural behaviour of phosphorus within a bioactive glass 

system. 

2. investigate the effect of phosphorus on bioactivity. 

3. understand the structural behaviour of magnesium within a bioactive glass 

system and, more specifically, understand the influence of replacing Ca2+ 

with Mg2+ in a bioactive glass. 

4. investigate whether the level of disorder within a bioactive glass effects the 

structural behaviour of magnesium. 

5. investigate the effect of magnesium on bioactivity, in both a disordered and 

ordered bioactive glass system. 

6. incorporate the structural understanding gained on phosphorus and 

magnesium into the network connectivity model. 

1.2 Outline of Thesis 
This thesis contains two distinct parts.  The first part details the background information 

in the form of a review and examination of the relevant literature.  This begins by 

discussing the development of the use of man made materials in the medical field 

(Chapter 2) and then moves on to discuss glasses and glass structure in general (Chapter 

3).  The literature review is then finalised with an analysis of the theory behind 

bioactive glass structure (Chapter 4). 

 

Part two of the thesis details the experimental procedures carried out over the three 

years of analysis and the rationale behind such experiments.  The experimental results 

gained are then displayed, discussed and conclusions theorised.  The thesis finalises 

with an overall discussion on the impact of the thesis and suggestions for future work. 
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2 Materials in Medicine 
The life expectancy of an average adult in the US has increased from 47 to 77 years in 

the last century alone [18].  This major increase in human survivability is largely 

attributed to a combination of factors, including nutrition, public health and the 

discovery of antiseptics and antibiotics.  This, in turn, has resulted in many people 

outliving the quality of their connective tissues and organs.  For centuries, when tissues 

became diseased or damaged, a physician had little recourse but to remove the 

offending part leading to only a marginally improved quality of life [19].  The last 40 

years however, has seen a revolution in medical care with a shift in emphasis from 

palliative treatment to surgical intervention to repair and re-construct diseased or 

damaged parts of the body [20] [21].  

 

Figure 1: Comparison of human survivability in year 1900 versus 2000 with effect of age on the 
quality of connective tissue  [19]. 

2.1 Transplantation 
Current clinical procedures for the repair of diseased tissues/organs involve either 

transplantation or implantation [22].  The transplantation of tissue from the patient’s 

own body (autografts) is seen as the “method of choice”, primarily due to the minimal 
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immunological and ethical concerns it raises.  However, the transfer of tissue grafts 

requires  the sacrifice of tissue from a donor site, resulting in certain associated site 

morbidity (scar formation, potential injury and impairment to donor site etc.) [23] .  A 

partial solution to some of these limitations is the use of tissue from living donors 

(heart, kidney, and lung) or cadavers (freeze dried bone). However, availability, 

immunological responses due to genetic differences, the need for immunosuppressant 

drugs, the risk of infection, which has been reported in 8-11% of cases, and the 

transmission of diseases such as HIV and human T lymphotropic virus all limit the use 

of allografts [19] [24] [25] [26].   

 

Because of the world wide shortage of organs for clinical implantation, 60% of patients 

awaiting replacement organs die on the waiting list.  The current demands for transplant 

organs and tissues is far outpacing the supply, and all manner of projections indicate 

that this gap will continue to widen [27] [28].  Recent advances in understanding the 

mechanisms of transplant organ rejection have brought science to a stage where it is 

reasonable to consider that organs from other species (xenografts) may soon be 

engineered to minimise the risk of rejection and used as an alternative to human tissues, 

possibly ending organ shortages [29].  Non-living, chemically treated xenografts are 

routinely used as heart valve replacements (porcine) and bone substitutes (bovine) but at 

present the clinical results are less than optimal [19].  Disease transmission 

(xenozoonosis) and permanent alteration to the genetic code of the animals, as well as 

the many novel medical, legal and ethical issues involved are a definite cause for 

concern and are the foundation for great controversy. 

 

2.2 Implantation 
An alternative to the ethical and legal mine field of transplantation, as a method for the 

repair and replacement of tissues and organs, is the development and modification of 

man-made materials to interface with living, host tissues, e.g. implants made from 

biomaterials.  Implant technology has many major bonuses over transplantation 

including the reliability, availability and reproducibility associated with devices that can 
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be manufactured under good practice, international standards, regulations and quality 

assurance [19]. 

 

Some of the earliest biomedical applications were as far back as ancient Phoenicia 

(1550BC – 300BC) where loose teeth were bound together with gold wires.  Artificial 

legs, eyes and teeth were routinely used in the Vidic period in India (1500 to 1800BC) 

and the Mayan people used to fashion teeth from seashells (roughly 600 AD), 

achieving, what we now refer to as, bone integration [30] [31].  With the creation of 

anesthesia more invasive implant procedures were made possible, including the repair 

of complex fractures by the attachment of metal plates and screws to the fractured ends 

of bones.   By the 1960’s total hip replacements were in development, closely 

simulating the original hip joint and made up of a separate cup component along with a 

ball and stem for securing into the femur.  The prosthesis designed by Charnley was 

particularly successful, providing enhanced mobility for thousands of patients and 

initiating advances in artificial joint design.   

 

As expectations of health increased in parallel with rising affluence, researchers began 

to study how other types of implants might help ameliorate a wider range of health 

problems [30].  Today, most of the major disciplines of surgery including orthopedics, 

cardiovascular surgery, dental and maxillofacial surgery, plastic and reconstructive 

surgery and ophthalmology all utilise implants to some extent (Figure 2).   
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Figure 2: Right; hybrid hip replacement with evidence of loosening, left; Charnley elite hip 
replacement [26]. 

2.3 Implant Materials 
A biomedical implant is defined, in simple terms, as an artificial device used for 

restoring the functionality of a damaged natural organ or tissue of the body.    In other 

words it is expected to perform the functions of the natural organ or tissue without 

adverse effect to other parts of the body [30].  The functional requirements of an 

implant material may be of mechanical, physical or even chemical origin.  For instance 

in most cases, especially within the fields of dentistry and orthopedics, an implant acts 

as a structural member, thus the optimisation of mechanical parameters, such as yield 

and ultimate strength, hardness, fatigue resistance, and elastic moduli, are essential [32].  

Whatever the precise functional characteristic of the implant, however, we usually find 

that these requirements are relatively easy to satisfy from the materials selection point 

of view.  With exception of the wear properties, and possibly one or two miscellaneous 

examples, there are sufficient engineering materials available to meet the purely 

mechanical or physical specifications [32].   
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Table 1:  Major biomaterials and their uses [33]. 

 
Material Major Uses 

Metals and Alloys 

316 stainless steel Orthopaedic frature plates, joint replacement prothesis 

Cobalt-chromium alloys Orthopaedic frature plates, denture bases, heart valves 

Titanium and its alloys Dental implants, cranial plates 

Platinum metals Electrodes 

Plastics, elastomers and fibres 

Polymethylmethacrylate Dentures, cements for fixation of orthopaedic prothesis, contact 

lenses 

Polydimethylsiloxane Soft tissue reconstruction (e.g. breast, facial contours) 

Hydrogels Blood compatible surfaces 

Cyanoacrylates Adhesives 

Polylactic and glycolic acids Absorbable sutures and prothesis 

Ceramics and glasses 

Oxide ceramics (e.g. alumina) Joint replacement prostheses 

Ion leachable glasses Dental cements, coatings for orthopedic prostheses 

Carbons Heart valves, dental implants 

 

 
Although the physical and mechanical properties of an implant may be easy to satisfy, 

the main problem faced with all implants is that of its interaction with the physiological 

environment – both the effect of the material/device on the recipient and that of the host 

tissues on the device, can lead to device failure.   Because the success of implants 

depends so much on the nature of this interfacial reaction, the history of implant 

material development has been largely one of seeking the most physiologically inert 

materials, with little attention paid to how the material would interact with living tissue 

[32].  In fact, through the mid-1960s, the goal of biomaterials development was the 

creation of materials that were as chemically inert as possible [34].  It was only by 

minimizing the materials’ interaction with the host that biocompatibility and long term 

survival of implants was achieved.  Thus the most widely used materials of the time 

were primarily highly un-reactive, such as special medical grades of stainless steel, 
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cobalt-chrome alloys, titanium alloys as well as  various polymeric materials such as 

ultra-high molecular weight polyethylene and polymethylmethacrylate and ultra stable 

ceramics such as alumina and zirconia.  Such materials were substantially subject to 

corrosion and eventual failure as a result of the extremely aggressive nature of body 

fluids.  Furthermore, in the case of metallic materials, utilised in the repair of skeletal 

systems, long term implantation was often followed by catastrophic failure attributed to 

the progressive deterioration of the bone in contact with the biomaterial [35] [36].   

 

2.3.1 Stress Shielding 
All bio-inert materials elicit the formation of a thin, non-adherent fibrous capsule 

between the material and living bone.  Many factors contribute to the gradual 

breakdown of this interface including micro motion, wear debris and most significantly, 

stress shielding [37].   Stress shielding occurs when there is elastic moduli mismatch 

between the bone and implant material (for example 60-80 MPa for cortical bone 

compared to 350 MPa for titanium).  A consequence of this mismatch is that the implant 

will shield the bone from mechanical loading resulting in resorption of bone minerals 

and a resultant loss in bone density.  The loss of bone stock at the interface of an 

implant weakens the bone, eventually giving rise to implant/tissue interfacial 

complications [38].  

2.4 Future of Implant Materials 
The combined demands of a longer human lifespan and a longer fraction of the life span 

with an active lifestyle, have lead to a need for high performance biomedical materials 

that can last for up to 30 plus years for orthopedic implants [30].  The use in the medical 

field of materials such as stainless steel, alumina and polyethylene that were originally 

developed for general engineering applications, rather than for tissue replacement in 

human bodies has obviously been successful and it is certain that most of these proven 

materials will be continually used in the healthcare industry (Table 1).    However, there 

are also shortcomings of these materials for their intended medical applications.   
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Implants or prostheses should ideally, in most cases, survive the lifetime of the patient 

without failure or need for intervention.  To satisfy this growing need for very long term 

tissue repair, a shift of emphasis on the replacement of tissues to the regeneration of 

tissues is needed and an understanding, use and appreciation of biological approaches is 

essential [39].  Since the 1970’s the quest for better biocompatibility of implant 

materials resulted in a focus on the use of biomaterials that can actively interact with 

tissues and induce their intrinsic repair and regenerative potential [40].   The demands 

of implant technology changed from maintaining an essentially physical function 

without eliciting a host response, to providing a more integrated interaction with the 

host [41]. 

2.5 Biological Response to Materials 
All materials intended for application in humans such as biomaterials, medical devices 

and prosthesis undergo tissue responses when implanted into living tissue [42].  In order 

to understand the success and failure of implant materials, regardless of whether they 

are ceramic, metal or polymer, it is essential to understand the types of implant/tissue 

response that occur in the body [38].  There are four basic types of response. 

2.5.1 Toxic Response 
Those materials that result in the death of the surrounding tissue or those which release 

chemicals which can migrate within the tissue fluids to cause systematic toxicity [33].  

Such materials are considered to be highly unsuitable as implant materials. 

2.5.2 Biologically Nearly Inert:  Fibrous Capsule Formation 
In response to those materials that are considered biocompatible or biologically nearly 

inert, a non-adherent fibrous capsule forms in order to isolate the implant from the host.  

This is the most common response.  It is a protective mechanism and in time can lead to 

complete encapsulation of an implant within the fibrous layer [33].  The thickness of the 

fibrous capsule is dependant on the period of phagocytic activity and is dependant on 

many factors.  These factors are summarized in Table 2 below [43] [44].   
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Table 2:  Factors effecting implant-tissue interfacial response. 

 
Tissue Side Implant Side 

Type of Tissue Composition of Implant 

Health of Tissue Phases in Implant 

Age of Tissue Phase Boundaries 

Blood circulation in Tissue Surface Morphology 

Blood Circulation at Interface Surface Porosity 

Motion at Interface Chemical Reactions 

Closeness of Fit Closeness of Fit 

Mechanical Load Mechanical Load 

 

2.5.3 Bioresorption 
Bioresorption is the regeneration of tissues rather than their replacement.  Resorbable 

biomaterials are designed to degrade gradually over time and be replaced by the natural 

host tissue [45] leading to only a very thin or non-existent interfacial thickness.  

Complications involved in bioresorbable materials include the maintenance of the 

interfacial strength and stability during degradation and the matching of resorption rates 

to the repair rates of the body, which themselves vary enormously depending on a 

number of variables (Table 2).  It is also essential that the materials used in 

bioresorbable implants consist of only metabolically acceptable substances, due to the 

large quantity of material to be handled by the surrounding cells.   

2.5.4 Bioactive 
Bioactive fixation is intermediate between resorbable and bioinert behavior.  When a 

bioactive material is implanted in the body, a series of biophysical and biochemical 

reactions occur at the implant tissue interface eventually resulting in strong chemical 

interfacial bonding [44].  The bond formed inhibits interfacial movement, resists 

substantial mechanical forces and imitates the nature of the interface that is produced 

when natural tissues repair themselves.   
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Dissolution, precipitation and an ion-exchange reaction between the bioactive implant 

and surrounding body fluids results in the formation of a biologically active 

hydroxyapatite layer on the implant that is chemically and crystallographically 

equivalent to the mineral phase in bone [41].   Simultaneously, parallel reactions occur 

such as adsorption and incorporation of biological molecules that lead to the attachment 

of surrounding cells [46].  

 

For the various bioactive materials, the mechanism of bonding, the time dependence of 

bonding, the strength of the bonding and the thickness of the bonding zone are different.  

They are chiefly determined by the physiochemical properties of the material surface 

however mechanical strength, geometry and porosity are also important factors.  

Bioactive materials very quickly become attached to tissue before the process of fibrous 

encapsulation can take place, thus resulting in a desirable stability at the interface and 

minimal motion-induced damage to the traumatized tissue [47].  The rate at which the 

interface between material and implant is formed can be termed as bioactivity.  Figure 3 

illustrates the bioactivity and time dependence for a number of biomaterials.   

 

Bioactive materials can be split into 2 classifications [48] –  

Class A – Osteoproductive materials.  Osteoproduction is the process whereby a 

bioactive surface is colonised by osteoprogenitor cells present in the defect environment 

as a result of surgical intervention [49].  Bioactivity occurs when the material elicits an 

intracellular as well as an extracellular response at the interface.  A Class A biomaterial 

can bond with both bone and soft tissue. 

Class B – Osteoconductive materials.  Osteoconduction simply provides a 

biocompatible surface along which bone tissue can migrate and only occurs when the 

material elicits an extracellular response [45]. 
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Figure 3: Bioactivity spectra for various bioceramic implants: (a) relative rate of bioactivity and (b) 
time dependence of formation of bone bonding at an implant interface ((A) 45S5 

Bioglass®, (B) KGS Ceravital®, (C) 55S4.3 Bioglass®, (D) A-W glass-ceramic, (E) HA, 
(F) KGX Ceravital®, and (G) Al2O3-Si3N4) [33]. 

 

The first material with proven bioactive behaviour was Bioglass®, a glass developed by 

Hench and co-workers at the University of Florida.  The concept of bioactivity  was 

defined as -  

"A bioactive material is one that elicits a specific biological response at the interface of 

the material which results in the formation of a bond between the tissues and the 

material " [5]. 

The compositional range of bioactive bonding has been expanded considerably to 

include a large number of bioactive materials with a wide range of rates of bonding and 

thickness of interfacial bonding layers.  They include bioactive glasses such as 

Bioglass®, bioactive glass-ceramics such as Ceravital®, A/W glass ceramics and 

machinable glass-ceramics such as Bioverit®, dense calcium phosphate ceramics such as 

synthetic hydroxyapatite (HA), bioactive composites such as PE-HA mixtures and a 

series of bioactive coating materials [44].  All of these materials form an interfacial 

bond with the adjacent tissue.  However, the time dependance of bonding, the strength 
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of bond,  the mechanism of bonding and the thickness of the bonding zone differ for the 

various materials [31]. 

 

By the mid-1980s, after many years of clinical testing, bioactive materials had gradually 

gained their recognition and had reached clinical use in a variety of orthapaedic and 

dental applications.  Bioactive materials have the advantage of being compatible with 

the human body environment.  Their biocompatibility is a direct result of their chemical 

compositions which contain ions commonly found in the physiological environment 

(such as Ca2+, K+, Mg2+, Na+ etc) and of other ions showing very limited toxicity to 

body tisues (such as Al3+ and Ti2+) [50].   

 

Due to their close chemical and crystal resemblance to the mineral phase of bone, HA 

exhibits excellent biocompatibility.  Synthetic HA ceramics began to be routinely used 

as porous implants, powders and coatings on  metallic protheses [33].  Other 

applications included immediate tooth root replacement [51], augmentation of the 

alveolar ridge [52] and use within maxillo-facial reconstruction [53] .    

 

Bioactive glass-ceramics are  created by controlled crystallisation of bioglasses during 

heat treatment.  The overall properties are dependant on the overall chemical 

composition and morphology, as well as the composition of the crystalline phases or 

phases [54], with the composition of the residual glass phase being the most important 

factor in determining the bioactivity of these materials  [55].  Glass-ceramics have 

superior mechanical properties when compared to glasses, with increasing 

crystallisation resulting in an increase in strength and overall chemical stability.  An 

increase in the content of crystalline phases, however, will result in a decrease in the 

level of bioactivity [54], as a result of the reduction in the rate of ion exchange reactions 

[56].  Glass-ceramics are favoured for load bearing applications, however a compromise 

between the actual mechanical strength and level of bioactivity must be made [54].    

Ceravital® refers to a range of glass-ceramics based on the original 45S5 Bioglass® but 

with lower alkali content.  Even though the original idea was to use these materials  in 

load bearing conditions for the replacement of bone, their mechanical properties were 
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not found compatible for such applications.  These glass-ceramics have, however, had 

widespread clinical success as coatings on prosthesis [33] and as replacements for the 

ossicular chain of the middle ear [57].  Apatite-wollastonite (A/W) glass-ceramics are 

based on the SiO2-CaO-MgO-P2O5-CaF2 system.  Both oxyfluroapatite 

(Ca10(PO4)6(OH1F2) and wollastonite (CaOSiO2) are homogeneously distributed in a 

glass MgO-CaO-SiO2 matrix phase, taking the shape of rice grains 50 -100 nm in size  

[58, 59].  A/W ceramics are used regularly in iliac crest donor site repair, in the 

replacement of vertebrae, in hip surgery and as a filler material for extensive bone 

lesions [60] [33].  Commercially it is available as Cerabone®.     

 

The first clinical use of bioactive glass was for the reconstruction of the bony ossicular 

chain of the middle ear in the treatment of conductive hearing loss.  It was discovered 

that it not only bonded with the remaining ossicle bone stock, but also to the tympanic 

membrane via collagen attachment.  This prevented the main modes of failure from 

occurring, by providing implant immobilisation and preventing implant extrusion.  

Another early use of 45S5 Bioglass® was as a natural tooth-form implant following 

extraction.  This clinical success in-turn resulted in the development of a totally 

submerged, ridge-maintenance implant to preserve the alveolar ridge following tooth 

extraction, resulting in a 90% retention rate [61].  Further clinical applications for the 

original bioactive glass composition, 45S5 Bioglass® include implants for the orbital 

floor [62], the repair of periodontal defects and as a filling material in the replacement 

of lost bone [31].  Thanks to advances in related medical technologies, bioactive glasses 

are now undergoing a new stage of development.  More recent applications of bioactive 

glasses are as components of bioactive bone cements [63], as drug delivery matrices and 

as scaffolds for cells [64] or growth factors [65] in the field of tissue engineering [43].   

 

The worldwide global market for bioactive materials increased from $377.7 million in 

2004 to $431.4 million in 2005 with sales reaching approximately $473.9 million in 

2006.  At an average growth rate of 17.2% this market will gross $1 billion by 2011.  

Glass and glass-ceramics had the highest market share throughout the forecast period,  
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worth more than 60% of the total market in 2006.  At an average annual growth rate of 

16.5% , it will grow to $600 million by 2011 [66].   

 

Bioactive materials have evolved to become an integral and vital segment of the modern 

health-care delivery system and a necessary response to the medical needs of a rapidly 

ageing population.  It is fair to comment, however, that most existing biomaterials were 

developed based on trial and error optimisation.  Further studies on composition, 

microstructure and molecular surface chemistry are needed to obtain long-term 

reliability, the optimisation of both biochemical and biomechanical compatability and 

the ability to tailor compositions for specific clinical applications [44]. 
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3 Glass 
From our earliest origins, man has been making use of glass.  The ease of formation of 

sharp edges on obsidian, a natural form of glass, allowed the production of knives, 

arrow heads, spears and other cutting tools [67] [68].  The earliest man-made glass 

objects, mainly non-transparent glass beads, are thought to date back to around 3500BC, 

with finds in Egypt and Eastern Mesopotamia [69]. 

 

The scientific use of glasses began over seven hundred years ago.  Eye glasses were 

first developed in Italy in the thirteenth century and the first lenses for telescopes were 

fashioned in the late sixteenth century.  During the late nineteenth century, the 

collaboration of Abbe, Schott and Zeiss at the University of Jena, Germany sparked a 

new era of scientific excellence in glass research [70].  This early research was of great 

importance.  It represented the first attempt to study systematically the relationships 

between the composition of a glass and its physical and chemical properties [71]. 

 

To this day, the terms and definitions used in glass science remain highly ambiguous.  

In everyday language glass is described as a hard, brittle, transparent, amorphous 

material.  This definition is far from adequate from a scientific or technical standpoint.  

Ambiguity, however, also creeps into the internationally recognised definition for a 

glass -   

“a glass is an inorganic product of fusion which has been cooled to a rigid condition 

without crystallisation” – ASTM Standard [72]. 

This definition is again far from adequate as it defines all glasses as being inorganic 

(ignoring organic, metallic or H-bonded materials) and restricts all glasses to a class of 

supercooled liquids [73].  In reality there are many alternative glass processing routes 

such as sol-gel, chemical vapor deposition and n-bombardment.  This classically 
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represents the confusing nature of the characterisation of glasses within modern day 

literature. 

 

A more applicable definition of glass is “an amorphous solid without long-range 

structural order that undergoes a glass transition” [72].  This classification takes account 

of the two common characteristics of glasses.   Firstly, that no glass has a long-range 

periodic arrangement of atoms and even more importantly, every glass exhibits time-

dependent glass transformation behavior [67]. 

 

Glasses are characterised by certain well-defined properties which are common to all of 

them and different from those of liquids and crystalline solids.  As discussed, X-ray 

diffraction spectra illustrate that glasses lack any kind of regular arrangement of atoms 

and thus have no long-range order.  They more resemble a liquid than a crystalline 

solid, in terms of their atomic distribution [74].  Additionally, unlike crystals, glasses do 

not exhibit a sharp or defined melting point and do not cleave in preferred directions.  

They show elasticity, as do crystalline solids but, as with liquids, they flow under shear 

stress.  Therefore, we can see that the glassy form combines the “short-term” rigidity 

characteristic of the crystalline state with a little of the “long-term” fluidity of the liquid 

state [74].  

 

More detailed aspects of the interrelationships between the liquid, crystalline and glassy 

forms of a material are best explained in terms of the volume-temperature diagram for a 

glass-forming substance shown in Figure 4 [71].  The classical way to produce a glass is 

to cool the initial liquid so quickly that crystallisation does not have time to occur.  With 

the decreasing temperature, an increase in viscosity causes the progressive freezing of 

the liquid to its final solidification.  It is this continuous transition from a liquid to a 

solid that provides another distinction between glasses and crystalline solids [75]. 
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Figure 4:  Volume-Temperature Graph: Relationship between the glassy, liquid and solid states. 

 

On cooling a liquid from the initial state a, the volume will decrease steadily along ab.  

If the rate of cooling is slow enough, and sufficient nuclei are present, crystallisation 

will occur at the melting point, Tm.  The volume will then decrease markedly from b to 

d, thereafter the solid will contract with falling temperature along d to e.   

 

However if the rate of cooling is sufficiently rapid, crystallisation does not take place at 

Tm; the volume of the supercooled liquid decreases along abcf, which is a smooth 

continuation of ac.  At a certain temperature Tf2, the volume-temperature graph 

undergoes a significant change in gradient and continues almost parallel to the 

contraction graph de of the crystalline form.   

 

Tf2 (Tg) is called the glass transition temperature and only below this temperature is the 

material a glass [74].  The atomic arrangement within the liquid is frozen and the liquid 

has an aperiodic structure.  Tg is a kinetic parameter and thus parametrically varies with 

the rate of cooling.  It is, therefore, more appropriate to call it the glass 

transition/transformation range.   High rates of cooling will raise the temperature at 
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which Tg occurs.  The glass transition temperature is also taken as the temperature at 

which discontinuities in temperature-dependence can be detected.  The transition is a 

region of temperatures where the rate of structural relaxation is slow enough to be 

detected.  The atoms in a glass are frozen into fixed positions.  Temperature-dependent 

properties change because the amplitude of these atoms, around their fixed position, is 

influenced by temperature.  As the temperature lowers towards the glass transition 

temperature the atom mobilities decrease and a certain time is required before these 

atoms relax back to their equilibrium positions [76].  The structure, therefore, is unable 

to maintain equilibrium in the region of glass transition [77].   

3.1 Glass Structure 
There are three main groups of commercial glasses: the soda-lime silica glasses, the 

borosilicate glasses and the lead silicate glasses.  Glass science however comprises a 

multitude of different glass compositions.  Despite this vast compositional range, as 

with the general definition of a glass, the fundamental basic structure is still to this day 

the subject of theorising and assumption [78].  Different theories of glass formation 

have been developed over the last 100 years, which have outlined a wide variety of 

viewpoints on the molecular structure of glass [79].  It is important to note, however, 

that although these hypotheses describe glass formation in a number of allied systems, a 

unified hypothesis, that is able to explain the phenomenon of glass formation in all 

known systems, has yet to be developed [74]. 

3.1.1 Zachariasen’s Random Network Theory 
Zachariasen’s theory on the structure of glasses emerged in 1932 in his paper entitled 

“The Atomic Arrangement in Glass” [80].   The paper represented an enormous leap 

forward in the knowledge of glass structure-property relationships and still to this day 

remains one of the most cited papers in glass literature. 

 

Zachariasen postulated that glasses were structurally composed of a random three-

dimensional infinite network.  This network is constructed from building units of low 

co-ordination number e.g. SiO4 tetrahedra (Figure 5) or BO3 triangles.  These building 

units are connected to each other in an irregular fashion and it is this irregularity of 
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conformation that differentiates a glass from its crystalline counterparts [70].  

Zachariasen contends that it is the ability to form such networks that provides the 

ultimate condition for glass formation [67]. 

 

 

Figure 5: An example of the basic structure of tetrahedral units in silicate glasses [81]. 

 

After establishing that the formation of a vitreous network is necessary for glass 

formation, Zachariasen considered the structural arrangements which could produce 

such a network [67].  According to his theory, there are a number of rules which an 

oxide must obey if it is to be a glass former, i.e. the glass formation of simple 

compounds such as SiO2, B2O5, P2O5, GeO2, As2S3, and BeF2: 

1. No oxygen atom can be linked to more than two M atoms (this implies that 

network formers must have covalently bonded oxygens).  Higher co-ordination 

numbers for the oxygen cations prevent the variation in cation-oxygen-cation  

bond angles necessary to form a non-periodic network [67]. 

2. There must be a low number of oxygen atoms surrounding each M.  Therefore, 

M atoms must have a low co-ordination number. 

3. The M-Ox polyhedra must share corners with each other, not edges or faces (a 

requirement of the cations to be as far away from each as possible). 
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4. For a three-dimensional glass network, at least three of the corners of a 

polyhedron must be shared with neighboring polyhedra. 

 

 

Figure 6: Schematic 2D representation of an oxide in (A) the crystalline form and (B) the glassy 
form [82]. 

 

Zachariasen also considered the more complex glasses which contain a number of 

oxides in addition to the glass-forming oxides such as SiO2 and B2O3.  For these the 

rules were modified [83] –  

• The oxide glass forms on the basis that oxygen tetrahedra or triangles are 

surrounded by a high percentage of the cations. 

• The triangles or tetrahedra only share corners with each other. 

• Some oxygens are only linked to two network cations, therefore there is a 

distinction in the oxygen’s bridging characteristics (bridging and non-

bridging). 

 

It should be noted that Zachariasen only states that a glass may be formed under such 

conditions: he further states that the melt must be cooled under proper conditions for 

glass formation actually to occur - thus anticipating the later theories based on the 

kinetics of the glass formation process [67]. 
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Practically all of the glass systems in common use, however, will be far more 

complicated than the simple binary compounds that satisfy Zachariasen’s rules.  For 

example a typical bioactive glass may contain two glass formers (SiO2 and P2O5) and 

also usually contain other elements such as Ca2+, Na+ and Mg2+.  If such large cations, 

such as Ca2+, are introduced into such simple glasses i.e. in their low-order networks, 

the bridges formed by the oxygen atoms, between adjacent tetrahedra, will be ruptured 

[70]. 

 

Figure 7: SiO2 schematic – effect of a network modifying atom [81]. 

 

The anions that accompany the cation when introduced (i.e. O2- in the case of Na2O) 

will assume sites at the free ends of the separated tetrahedral while the cation situates 

itself in the interstice created by the separation.  Zachariasen suggests that this 

effectively opens up the glass network [80].  Thus it is evident that different elements 

must play varying roles within the structure of a glass [70].  Zachariasen was able to 

divide all cations that participate in glass formation into three groups – 

a) Network Formers: predominantly having co-ordination numbers of three or four 

(e.g. Si, B, P, Ge, As, Be).  These oxides are considered to be the backbone of 

all oxide glasses and build up three dimensional random networks as shown in 

Figure 7 [78].   

b) Network Modifiers: normally having co-ordination numbers of six or above (e.g. 

Na, Ca, K, Ba).  Network modifying oxides are incapable of building a 

continuous network [43].  Instead these cations disrupt or modify the network 
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and create non-bridging oxygens.  For each additional oxygen introduced in the 

form of a network modifying oxide, one A-O-A bridge is broken resulting in 

two non-bridging oxygens (Figure 8).  The progressive addition of network 

modifying cations to the silica glass results in a gradual breakdown of the silica 

network [55]. 

c) Intermediate Oxides: predominantly having co-ordination numbers of four or six 

(e.g. Al, Mg, Zn, Pb, Nb).  These are oxides that are not capable of forming 

glasses on their own, but can take part in the network or take up a modifying 

role. 

 

In a large proportion of glass literature, silica structures similar to the figure below are 

defined using the idea of the Q structure.  The theory uses the terminology of Qn where 

Qn represents a silicon atom in coordination with n bridging oxygen atoms (n = 0 to 4).   

 

Silica glasses are based on the tetrahedral units of (SiO4
4-).  The centred silicon atom 

with an outer electronic configuration of 3s2sp2 take up a tetrahedral hybrid state sp3 and 

contribute an electron to each bond.  Two bonding situations can then occur [84].  Each 

oxygen atom with an electronic configuration of 1s22s22p2
x2p1

y2p1
z can either use their 

two unpaired electrons in a σ covalent bond with two other silicon atoms (bridging 

oxygen BO) or on the other hand, each oxygen can use one unpaired electron in a σ 

covalent bond with the neighbouring silicon atom.  The other unpaired electron is then 

left to ionically interact with alkaline or alkaline-earth metals – network modifiers (Na+, 

Ca2+ K+) forming non-brindging oxygen bonds (NBO).  The effect of a network 

modifier is to disrupt the silicate network leading to an increment of the concentration 

of NBOs [84].  
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Figure 8: The effect of an alkali oxide on Q terminology [81]. 

 

The figure below, Figure 9, summarises silicate network structures and their 

corresponding Q structure terminology. 

 

Figure 9: Effect of oxygen/silicon ratio on silicate network structures [81]. 
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A large number of properties can be explained or predicted by the Zachariasen-Warren 

concept and thus this theory has dominated glass science for many decades.  Its 

importance lies in the fact that it was the first theory to apply crystal chemical principles 

to the study of glass structure and the first to classify the structural roles for component 

oxides.  

 

However, the random network theory assumes purely statistical distribution of cations 

throughout the glass network and is not ideal for predicting all glass systems.  For 

example, Zachariasen can not explain some discontinuities seen in a number of 

composition-property glass curves thus indicating the influence of changes in short 

range order in the glass systems [85].   For example, in a random homogenous network 

the effect of a modifier should be in direct proportion to the concentration according to 

Zachariasen.  However, for many properties, such as activation energy for viscous flow 

and ionic diffusion, it is found that the effect of the modifier increases sharply and then 

levels off [78]. 

3.1.2 Dietzel’s Structural Model 
Dietzel extended the approach of Zachariasen to consider the behaviour between 

different cations and anions.  He was able to characterise elements in Zachariasen’s 

former-intermediate-modifier scheme in terms of the relationship between size and 

polarizability of the constitutent ions to their respective charges [70].    He described the 

interacting forces between the valency (Z) and the distance between the oxide ions (A) 

as field strength (Z/a2).  The classification of different cations according to their field 

strengths is illustrated in Table 3 below. 
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Table 3: Classification of field strengths for different cations. 

 
Element Valency Interval Spacing 

between oxide ions (Å) 

Field Strength of O2- ions 

across the interfal (Z/a2) (Å-2) 

Ion Group (Z/a2) 

K 1 2.77 0.13 

Na 1 2.30 0.19 

Li 1 2.10 0.23 

Ba 2 2.86 0.24 

Sr 2 2.69 0.28 

Network Modifier 

(0.1-0.4) 

Mg 2 2.10 0.45 

Zn 4 2.28 0.77 

Al 3 1.89 0.84 

Intermediate Oxide 

(0.5-1.0) 

Si 4 1.60 1.57 

B 3 1.50 1.34 

P 5 1.55 2.1 

Network Former 

(1.4-2.0) 

 

Dietzel further proposed that for a stable binary glass to form, the difference in field 

strength must exceed 0.3 and for values above this, the tendancy for glass formation 

increases [70].  For example, a ∆F value of greater than 1.33 for binary melts will 

readily form vitreous solids. 

 

When a binary melt is cooling, cations compete for their oxygen environment to achieve 

densest packing.  If the field strengths are very similar, two seperate glass phases will 

often form.  However, if the field strength of one of the cationic species is significantly 

greater than the other, then the cation of the larger field strength will have a greater 

affinity for anions thus forming the most closest packing structure of that cation (e.g. 

SiO4)4-.  This will leave the weaker cation in an unstable condition where it will be 

forced to adopt a higher coordination state and connect itself to the cation-anion 

network already formed.  This situation then promotes compound formation and 

crystallisation or glass formation [85] [73] [70]. 
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3.1.3 Inorganic Polymer Model 
A further useful approach to glass structures is that taken by Holliday [86], where 

inorganic glasses are viewed as inorganic polymers.  It is obvious that there are certain 

similarities between organic and inorganic polymers, for example both classes of 

materials exhibit glass transition temperatures and high melt viscosities [70] 

 

Ray defines an inorganic polymer as a substance of giant molecules composed of atoms 

other than carbon and linked together by mainly covalent bonds.  By applying this 

concept, silicate glasses may be regarded as inorganic polymers of oxygen cross-linked 

by silicon atoms [87].  Taking concepts from polymer science, the properties of glass 

can thus be linked to the network connectivity or cross-link density of the structure.  

Utilising such theories, predictions can be made as to the behaviour of properties such 

as solubility, thermal expansion coefficient and surface reactivity.  For example, the 

lower the network connectivity the greater its solubility, the lower its glass transition 

and the greater its reactivity.   

 

The network connectivity of a glass is defined as the average number of bonds that link 

each repeat unit in the network.  The calculation of network connectivity of a glass is 

based on the relative number of network-forming oxide species (those which contribute 

BO species) and network modifying species (those which result in the formation of 

NBOs) present [87].  This idea then may then be developed to define the cross-link 

density of the glass which is the average number of additional cross-linking bonds 

above two, for the elements other than oxygen forming the glass network [70].  Thus a 

glass with a cross-link density of 0 has an equivalent network connectivity of 2 and 

corresponds to a linear polymeric chain.  The composition CaO-SiO2 would thus have a 

NC of 2.  Slight changes in the composition of glasses with a NC of 2 will have a 

dramatic effect on the properties of the glass.  For example, a slight increase in SiO2 

content will increase the resultant network connectivity and decrease the reactivity of 

the glass.  A pure silica glass thus has a NC of 4 and a cross-link density of 2.  This 
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corresponds to a fully cross-linked inorganic polymer.  The addition of metal cations to 

the silicate network will result in a disruption of the network which will in turn decrease 

NC.  The magnitude of this decrease reflects the degree of disruption introduced into the 

glass network [43].   

 

The inorganic polymer model is analogous to previous work conducted by Stevel [55], 

where he expresses the mean number of bridging and non-bridging oxygens in each 

polyhedron in the glass network.  The parameter is also calculated from the molar 

composition of each glass. 

 

Equation 1: Equation for the network connectivity of a glass. 

 

The network connectivity is an average value and assumes that the glass is 

homogeneous in nature.  A number of further structural assumptions are also made 

when calculating the network connectivity of a glass.  These assumptions are based on 

information obtained form Fourier transform infrared (FTIR), Raman and nuclear 

magnetic resonance (NMR) spectroscopies [88] [17] -  

• Silicon exists as a Si4+ ion surrounded by four oxygens in a tetrahedron 

configuration. 

• The phosphorus exists as P5+ ion in the glass network and is present as PO4 

tetrahedra with a double bond between one of the oxygens and the phosphorus. 

• Boron exists as BO3 or BO4
-, whilst aluminium exists as AlO4

- tetrahedra.   

• In the case of BO4
- and AlO4

-, the charge is balanced by PO4
+ tetrahedra 

(without the phosphorus-oxygen double bond).  In the absence of phosphorus 

the charge is balanced by metal cations.   

 

A major weakness to the application of the structural approach to glass formation is that 

the nature of the bonding is neglected, which in principle should detemine the structure 
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of glasses.  Within Zachariasen’s thoery, it seems irrelevant whether SiO2 is ionic or 

covalent, as is evident from the listed rules.  Zachariasen used the ionic model as a 

result of considering radius ratios etc, however the resulting continuous random 

network model requires that the glass forming compounds have strong and highly 

covalent directional bonds.  Attempts have been made to relate the glass forming 

tendencies of inorganic materials to the nature of bonding involved.  Indeed, Smekel 

(1951) recognised the importance of mixed covalent ionic bonding in glass forming 

materials.   

 

It is, therefore, evident that the prediction of the glass forming ability of a random 

element in a random composition is in no way simple.  To this day a grand unified 

theory on glass formation has not materialised and in many ways, depending on what 

one is looking for in a glass with regards to the properties concerned, one tends to 

accept or reject a particular model with respect to others [78]. 

 

3.2 Phase Separation 
Liquid-liquid immiscibility, or phase separation, is a common phenomenon in liquid 

systems.  It should not be surprising to find that it is also a common phenomenon in 

melts [67].  In fact, many more binary glass systems exhibit phase seperation than 

exhibit homogeneous behaviour.   Depending on the actual composition of a glass and 

the bonding involved, undercooling results in aggregation processes comprising of all 

transitions between a homogeneous mixture and a completely separated phase.  The 

possible reasons for phase separation invole the thermodynamics of mixed phases and 

the application of mechanisms of nucleation and growth [85].  If the mixing of two 

components result in a lowering of the overall free energy then the mixture will remain 

homogeneous.  However if the separation of the mixture into two components yields a 

lower free energy, then phase separation will occur, but only if allowed by kinetic 

constraints.   The thermodynamic basis for phase separation can be derived by 

considering the free energy of mixing ∆Gm  
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∆Gm = ∆Hm - T∆Sm 

Equation 2: Gibbs free energy equation. 

 

Where ∆Hm  is the enthalpy of mixing and is defined as: 

∆Hm = αX1X2 

Where α is a constant related to bond energies among the components.  ∆Sm, the 

entropy of mixing is defined as:  

∆Sm = -R(X1lnX1 + X2lnX2) 

Where X1 is the concentration expressed as a mole fraction of phase 1, X2 is the 

concentration expressed as a mole fraction of phase 2 and R is the gas constant. 

 

For the entropy of mixing, we find that since X1 and X2 are below unity, the term in 

brackets will always be negative.  The value of the Gibbs free energy for mixing will be 

either be positive or negative depending on the value of α.  If it is negative, then the 

Gibbs free energy of mixing will be negative and the system will not phase separate.  If 

however α is positive, there will be competition between the contributions from 

enthalpy and entropy  and the sign on the ∆Gm will depend on temperature.   

 

If the temperature is high enough, at Tc (the critical temperature ), the T∆Sm term will 

dominate and the free energy of mixing will always be negative resulting in an 

homogeneous system.  Between absolute zero and Tc  the competition between the 

terms will result in a saddle in the free energy versus composition graph (Figure 10).  

This curve has two minimum points which approach each other with increasing 

temperature, until they meet at Tc.  Drawing a tangent between the two points shows 

that the free energy is minimised if the liquid separates into two phases with 

compositions A (cα’ on Figure 10 below) and B (cα’’ on Figure 10 below).  The 

compositions are a function of temperature, with a decreasing difference in composition 

as the temperature tends to Tc.  The resulting phase diagram exhibits a symmetrical 

dome below which the liquid will spontaneously separate into two components  (if 
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allowed by kinetics) whose compositions are given by their location on the dome (phase 

boundary/immiscibility limit).  The region inside the dome is termed the miscibility gap 

or immiscibility region [67]. 

 

Figure 10:  Free energy versus composition relationship and the resultant phase diagram showing 
the regions of phase separation by spinodal decomposition and by nucleation and 

growth [89]. 

 

 

Figure 11: Example of phase separation in a glass [85]. 
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A number of theories can be utilised to derive the free energy curves.  The simplest and 

most well known is often called the regular solution or nearest neighbour model [90] 

[91].  The model assumes that each component is distributed randomly with a certain 

fixed number, Z, of neighbours.  In the case of metallic alloys or organic liquids, it is 

simple to see that the elementary mixing units are the metal atoms or small molecules.  

However, in a network compound such as a silicate glass it is often difficult to identify 

the mixing units that should be used for theoretical calculations, and this uncertainty 

leads to weaknesses in theoretical descriptions of miscibility in silicates [72]. 

 

Warren and Pincus [92] hypothesised that the greater tendancy of a binary silicate melt 

to phase separate was a result of an increase in the cation field strength.  The two 

tendancies for bonding – the silicon ion tetrahedrally coordinates the four oxygen ions 

or the other cation surrounds itself with negatively charged non-bridging oxygens of the 

network.  If the cation field strength is low, its coordination is incomplete and a single 

phase dominated by the silicon-oxygen network results.  On the other hand, if the cation 

field strength is higher, it is better able to coordinate the NBOs and these groups then 

form a separate phase, the other phase being predominantly silica [72].  Levin and 

Block [93] introduced a similar argument, suggesting that the larger the coordination 

number of the cation, the larger the field strength thus the energy of mixing can be 

considered positive, leading to phase separation.  Charles [94] however, rejected this 

idea, for alkali and alkaline earth silicate glasses, and suggested a theory based on the 

deformation of the silicate chains in the glass network.  He argued that, as the cation 

concentration increases, the distortion of Si-O-Si bonds will increase, the positive value 

for energy of mixing will increase and thus phase separation will occur [72]. 

 

Again it is evident that for a complex multi component glass it is very difficult to 

hypothesise, with any degree of certainty, whether the system will phase separate.  The 

prediction is further hindered with the depiction of immiscibility regions in 

ternary/quaternary systems being far more confusing than those for binary systems.   It 

is often thought that the lack of observation of visible light scattering or opalescence  is 

an indication that phase separation has not occured.  This is rarely true unless extremely 



3  Glass 54 

fast quenching methods have been employed.  Bulk glasses formed above the 

metastable immiscibility region are virtually always phase separated on a microscopic 

level.   It is therefore always necessary to do an electron miscroscopic probe on the 

structure before a statement of homogeneity is made [67]. 
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4 Bioactive Glasses 
Bioactive glasses are a subset of inorganic bioactive materials, which are capable of 

reacting with physiological fluids to form tenacious bonds to bone through the 

formation of a bone-like hydroxyapatite layer and the biological interaction of collagen 

with the material’s surface [95] [96].  The base components in most bioactive glasses 

and glass-ceramics, made by the traditional high temperature melt-quench technique, 

are SiO2, Na2O, CaO and P2O5.  The first, and most well known, composition is 45S5 

Bioglass®, which contains 45%SiO2-24.5%Na2O-24.5%CaO-6%P2O5, in weight 

percent, and was originally based on a ternary eutectic in the SiO2-NaO-CaO phase 

equilibrium diagram.  The compositions of several typical bioactive glasses are given in 

Table 4.   

 

There are three key compositional features to these glasses that distinguish them from 

traditional soda-lime silicate glasses.  Firstly these glasses have less than 60mol% SiO2, 

secondly they all have a high Na2O and high CaO content and finally they all have a 

high CaO/P2O5 ratio.  These specific features give rise to glasses that are highly reactive 

when exposed to an aqueous medium, resulting in fast bonding with living tissue and 

promotion of bone growth [97].  The primary disadvantage of bioactive glasses is their 

mechanical weakness and low fracture toughness, primarily as a result of their 

amorphous two dimensional glass network.  The tensile strength of most of the 

compositions are in the region of 40-60MPa which make them highly unsuitable for 

load bearing applications, however this does not limit their use for coating applications, 

as buried implants, in low-loaded or compressively loaded devices, in the form of 

powders or as the bioactive phase in composites [33]. 

 

The introduction of bioactive glasses to the field of implant technology, however, was 

initially very limited.  The medical community was slow to accept that the well known 
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properties of glass, such as its brittle and fragile nature, would not result in a detrimental 

effect to the tissues and blood vessels.  Exhaustive tests were carried out to investigate 

what the effect of a particulate glass might be on tissues.  Fortunately the constituent 

chemicals; Si, Na, Ca and P are all present within the body, and at concentrations that 

do not disturb the adjacent tissues.  Glass particles can be digested by phagocytic cells 

and without any detrimental effects to the viability or behavior of cells.  Many other 

tests illustrated that bioactive glasses, whether in solid or particulate form, did not elicit 

any kind of toxic response in the body.  They were shown to bond to osseous tissues 

and to soft tissues through a compliant interface and it was these unique properties that 

defined the clinical applications for which they have been used in the last 20 or more 

years [33]. 

4.1 Mechanisms of Glass Degradation 
A number of mechanisms have been proposed to explain the bioactive behavior of 

glasses and glass-ceramics.  The most widely accepted mechanism is that associated 

with the research of Hench and co-workers [98] [5] – this is discussed further.  There 

are, however, alternative theories as to the mechanisms of glass degradation and bone 

bonding from Kokubo et al. [99] [100], Andersson et al. [101] [102] [103], Li et al. 

[104] [105], and Hill et al. [17].  Rather than distinct, these different mechanisms give 

additional explanations for specific details concerning the apatite formation [106]. 

 

The basis of the tissue bonding property of bioactive glasses is the chemical reactivity 

of the glass in body fluids.  It seems generally accepted that a layer of biologically 

active HCA must be deposited on the implant before it bonds to tissue [97].  The 

bonding mechanism of surface-active glasses is a complex combination of 11 

physiochemical and ultrastructural phenomena [107].  The first 5 reactions that occur on 

the glass side of the interface do not depend on the presence of tissues.  They occur in 

distilled water, tris-buffer solution and simulated body fluid (SBF) and have been well 

established [108] [109] [110] [99] and studied using FTIR, Auger electron microscopy 

and electron microprobe analysis [44].  Bonding to tissue however, requires an 

additional series or reactions (stages 6-11).  These are less established and the actual 
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details of the sequence of cellular events at a molecular biology and genetic level are 

still being fully established.  It has, however, recently been shown that the unique 

biological behavior of bioactive glasses is due to the activation of seven families of 

genes that are present in bone forming cells.  These genes are activated to produce 

various proteins that serve as growth factors and enhance the proliferation of new bone 

cells (osteoblasts) [111].  The cells not only expand in number but also generate 

collagen and other extracellular matrix (ECM) proteins that mineralize and form new 

bone.  An important aspect of this understanding is that the biological response is due to 

the controlled release of critical concentrations of soluble silica and calcium ions from 

the bioactive surface, fundamentally as a result of the leaching and dissolution of the 

bioactive surface.  The surface layer generated during the corrosion reaction serves as a 

biological active substrate for anchoring and growth of new cells and tissue [111] [112] 

[113] [96] [40].   

 

There is increasing evidence to suggest that tissue bonding is the result of multiple and 

parallel reactions at the material-tissue interface, rather than a hierarchical sequence of 

reactions.  For example, cells that have adhered to the ever-reacting surface may interact 

with the material and produce some of the surface changes.  In the inverse direction i.e. 

from material to environment, there is both a solution-mediated as well as surface 

controlled effect on cellular activity, matrix deposition and mineralization.  All 

phenomena, collectively, lead to the gradual incorporation of the bioactive implant into 

developing bone tissue [114].  These reactions are listed below [115] and stages 1-5 are 

schematically represented in Figure 12. 
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Figure 12: Stages 1 to 4 of HCA formation [66]. 

 
1) Rapid exchange of alkali or alkaline earth elements such as Na+ and Ca2+ with 

H+ or H3O+ ions. 

• Diffusion controlled with t1/2 dependence, causing hydrolysis of silica 

groups, which creates silanols; 

Si-O-Na+ + H+ + OH- → Si-OH+  + Na+(aq) + OH- 

• Rapid exchange of alkali or alkaline earth ions due to their modifying 

nature. 

• Interfacial pH increases due to exchange of H+ with cations. 
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2) Network dissolution by breaking of Si-O-Si-O-Si- bonds through action of 

OH- ions. 

• Local network breakdown releases silica into solution and forms Si-OH 

(silanols) at the surface; 

Si-O-Si + H2O → Si-OH + OH-Si 

• Interface controlled reaction with t1.0 dependence. 

3) Condensation and re-polymerisation of a SiO2 rich layer on the surface. 

• Porous surface depleted in alkali and alkaline earth cations. 

4) Migration of Ca2+ and PO4
3- groups to the surface through the SiO2-rich layer, 

forms a CaO-P2O5-rich film on top of SiO2-rich layer. 

• Followed by growth of amorphous CaO-P2O5-rich film by incorporation 

of soluble calcium and phosphates from solution. 

• When formed in vitro, the CaP layer is located on top of the silica gel 

while when formed in vivo, it is formed within the gel layer. 

• The CaO-P2O5 layer protects the glass surface from further attack. 

5) Crystallisation of amorphous CaO-P2O5 layer film by incorporation of 

carbonate and hydroxyl anions from solution. 

• Forms a hydroxycarbonate apatite structure. 

• Glancing angle XRD studies of bioactive glass samples immersed in 

SBF highlighted the presence of only two lines of the HA pattern 

suggesting some sort of crystal orientation [43]. 

6) Adsorption and desorption of biological growth factors, in the HCA layer, to 

activate differentiation of stem cells . 

7) Action of macrophages. 

• Remove debris from the site to allow cells to occupy the space. 

8) Attachment of stem cells. 

9) Differentiation of stem cells to form osteoblasts (bone growing cells). 
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10) Generation of extracellular matrix by the osteoblasts to form bone. 

11) Mineralisation of matrix to enclose bone cells in a living composite structure. 

 

These reactions take place within the first 12 to 24 hours of implantation.  Therefore, by 

the time osteogenic cells, such as osteoblasts and mesenchymal stem cells, infiltrate the 

tissue defect (which normally takes 24-72 hours) they encounter a bone-like surface, 

complete with organic components, and not a foreign material.  It is this sequence of 

events, in which bioactive glass participates in the repair process that allows for the 

creation of a direct bond of the material to tissue [61].  Within 4 weeks the interface is 

completely bonded to bone without any interveneous fibrous tissue [33]. 

 

The overall rate of change of the glass surface can be quantized by equation –  

R = -k1t0.5 – k2t1.0 + k3t1.0 + k4
ty + K5

tz 

Equation 3: Rate of change of the glass surface. 

 

Where k1 describes the rate of alkali-proton exchange, k2 the rate of interfacial network 

dissolution, k3 the rate of silica polymerisation, k4 the formation of multivalent 

containing multilayers and k5 the rate of HCA crystallisation.  For a bioactive bond to 

form, stages 4 and 5 must replicate the biomineralisation rate in vivo.  If these stages are 

too rapid, the implant will resorb, while if the stages are too slow, bioactivity will not 

occur. 

 

The bioactive properties of a material are determined by the rate of formation of the 

HCA layer at its surface (stage 5).  The time required for the formation of the HCA 

(stage 4) layer and the time for onset of crystallization (stage 5) depend on many factors 

including glass composition, glass structure, glass geometry, solution composition and 

ratio of surface area to surface volume [116].  For example, the rate of HCA formation 

is greatly influenced by the dissolution of the glass (stages 1 and 2).  
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The level of bioactivity of a specific material can be related to the time taken for more 

than 50% of the interface to bond with bone (t0.5bb): 

 

Bioactivity index, IB = 100/ t0.5bb 

Equation 4: Bioactivity index. 

 

Materials exhibiting an IB value greater than 8 (class A), e.g. 45S5 Bioglass®, will bond 

to both soft and hard tissue.  Materials with an IB value less than 8 (class B), but greater 

than 0, e.g. synthetic HA, will bond only to hard tissue.  The thickness of the interfacial 

bond is approximately proportional to the IB value, while the failure strength of the 

bioactive bond appears to be inversely proportional to the thickness of the bonding 

zone.  Thus a very high IB value gives a thick bonding zone but a low shear strength 

[33]. 

 

4.2 Apatite Formation 
There are over 85 chemically distinct apatites.  The general formula of stoichiometric 

apatite is (A(1)2)(BO4)3X where (A(1)A(2))2+, B5+and X-1 are a range of elements.  The 

most common apatites are calcium phosphates (Ca3(PO4)X) and these include 

Hydroxyapatite (Hap: X=OH), Fluorapatite (FAp: X=F) and carbonate apatites 

(CO3Aps: X=CO3) [117].   

 

Hydroxyapatite is a naturally occurring mineral and the predominant mineral 

component of bone and tooth enamel.  Naturally occurring bone mineral is made up of 

nanometer sized, poorly crystalline calcium phosphate with an hydroxyapatite structure. 

The ideal stoichiometric crystalline hydroxyapatite Ca10(PO4)6(OH)2 with atomic Ca/P 

ratio of 1.67 is very different from naturally occurring apatite, in that biological apatites 

are always calcium deficient and carbonate substituted (3.2-5.8wt% carbonate) and also 

contain other minor elements (as described below) as well as organic materials (enamel 

~ 1.0wt% and bone ~ 25wt%) –  
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(Ca,M)10(PO4,CO3,Y)6(OH,F,Cl)2 

Where M represents Mg, Na, K and trace elements Sr,Pb,Ba etc and where Y represents 

acid phosphate, HPO4, sulfates, borates, vanadates etc.  These elements will 

significantly change the lattice parameters and the crystal properties of apatite [118]. 

 

4.2.1 SBF 
The development of a salt solution which represented similar concentrations to that of 

ions present in blood plasma began as early as 1943 when Earle and co-workers 

developed a balanced salt solution for use in cell culture media. Since then, simulated 

body fluids (SBF) have been produced in order to provide insight into the reactivity of 

the inorganic component of blood plasma, and predict the bioactivity of implants, bone 

scaffolds, as well as other novel biomaterials [119]. 

 

It is widely accepted that the essential requirement for an artificial material to bond to 

bone is the formation of a bone like apatite layer on its surface.  Formation of a bone 

like apatite layer on the bioactive material’s surface (Figure 13) can be produced in 

simulated body fluid (SBF), with ion concentrations almost equal to those in human 

blood plasma (Figure 14).  This synthetic fluid is supersaturated, in calcium and 

phosphate, with respect to apatite and is also metastable [41].  Therefore, if a material 

has a functional group effective for apatite nucleation on its surface, it can form the 

apatite spontaneously [41].   Thus, a glass is considered to be bioactive if a layer of 

apatite is formed on its surface in SBF [120].    

 

Studies into the apatite formation on a CaO-SiO2 surface by Ebisawa et al. indicate that 

the deposition of apatite is a consequence of the chemical reaction between the 

dissolved calcium and silicon from the glass and the phosphorus from the SBF solution 

(Figure 14) [121]  The silicon provides sites for the nucleation of apatite while the 

calcium increases the extent of supersaturation of the SBF [122].   
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Figure 13: SEM micrograph of apatite formation [123]. 

 

Pereira et al. found that HCA nucleated faster in SBF than Tris-buffer (a simple organic 

buffer solution), which they assigned to the higher phosphorus concentrations aiding 

HCA nucleation [124].  However, Tsuru et al. [125] suggested that this would be a 

result of the dissolution of Ca2+ ions increasing the degree of supersaturation  (which is 

already supersaturated with respect to HCA formation) hence making it much easier for 

HCA nucleation.  Zhong and Greenspan [126] have shown the opposite and found that 

the classic behavior response of the formation of a crystallised HCA layer, occurs faster 

in Tris-buffer rather than SBF.   

 

As with all in vitro test systems, the conditions whereby a HCA layer forms in SBF do 

not necessarily mimic the in vivo condition [114].  In fact, not all bioactive 

compositions that form a calcium phosphate layer in vitro will end up bonding with 

bone in vivo.  SBF cannot mimic the complexity of body fluids. 
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Figure 14: Composition of SBF [127]. 

 

4.3  Compositional Dependence 
The compositional dependence of both hard and soft tissue bonding for the Na2O-CaO-

P2O5-SiO2 system, with constant 6 wt% P2O5 were studied by Hench and co-workers 

and are illustrated in Figure 15.   

 

Figure 15 establishes the bioactive-bonding-boundary of the compositions studied.  

Within region A the glass compositions are predicted by Hench to be bioactive, with the 

central region, labelled S, highlighting soft tissue bonding.  Glasses within region B 

(such as window glass) behave as nearly inert materials and they will elicit a fibrous 

capsule at the interface of the implant and tissue.  Glasses within region C are 

resorbable, dissolving within 10-30 days while the compositions in region D are non-

glass forming due to their very low silica content [33]. 
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Figure 15: Compositional dependence (in weight percent) of bone bonding and soft-tissue bonding 
of bioactive glass and glass-ceramics [33]. 

 

A slight deviation in composition can radically alter the dissolution kinetics or even the 

basic mechanisms of bonding [14] [13].  It is widely accepted that increasing the silica 

content of bioactive glasses greatly inhibits the level of bioactivity by reducing the 

availability of modifier ions to the solution and inhibiting development of the silica gel 

layer on the surface [115] [35] [128].  For example, glasses containing up to 

approximately 53mol% SiO2 crystallisation occurs extremely rapidly, within 2 hours of 

implantation, resulting in a rapid bond to bone and also an adherent collagen bond with 

soft tissue.  In comparison, if the silica content is increased to 53-58mol% the glasses 

will require at least 2-3 days to form a crystalline HCA layer on their surface.  

Compositions with 60mol% or over do not form a crystalline HCA layer at all, even 

after 4 weeks in SBF [33]. 

 

Na2O causes a rise in the rate of apatite formation by increasing the local pH of the 

solution at the implant-tissue interface; which in turn accelerates the dissolution of the 

glass.  A change in the Na2O/CaO ratio has been documented as altering the level of 

bioactivity [47], as has the addition of alkali oxides effecting the rate of in vitro apatite 

formation [17].   Contrary to this, the addition of multivalent cations, such as 

aluminium, stabilises the glass structure by eliminating non-bridging oxygens, thus 

resulting in a decrease of HCA formation [129].  An addition of as little as 3 wt% Al2O3 

to 45S5 totally inhibits surface bonding [44].  Brink et al. [130] [131] studied the in-
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vivo bone-bonding agility of 26 melt glasses in the system Na2O-K2O-CaO-MgO-B2O3-

P2O5-SiO2 and concluded that the compositional limits for bioactivity include: 14-

30mol% of alkali metal oxides (NaO and K2O), 14-30mol% of alkaline-earth metal 

oxides (CaO and MgO) and less than 59mol% SiO2. 

 

Most bioactive glasses, including those developed by Hench et al. are silicate glasses 

based on the SiO2-CaO-Na2O-P2O5 system, but research has showed that the presence 

of all the constituents is not a prerequisite for bioactivity, and that the other constituents 

such as CaF2, B2O3, MgO and Fe2O3 effect the bioactivity to various extents [11].  In a 

multi-component system it is especially difficult to find a simple relationship between 

composition and tissue bonding that can be expressed in a two-dimensional diagram 

such as Figure 15 [33]. 

 

The compositional dependence of bioactivity has received much attention.  Despite this, 

and the immense number of papers published on bioactive glass systems, it still remains 

very difficult to predict, with any degree of confidence, whether or not a purely random 

glass composition will be bioactive.  The bone bonding behaviour of a number of 

bioactive glasses cannot be explained in terms of the Hench’s accepted model for 

bioactivity.  This notably includes Ebisawa’s [121] CaO.SiO2 composition which, 

although sodium free still bonds to bone.  This questions the requirement of the 

exchange of sodium ions for protons as a step for bioactivity and raises uncertainties 

regarding Hench’s accepted model. 

4.3.1 Inorganic Polymer Model and Bioactivity 
Hill [17] suggested an alternative view with respect to the degradation of bioactive 

glasses.  Although not regarded as an alternative explanation to that proposed by Hench 

[98] [33], Hill simply realised the inadequacy of the model in predicting the reactivity 

of a bioactive glass as a function of its composition.  As with Strnad [55] and Rawlings 

[11] he recognised the importance of the degree of disruption of a glass in determining 

its bioactivity.  Following the approach of Holliday and Ray [86] [87], who viewed 
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silicate glasses as inorganic polymers of oxygen cross linked by silicon atoms, Hill 

introduced the concept of network connectivity to the field of bioactive glasses. 

 

Glasses with a corresponding low network connectivity are considered to have highly 

disrupted glass networks.  The network connectivity (or cross-link density) of a glass 

can be used to predict a number of structural properties including surface reactivity, 

solubility and thermal expansion coefficient, thus the lower the value, the lower the 

glass transition temperature and the greater the reactivity and solubility. 

 

As bioactivity arises from the ability of a glass to undergo surface dissolution in a 

physiological environment, the degree of solubility of a composition is indicative of its 

bioactivity level.  The application of the inorganic polymer model to glass structure thus 

allows the prediction of bioactivity.  A glass of low network connectivity is predicted to 

be bioactive provided it does not give rise to toxic products of degradation [43] .    

 

All of the very reactive bone bonding bioactive glass compositions have network 

connectivities below 2 (referred to as invert glasses), with the most widely studied 45S5 

glass with a NC value of 1.90.  This means that the silicate structural units present are of 

low molar mass and are capable of dissolving and going into solution without breakage 

of the silicon-oxygen-silicon bonds, as proposed in the second step of Hench’s model 

[98] [33].   The dissolution of the network in this way is the primary initiation of the 

series of reactions that result in bioactivity, this breakdown of structural units gives rise 

to the release of the units into the external solution and thus accounts for the observed 

increase in alkali ion concentration.  Following the breakup of the silicate network, the 

sequence of stages, as proposed by Hench, can apply to fully describe the bioactive 

behaviour [43]. 

 

The bioactivity of a glass can only be predicted from this connectivity model to a 

certain degree, working best for glasses in the SiO2-CaO-Na2O system.  The model 

however starts to breakdown when used on phosphate containing compositions.  This 
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therefore suggests that the model misunderstands the role of phosphorus in some way.  

More recently however the model has been corrected to take account of the actual role 

of phosphorus within bioactive glasses – this is discussed in detail later on in the project



5 Experimental – Materials and Methods 

5.1 Rationale 
Despite the vast number of papers and investigations into bioactive glasses and glasses 

in general, the relationships which exist between a glass’s composition, its structure and 

its properties are still not fully characterised and understood.  The main objective of this 

work is to gain a greater understanding of how a glass’s composition can influence its 

physical, chemical and bioactive behaviour.  The over-riding objective is to gain a 

comprehensive understanding of such relationships with the view to developing new 

bioactive glass compositions with enhanced properties for biomedical applications. 

  

As commented by Tilocca et al. [15] the growing technological importance of bioactive 

glasses has not been supported by a corresponding growth in fundamental 

understanding of the nature of their bioactivity, and trial-and-error approaches still 

represent the most common way to systematically optimise new applications of 

bioactive glasses [15].  Furthermore, most work on bioactive glass systems, reported in 

literature, is carried out on a weight percent basis.  This method, rather than helping to 

reveal the composition-property relationships actually masks these principles by 

ignoring the degree of disruption of the silicate network [17].  Therefore, in this study, 

the inorganic polymer model has been used to design glass compositions on a mole 

percent basis, thus providing a greater understanding of the resulting properties with 

respect to structural and compositional parameters. 

 

The base composition used in both series is that of Elgayar et al.’s [78] soda lime 

phosphosilicate ICIE1 glass – its composition is tabulated in Table 4.  The effect of 

CaO substitutio on the series has already been investigated by Elgayar et al. [78], as has 

the effect of strontium substitution by Fredholm et al. [132].  Therefore, there already 
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exists a good understanding as to the effect of such structural species on SiO2-P2O5-

Na2O-CaO glass systems.  The effect of P2O5 on the quaternary glass system still 

remains an area for theorising and assumptions, as does the effect of MgO substitution 

on the system.  This project therefore investigates the two glass species, P2O5 and MgO 

and tries to gain an understanding as to their structural roles and their influence on the 

bioactive behaviour of a soda lime phosphosilicate glass. 

 

Two series of glasses have been studied –  

 

• Magnesium Substituted Series (further discussed in Chapter 5.2) - The first 

series was designed to determine the influence of substituting magnesium for 

calcium in a SiO2-P2O5-Na2O-CaO glass system.  Two sub-sets of the 

magnesium series were designed in order to understand whether the behaviour 

of magnesium in a glass system is influenced by the network disorder of that 

glass system.  Therefore, magnesium was substituted for calcium on a mole 

percent basis in both the ICIE1 series of glasses and the ICIE4 series of glasses.  

Within both series, in order to fully understand the role of magnesium as an 

alkaline-earth ion, it was necessary to eradicate any interference due to 

variations in network polymerisation.  Therefore all glasses in each series were 

designed to have the same network connectivity of 2.04.   

 

• Phosphorus Series (further discussed in Chapter 5.3) - The effect of the 

variation in phosphate (P2O5) content on the structure of two series of bioactive 

glasses in the quaternary system SiO2-Na2O-CaO-P2O5 was studied. The first 

series (I) was a simple substitution of P2O5 for SiO2 keeping the Na2O:CaO ratio 

fixed (1:0.87).  The second series (II) was designed to ensure charge neutrality 

in the orthophosphate (PO4
3-) complex, therefore as P2O5 was added, the Na2O 

and CaO content was varied to provide sufficient Na+ and Ca2+ anions to charge 

balance the orthophosphate species present. 
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5.1.1 Glass Network Connectivity 
 

Hill [17] has theorised the use of the inorganic polymer model in order to understand 

the structure and bioactivity of bioactive glasses.   Table 5  illustrates a number of 

commercially available bioactive glass compositions and their resulting network 

connectivity values.  

 

The network connectivity of a glass is determined from its molar compositions using the 

equation below.  It is based on the relative numbers of network-forming oxide species 

(those which contribute BO species) and network-modifying species (those which result 

in the formation of NBO species) present –  
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Equation 5:  Network connectivity calculation for a soda lime phophosilicate glass.. 

    

For example, the network connectivity for the base glass used in this investigation, 

ICIE1, is calculated below – 

 

 NC = 2 + ((2xSiO2 + 2xP2O5) – (2xCaO + 2xNa2O))/(SiO2 + 2xP2O5) 

        

 NC = 2 + ((2x49.46 + 2x1.07) – (2x23.08 + 2x26.38))/(49.46 + 2x1.07) 

 

 NC = 2 + 2.14/51.60 

 

 NC = 2 + 0.04 

  

 NC = 2.04 
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It should be noted, however, that this network connectivity calculation assumes 

phosphorus enters the silicate network.  Modified network connectivity calculations 

(NC’) are discussed further on in this study.  

 

Table 4:  Selected bioactive glasses (in mol%) and their resultant network connectivity values 
(assuming phosphorus enters the network) [43]. 

 
Glass SiO2 Na2O CaO P2O5 MgO ZnO  K2O NC 

           

45S5 46.16 24.32 26.92 2.60 0.00 0.00 0.00 1.90 

ICIE1 49.46 26.38 23.08 1.07 0.00 0.00 0.00 2.04 

ICIE4 49.46 6.60 42.87 1.07 0.00 0.00 0.00 2.04 

55S4.3 56.52 19.41 21.46 2.61 0.00 0.00 0.00 2.59 

B3 35.12 0.00 50.29 7.15 7.15 0.00 0.00 1.39 

BG1 49.44 47.89 0.00 2.67 0.00 0.00 0.00 2.15 

BG2 48.94 37.93 10.48 2.64 0.00 0.00 0.00 2.12 

6P44-a 45.19 23.37 13.80 2.60 10.81 0.00 4.24 1.82 

6P50 49.80 15.02 16.71 2.54 13.26 0.00 2.68 2.17 

S55-5P4 57.00 29.00 12.00 2.00 0.00 0.00 0.00 2.59 

S53P4 54.00 23.00 22.00 2.00 0.00 0.00 0.00 2.38 

E1 31.09 0.00 31.72 10.57 26.62 0.00 0.00 1.36 

CS-Na 48.38 2.75 48.88 0.00 0.00 0.00 0.00 1.87 

CS-P 49.14 0.00 49.64 1.22 0.00 0.00 0.00 2.03 

1.25C-S 44.44 0.00 55.56 0.00 0.00 0.00 0.00 1.50 

CS 50.00 0.00 50.00 0.00 0.00 0.00 0.00 2.00 

H 46.20 24.30 26.90 2.60 0.00 0.00 0.00 1.91 

HZ5 44.40 23.40 25.90 2.50 0.00 3.80 0.00 1.75 

HZ10 42.50 22.50 24.80 2.40 0.00 7.80 0.00 1.57 

HZ20 38.80 20.50 22.60 2.20 0.00 15.90 0.00 1.17 

HP5 43.70 24.40 26.90 5.00 0.00 0.00 0.00 1.90 

HP5Z5 42.10 23.40 25.90 4.70 0.00 3.90 0.00 1.75 

HP8 40.00 24.40 26.90 8.70 0.00 0.00 0.00 1.91 
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5.2 Series 1 – Magnesium Substituted Glasses 
As discussed previously, the role of two group II alkaline earth ions, calcium and 

strontium, with respect to their network modifying roles within bioactive glasses have 

already been investigated by Elgayar et al. [78] and Fredholm et al. [132], respectively.  

Therefore, it seemed logical to investigate a third member of the alkaline earth group, 

magnesium, and its role structurally within a bioactive glass.  

 

Magnesium has often been incorporated into bioactive glasses [120, 133-141], however 

despite this there have been few systematic studies into the structural role of MgO and 

its resultant bioactive behaviour.  Conventionally magnesium is thought to behave as a 

network modifier within a glass structure.  Also if the periodic nature of the alkaline 

earth metals is accepted and the network modifying property, as discovered by Elgayar 

et al. [78] and Fredholm et al. [132], of calcium and strontium replicated through the 

group, it is suggested that magnesium, when substituted into a bioactive glass, will 

simply occupy a modifying role.  However on examination of a number of elemental 

properties such as charge to size ratio and Pauling electronegativity, Mg2+ falls on the 

boundary between being a network modifier and intermediate oxide.  Circumstantial 

evidence exists that MgO may act as an intermediate oxide in highly disrupted silicate 

glasses from the extension of the glass forming region in ternary diagrams towards 

lower SiO2 mole fractions and this point has been recognised by McMillan [142].  

 

Stebbins and Fiske [143], Oliveira [137], Kohara [144], Karakassides [145], Dietzel 

[146], Shimoda [147, 148] and Doweidar [149] acknowledge the possibility of MgO 

acting as an intermediate oxide and all comment on the importance of clarifying its 

structural role within a glass.  It is suggested that the lack of structural understanding of 

magnesium within glasses has lead to the many conflicting views on its contribution 

with respect to bioactivity.  MgO has been documented as decreasing apatite formation 

in SBF [139] but also, on the other hand, improving the early stages of mineralisation 

[135, 137] and contributing to an intimate contact with living tissue [150].    
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Magnesium is a very interesting cation with respect to its role within the basic glass 

structure, its beneficial properties within the engineering of bioactive glasses and its 

bioactive properties.  Magnesium is involved in over 300 reactions in the human body 

and among other things is known to activate phagocytosis and regulate active calcium 

transport.  As a result, there has been growing interest in its role not only in wound 

healing [151] but also in bone metabolism, with a 2 year study highlighting the positive 

effects on fracture prevention and bone density [152].  Such influential roles with 

respect to bone metabolism and wound healing are extremely attractive when 

considering the potential end applications of magnesium containing bioactive glasses.  

It is already widely used within the bioactive field in general and is present in, for 

example, Ceravital®.  It is surprising therefore that, although there has been 

investigation into the role of magnesium with respect to bioactivity, there is little or no 

understanding of its role in respect of composition-structure-property relationships 

within bioactive glasses.  This investigation aims to fully comprehend and utilise such 

relationships. 

 

Magnesium oxide was substituted for calcium oxide on a molar basis in the ICIE1 and 

ICIE4 series of glasses, keeping the calculated network connectivity values constant, at 

2.04, in order to try and eliminate any influence due to network disruption – the 

resulting glass compositions are tabulated in Tables 5 and 6 below. 

Table 5:  Magnesium substituted ICIE1 molar glass compositions (mol%). 

 
 SiO2 Na2O CaO P2O5 MgO 

ICIE1 49.46 26.38 23.08 1.07 0 

ICIE125MG 49.46 26.38 17.31 1.07 5.77 

ICIE150MG 49.46 26.38 11.54 1.07 11.54 

ICIE175MG 49.46 26.38 5.77 1.07 17.31 

ICIE1100MG 49.46 26.38 0 1.07 23.08 
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Table 6:  Magnesium substituted ICIE4 molar glass compositions (mol%). 

 
 SiO2 Na2O CaO P2O5 MgO 

ICIE4 49.46 6.60 42.87 1.07 0 

ICIE425MG 49.46 6.60 32.15 1.07 10.72 

ICIE450MG 49.46 6.60 21.44 1.07 21.44 

ICIE475MG 49.46 6.60 10.72 1.07 32.15 

 

As Tables 5 and 6 above show, the ICIE1 base glass is a high sodium containing 

calcium phosphosilicate glass.  ICIE4, on the other hand is the equivalent low sodium 

containing glass.  As the network connectivities of the two series are the same, when 

substituting magnesium into the two glass systems the resultant data should highlight 

the difference between a highly disruptive glass system, such as ICIE1 series, compared 

to a less disrupted glass system, such as the ICIE4 series.  By comparing the two sets of 

data it was hypothesised that a greater understanding of magnesium’s behaviour within 

soda lime phosphosilicate glasses, of differing levels of disorder, would result. 

*Please note that 100% magnesium substituted glass in the ICIE4 series was unable to 

be cast as a glass. 

5.3 Series 2 – Phosphorus Glasses 
Phosphate is a component of many bioactive glasses.  Its role within the glass structure 

is, however, highly ambiguous. This has resulted in a rather unclear and controversial 

position as to its effect on bioactivity. Phosphorus is, on the one hand, reported to 

increase bioactivity [107] and on the other have an adverse effect on bone bonding 

[138].  Phosphorus is a key element in all known forms of life.  Inorganic phosphorus, 

in the form of the phosphate PO4
3-, plays a major role in biological molecules such as 

DNA and RNA where it forms part of the structural framework of these molecules. 

Living cells also use phosphate to transport cellular energy in the form of adenosine 

triphosphate (ATP).  An average adult human contains about 0.7 kg of phosphorus, 

about 85-90% of which is present in bones and teeth in the form of apatite, and the 
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remainder in soft tissues and extracellular fluids (~1%)[153].  In Hench’s model [33, 

107] phosphates play an important role in bioactivity, forming part of a silica and CaO-

P2O5 rich bi-layer after leaching of Na+ and Ca2+ from the glass.  This surface promotes 

the formation of hydroxycarbonate apatite (HCA), necessary for tissues to bond to the 

implant.  However, this model does not predict the bioactivity of some glass 

compositions which do not contain phosphate [121] and also neglects the network 

connectivity of the glass [17] [86] [87].  The observed bioactivity of phosphorus-free 

compositions shows that apatite growth can also proceed by incorporating phosphate 

from the physiological solution [121] [139] [102] [154].  However, while not strictly 

necessary for bioactivity, the incorporation of a small P2O5 fraction in the glass does 

enhance its HA deposition and bone-bonding ability [121] [102] [130].   

 

There are many suggestions as to why phosphorus is, or is not, important with respect to 

bioactivity.  There has not, however, to the knowledge of the author, been a systematic 

study of phosphorus containing bioactive glasses.  This has, therefore, been undertaken 

in this investigation - the objective, to gain an explicit understanding as to the actual 

structural role of phosphorus within bioactive glasses.  Conventionally phosphorus is 

thought to enter the glass network, resulting in P-O-Si bonding; however Lockyer et al. 

[10] and Elgayar et al. [14] discuss, and have reported, NMR data supporting 

phosphorus residing in an orthophosphate environment.  The assumption that 

phosphorus does indeed dwell within such an environment proved the basis for the 

investigation. 

In order to finally clarify the role of phosphorus in a soda lime phosphosilicate glass, 

two series of glasses were designed – 

 

• Firstly a simple straight molar substitution of P2O5 for 2SiO2 was created on the 

grounds that the charge deficient orthophosphate species would remove charge 

balancing cations from their modifying roles in the silicate network and a less 

disrupted glass would be seen. 
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• The rationale behind the second series of glasses centred on the need for charge 

neutrality with respect to the orthophosphate complexes.  Therefore the series 

was designed where the silica content was kept constant, however the NaO and 

Ca2O content adjusted accordingly with the increasing phosphorus content, thus 

resulting in no change to the network connectivity. 

 

Table 7 below tabulates the resulting glass compositions for both series of phosphorus 

glasses – the series I non-charge balanced phosphorus glasses and the series II charge 

balanced phosphorus glasses. 

Table 7:    Glass compositions (in mol%)  from Series I (fixed Na2O:CaO=1:0.87) and series II 
(charge balanced), showing molar mol%, network connectivity (NC) assuming P2O5 
enters the glass network, modified network connectivity (NC’) assuming isolated 

orthophosphate units. 

 
 SiO2 Na2O CaO P2O5 NC NC’ 

Series I – Non-charge balanced 

ICIE1 49.46 26.38 23.08 1.07 2.04 2.13 

ICSW2 47.32 26.38 23.08 2.14 2.00 2.18 

ICSW3 43.04 26.38 23.08 4.28 1.92 2.30 

ICSW5 38.76 26.38 23.08 6.42 1.83 2.44 

ICSW4 34.48 26.38 23.08 8.56 1.75 2.62 

Series II – Charge balanced 

ICSW1 51.60 26.38 23.08 0.00 2.08 2.08 

ICSW6 51.60 28.09 24.58 1.07 2.00 2.08 

ICSW7 51.60 29.81 26.07 2.14 1.92 2.08 

ICSW8 51.60 33.23 29.07 4.28 1.79 2.08 

ICSW10 51.60 36.64 32.08 6.42 1.67 2.08 

ICSW9 51.60 40.08 35.06 8.56 1.56 2.08 
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5.4 Glass Production 
Batch calculations were performed to give 200g of final glass.  All glasses were then 

made using Analar grade reagent chemicals (SiO2, P2O5, CaCO3, Na2CO3, and MgCO3 

from Sigma).  To prepare each glass sodium carbonate, calcium carbonate/magnesium 

carbonate, silica and phosphorus pentoxide were weighed on electronic scales to the 

nearest 0.01 g and mixed vigorously in a plastic container.  For the P2O5 containing 

glasses, phosphorus pentoxide was always added last due to its extremely hydrophilic 

nature. 

 

The pre-mixed batches were then melted in platinum-rhodium or platinum-gold 

crucibles at 1390oC for one and a half hours.  The molten glass was also agitated over 

the one and a half hours to assist the melting reaction.  The melts were then rapidly 

quenched in cold water (rapid melt-quench technique) and the glass frit collected in a 

sieve and dried overnight at 120oC. 

 

100g of the dried frit was then ground in a Gyro Mill (Glen Creston) for seven minutes 

and sieved for forty five minutes in a mechanical shaker to obtain <45µm particles.  The 

size of the charge and grinding time was kept constant in order to maintain control over 

the particle size distribution and in turn allow a confident comparison and analysis of 

results. 

 

It is important to note that, before a systematic study of a glass series can be undertaken 

with any degree of scientific accuracy, one of the biggest problems to overcome is the 

consistency in the fabrication of the multicomponent glasses.  Deceptive results can 

easily be produced if problems such as inhomogeneity, phase separation, incomplete 

melting, crystallisation or loss of volatile species are not appreciated and addressed 

[155].  Once dry, therefore, the frit was inspected visually for heterogeneities, 

crystallisation or amorphous phase separation with any glass batches with any visual 

sign of inconsistencies discarded or the visual appearance noted. 
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5.4.1 Glass Casting 
Rods and discs were cast for each composition by re-melting the glass frit for half an 

hour at approximately1390oC, in a bench top Carbolite electric furnace.  The glass was 

then poured into a pre-heated graphite mould and annealed overnight at a temperature 

corresponding to the glass transition temperature of each glass.   

 

Bars of approximately 25mm in length and 6mm in diameter were cut from the cast 

samples using a precision saw and diamond blade.  In order to ensure the ends were 

parallel the samples were then ground using silicon carbide paper.  The samples were 

then cleaned in an ultrasonic acetone bath and then air dried.  The following 

observations in Table 8 were taken on the pouring of the glasses, proving helpful in 

determining the nature of each glass.  It should be noted, not all samples could be cast in 

rod form for dilatometry due to devitrification (ICSW4) and/or phase separation (other 

samples). 

Table 8:  Melt observations in the magnesium and phosphorus series of glasses 

 

Glass Sample Melt Observations 

ICIE1 Frit and cast block clear, flowed well 

ICIE125MG 
Frit and cast block clear, very fluid – had 

to wait before pouring 

ICIE150MG Frit and cast block clear, flowed well 

ICIE175MG Frit and cast block clear, very fluid 

ICIE1100MG Frit and cast block clear, flowed well 

ICIE4 Frit and cast block clear, flowed well 

ICIE425MG Frit and cast block clear, flowed well 

ICIE450MG Frit and cast block clear, viscous 

ICIE475MG 
Frit and cast block milky and very 

viscous 
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ICSW1 Frit clear, UNABLE TO CAST 

ICSW2 Frit and cast block clear, flowed well 

ICSW3 Frit and cast block clear, flowed well 

ICSW5 

Frit and cast block milky in colour, 

however clear at the bottom of the 

crucible 

ICSW4 Frit and cast block milky in colour 

ICSW6 
Frit clear, didn’t flow too well, UNABLE 

TO CAST 

ICSW7 Frit clear, UNABLE TO CAST 

ICSW8 Frit and cast block clear, flowed well 

ICSW10 
Frit clear but opalescent at sides and 

bottom of crucible, Clear cast sample 

ICSW9 Frit clear, UNABLE TO CAST 

 

5.5 X-Ray Diffraction 
A Phillips Powder Diffractometer with a copper (Cu Kα) x-ray source (Philips PW 1700 

series diffractometer, Philips, Endhoven, NL) was used to characterise the non heat 

treated glass samples.  The powder samples (<45µm particle size) were scanned 

between 2θ = 5-80o with a step size of 2θ = 0.04, in order to try and determine the 

amorphous nature of each glass. 

 

In order to try and verify the existence of any crystalline phases the frit was heat treated 

using a Centurion Quartz porcelain furnace, then ground to <45µm particle size powder.  

DTA analysis was undertaken prior to heat treatment in order to determine the actual 

temperature at which the samples were to be heat treated - corresponding to the peak 

crystallisation temperature.  The powder samples were heat treated to such a 
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temperature at a rate of 10oC/min, held for one hour, and then allowed to cool to room 

temperature.  XRD was then carried out and the results analysed using software 

containing a database of standard diffraction files.  Rietveld refinement was performed 

with GSAS and EXPGU1 software. 

 

5.6 Differential Thermal Analysis 
The glasses were characterised by simultaneous DTA/TGA using a Stanton Redcroft 

DTA 1600.  Alumina was used as the reference material and both reference and sample 

were contained within platinum-rhodium alloy crucibles.  The <45µm particle size 

powders were heated from room temperature to 1300oC at a heating rate of 10oC/min in 

an inert Argon atmosphere.  The glass transition temperature (Tg) and crystallisation 

temperatures (Tc) for each glass were then calculated from the corresponding traces, 

with Tg represented by a small negative change in slope of the baseline and the 

crystallisation temperature represented by the presence of an exotherm. 

 

5.7 Dilatometry 
A Netzsch Dil 402C dilatometer was used in order to determine the glass transition 

temperature (Tg), the dilatometric softening temperature (Ts) and the thermal expansion 

coefficient (α) for each glass.  The 25mm x 6mm cut samples were analysed from room 

temperature up until the point just before melting, at a heating rate of 5oC/min.  The α, 

Ts and Tg were determined by using system software and the α taken between 25oC and 

400oC. 

 

5.8 Density Measurements 
Using the Archimedes principle, the density of each cast sample, at room temperature, 

was determined.  The weight of each glass was measured in air and in distilled water, 

using a balance measuring to ±0.1mg.  The weight was measured three times and an 

average taken in order to try and minimise the sources of error. 
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The sample density, ρ, was determined by the following equation  – 

sd

wd

mm
m

−
×

=
ρ

ρ  

Equation 6: Density calculation 

           

where md = mass of sample dry, ρw = density of water at the measurement temperature 

and ms = mass of sample submerged in water. Care was taken to make sure that all of 

the cast samples were bubble free and that the glass samples were fully wetted when 

immersed in the distilled water. 

 

5.9 Magic Angle Spinning Nuclear Magnetic Resonance  
29Si MAS NMR and 31P MAS NMR were used to analyse the different glass samples 

using a Bruker DSX-200 NMR spectrometer operating at Larmor frequencies of 

39.77MHz and 81.9MHz, respectively. 

 

Samples were packed into a 5mm zirconia rotor and spun at the magic angle (54.7O) to 

remove anisotropy effects.  The 29Si and 31P MAS NMR spectra of the glasses were 

recorded at spinning frequencies from 3-12 kHz using pulse acquisition of π/2 for 

silicon and π/4 for phosphorus. 

 

The 29Si and 31P MAS NMR samples were all spun with a recycle/delay time set to 

generally 2 s (this however was increased to 60 s if the glass species were not thought to 

be completely relaxed).  

 

All spectra were recorded at an ambient probe temperature with 29Si referenced relative 

to polydimethylsilane (PDMS) and 85% H3PO4 for 31P. 
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Natalia Karpukhina ran 25Mg static NMR on the ICIE1 and ICIE4 magnesium series of 

glasses.  Measurements were done at high field (18.8 T) on the 800MHz Bruker 

spectrometer at the resonance frequency of 49.0 MHz, using a static probe and 4 mm 

zirconia rotors.  Hahn echo pulse program was adopted for the quadrupolar nuclei phase 

cycle [156]. Around 24k scans were acquired for each sample with 2 s recycle delay.  A 

saturated solution of magnesium acetate was used for referencing the chemical shift scale. 

5.10 Infrared and Raman Spectroscopy 

5.10.1 FTIR 
Information on the IR active Si-O groups present in the glasses was obtained using a 

Bruker IFS 28 Fourier transform infrared spectrometer in the mid-IR range of 550 to 

2000cm-1 with a resolution of 0.2cm-1.  Peak analysis was performed using SciDAVis 

0.1.3 software. 

5.10.2 Raman 
Raman spectroscopy is an adequate technique for the analysis of silica-based glasses 

because it can detect local changes in the environment of the Si-O-Si bonds [157].  The 

glasses were therefore analysed using a Fourier transform Raman spectrophotometer 

equipped with a 2W Nd: YAG laser (1.06µm).  The spectra were collected using 380mW 

laser power, 520 scans and 4cm-1 resolution. 

5.11 Dissolution Studies 
A glass’s bioactivity is generally measured by its ability to form a bone-like hydroxyl 

carbonate apatite layer on its surface, when implanted into the human body.  Due to many 

practical and ethical issues in vivo studies are not usually utilised at such an early stage of 

bioactive analysis.  Instead the dissolution of glasses in simulated body fluid is used as an 

alternative to the more invasive in vivo studies and is a relatively good indicator as to 

bioactivity.  Although in vitro studies only simulate the ionic composition of 

physiological fluids and therefore the inorganic reactions taking place in vivo, it is 
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commonly accepted that the rate of apatite layer formation is related to in vivo bioactivity.  

Glass powdered samples were therefore soaked in simulated body fluid (SBF) in order to 

estimate the rate of glass dissolution.  Simulated body fluid was prepared according to 

Kokubo et al. [158].  The reagents are tabulated in Figure 14 in Chapter 4 and were added 

in order to make up a litre of SBF.  0.15g of each glass (of diameter <45μm) were 

immersed in 150ml of SBF solution, in sealed containers, for up to 21 days and were 

mechanically agitated at 60rpm using a vibrating plate incubator set to 37OC.  At various 

time points (15 minutes, 1 hour, 4 hours, 16 hours, 24 hours, 48 hours, 1 week and 21 

days) the samples were filtered and dried to constant weight for analysis by FTIR 

spectroscopy, Raman spectroscopy and XRD.  The pH of the remaining solution was also 

measured.  
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6 Results and Discussion – Phosphorus 
Glasses 

6.1 31P MAS NMR 

6.1.1 31P MAS NMR of Series I Phosphorus Glasses 
 

 

Figure 16: 31P MAS NMR spectra (Chemical shift on x axis) for series I (fixed Na2O:CaO) glasses.  
Increasing phosphate content from bottom to top.  Top spectra (ICSW4) show distinct 

peak asymmetry. 

 

Figure 16 illustrates the 31P MAS-NMR spectra for the series I phosphorus substituted 

(fixed Na2O:CaO) glasses. Table 9 also summarises the peak positions and full width 

half maximums (FWHM) of 31P spectra for these glasses.   
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All spectra illustrate a symmetric peak with a chemical shift range of ca. 7 to 10ppm, 

with an approximate constant linewidth ca. 9ppm. 

Table 9:  31P MAS NMR peak positions and full width half maximums (FWHM) for glasses in series I. 

 
Glass 31P peak (ppm) 31P FWHM (ppm) 

ICIE1 8.4 10.9 

ICSW2 10.0 9.0 

ICSW3 9.5 9.0 

ICSW5 9.0 9.2 

ICSW4 7.0 9.9 

 

 

These linewidths and chemical shift values correspond to phosphorus in an 

orthophosphate environment (PO4
3-).   

 

Conventionally phosphorus is thought to enter the glass network.  The 31P MAS NMR 

data, however, corresponds to an orthophosphate structure, therefore indicating that 

phosphorus is associated with removing sodium and calcium ions.  These cations must 

come from their modifying roles in the silicate network therefore changing the Qn 

structure of the silicate.  These results agree with those of Lockyer et al. [10], Elgayar et 

al. [14] and Turner et al. [159], where a single resonance with a line width consistent 

with an orthophosphate like environment was reported.   

 

Figure 16 and Table 9 show that the 31P MAS NMR chemical shifts for the glasses all 

lie between those for a sodium orthophosphate at ca. 16ppm and a calcium 

orthophosphate at ca. 3.0-0.0ppm.  This suggests, therefore, that the phosphorus is 

present as a mixed sodium calcium orthophosphate.  Figure 17 highlights the 

relationship between the chemical shifts of these mixed sodium calcium 
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orthophosphates and the percentage of phosphorus substituted, and Figure 18 also 

illustrates the relationship with modified network connectivity (NC’).  The original 

network connectivity is calculated using the equation 7 below, assuming P2O5 enters the 

glass network.  

 

)2(
)]2()2[()]2()2[(

2
522

2522

OPSiO
ONaCaOOPSiO

NC
×+

×+×−×+×
+=  

Equation 7: Original network connectivity calculation (calculated using the mole percent values for 
each glass) assuming phosphorus enters the glass network. 

 

Equation 8 below shows the modified network connectivity (NC’), as plotted in Figure 

18.  The modified network connectivity, NC’, was calculated assuming P2O5 is present 

as orthophosphate species, with cations such as Na+ and Ca2+ required to maintain a 

charge balance, hence increasing the connectivity of the silicate network.  

 

2

5222 )]32()2()2[()2(2'
SiO

OPONaCaOSiONC ××+×+×−×
+=  

Equation 8: Modified network connectivity calculation (calculated using the mole percent values 
for each glass), assuming phosphorus is present as an orthophosphate species. 

 

Figure 23 shows the difference in NC and NC’ for series I, and the actual NC calculated 

from the peak fitting which will be discussed below. 
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Figure 17:  31P MAS NMR chemical shift values for series I glasses with phosphate mole ratio. 
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Figure 18: 31P MAS NMR chemical shift values for series I glasses with network connectivity values 
assuming phosphorus in an orthophosphate environment. 

 

Figure 18 shows that, as P2O5 is added (and NC’ increases), and the proportion of Q3 

(SiO4 tetrahedra with three bridging oxygens and one non-bridging oxygen) species 
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increases, there is a very slight shift upfield of the 31P peak to smaller ppm values, 

corresponding to that of a calcium orthophosphate environment.  This could suggest 

that, as the glass moves towards a Q3 structure, calcium starts to preferentially associate 

with the phosphate phase.  It should be noted, however, that this trend is in no way 

distinct or definite and within experimental error it may be more relevant to assume no 

preferential association of the cations within the phases, as discussed by Lockyer et al. 

[10]. Grussaute et al. [160] also observe this phenomenon in similar quaternary Na2O-

CaO-P2O5-SiO2 glasses, with increasing P2O5 content, stating that each phosphorus 

nucleus is surrounded by the same number of Na and Ca cations, rather than segregation 

into stoichiometric compounds.   

 

In this series of glasses the CaO:Na2O ratio is 23.08:26.38 or 1:1.14.  If there is no 

preferential association within the phosphate phase it would be expected that the ratio of 

Na:Ca orthophosphate would be consistent with that of the overall glass composition.  

This would give a chemical shift for a 1:1 glass at ca. 9ppm.  In this series of glasses 

with a 1.00/1.14 ratio of CaO:Na2O, chemical shifts of ca. 10.3ppm would therefore be 

expected.  It is evident from the experimentally observed chemical shifts (7 to 10ppm) 

that there is some kind of phenomenon in the structure effecting the values, excluding 

experimental error. 

 

On closer inspection of the ICSW4 spectra (the highest phosphate containing glass) a 

slight asymmetry is apparent.  The NC’ (2.62) of this glass falls into the regime of 

glasses reported by Grussaute et al. [160].  Grussaute’s glasses were calculated to have 

NC’ values greater than 2.5 and their corresponding 31P MAS NMR spectra illustrated 

the presence of pyrophosphate as well as orthophosphate type species.  From the XRD 

data discussed below it is evident that this ICSW4 glass is partially crystalline.  There 

is, however, no corresponding sharpening of the spectrum.  This possibly implies that 

the magnetization of the crystalline phase was not fully relaxed in the NMR experiment.  

The sample was run with a longer delay time (60 seconds – not shown) but no 

sharpening of the phosphate resonance was observed.  This then necessitated the heat 

treatment of the glass and a longer delay time to try and grow and determine the 
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crystalline phase(s) present. The resulting spectrum, at a delay time of 2 seconds, is 

shown in Figure 19.  

 

To further refine the peaks, the heat treated sample was then run with a 60 second delay 

time (top spectra of Figure 19).  A sharp peak at ca. 3ppm is evident – the sharpness 

suggests a crystalline phase as a result of the highly ordered environment and its 

chemical shift suggest a calcium orthophosphate.  Up field from this peak is a broader 

peak consisting of three overlapping resonances peaking at ca. 8.5ppm, 10.5ppm and 

14ppm.  These resonances are difficult to assign to specific structures due to the 

overlapping regions of chemical shifts.   

 

Figure 19: 31P MAS NMR spectra forthe ICSW4 glass heat treated at around 350OC, delay time 2 s 
(bottom) and 60 s (top). 

 

 

However, if previous data on SiO2-Na2O-CaO-P2O5 glasses [10, 160] is consulted, the 

presence of a pyrophosphate species is reported.  Lockyer et al. [10] assigned two 

resonances at 13.8 ppm and 2.4 ppm to a sodium orthophosphate like species and a 
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sodium pyrophosphate like species, respectively.  Similarly, Grusssaute et al. [160] 

attributed two well resolved resonances with chemical shifts of 15.5 ppm and 2.9 ppm 

to Na3PO4 and Na4P2O7, respectively.  Therefore, it is important to consider that the 

experimentally observed resonance at 3ppm may be as a result of a sodium 

pyrophosphate type species rather than a calcium orthophosphate type species.  Further 

NMR analysis would first have to be undertaken before an accurate determination of the 

resonances in the ICSW4 crystalline sample can be assigned.  It is important to 

determine the types of phases present within the crystalline ICSW4 structure as these 

can usually be closely related to the structure of the parent amorphous glass.  This 

would then help determine whether there are any preferential associations within the 

phase separated glass structures (i.e. a preference for calcium orthophosphate) or 

whether the move in chemical shifts, with the addition of phosphorus, implies a 

preference for the formation of pyrophosphate type species.   

6.1.2 31P MAS NMR of Series II Phosphorus Glasses 

 

Figure 20: 31P MAS NMR spectra for series II (charge balanced) glasses.  Increasing phosphate 
content from bottom to top. 
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Figure 20 illustrates the 31P MAS NMR spectra for series II phosphorus glasses, where 

sodium and calcium have been introduced as charge compensators for the phosphate 

complex, thus obviating network polymerisation.  Table 10 tabulates the the peak 

positions and full width half maximums (FWHM) of 31P spectra for these glasses. 

Table 10:  31P MAS NMR peak positions and full width half maximums (FWHM) for glasses in series 
II. 

 
Glass 31P peak (ppm) 31P FWHM (ppm) 

ICSW6 10.7 9.2 

ICSW7 10.9 9.2 

ICSW8 10.5 9.5 

ICSW10 10.5 9.2 

ICSW9 10.9 9.2 

 

All the spectra appear identical, within experimental error, therefore confirming that 

incorporating phosphate has a minimal effect on the silicate network polymerisation 

[160].  It can be seen from Table 10  that all the spectra have a single resonance at ca. 

10.5ppm with a FWHM (9ppm) consistent with that of an orthophosphate environment.  

As discussed previously, if there is no preferential association of the Na+ and Ca2+  

cations with the phosphate phase then the ratio would then be consistent with that of the 

original glass composition.  As previously calculated, this would then result in a 

resonance of ca. 10.3ppm in the 31P spectra of the glasses.  This is in very good 

agreement with the single peak experimentally observed in series II.  This implies that 

the observed peaks can be assigned to a mixed sodium calcium orthophosphate species 

with no preferential association of the cations with the orthophosphate. 
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6.2 29Si MAS NMR 

6.2.1 29Si MAS NMR of Series I Phosphorus Glasses 

 

 

Figure 21: 29Si MAS NMR spectra for series I (fixed Na2O:CaO) glasses.  Phosphate content 
increases for bottom to top. 

 

29Si MAS-NMR spectroscopy was carried out on the first series of ICSW phosphorus 

glasses as shown in Figure 21 above.  

 

If the spectrum is observed for ICSW1, a SiO2-CaO-Na2O glass with no phosphorus 

present, a highly symmetrical single resonance centred on ca. -78 ppm can be seen. 

  

As the phosphorus content is increased in the SiO2-CaO-Na2O-P2O5 glass series, the 

peak asymmetry becomes evident.  For other than the phosphate free glass it can be 

seen that the spectra are a manifestation of 2 overlapping resonances centred on ca. -

78ppm and ca. -86ppm.  Such overlaps are as a result of the amorphous nature of the 
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samples, i.e. the variations in structural features within the glass, such as variations in 

O-Si-O bond angles and distances [161-167].  The upfield shift from ca. -78 ppm to ca. 

-86 ppm indicates changes in the environment around the silicon atom as phosphorus is 

introduced into the glass.  From these shift values and data on 29Si shifts in relation to 

Qn structure and connectivity, the resonance at ca. -78 ppm can be assigned to a Q2 

species and the resonance at ca. -86 ppm can be assigned to a Q3 species.  The 

linewidths measured at half height are much larger than the expected chemical shift 

differences for Qn and Qn+1 species.  It should also be noted the absence of any peaks 

around -200ppm indicating that no six co-ordinated silicon exist.  The peaks are well 

within the chemical shift range of silicon in a four co-ordinate state.   

 

Table 11  tabulates the peak positions and linewidths for the series I glasses.  

Table 11:  29Si MAS NMR peak positions and full width half maximums (FWHM) for glasses in series 
I. 

 
Glass 29Si peak (ppm) 29Si FWHM (ppm) 

ICIE1 -78.0 13.0 

ICSW2 -79.0 17.2 

ICSW3 -78.5 14.9 

ICSW5 -80.0 14.7 

ICSW4 -81.0 17.5 

 

The peak assigned to the Q3 species increases intensity with P2O5 addition.  The 

experimental findings, that on increasing phosphate content the glass moves from a Q2 

to a Q3 structure support the hypothesis that phosphorus acts as a network polymerising 

agent on the silicate network.  This is explained by the addition of the PO4
3- complex 

into the glass requiring cations such as Na and Ca to charge balance, thus removing 

them from their network modifying role within the silicate network.  This therefore 

decreases the amount of NBOs to give a more cross-linked silicate structure and hence 

the move towards a Q3 glass.  This is supported by the network connectivity 
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calculations where it is assumed phosphorus is in an orthophosphate environment (and 

not part of the silicate network as previously thought). 

 

Figure 22 below highlights the chemical shift values with respect to the percentage of 

phosphorus content. 
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Figure 22:  29Si MAS NMR chemical shift values versus phosphate content in series I glasses. 

 

Figure 23 below illustrates the difference in NC and NC’ for series I, and the actual NC 

calculated from the values of Q2 and Q3 proportions from Gaussian peak fitting of the 
29Si MAS NMR data for series I.  A simple calculation shows that if around 2/3 of the 

phosphate was present in a separate orthophosphate phase and the remaining 1/3 in the 

glass network, a good fit can be reached with the 29Si MAS NMR data. However, in 

reality the glass structure is likely to be much more complex with various Qn, 

orthophosphate and pyrophosphate species, preferential segregation of modifiers as well 

as crystalline components. Further NMR studies (e.g. 17O) are therefore needed to 

obtain a more complete picture. 
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Figure 23:  Difference in NC and NC’ for glasses in series I and data from NMR fitting. 

 

 

From the XRD results, it is known that ICSW4 is in fact partially crystalline.  It should 

be noted however that running the as-cast sample for a longer delay time (60s, not 

shown) did not result in any significant sharpening of the silicon resonance.  The 

powder XRD of the heat treated sample indicates three phases: the six membered ring 

combeite, sodium-calcium orthophosphate and sodium pyrophosphate.  A much sharper 

peak, or peaks would have been expected, due to the ordering of the structure, as a 

result of the crystalline nature, but this was not observed.  A possible explanation of the 

lack of observed crystallinity may be due to the much longer spin lattice relaxation time, 

T1, of the crystal phase.  At short time delays (2s, not shown) the 29Si within the 

crystalline phases would be saturated and not detectable.    As crystallinity had already 

been determined from the powder XRD, the heat treated sample was re-run with a 

longer delay time (60s) to try and pick up the crystalline phase – Figure 24 .  
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Figure 24: 29Si MAS NMR spectrum for the heat treated (6500C) ICSW4 glass sample, delay time=60 
seconds. 

 

 

From this spectrum it can be seen that the peak has sharpened but still not to a great 

extent.  The peak maximum is at ca. -88ppm.  This chemical shift value is rather low for 

a Q2 silicon crystal phase but this structure would be expected for this series of glasses.  

Wollastonite (CaSiO2) and β-wollastonite exhibit chemical shift values in this region 

[168] [169] and have been reported to crystallise in bioglass based compositions [170].  

However, the XRD spectrum showed the presence of combeite (Na2Ca2Si3O9) [171].  

The peak is therefore assigned to combeite.  It is suggested that it would be beneficial to 

run this sample with a longer delay time than 60 seconds to try and resolve further the 

peak and gather more accurate information – this however would prove very difficult as 

the run time would extend to a number of days. 
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6.2.2 29Si MAS NMR of Series II Phosphorus Glasses 
 

29Si MAS NMR was carried out on the series II glasses snd the resulting spectra are 

shown in Figure 25 . 

 

Figure 25: 29Si MAS NMR spectra for series II glasses. 

 

Figure 25 shows that all the spectra are highly symmetrical with a single resonance 

centred on -78ppm with linewidths between ca. 12ppm and ca. 13ppm.  Even within 

experimental error, there is no shift of any of the spectra and certainly no presence of 

any shoulders. 

 

Table 12 tabulates the the peak positions and full width half maximums (FWHM) of 
29Si spectra for these glasses. 
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Table 12:  29Si MAS NMR peak positions and full width half maximums (FWHM) for glasses in 
series. 

 
Glass 29Si peak (ppm) 29Si FWHM (ppm) 

ICSW6 -78.0 13.2 

ICSW7 -78.0 13.0 

ICSW8 -78.0 12.7 

ICSW10 -78.0 11.8 

ICSW9 -78.0 12.7 

 

It can be concluded that all the glasses in the series are Q2 in nature, thus agreeing with 

the constant NC’ value of all the glasses - 2.08.  It is also further evidence to support 

that phosphorus exists within an orthophosphate environment. 

 

In the series II glasses, the silica content remains the same while the sodium and 

calcium contents increase in order to charge compensate the phosphorus species being 

added.  This therefore removes the need for any modifying ions already associated 

within the silicate network to charge compensate the PO4
3- species, therefore keeping 

the number of NBOs attached to silicon constant and the silicate network uneffected. 

 

The single Q2 resonance at ca. -78ppm suggests that the NBOs are preferentially 

bonded to sodium as a Q2 sodium silicate exhibits a resonance around -77ppm and Q2 

calcium silicates occur in the -92 to -83ppm region [168] [169]. 

6.3 Summary of MAS NMR 
29Si MAS-NMR spectra of the series I phosphorus glasses consisted of a progression of 

asymmetry through the series – a result of two overlapping resonances assigned to Q2 

and Q3 species, with the latter increasing with P2O5 addition. The asymmetric peak shift 

in the 29Si spectra towards lower frequencies, as the phosphate content increased, is 

attributed to an increase in the average degree of polymerisation of the silicate network. 
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This, therefore, implies the network polymerising role of phosphorus, and the existence 

of an orthophosphate species. There is no evidence of any disruption of the glass 

network from the 29Si MAS-NMR spectra thus eliminating the idea of phosphorus 

acting as a former and entering the silicate glass network. 31P MAS-NMR spectra 

clearly illustrates single resonances for all spectra centred on chemical shift values 

associated with those of an orthophosphate environment.  This is direct evidence of the 

existence of phosphorus within such an environment, rather than the conventional view 

of phosphorus entering the network.  A slight shift to smaller chemical shift values is 

observed through the series.  This shift can either be assigned to the preferential 

association of calcium with the orthophosphate type species or alternatively the 

formation of a pyrophosphate type species.  Further analysis would have to be 

undertaken before a definitive conclusion can be made. 

 

29Si MAS-NMR spectra of the charge balanced phosphorus glasses resulted in a series 

of single resonances all centred on a chemical shift associated with a Q2 glass. No 

evidence of any shoulders or peak shift is seen, therefore concluding that, on addition of 

phosphorus, the silicate network remains unchanged as a result of the addition of charge 

compensating cations.  The 31P spectra also consisted of a series of single resonances all 

centred on a chemical shift associated with that of an orthophosphate environment. 

 

It can, therefore, be concluded, from both series, that within the test glasses phosphorus 

exists as an orthophosphate complex, rather than taking part in or entering the silicate 

glass network, as traditionally thought.  The design of the two series, based upon such 

an assumption results in a definitive and clear cut set of data.  The evidence for the 

existence of phosphorus within an orthophosphate environment and therefore the 

possibility of phase separation into phosphate rich clusters has significant implications 

with respect to the bioactive properties of the glass. It is suggested that the 

orthophosphate rich phase will very likely be extremely soluble and when exposed to 

water, dissolve much more rapidly than the silicate phase, effectively increasing the 

level of phosphorus super saturation of the external environment.  This would then 

result in an increase of the rate of apatite deposition on the glass surface [13].  However, 
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it should not be neglected that the resultant polymerisation of the silicate network points 

towards a less degradable bioactive glass and would, therefore, serve to reduce 

bioactivity.  The effect of phosphorus on bioactivity therefore is a necessary and 

essential extension to this investigation and is discussed further on in this study. 

6.4 FTIR Spectroscopy 
Infrared Spectroscopy is one of the most powerful tools for identifying types of 

chemical bonding within a structure and has been at the forefront of materials analysis 

for over 70 years.  All molecular bonds vibrate.  The frequency of this vibration is 

dependent on the type of elements present and the type of bonds between these 

elements.  For any given bond, there is a number of specific frequencies at which it can 

vibrate.  For example, complex molecules, such as CH2, can vibrate in many different 

ways, including symmetrical stretch, asymmetrical stretch, scissor, rock, wagg and 

twist.   

 

An infrared spectrum represents a fingerprint of a sample with absorption peaks which 

correspond to the frequencies of vibrations between the bonds of the atoms making up 

the material.  Because each different material has a certain unique combination of atoms 

and bonding, no two compounds will produce the same IR spectrum.  IR spectroscopy 

is therefore used as a positive identification of a compound [172]. 

 

Figures 26 and 27 illustrate the infrared absorption spectra of the individual glasses in 

the series I, non-charged balanced, phosphorus series and series II, charge balanced, 

phosphorus series, respectively. 

 

Infrared spectroscopy is extremely accurate in picking up vibrations associated with non-

bridging oxygen and silicon interactions (Si-O-NBO bonding) [173] - 

 

1. The Si-O(s) with one non-bridging oxygen (1 NBO) per SiO4 tetrahedra (i.e. Q3 

bonding) is located in the range of 1020-1052cm-1
 (illustrated by dashed line) 
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2. The Si-O-2NBO species (i.e. Q2 bonding) is located at ca. 920-960cm-1
 (illustrated 

by dotted line) 

 

Figure 26 shows that, for the non-charge balanced series, there is an evolution of the peak 

associated with Q3 species (around 1020-1052cm-1
 – dashed line) as we move through the 

series and phosphorus is added.  This is further evidence to support the MAS NMR results 

which illustrate that as phosphorus is added, more Q3 species form within the glass.  This 

is as a result of the formation of charge deficient orthophosphate species.  The charge 

modifiers are removed from their roles in the silicate structure to charge balance the PO4
3- 

type species.  The effect is a change in polymerisation of the silicate network with a move 

from a predominantly Q2 glass to a predominantly Q3 glass. 

 

If we compare the infrared spectra for the non-charge balanced series (Figure 27) with 

those of the charge balanced series we can see that this effect, i.e. the polymerisation of 

the network through the series, is not seen.  There is no obvious evolution of the peak 

associated with Q3 silicate species.  The peak heights remain constant, within 

experimental error, throughout the series.  This is analogous with the previous NMR data 

and network connectivity data, which also show no change in the silicate network 

polymerisation as phosphorus is added through the series.  As discussed before, this is 

explained by the fact that as phosphorus is added, charge balancing sodium and calcium 

ions are also added to accommodate for the formation of the charge deficient 

orthophosphate type species.  As calcium and sodium have been added to account for this 

phenomenon there is no need for the original charge modifiers to be removed from their 

role in the silicate network.  Hence no change is seen in Q structure of the silicate 

network. 
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Figure 26: FTIR spectra for series I non-charge balanced phosphorus series.  Increasing phosphate 
content from bottom to top. 
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Figure 27: FTIR spectra for series II charge balanced phosphorus series.  Increasing phosphate 
content from bottom to top. 

 

Further examination of Figures 26 and 27 illustrates that both series have a peak in the 

region of 520 to 600 cm-1, at approximately 580cm-1(illustrated by block line).  As 

phosphorus is added through the non-charge balanced series, it is evident that the peak 

height increases.  The same phenomenon is seen in the charge balanced series, however to 

a much lesser extent.  There are four vibrational modes theoretically present for phosphate 

ions – v1, v2, v3 and v4.  The evolution of the peak in the region of 520 to 600 cm-1 can 

thus be assigned to the formation of PO4
3- orthophosphate type species within the glass 



Results and Discussion – Phosphorus Glasses 104 

and corresponds to the O-P-O antisymmetric angle bending mode.  There is, however, a 

Si-O-Si bending vibration in the same region [174] [175] [154] [176].  It is interesting to 

note the difference between the two series of glasses.  The evolution of the peak in the 

520-600 cm-1 regions is extremely prominent in the non-charge balanced series and 

although evident in the charge balanced series, is not so prominent.  No explanation can 

be thought of as to why the non charge balanced series display a more prominent increase 

in phosphorus peak height in comparison to the charge balanced series. 

 

6.4.1 Summary of FTIR for phosphorus series of glasses 
• FTIR analysis illustrated the evolution of the peak associated with Q3 species, and 

accompanying decrease in the peak height for the Q2 silicate species, through the 

non charge balanced series of glasses.   

• This phenomenon was not observed in the spectra for the charge balanced series 

of glasses, where the peaks associated with the Q2 and Q3 silicate species 

remained relatively unchanged through the series.   

• This suggests that the non charge balanced series is becoming more cross-linked 

with the addition of phosphorus while the Q structure is unaffected with the 

addition of phosphorus in the charge balanced series of glasses.   

• It can, therefore, be concluded, from both series, that within the test glasses 

phosphorus exists as an orthophosphate complex, rather than taking part in, or 

entering, the silicate glass network. 

 

6.5 Raman Spectroscopy 
Figure 28 below, shows the Raman spectra for series I, non charge balanced phosphorus 

glasses.  It is evident that the spectra are near enough featureless as with Figure 29 

below, for the charge balanced series of glasses.  It is unsure why the spectra are so 

poor.   
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Figure 28:  Raman spectra for series I, non charge balanced, phosphorus glasses.  Increasing 
phosphate content from bottom to top. 

 

Due to the quality of the spectra, only a menial analysis of the spectra can be 

undertaken.  On close inspection, however, it can be seen that the bands associated with 

Si-O-Si bending, Si-O-NBO and Si-O-Si stretching are present at approximately 600cm-

1, 970cm-1 and 1080cm-1
, respectively [84] [157].   

 

Also it is evident that these bands do not remain the same with respect to intensity and 

broadness as phosphorus is added and the network connectivity increases.  Thus it can 

be concluded that the addition of phosphorus promotes a local distortion in molecular 

symmetry.   

 

Figure 29 below also has the same characteristic bands associated with Si-O-Si bending, 

stretching and Si-O-NBO.  Interestingly, these bands seem to be, within experimental 

error, very similar with respect to intensity and broadness as phosphorus is added.  This 

suggests that there is little distortion of the silicate network.  This is in contrast to the 

non-charge balanced series.   
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Therefore, in can be concluded that, although the spectra are of poor quality, we can 

gather some basic information on the form of the silicate network in the two series of 

glasses.  The non-charge balanced series of glasses experience a distortion in the silicate 

network as phosphorus is added.  In contrast, the charge balanced series experience very 

little distortion of the silicate network.  These results agree with the NMR and FTIR 

data (and of course the actual design of the glasses) and are further evidence to support 

the changing network connectivity in the non-charge balanced series and the constant 

network connectivity in the charge balanced phosphorus series. 
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Figure 29:  Raman spectra for series II, charge balanced, phosphorus glasses.  Increasing 
phosphate content from bottom to top. 

 

6.6 X-Ray Diffraction 
XRD is a limited technique for amorphous materials as only long range periodic order 

or disorder can be probed.  X-ray diffraction was, therefore, used to simply confirm the 

glassy nature of the ICSW phosphate glasses series I and II.  Figure 30 and Figure 31 

indeed show the characteristic amorphous halo for glasses in series I and series II,  

respectively. 

 

There is one exception within both series – ICSW4.  The XRD pattern of the heat 

treated ICSW4 in Figure 30 exhibits characteristic sharp crystalline peaks.  Initially a 
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match using Xpert software was undertaken to try and determine the crystalline phase 

present as the resulting crystalline phase/s present are often a good indication of the 

phases present within the corresponding amorphous glasses.  It was, however, obvious 

that more than one crystalline phase was present within the glass making it much more 

difficult to try and determine the actual phases present. 

0

200

400

600

800

1000

1200

1400

1600

10 20 30 40 50 60 70 80

2 Theta (O)

Co
un

ts
 (a

.u
.)

ICSW1 ICIE1 ICSW2 ICSW3 ICSW5 ICSW4  

Figure 30:  X-Ray diffraction patterns for series I glasses.  Increasing phosphate content from 
bottom to top 
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Figure 31:  X-Ray diffraction patterns for series II glasses.  Increasing phosphate content from 
bottom to top. 
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Rietveld refinement was therefore performed on the spectrum.  Three phases were 

identified: NaCaPO4 (sodium calcium orthophosphate, 68 mol. %), Na2Ca2Si3O9 

(combeite, 28 mol. %) and Na4P2O7 (sodium pyrophosphate, 4 mole %).  This is 

consistent with the 31P NMR observation of the presence of predominantly 

orthophosphate and a smaller amount of pyrophosphate.  The 29Si NMR spectra of the 

heat treated sample showed a broad peak around -88ppm which was thought to be a Q2 

or Q3 silicate.  However, Schneider et al. [177] observed three overlapping chemical 

shift anisotropies (CSAs) for combeite at around -88, -90 and -93 ppm, which fits with 

the NMR and XRD and Rietveld data of ICSW4.  The presence of three CSAs is due to 

closely spaced, but three distinct crystallographic sites for silicon in the combeite 

lattice. 
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Figure 32: X-Ray diffraction pattern for crystalline sample ICSW4 before and after heat treatment 
with phases identified and Rietveld refinement, with molar proportions of phases 
shown (note – additional sodium pyrophosphate peak are masked in the region 

around 32° which contains the strongest lines from the other two phases). 

 

6.6.1 Summary of XRD for phosphorus series of glasses 
• The spectra for the two series of glasses illustrated that all glasses were 

amorphous.   

• The exception to this was the ICSW4, highest phosphorus containing, glass of 

the non charge balanced series.   
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• The crystalline phases present in the ICSW4 glass were identified as sodium 

calcium orthosphosphate, sodium pyrophosphate and combeite.  This fits with 

the NMR data for the glass and suggests that a pyrophosphate type environment 

may exist in the higher phosphorus glasses. 

6.7 Density 
Density analysis is widely used for assessing the character and degree of structural 

changes in glass.  Doweidar’s model correlates the type of structural units within a glass 

system with its physical density.  Doweidar analysed the density and structure of 

various types of silicate glasses, such as R2O-SiO2, RO-SiO2 and Na2O-Al2O3-SiO2 

systems (R2O being an alkali oxide and RO an alkaline earth oxide), to estimate the 

volume of each structural unit present.  He found the volume of structural units in 

silicate glasses, modified with more than one type of modifier oxide, the same as in the 

corresponding R2O-SiO2 or RO-SiO2 glass.  Similar trends were also found in mixed 

alkali borate glasses [178] [179] [180].   

 

Depending on the type of glass and the structural make up, Doweidar observed natural 

correlations between the glass density, the concentration of the structural units present 

and their volume [181].  The resultant working model is now applicable to many types 

of glass systems and is capable of estimating the densities of sophisticated glass systems 

with a good degree of scientific accuracy [149].     

 

Elgayar et al. [14] and Wallace et al. [43] have both successfully applied Doweidar’s 

model to multicomponent glass systems.  However, in both Elgayar et al.’s and Wallace 

et al.’s glasses, as the content of P2O5 was fixed and negligible, when employing 

Doweidar’s model, the existence of P2O5 within the glass structure was disregarded.  

Doweidar does not consider the species in the development or application of any of his 

models [43].  As a result, although good agreement is observed between Elgayar et al.’s 

and Wallace et al.’s own measured densities and those calculated by his model, 

inconsistencies are obvious in both sets of results [43] [78].  It is suggested that the 

variations observed, as well as a result of normal experimental deviation, are a direct 
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consequence of the exclusion of the P2O5 component in Doweidar’s theoretical model.  

For Doweidar’s model to be applied to a glass system, with any degree of scientific 

certainty, it is paramount that the effect of the addition of any species to a glass 

structure is thoroughly understood.  To the author’s knowledge, this is the first time that 

the effect of P2O5 content on Doweidar’s model has been experimentally investigated. 

 

Figures 33 and 34 below show the experimental density measurements for phosphorus 

series I and phosphorus series II, respectively.  Also on each Figure are plotted the 

density values as predicted by Doweidar’s model (red trend line).  When calculating 

Doweidar’s densities, in line with Elgayar et al.’s and Wallace et al.’s treatment, all 

glass compositions were normalised to exclude the phosphate content present.   

 

Doweidar assumes a binary distribution of silicate Q species and, on normalisation, all 

compositions fall within the 33 ≤ xt ≥ 50mol% region (where xt is the total modifier 

mol%).  This signifies a Q2 and Q3 silicate distribution within both glass series; in 

agreement with their respective 29Si MAS NMR results.   

 

The relative proportions of the Qn species were calculated using the following formulas 

(a), (b), (c), (d), where “a” denotes Na+ containing Qn species and “b”, Ca2+ containing 

Qn species: 
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Equation 9: Doweidar’s equations to calculate Q species. 

 

and where fMxOy is the fraction of oxide component MxOy.  Each value was then 

normalised to give the fraction of each species (xn) and the resultant densities calculated 

using the following equation: 

bbaabbaa xxxx 33332222 ρρρρρ +++=  

Equation 10: Doweidar’s equation for density. 

 

Table 13 shows the resultant densities of each Qn species. 

Table 13:  Densities of silicate Q species and phosphate species. 

 

 

 

 

 

 

 

Species ρ / g.cm-3 

Q2a (Na+) 2.57 

Q2b (Ca2+) 2.90 

Q3a (Na+) 2.50 

Q3b (Ca2+) 2.68 

Na3PO4 2.54 

Ca3(PO4)2 3.14 
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From the experimental 29Si and 31P MAS NMR results, it is hypothesised that P2O5 is 

participating within the glass structure as a separate orthophosphate phase, charge 

balanced by Na+ and Ca2+ ions, at a ratio consistent with that of the parent glass.  The 

two series were purposively designed to illustrate and corroborate this hypothesis, with 

series I characterised with a fixed ratio of (CaO/Na2O) = 0.87 and series II designed to 

maintain the network connectivity value at a constant value (with the content of Na2O 

and CaO adjusted to take account of the charge deficient isolated phosphate species).  

 

Examining the experimental density values for both series and their respective 

theoretical values, the deficiency in Doweidar’s model becomes most apparent.  At 

higher proportions of P2O5, it is no longer acceptable to simply ignore the existence of a 

species within the glass structure.  From our understanding of phosphorus’ role, 

therefore, a modified model was formulated (blue trend line), in which the effect of 

P2O5 on density was taken into consideration.  Using the density values of sodium and 

calcium orthophosphate, as tabulated in Table 13, Equation 10 was modified to 

incorporate the fractions of sodium and calcium orthophosphate within the glass system 

(blue trend line on Figure 33).  

 

On examination of the series I experimental glass densities in comparison to those 

predicted by Doweidar, there is little correlation.   The series I experimental density 

values are unaffected by the perentage of phosphorus added, with no real trend obvious 

to the eye.  It should be noted, however,  that the end point on the graph, ICIE4, is a 

partially crystalline glass.  Therefore, this explains the inconsistencey and significantly 

higher density.  This point, therefore, should be disregarded from the overall density 

analysis.   
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Figure 33:  Variation in density with phosphate content for series I with Doweidar’s theoretical 
values. 

 

Within series I, the glasses should display a decreasing trend in density, as phosphorus 

is substituted, as a result of the removal of sodium and calcium ions from their charge 

balancing role in the silicate structure in order to counter the charge deficiency resulting 

from the formation of orthosphosphate type species.  This lack of charge balancing ions 

in the silicate network results in the move from predominantly Q2 to predominantly Q3 

species.  Following Doweidar’s original assessment (Q3 silicate units are less dense than 

their corresponding Q2 counterparts), a resultant decrease in density will occur, as 

highlighted by the red trend line.  We know from the previous 29Si MAS NMR results 

that Q2 and Q3 silicate species, charge balanced by sodium and calcium are present 

within the glass structure and indeed, as phosphorus is added at the expense of silica, 

there is a move to Q3 charge balanced species.  The actual density data, however, 

obviously does not follow this trend line.  This implies that there is some  additional 

event that is suppressing the theoretical densification of the structure.  

 

As recognised earlier, there becomes a point where, when utilisiling a theoretical model, 

it is no longer scientifically acceptable to disregard a potential variable, in this case the 
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addition of phosphorus to the glass structure.  By accounting for this proposed 

phenomenon in Doweidar’s model (blue trend line), there is a definite move towards the 

experimental values.  The modified model however still does not predict the actual 

density values with any significant degree of scientifc accuracy and significant 

deviations are apparent from the actual experimental results, even if lessened. 

 

Figure 33 shows that the actual experimental density values are higher than those 

predicted, either by the original or modified Doweidar model.  In the modified 

calculations (blue trend line), the existence of a higher density orthosphosphate 

component has already been incorporated.  Furthermore, apart from ICSW4 glass, the 

presence of a crystalline phase is ruled out from XRD analysis.  The results imply that a 

higher density type species may be present.  It is suggested that this species may be 

some kind of sodium/calcium pyrophosphate. 
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Figure 34: Variation with density with phosphate content for series II with Doweidar’s theoretical 
values. 

 

Examination of  series II  shows that the addition of phosphorus to the series increases 

the density of the glasses.  Again, as with series I, there is no agreement with 

Doweidar’s theoretical values.  I suggest that, as well as the simple effect of the silicate 
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species present, another phenomenon is influencing the density of the glass series.  As 

charge balancing cations are added to compensate for the formation of orthophosphate 

species, the silicate Q structure of the glasses remains constant, as illustrated by 29Si 

MAS NMR results.  This would suggest that, in line with Doweidar’s thinking,  the 

density would remain exactly the same as the Q species remain constant, as do the type 

of modifier ions present.  As postulated by Doweidar, the concentration of the modifier 

ions does not effect the volume of the structural species, only the type of species 

themselves.  This is indicated by the horizontal trend line, highlighting no change in 

density with the addition of phosphorus.  Although the proportion of silica is 

decreasing, phosphorus pentoxide is added at its expense.  When this is accounted for in 

the modified Doweidar model, a resultant trend in increasing density is observed, as a 

result of the formation of sodium and calcium orthophosphate type species.  This still 

does not match the marked increase in experimental density.  As with series I, this 

suggests that, as phosphorus is added, an even denser species is forming.  Again, as a 

result of the XRD analysis this cannot be assigned to crystalline species, therefore it is 

suggested that, as with Series I, a pyrophosphate type species is formed. 

6.7.1 Doweidar’s analysis 
Doweidar, himself, comments on the experimental results collected in this study (as 

published in the Journal of Non Crystalline Solids) and their significance and impact on 

his own theoretical model in his 2009 paper entitled “Density-Structure Correlations in 

Na2O-CaO-P2O5-SiO2 bioactive glasses” [182].   

 

Doweidar concludes that the structural information gathered by the incorporation of 

P2O5 in Na2O-CaO-SiO2 bioactive glasses can be employed to develop relations that can 

be used for predicting this type of glass.  Furthermore, he comments that the agreement 

between the experimental and calculated densities of the series may be taken as 

evidence for the validity of his presented model [182]. 

 

Although Doweidar recognises this study’s approach taken when modifying his model, 

he employs a slightly different angle with respect to the effect of phosphorus.  He 
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accepts that, from our previous MAS NMR results, P2O5 forms a separate phase of 

Na3PO4 and Ca3(PO4)2, in the same proportion of sodium and calcium in the parent 

glass.  He believes that the P2O5 phase has the priority to be fully saturated with respect 

to the modifier oxide, and indeed at the expense of the silicate structure. 

 

Therefore, as a starting point, to predict the density of a phosphorus containing glass, he 

calculates the amount of Na2O and CaO consumed as a result of the formation of the 

separate orthophosphate species and subtracts this from the overall content of the Na2O 

and CaO in the glass.  Doweidar then suggests that the next step is to calculate the 

amount of sodium and calcium orthophosphate in the glass and then allow the residual 

sodium and calcium modifiers to act as usual within the silicate network, to generate 

and yield the overall number of Qn species present. 

 

Figure 35 below presents the correlation between Doweidar's own modified model and 

the series I and series II experimental results.  Doweidar comments that the 

experimental and calculated densities are consistent, except, in both cases, the two end 

compositions of the series.   

 

Figure 36 demonstrates the experimental molar volumes and the calculated values as a 

function of phosphorus content.  Again, with only some scattering observed, and the 

two end values inconsistent, Doweidar comments on the excellent correlation and its 

evidence for the validity of the predicted orthophosphate volumes in the sodium and 

calcium phosphate phases. 
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Figure 35: Doweidar’s graph taken from his 2009 paper showing density as a function of 
phosphorus content.  The square and diamond symbols represent this study’s series 
I and series II experimental values while the triangular symbol represents Lusvardi’s 
et al.’s [183] experimental density values.  The closed triangular symbols represent 

Doweidar’s theoretical values.  Error limit in the experimental densities is ±0.02g/cm3 
[182]. 

 

 

Figure 36:  Doweidar’s graph taken from his 2009 paper showing Vm as a function of phosphate 
content using this study’s and Lusvardi’s et al.’s [183] results.  Symbols as with 
Figure 35 – closed triangular symbols represent calculated molar volumes [182]. 
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The above analysis highlights that Doweidar's model, used initially for simple silicate 

[179] [180] and mixed silicate glasses [149], can be developed to be applicable for far 

more complex glass systems [182].  

6.7.2 Summary of density results for phosphorus series of glasses 
• The experimental density values were seen to be unaffected by the addition of 

phosphorus in the series I glasses and were seen to increase with the addition of 

phosphorus in the series II glasses.  

• There was little correlation between the experimental density values and 

Doweidar’s predicted density values.  This clearly highights the inadequacy of 

Doweidar’s model for phosphorus containing glasses.   

• However, using the data from this thesis, published in the Journal of Non 

Crystalline Solids in 2009, Doweidar subsequently modified his model to take 

account of phosphorus in soda lime silicate glasses.  The experimental density 

values were then observed to correlate well with Doweidar’s modified values; 

thus providing evidence for the existence of phosphorus in an orthophosphate 

type environment.  

6.8 Differential Thermal Analysis 
Figures 37 and 38 illustrate the DTA traces for the phosphorus glasses, series I and 

series II, respectively.  From these traces the glass transition temperature (Tg) and 

crystallisation temperature (Tx) for each glass were determined.  In general the glasses 

manifested a Tg and two exotherms corresponding to Txi and Txii crystallisation 

temperatures.  Only glass ICSW4 (9.25 mol. % P2O5 from series I) showed a third 

crystallisation exotherm (Txiii). 

6.8.1 Glass Transition Temperature 
If Tg is plotted against the percentage of phosphorus added for both series (Figures 39 

and 40) it is clear that as phosphorus is increased, Tg decreases.  This contradicts the 

theory that phosphate addition results in a polymerisation of the silicate network.  This 
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also contradicts the NMR findings.   In series I, phosphorus was substituted for silica on 

a mole percent basis.  This then requires Na+ and Ca2+ ions to charge compensate the 

phosphorus complexes, removing the cations from their modifying role and thus 

polymerising the network.  The expectation would have been a corresponding increase 

in Tg.  In the case of series II, the need for charge balancing cations is compensated for 

and thus the silicate network remains unchanged.  The expectation would have been to 

see no real change in Tg, however, experimentally, it was seen, once again, to decrease 

with increasing phosphorus content. 

 

There is, therefore, an obvious difference between the expected behaviour of the glass 

and the actual behaviour, with respect to transition temperatures.   For both series, the 

expected Tg correlation theories are based on the degree of disruption of the silicate 

network.  This theory in turn bases itself on the idea that Tg is affected solely by the 

silicate phase.  Elgayar et al. [78] have already discussed the effect of Na2O 

replacement of CaO and the loss of ionic bridges on Tg.   However, in the two 

phosphorus series studied, there is no change with respect to any modifying cations so 

there must be a different phenomenon occurring with the addition of phosphorus. 

 

From the 31P MAS NMR data it is already known that the glasses have a phase 

separated phosphate structure.  An expectation might be a second glass transition 

temperature corresponding to the phosphate phase.  However, from the traces, there 

seems to be no evidence of this.  This could mean it is simply being masked by the other 

features in the DTA trace.  Conversely, the amount of phosphorus present, or the actual 

size of the phosphate phase, may be too small to be picked up by differential thermal 

analysis.  

 

However, it is suggested that what may be observed is a composite glass transition 

temperature (i.e. as a result of a number of competing factors)  due to the fact that Tg 

decreases when the NC’ is the same (series II) and even when NC’ increases (series I).  

It is suggested that as the phosphorus content increases, the corresponding phosphate 
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phase size increases, then surpassing some critical size dimension to be of significance 

to effect the Tg values. 
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Figure 37: DTA traces for series I (ICSW1 magneta, ICIE1 red, ICSW2 yellow, ICSW5 cyan and 
ICSW4 black). 

 
 

-0.25

0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

2.00

400 500 600 700 800 900 1000 1100 1200

T / oC

Δ
T 

/ o C

Increasing 
P2O5

 

Figure 38: DTA traces for series II (ICSW1 magenta, ICSW6 blue, ICSW7 yellow, ICSW8 sian, 
ICSW10 brown, ICSW9 purple). 
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Figure 39: Glass transition temperatures for series I. 
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Figure 40: Glass transition temperatures for series II. 

 

6.8.2 Crystallisation Temperatures 
Figures 41 and 42 illustrate the crystallisation temperatures with respect to the 

phosphorus content. 

 

The traces show the presence of two crystallisation exotherms in both series, which 

often overlap. These two exotherms could correspond to the crystallisation of two 
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separate crystal phases or conversely, the crystallisation of the same phase in two phase 

separated regions or by two different mechanisms.  It is suggested that it is most 

probably as a result of the crystallisation of two separate crystal phases i.e. crystal phase 

A and crystal phase B.  It should not be neglected that the order of crystallisation 

temperatures can switch within the series – for example in one glass, Txi can correspond 

to crystal phase A and Txii to crystal phase B while in another glass, Txi could 

correspond to crystal phase B and Txii to crystal phase A, depending on composition and 

the crystallisation mechanisms involved. 

 

In both series I and II, Txi and Txii seem to be relatively independent of phosphate 

content, with a small decrease in temperatures observed with increasing P2O5. This 

suggests that phosphate aids crystallisation at lower temperatures.  For series I however, 

as the network polymerises, it is suggested that more energy would be required to re-

arrange the ions into a crystal state thus resulting in a higher crystallisation temperature.  

This trend however is not seen, suggesting that, once again, the addition of phosphate 

somehow aids crystallisation. This, however, is in no way conclusive and the trend seen 

could be simply due to experimental errors. 

 

Within series I, the observed endotherms are all broad and weak and are attributed to 

the melting of the residual glassy phase.  In series II, however, ICSW8 and ICSW9 

exhibit very sharp and definite melting endotherms with an onset of melting at 

approximately 1180°C.  This suggests that ICSW8 and 9 crystallise to the same phase. 

This endotherm is missing from all the other glasses in the series, with exception to 

ICSW6 – which shows a much weaker endotherm, however, at the same temperature. 

This suggests that the other members of the series do not crystallise to this unknown 

phase.  

 

From the DTA information on crystallisation exotherms and melting endotherms, it can 

be predicted that there are probably three crystalline phases occurring; one of which is 

common to ICSW8 and ICSW9 with a very small amount of the same phase in ICSW6. 
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Figure 41: Crystallisation temperatures for series I (Tc1 blue, Tc2 pink) 
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Figure 42: Crystallisation temperatures for series II (Tc1 blue, Tc2 pink) 
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Figure 43: Tx–Tg for series I and II. 

 

Figure 43 illustrates the working range, or glass stability (Txi-Tg), with respect to the 

amount of P2O5 added.  It can be seen that Txi-Tg increases to a maximum in both series 

at a molar ratio of around 4 mol% for series I and 3 mol% for series II, then decreases. 

This working range is important in processes such as sintering and fibre drawing and 

should ideally be maximised for both to avoid crystallisation at temperatures where the 

glass viscosity is sufficient to allow viscous flow to occur. 

6.8.3 Summary of DTA results for the phosphorus series of glasses 
• The glass transition temperatures for both series of glasses were seen to decrease 

with the addition of phosphorus.   

• This suggests that the temperatures recorded by the DTA equipment were 

composite glass transition temperatures and the glasses are phase separated.    

• The crystallisation temperatures were also seen to decrease very slightly with the 

addition of phosphorus in both series suggesting that crystallisation is in some 

way aided by the addition of phosphorus.   
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6.9 Dilatometry 
Figure 44 shows the relationship between the thermal expansion coefficient (α) and 

phosphate content for both series of phosphate glasses. Due to problems with casting, as 

a result of phase separation and / or crystallisation, only 3 samples of series I and 2 

samples of series II could be cast, and thus run in the dilatometer.  It is important to note 

that these glasses have a phase separated structure.  It is easy to visualise that each 

phase will contribute to a given extent to the overall expansion of the glass – a situation 

analogous to that of composite structures. The composite glass thermal expansion 

coefficient, αc,  is given by Equation 11. 

 

)]1([)( abaac VV −×+×= ααα  

Equation 11: Composite thermal expansion coefficient. 

 
where αa, is the thermal expansion coefficient of phase a, Va the volume fraction of 

phase a and αb the thermal expansion coefficient of phase b.   

 

Due to the polymerisation of the silicate matrix through series I, it is suggested that the 

glasses would be less able to expand, thus resulting in smaller a values.  Conversely, the 

thermal expansion coefficient values are seen to increase with phosphate substitution.  

The observed a values for the series I glasses thus imply that, as phosphate is 

substituted, a composite thermal expansion coefficient may result.  As phosphate is 

added and the amount of the phosphate phase is increased, the weaker P-O bond 

strength, compared to the Si-O strength of the silicate phase, would act to weaken the 

glass structure, thus explaining the increase in measured α values across the series.  

 

The shape and dimensions of the secondary phosphate phase are factors which would 

effect the thermal expansion of a phase separated structure.  Dilatometry is known to be 

governed dramatically by the dominant matrix phase of a glass.  The results suggest 

that, as the phosphate content increases, the dimensions of the secondary phase are 

significant enough to contribute to the thermal expansion of the glass.  It would be of 
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interest to examine the phase size and dimensions of the silicate and phosphate phases 

by scanning electron microscopy (SEM), for example, paying special attention to the 

possible progressive formation of the secondary phosphate phase through the series.  It 

is suggested that a proper understanding of the thermal expansion of phase separated 

structures would not be achieved, therefore, without the knowledge of such factors. 

 

Figure 44 also shows the a values calculated from Appen’s model [184].  The fraction 

of each component in the glass compositions (fMxOy) were multiplied by Appen factors 

[184] (aMxOy)  giving  α. 

52522222 OPOPONaONaCaOCaOSiOSiO afafafaf +++=α  

Equation 12: Theoretical thermal expansion coefficient calculated using Appen factors. 
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Figure 44: TEC’s (α) for series I and II with calculated (Appen) values. 
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The values over the 100-200°C range show relatively good agreement with the Appen 

figures.  It is difficult, however, to comment on the reliability of experimental data 

when only 3 data points and 2 data points are available for series I and II respectively. 

 

Figures 45 and 46 illustrate the relationship between the dilatometric softening points, 

Ts, and percentage of phosphate. It can be seen that Ts increases with P2O5 substitution 

in series I.  As P2O5 substitution increases, the network connectivity of the dominant 

silicate phase increases due to formation of a separate phosphate phase.  It would, 

therefore, be expected to observe this increase in the softening point of the glass (i.e. a 

more cross-linked network through the series resulting in more energy needed for the 

glass to flow).  In series II, however, the silicate phase remains unchanged with respect 

to Q structure, as a result of the addition of modifying ions to the system.  It would, 

therefore, be expected that the softening points would remain constant.  However, they 

are also seen to increase with phosphate substitution.  This suggests, that as with the 

thermal expansion coefficients, the phosphorus phase is playing some role with respect 

to the softening point of the overall glass. 

 

If, however, we compare these results to the glass transition results discussed above in 

the DTA chapter, a discrepancy arises.  Both glass transition and softening temperatures 

are parameters which reflect the structural nature and the degree of disruption of the 

glass.  It is therefore very surprising to observe these conflicting trends, with the glass 

transiton temperatures falling but the softening temperatures increasing with the 

increase in phosphorus content, in both of the series.  The Tg values suggest that the 

glasses are becoming less cross-linked, while the Ts values are suggesting that the 

glasses are becoming more cross-linked.   
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Figure 45: Softening temperatures for series I glasses. 
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Figure 46: Softening temperatures for series II glasses. 
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As discussed, earlier, dilatometry is reflective of only essentially the dominant matrix 

phase in a glass.  Therefore, it is suggested that this phenomenon manifests itself in 

these softening values – reflecting only the degree of disruption of the silicate phase and 

disregarding the effect of the phosphate phase.  The Tg values, on the other hand, are 

reflecting both of the artifacts.  This is further evidence to support that, as phosphorus is 

added to the glass, the phase size may be reaching some critical size dimension to be of 

significance to effect the glass transition temperature.  It is suggested that dilatometry, 

as a result of its very nature, is unable to pick up such delicate changes in the glass 

structure.  Why, however, the thermal expansion coefficients, measured by the 

dilatometer, seem to be able to pick up such changes is difficult to answer.  In 

conclusion, the dilatometric results and the DTA results seem to be rather contradictory, 

therefore before any real definitive statements can be made on the effect of phase 

separation on a soda lime phosphosilicate glass, further experimental analysis would be 

required. 

6.9.1 Summary of dilatometry results for the phosphorus series of 
glasses 

• The thermal expansion coefficients were seen to increase with phosphorus 

content in both series of glasses thus implying a weakening of the glass 

structure.   

• As with the glass transition temperatures, this suggests that a composite thermal 

expansion coefficient is being picked up as a result of the phase separated 

structure, with the weaker P-O bonds compared so the Si-O bonds weakening 

the glass structure. 

• The softening temperatures were seen to increase with phosphorus content, in 

both series.  These results are contradictory to the glass transition and thermal 

expansion coefficient data. 

6.10 Dissolution Studies in Simulated Body Fluids 
The ultimate aim of this investigation is to understand how a glass’s structure influences 

its bioactive behaviour.  Therefore, having analysed the structure of the two phosphorus 

glass series we then moved on to analysing the glass’s bioactive nature.  Ultimately, the 
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objective was to gain an understanding of the underlying mechanisms linking the two – 

the glass’s structure and its resultant bioactivity. 

 

When implanted into the human body, a glass’s bioactivity is generally measured by its 

ability to form a bone-like hydroxyl carbonate apatite layer on its surface.  Due to many 

practical and ethical issues, in vivo studies are not usually utilised at such an early stage 

of bioactive analysis.  As an alternative, the dissolution of glasses in simulated body 

fluid (SBF) is used as an alternative and an indicator as to bioactivity.  Simulated body 

fluid emulates the ionic concentration of human blood plasma.  When immersing a 

bioactive glass into SBF a series of reactions is initiated which results in the formation 

of a HA layer on the surface.  Ultimately, the in vivo bone bioactivity of a material can 

be predicted from the apatite formation on its surface in SBF.  It should be noted, 

however, that SBF studies are only one indication of the bioactivity of a glass and thus 

should be complemented by cell studies and followed by animal and eventually human 

trials. 

6.10.1 Variation in Simulated Body Fluid pH 
Figure 47 and 48 show the variation in pH with time for series I and series II 

phosphorus glasses, respectively.  The pH of SBF before the addition of any samples is 

7.25. 

 

As a general trend, for both series of glasses, the SBF becomes more basic with time.  

This is to be expected as a result of the ion exchange mechanism taking place at the 

glass surface, as predicted by Hench [95].  The initial stage of the reaction kinetics is 

the exchange of Na+ and Ca2+ ions from the glass with H+ and H3O+ from the solution.  

This results in the local pH rise, which further acts to catalyse the degradation of the 

glass resulting in more alkali ions being released.  This pH rise also signifies the 

breaking of the silicon oxygen bonds at the surface of the glass through the action of the 

OH- ions.  Elgayar et al. [78] observe a gradual decrease in pH with time and assigned it 

to the formation of silanols (Si(OH)4) as predicted in stages 2 and 3 of Hench’s glass 

dissolution model.  This is also observed with these two series of glasses. 
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Figure 47: Variation in SBF pH with time for series I phosphorus glasses. 

 

 

The pH of the solution is also influenced by phosphorus content.  Although pH 

increases with time for all of the glasses in both series, the magnitude of this increase 

decreases with phosphorus content.   

 

In other words, a shift to a less alkaline environment is observed as phosphorus content 

increases.  This can be assigned to the release of phosphorus into the solution which 

will buffer the alkalinity caused by the sodium and calcium ions.  The observed 

decrease in pH with phosphorus content will ultimately aid the deposition of apatite as 

although an alkaline environment is advantageous, the optimum pH in physiological 

fluid is 7.2 [185].  It has also been noted that extreme alkalinity is unfavourable for cell 

proliferation and differentiation.  A variation in pH effects the activity of cultured 

human osteoblasts of trabecular bone.  Kasinger [186] states that the optimum pH is 7.2 

with any deviation resulting in an inflammatory response.  The buffering effect of 

phosphorus therefore could prove extremely valuable. 
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Figure 48: Variation in SBF pH with time for series II phosphorus glasses. 

 

The data shows that the non charge balanced series I glasses have a greater spread of pH 

values in comparison to the charge balanced, series II glasses.  With the series I non-

charge balanced glasses the overall pH change decreases with increasing network 

connectivity i.e. as we move through the series.  The charge balanced series II glasses 

have constant network connectivity through the series, in other words the silicate 

structure remains constant, in comparison to series I where the silicate network becomes 

more cross-linked with the addition of phosphorus.  It is suggested, therefore, that the 

more cross-linked glasses in the non-charge balanced series are unable to release 

sodium and calcium ions into solution as readily therefore resulting in a less alkaline 

solution and the observed pH decrease through the series.   

 

The series I non-charge balanced series, therefore, has two variables effecting the 

resultant pH, the phosphorus addition and the cross-linking effect.  Series II, in 

comparison, has a constant silicate structure through the series with only phosphorus 

addition effecting the resultant pH, hence the smaller spread in pH values. 
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6.10.2 Summary of SBF pH data for the phosphorus series of glasses 
• The pH of the SBF solution was seen to increase with time for both series of 

glasses.   

• Furthermore, this increase was less marked for the higher phosphorus glasses in 

both series.  This can be explained by the release of phosphorus into solution 

buffering the alkalinity rise. 

6.11 X-Ray Diffraction 
Figures 49 to 55 show the XRD traces for the non-charge balanced phosphorus series I 

glasses after immersion in SBF.  Each Figure illustrates the original glass’s XRD trace, 

the XRD trace after 4 hours of immersion in SBF, after 16 hours, after 24 hours, after 

48 hours, after 1 week and finally after 21 days of immersion in SBF.   
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Figure 49: XRD patterns for ICSW1 glass following immersion in SBF for different time periods. 

 

Figure 49 above illustrates that the ICSW1 zero phosphate glass exhibits apatite 

formation after 21 days.  After 16 hours and 24 hours of immersion the spectra only 

exhibit a flattening of the characteristic amorphous halo.  It is therefore suggested that 

no HCA is formed at these time points. 
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Figure 50: XRD patterns obtained for ICIE1 glass following immersion in SBF for different time 
periods. 

 

Figure 50 above shows that the ICIE1 glass exhibits apatite formation after 24 hours of 

immersion in simulated body fluid.  The most prominent peaks are at 25.90 and 31.90 

and are associated with the (002) and (211) reflections.  These peaks become more 

prominent and sharper in nature with time. 

 

Figure 52 below illustrates the spectra for the ICSW3 glass.  This Figure has been 

replicated below, as Figure 53 to exhibit the Bragg peaks associated with crystalline 

HCA formation.  The Figure clearly shows the formation of apatite with time, with the 

presence of apatite first seen at 16 hours. 
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Figure 51: XRD patterns obtained for ICSW2 glass following immersion in SBF for different time 
periods. 
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Figure 52: XRD patterns obtained for ICSW3 glass following immersion in SBF for different time 
periods. 
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Figure 53: XRD patterns obtained for ICSW3 (as with Figure 54). Exhibits the Bragg peaks 
associated with crystalline HCA formation. 
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Figure 54: XRD patterns obtained for ICSW5 glass following immersion in SBF for different time 
periods. 

 
Figure 54 above clearly illustrates that apatite is present in the ICSW5 glass after only 

16 hours of immersion.   
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Figure 55: XRD patterns obtained for ICSW4 glass following immersion in SBF for different time 
periods. 

 
Figure 55 above also illustrates apatite formation in the ICSW4 specimen.  It should be 

noted, however, that from previous X-Ray analysis, ICSW4 is in fact crystalline in 

nature.  Even so, this does not seem to stop apatite formation, but if compared to its 

nearest counterpart, ICSW5, it seems that the crystalline nature may have stunted the 

formation of apatite. 

 

Although noisy, the traces clearly show the formation of the Bragg peaks associated 

with apatite crystallisation with increasing immersion time.  The main HCA Bragg 

peaks are labelled on Figure 53, the spectrum associated with the ICSW3 glass. The 

most prominent peaks are those at 25.9O and 31.9O, the Bragg peaks corresponding to 

the (002) and (211) reflections [187] [174].  The region in which the (211) peak is 

situated, approximately 30 to 35O, also contain a number of additional peaks, in 

particular those relating to the (112), (300) and (202) reflections [187] [174].  These 

features, however, are very much masked by the noisy nature of the spectrum and by the 

significant degree of peak overlap.  As a result, crystallite analysis was only undertaken 

using the (002) peak.  Figure 56 shows the resultant crystallite size, calculated using the 

Scherrer equation from the peak width and position of the (002) peak for each glass in 

both series, after immersion in SBF for 21 days.  There is no real change in crystallite 

size with increasing phosphate content for the first series of phosphorus glasses, the 
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non-charge balanced series.  Conversely, the crystallite size decreases slightly with 

increasing phosphate content through the series II phosphorus glasses.  The trend, 

however, is in no way distinct and the actual variation across the series is in fact less 

than the error in the peak fitting.   
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Figure 56:Crystallite size analysis from 002 Bragg peak for both series of glasses. 

 
Comparing the formation of the Bragg peaks associated with apatite crystallisation over 

time across the series, it is evident that the higher phosphorus containing glasses form 

apatite quicker than the lower phosphorus containing glasses.  This is a surprising result 

when hypothesising on the basis of the network connectivity model.  It would be 

expected that the cross-linking effect through the series would result in a less 

degradable glass, which would thus cause less bioactive behaviour.  In fact, the opposite 

is observed.  This implies that the addition of phosphorus has a much greater effect on 

bioactivity than originally thought.   

 

Figures 57 to 61 illustrate the XRD spectra for the charge balanced series of glasses 

after immersion in SBF. 
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Figure 57: XRD patterns obtained for ICSW6 glass following immersion in SBF for different time 
periods. 
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Figure 58: XRD patterns obtained for ICSW7 glass following immersion in SBF for different time 
periods. 

 
Figure 57 above illustrates that the ICSW6 phosphate glass exhibits apatite formation 

only after 21 days of immersion.  Up until then the spectra only illustrate a flattening of 

the characteristic amorphous halo.   
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Figure 59: XRD patterns obtained for ICSW8 glass following immersion in SBF for different time 
periods. 
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Figure 60: XRD patterns obtained for ICSW10 glass following immersion in SBF for different time 
periods. 

 

Figure 59 above shows that the ICSW8 glass exhibits apatite formation after 24 hours of 

immersion in simulated body fluid.  The higher phosphorus containing glass, ICSW10, 

however shows that apatite is formed earlier at 16 hours, as seen in Figure 60 above.  

Furthermore, this is also observed in Figure 61 below, for the highest phosphorus 

containing glass, ICSW9.  Indeed, it would be interesting to undertake further simulated 
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body fluid studies and pin point exactly at what time apatite is first formed for this 

glass. 
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Figure 61: XRD patterns obtained for ICSW9 glass following immersion in SBF for different time 
periods. 

 
When making a comparison between the XRD spectra for the non charge balanced 

glasses with those for the charge balanced series, it is immediately evident that the same 

phenomenon is occurring, that is; the higher phosphorus containing glasses develop the 

characteristic apatite peaks quicker than their lower phosphate counterparts.  Table 14  

below tabulates the time at which apatite is first picked up by X-ray diffraction for both 

series of phosphorus glasses.  It can be concluded that phosphorus aids apatite 

formation in the glasses studied.  This trend is unaffected by whether the network 

connectivity changes with increasing phosphorus content, as in Series I, or whether the 

silicate network remains constant, as in Series II.  It is important to note that the ICSW4 

glass in series I does not fit in with this trend.  It has already been discussed, however, 

that this glass is crystalline in nature, and as such will act to inhibit apatite formation 

thus resulting in the obserserved decrease in bioactive behaviour in the glass. 

 

 

 



Results and Discussion – Phosphorus Glasses 142 

Table 14: First time point at which apatite is observed by X-Ray diffraction. 

 

 15 
minutes 

1 
hour 

4 
hours 

16 
hours 

24 
hours 

48 
hours 

1 
week 

21 
days 

Series I 

ICSW1       √ √ 

ICIE1      √ √ √ 

ICSW2      √ √ √ 

ICSW3    √ √ √ √ √ 

ICSW5    √ √ √ √ √ 

ICSW4       √ √ 

Series II 

ICSW1       √ √ 

ICSW6       √ √ 

ICSW7      √ √ √ 

ICSW8     √ √ √ √ 

ICSW10    √ √ √ √ √ 

ICSW9    √ √ √ √ √ 

 

6.11.1 Summary of SBF XRD results for phosphorus series of glasses 
• The XRD spectra for both series of glasses illustrated that the higher phosphorus 

glasses formed apatite in SBF at earlier time points than their lower phosphorus 

counterparts. 

• The cross-linking effect in the series I glasses did not seem to effect the apatite 

forming ability of the glasses. 

• It is therefore considered that the amount of phosphorus in the glasses is more 

important than first thought. 
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6.12 FTIR Spectroscopy 
As discussed above, one of the indications of whether a glass is bioactive is the 

formation of a HCA layer on its surface after immersion in SBF.  The graphs below 

illustrate the infrared spectra of each glass after immersion in SBF for 8 time intervals - 

15 minutes, 1 hour, 4 hours, 16 hours, 24 hours, 48 hours, 1 week and 21 days.   

 

Table 15 below documents a number of the vibrational modes utilised to determine 

whether HCA has been formed on a bioactive glass.   

Table 15: FTIR vibrational modes used to assess apatite formation [154]. 

 
Wavenumber (cm-1) Vibrational mode 

1350 – 1080 P = O Stretch 

940 – 860 Si – O – Si Stretch 

890 – 800 C- O Stretch 

1175 – 710 Si – O – Si 

Tetrahedral 

(including Q2 

and Q3 

bonding) 

610 – 600 P- O Bend/crystal 

560 – 550 P- O Bend/glass 

530 – 515 P- O Bend/crystal 

540 – 415 Si – O – Si Bend 

 

Chapter 6.4, documented the FTIR spectra for the original phosphorus glasses before 

immersion in SBF.  These are also plotted on Figures 62 to 77 below for comparison 

with the samples after immersion in SBF.  Features associated with the P-O bending 

mode, Si-O bending vibrations, Si-O (Q2) and Si-O (Q3) of the parent glass are 

prominent within the spectra. 
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Figure 62: FTIR spectra of series I glasses after 15 minutes of immersion in SBF. 
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Figure 63: FTIR sepctra of series I glasses after 1 hour of immersion in SBF. 
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Figure 64: FTIR spectra of series I glasses after 4 hours of immersion in SBF. 
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Figure 65: FTIR sepctra of series I glasses after 16 hours of immersion in SBF. 
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Figure 66: FTIR spectra of series I glasses after 24 hours of immersion in SBF. 
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Figure 67: FTIR spectra of series I glasses after 48 hours of immersion  in SBF. 
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Figure 68: FTIR spectra of series I glasses after 1 week of immersion in SBF. 
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Figure 69: FTIR spectra of series I glasses after 21 days of immersion in SBF. 
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Figure 70: FTIR spectra of series II glasses after 15 minutes of immersion in SBF. 
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Figure 71: FTIR spectra of series II glasses after 1 hour of immersion in SBF. 
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Figure 72: FTIR spectra of series II glasses after 4 hours of immersion in SBF. 
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Figure 73: FTIR spectra of series II glasses after 16 hours of immersion in SBF. 
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Figure 74: FTIR spectra of series II glasses after 24 hours of immersion in SBF. 
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Figure 75: FTIR spectra of series II glasses after 48 hours of immersion in SBF. 
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Figure 76: FTIR spectra of series II glasses after 1 week of immersion in SBF. 
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Figure 77: FTIR spectra of series II glasses after 21 days of immersion in SBF. 

 

Figure 78 below illustrates the 3D contour plot for ICSW10.  This clearly shows the 

evolution of the characteristic peaks connected to HCA growth.  On close examination, 

the vibrations associated with the main silicate glass network decrease in intensity with 

immersion time and the bands associated with the formation of crystalline hydroxyl-

carbonate apatite become more prominent.   
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Figure 78: 3D contour plot of ICSW10 glass (time axis not linear) 

 

After only a short period of immersion, up to approximately 4 hours, the formation of 

non-bridging oxygens as a result of network dissolution is not significant enough to 

observe any changes to the Si-O (Q2) band intensity.  Therefore, Hench’s first two 

stages associated with 1) ionic exchange and 2) hydrolysis of the vitreous network are 

not picked up by the FTIR spectra [188].  Furthermore, after only a short period of 

immersion in SBF the plot (along with all the other glasses) illustrate only a single 

amorphous P-O peak at approximately 600 cm-1 [78].  This peak represents the presence 

of either octocalcium phosphate (OCP) or amorphous calcium phosphate (ACP), both of 

which are precursors to hydroxyapatite [189].   

 

After a longer immersion time of approximately 4 hours however, the intensity of the 

Si-O (Q3) band increases and the Si-O (Q2) band decreases until it eventually 

disappears.  This is indicative of the recondensation and repolymerisation of the SiO2 

layer, as predicted in Hench’s model and is clear evidence to illustrate the initiation of 

bioactive behaviour.  Furthermore, as the immersion time increases the spectra 

illustrates, in particular, the gradual sharpening and increase in intensity of the P-O bend 

and P-O stretch at approximately 580 and 1010 cm-1 respectively [154] [175].   
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The characteristic splitting of the P-O bend (into bands at 560 and 600 cm-1) which is 

indicative of crystalline apatite formation, is also extremely prominent [190].  

Furthermore, after exposure to SBF, the appearance of specific carbonate bands in 

particular the C-O stretch (v2) at approximately 860 cm-1 and C-O asymmetric 

stretching (v3) at 1410 and 1450 cm-1 respectively [154] [191] [192] is further evidence 

for crystalline hydroxyl-carbonate-apatite formation.  With time, these carbonate bands 

increase in sharpness and intensity.  This is as a result of carbonate being incorporated 

into the apatite layer to form HCA or could also be a result of calcium-carbonate 

deposition [193].   

 

On examination of the glasses after 21 days of immersion in SBF it is evident that the 

carbonate band at approximately 860 cm-1 shifts to a higher wavenumber as the content 

of phosphorus increases through series I.  In comparison, as the phosphorus content is 

increased through the charge balanced series II, although the carbonate band moves to a 

higher wavenumber initially, it gradually levels off with the higher phosphorus 

containing glasses (at approximately 4mol%).  Furthermore, the Si-O bending vibration 

at approximately 800 cm-1 reappears at higher wavenumber, as also observed by Serra 

et al, after immersion in SBF [194].  Also there is a symmetric stretching vibration 

mode of the Si-O bond in the SiO4 tetrahedron near 796cm-1 [188].  Both suggest some 

degree of repolymerisation and could be an indication of possible condensation of the 

silica gel formed in SBF, and the third step of Hench’s model (condensation and 

repolymerisation).  Furthermore, the silica gel is also characterised by the Si-O-Si band 

of glass which becomes finer, however this is not evident in these particular spectra, and 

by the Si-OH stretching vibration mode near 952cm-1 [188]. 
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Table 16: Time for crystalline apatite formation observed by splitting of the FTIR P-O bending mode 
at arouond 550cm-1 (ICSW4 sample partially crystalline) [195, 196]. 

 

ID Mol. % P2O5 Time 
Series I 

ICSW1 0.00 1 week 
ICSW2 2.16 2 days 
ICSW3 4.42 16 hours 
ICSW5 6.78 16 hours 
ICSW4 9.25 1 day 

Series II 
ICSW6 1.02 2 days 
ICSW7 1.95 2 days 
ICSW8 3.62 16 hours 
ICSW10 5.07 16 hours 
ICSW9 6.33 16 hours 

 

Examining all the spectra as a whole it is obvious that the higher phosphorus containing 

glasses seem to show the characteristic bands associated with the formation of HCA at 

earlier time points thus suggesting that these glasses are more bioactive.  Indeed, Table 

16 summarises the time interval at which the characteristic splitting of the P-O bending 

mode at approximately 550cm-1 is first seen, with any degree of certainty.  This table 

shows that, as a general trend, apatite formation is faster the more phosphorus there is in 

the parent glass, irrespective of the series thus irrespective of whether network 

connectivity increases (as in series I non charge balanced series) or if it stays the same 

(as in series II charge balanced series).  It is important to note, however, that the highest 

phosphorus containing glass, ICSW4 does not fit in with this trend.  It has already been 

discussed that this glass is in fact crystalline, as is evident from previous XRD and 

NMR spectra.  The crystalline nature of ICSW4 therefore accounts for the slower rate of 

apatite formation. 
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Figure 79: Area of v4 phosphate FTIR region plotted against (002) Bragg peak area from XRD after 
21 days in SBF. 

 

Figure 79 illustrates the relationship between the area of the P-O bending mode, 

otherwise known as the v4 phosphate region, with the area of the (002) Bragg reflection 

from the XRD data presented in the previous chapter.  There is a linear relationship 

between the two areas, with both areas increasing with phosphate content.  Thus, once 

again, this general trend is more evidence to suggest that increasing phosphate content 

results in increasing bioactivity.  Figure 79 plots the areas for both series of glasses and 

the same trend is seen.  This suggests that phosphorus is more important for 

mineralisation than first thought and is less affected by the parent glass’s network 

connectivity.  Elgayer et al. [78] studied the importance of network connectivity on 

apatite formation, concluding that the network connectivity of the glass is the 

determining feature for a glass’s bioactivity [193].  Although this is not disputed, these 

spectra seem to suggest that network connectivity should not be the only feature 

considered when predicting bioactivity in a soda lime phosphosilicate glass – the 

amount of phosphorus is extremely influential. 

 

As a definitive display of the effect of phosphorus content on apatite formation, the 

FTIR spectra of 45S5 parent glass and 45S5 after immersion in SBF for 24 hours is 

plotted for a comparison with the FTIR spectra for the high phosphorus content parent 

glass ICSW9 and ICSW9 after immersion in SBF for 24 hours in Figure 80.  It can 
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clearly be seen that the apatite formed on ICSW9 glass is highly crystalline with 

intense, narrow, split peaks in the 550cm-1 region, whereas the phosphate peak can 

hardly be resolved from background in 45S5.  This is strong evidence to illustrate the 

superior bioactive characteristics of the higher phosphate containing glasses.     

 

 

Figure 80: Comparison of ICSW9 and 45S5 Bioglass® by FTIR after 24 hours in SBF. 

 

6.12.1 Summary of SBF FTIR results for the phosphorus series of 
glasses 

• The FTIR spectra for the higher phosphate glasses illustrated the characteristic 

peaks associated with apatite formation at earlier time points compared to the 

lower phosphorus containing glasses. 

•  It is therefore evident that phosphorus aids apatite deposition in bioactive 

glasses. 

• The polymerising effect in the non charge balanced series did not seem to effect 

the time at which apatite was formed. 

6.13 Summary 
As discussed previously, the role of phosphorus within a bioactive glass system is 

highly controversial.  Although it forms part of the original bioactive glass composition, 
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45S5, no real attempt has been made to methodically and systematically analyse its role 

within a glass structure and, as such, explain its function in, or contribution to, 

bioactivity.  

 

Following Hench’s model, it is thought that phosphorus must be present in the implant 

material for the implant to be able to bond to living tissue [97] [197].  It is hypothesised 

by Hench that it plays an important role, in that it forms part of the silica and CaO-P2O5 

rich bilayer following the leaching of sodium and calcium ions from the glass.  In turn, 

this surface bilayer promotes the HCA layer necessary for the tissue to bond to the 

implant.   

 

This model, however, is contrary to, and is unable to predict, the experimentally 

observed bioactive behaviour of phosphorus free glass systems, such as amorphous 

wollastonite [121].  This experimentally observed bioactivity, however, illustrates that 

the nucleation and crystallisation of apatite on the implant surface can proceed by 

simply incorporating the phosphate species from the physiological fluid [15].  

Following such an observation the effect of phosphorus on the SiO2-CaO system was 

intensively analysed [102] [103] [139] [138] with Ebisawa et al. [138] and Ohura et al. 

[139] both observing the increased formation of a bioactive surface layer with the 

addition of P2O5.  It was proposed that, although not essential to the mechanism of 

bioactivity, the presence of phosphorus within a glass system would act to aid HA 

deposition and the resulting bone bonding ability of the resultant glass.  Ebisawa et al. 

[121] equated this phenomenon to the additional phosphorus leaching from the glass 

into solution and increasing the local supersaturation thus accelerating the HA 

precipitation.  Karlsson et al. [198] suggested it  would additionally act to buffer the 

local pH at the glass surface thus preventing excessive acidity, which is known to be 

detrimental to bone bonding.  By contrast, however, some phenomenological models 

[102] have shown that even the smallest amounts of phosphorus act to decrease 

bioactive behaviour.  Furthermore, it is interesting to note that when P2O5 is the main 

glass former, at percentages in the region of 45 to 50mol%, there is no evidence of any 

bioactive behaviour [188]. 
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Such a wide range of analysis on differing glass systems, resulting in a diversity of 

experimental data and resulting conclusions has led to the ambiguous and confusing 

assumptions of phosphorus’s role in bioactive glass systems.  One of this study’s 

objectives was to investigate the structural and bioactive role of phosphorus within the 

quaternary SiO2-CaO-Na2O-P2O5 system with the ultimate aim of clarifying 

phosphorus’s role in bioactivity and incorporating it within the inorganic polymer and 

network connectivity model. 

 

As discussed previously, the inorganic polymer and network connectivity model has 

been used to predict the bioactivity of glasses in the ternary SiO2-CaO-Na2O system 

with great affect. It does not, however, provide an adequate description when taking 

into account the addition of P2O5.  As discussed by Wallace et al. [43], phosphorus is 

assumed to undertake a tetrahedral configuration within the silicate glass network under 

the inorganic polymer model, (with one of the oxygen atoms double bonded to the 

central phosphorus atom).  As such, using the network connectivity calculation, 

increasing the amount of phosphorus within a system would result in a decrease in 

bioactivity.  This assumption has been shown to be incorrect in previous studies, with 

MAS NMR indicating that phosphorus does not co-polymerise with the silicate portions 

of the glass but forms phosphate rich regions within the glass [199] [200] [78] [10].  

This has been further recognised by recent molecular dynamics studies [201].  Although 

these studies recognise that the assumption that phosphorus takes part within the silicate 

network is incorrect, there remains differing theorising as to the existence of phase 

separation within the glass systems.  For example Lockyer et al. [10] assume that the 

presence of phosphorus as an orthophosphate type species is due to the effects of 

annealing and, although they noted no evidence of phase separation during their work, 

suggest that glass-in-glass immiscibility may exist on a microscopic level [43].  

Conversely Elgayer et al. [78] theorise that, as a result of dielectric data indicating the 

presence of two relaxation processes corresponding to alkali ion hopping in two phases 

bioactive glasses undergo amorphous phase separation into silicate rich and 

orthophosphate rich phases. 
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In order to definitively conclude on the structural arrangement of phosphorus, the 

assumption that phosphorus dwells within an orthophosphate environment provided the 

basis for the design of the phosphorus containing soda lime silicate glasses studied.  To 

test this hypothesis, two series of phosphorus glasses were designed – firstly a straight 

substitution of P2O5 for 2SiO2, with a constant Na2O:CaO ratio, (with the resulting 

polymerisation of the network) and secondly a charge compensated series (keeping the 

network polymerisation constant). 

 

29Si MAS NMR of the series I glasses exhibited an increase in peak asymmetry through 

the series – a result of two overlapping resonances assigned to Q2 and Q3 species, with 

the later increasing with P2O5 addition.  The asymmetric peak shift in the 29Si spectra 

towards lower frequencies, as the phosphorus content increased, was attributed to an 

increase in the average degree of polymerisation of the silicate network.  This, 

therefore, implied the network polymerising role of phosphorus, and the existence of an 

orthophosphate species.  There was no evidence of any disruption of the glass network 

from the 29Si spectra thus eliminating the idea of phosphorus acting as a former and 

entering the silicate glass network.  31P MAS NMR spectra of the series I glasses clearly 

illustrated single resonances for all spectra centred on chemical shift values associated 

with those of an orthophosphate environment, providing direct evidence of the existence 

of phosphorus within such an environment, rather than the conventional view of 

phosphorus entering the network. 

 

29Si MAS NMR spectra of the series II glasses resulted in a series of single resonances 

all centred on a chemical shift associated with a Q2 glass.  No evidence of any shoulders 

or peak shift was observed therefore implying that, on addition of phosphorus, the 

silicate network remained unchanged as a result of the addition of charge compensating 

cations.  The 31P spectra also consisted of a series of single resonances all centred on a 

chemical shift associated with that of an orthophosphate environment. 
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It can therefore be confirmed from both series that, within the test glasses studied, 

phosphorus exists as an orthophosphate complex rather than entering the silicate glass 

network as traditionally thought.   

 

XRD spectra confirmed the amorphous nature of all of the glasses studied.  The 

exception to this was the ICSW4 glass with the highest network connectivity of 2.63, 

which was the only glass to exhibit any asymmetry in the 31P MAS NMR data.  This 

asymmetry indicated the presence of a Q1 phosphate species, in addition to the Q0 

orthophosphate species exhibited in the other glasses in both series.  Previous studies 

[160] [202] [203] have highlighted the existence of pyrophosphate species as well as 

orthophosphate type species in glasses of similar compositions to those studied.  Three 

phases crystallised from the heat treated ICSW4 sample: sodium calcium 

orthophosphate, sodium pyrophosphate and combeite and these results proved 

consistent with the 29Si and 31P MAS NMR chemical shifts experimentally obtained.  

This therefore suggests that soda lime phosphosilicate glasses with high network 

connectivity values may have a preference to form a small fraction of Q1 (or Si-O-P(-

O3)) pyrophosphate species (where one of the four tetrahedral oxygens forms a bridge 

with an adjacent silicon atom) which coexist with the remaining majority of 

orthophosphate type species [15] [202] [203].  Molecular dynamics analysis performed 

by Tilocca and Cormack [201] on phosphosilicate glass systems resulted in similar 

conclusions.  Furthermore, Tilocca et al. also, as discussed previously, assign the 

polymerisation of the silicate network, with increasing phosphorus content, to the higher 

affinity of the sodium and calcium ions to the phosphate groups, which are able to strip 

the cations from their modifying role within the silicate network resulting in the 

observed repolymerisation of the network [201].  However, Tilocca and Cormack also 

highlight a further factor that results in the observed increase in network connectivity of 

the silicate phase hypothesising that the phosphorus in the glass can replace the sodium 

and calcium ions in their charge balancing role therefore suggesting that the cross-

linking of the silicate network can occur by either the formation of new Si-O-Si or Si-O-

P links [201] [15].  
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Taking into account that phosphorus exists in orthophosphate environment provided the 

basis for modifications to Doweidar’s density model which resulted in an improved 

correlation with the actual experimental density values obtained.  Furthermore, the 

experimental densities were seen to increase more rapidly than expected, with 

increasing phosphorus content, thus indicating the presence of a higher density 

component such as a pyrophosphate type species, for example in the ICSW4 glass.  

Theoretical thermal expansion coefficients (based on Appen values) also illustrated a 

good match to experimental values.  This can be explained by the increase in the 

amount of a separate phosphate phase, with P2O5 addition, containing weaker P-O 

bonds compared to the Si-O bonds in the silicate phase, thus resulting in the 

“composite” glass expanding more with temperature.  The glass transition temperature 

decreased with phosphate addition for both series thus suggesting that the separate 

phosphate phase has a strong effect on the thermal properties of the resultant glass.  The 

softening temperatures were seen to increase with phosphorus content for both series, 

however, which contradicts this observed trend in glass transition temperature.  This, 

however, could provide further evidence to support the existence of a composite glass 

transition temperature as a result of a phase separated structure.   

 

Although the physical analysis of the phosphorus containing glasses was in no way as 

clear cut compared to that of the MAS NMR analysis, the results still illustrated the 

existence of a phase separated structure.  It is suggested that further analysis would need 

to be undertaken before a proper understanding of the effect of phase separation on the 

physical properties of the resultant glasses could be understood, especially to enable a 

glass to be tailored to a specific application based upon the understanding of phase 

separation alone. 

 

The evidence for the existence of phosphorus within an orthophosphate environment 

and the phase separation into phosphate rich clusters has significant implications with 

respect to the bioactive properties of the glass.  The Hench model assumes congruent 

dissolution, which on reflection would be highly improbable following the discovery 

that the glasses undergo phase separation into a silicate rich phase and a phosphate rich 
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phase.  It was initially hypothesised that the orthophosphate rich phase would be 

extremely soluble when exposed to water and thus dissolve much more rapidly than the 

silicate phase therefore effectively escalating the level of phosphorus super saturation of 

the external environment.  This would result in an overall increase in the rate of apatite 

deposition on the glass surface [43].  The effect of the corresponding polymerisation of 

the silicate network on the ability of the glass sample to degrade into solution, however, 

was not discounted and it was this factor that was thought to be the rate determining 

step for bioactivity.  Therefore, before bioactive studies were undertaken it was initially 

hypothesised that the first series, with the polymerisation of the silicate network through 

the series, would result in a decrease in bioactivity.  Conversely, it was hypothesised, 

that the constant network connectivity values through the second series would result in 

either similar bioactive glasses if the effect of the polymerisation of the network was 

rate determining, or an increase in bioactivity due to the increase in phosphorus 

dissolution through the series if the effect of silicate polymerisation was to play a 

minimal role. 

 

Dissolution studies on the two series of glasses illustrated the formation of apatite 

within the 21 days of immersion in simulated body fluid.  From both FTIR and XRD 

studies, it was definitively shown that, as the phosphorus content increased, the rate of 

formation of apatite increased.  This phenomenon was observed across both series.  This 

clearly indicates that the phosphate content is more important that the network 

connectivity value of the silicate phase on the bioactivity of the resultant glass, in the 

range of glasses studied.  This assumption, however, is dependant on the presence of 

solely orthophosphate species as ICSW4 was clearly observed not to fit in with the 

over-riding trends.  It was known however, as previously discussed, that the sample was 

partially crystalline and it is suggested that the crystallinity would result in a slower rate 

of apatite formation. 

 

It is hypothesised that the increased rate of apatite formation with increasing phosphate 

content, irrespective of the network connectivity of the silicate phase, can be explained 

as a result of phase morphology.  For example, if we consider a phase separated glass 
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such as Pyrex, a glass which contains sodium borate rich droplets surrounded in a silica 

rich matrix, the sodium borate rich droplets at the glass surface preferentially degrade 

when exposed to a corrosive medium, leaving those in the bulk uneffected.  A 

comparable structure could be imagined in the phosphorus containing glasses studied.  

Furthermore, the presence of orthophosphate groups in isolated nanometre size phases 

may promote a microstructure with areas where the chemical connection of the glass 

structure is disrupted.  As suggested by Aguiar et al. [84] [157] (however with respect 

to nano crystalline phosphate phases) these weakened areas could provide preferential 

sites for chemical sites in SBF.  Similarly Vycor®, a further phase separated borosilicate 

glass also exhibits preferential dissolution.  Vycor® however exists as a borate phase 

interconnected with a silicate phase and the glass can be easily etched to form a porous 

structure.  It is, therefore, easy to consider that the phosphorus containing glasses may 

exist in an analogous structure with an interconnected orthophosphate morphology 

resulting in continuous leaching on exposure to SBF resulting in the enhanced apatite 

formation kinetics observed.   

 

As an extension to the molecular dynamic simulations of phosphosilicate glass 

structures Tilocca et al. [12]  discussed the resultant effect on bioactivity drawing 

similar conclusions to those above.  The conclusion was also drawn that a balancing 

effect is present between the high phosphorus containing glasses (with high network 

connectivity values), forming Si-O-P bonds, thus reducing the bioactivity, versus the 

low phosphorus containing glasses, with phosphorus in the form of free orthophosphate 

type species, whose relatively fast initial release act to accelerate the deposition of 

hydroxyapatite and enhance the bioactive behaviour [15].  As commented, the balance 

between these opposite effects will ultimately determine the bioactivity of the 

phosphorus containing glass [15].  It is remarkable that from the bioactive data of the 

compositions modelled, Tilocca and Cormack concluded that the positive effect on 

bioactivity occurs only for low mole percentages of phosphorus and the negative effect 

only for compositions with phosphorus in the region of 10mol% [201].  This sits 

perfectly with the experimental data produced in this study.  It is further suggested that, 

as a result of the formation of the Si-O-P linkages, there is a preference for the 
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formation of crystalline phases thus explaining the reason why glasses containing more 

than 10mol% phosphorus were unable to be formed.   
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7 Results and Discussion – Magnesium 
Substituted Glasses 

7.1 31P MAS NMR 

7.1.1 31P MAS NMR of ICIE1 High Sodium Magnesium Glasses 
The 31P MAS NMR spectra show a single symmetric resonance, as shown in Figure 80, 

with a chemical shift range in the region 8.5 to 12.7ppm and with an approximate 

constant linewidth of ca. 29ppm. 

 

Figure 81: 31P spectra for the ICIE1 magnesium substituted series of glasses 
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Table 17: NMR data for 31P NMR spectra of the series of magnesium containing bioactive glasses 
where w corresponds to peak width. 

 

Glass 31P peak (ppm) 31P w (Hz) 

ICIE1 8.2 687 

25Mg 9.7 526 

50Mg 10.5 639 

75Mg 11.7 642 

100Mg 12.7 642 

 

The 31P NMR chemical shifts for the ICIE1 magnesium substituted series correspond to 

the existence of an orthophosphate environment with no evidence of the existence of Si-

O-P bonds agreeing with the findings of Lockyer et al. [10] and Elgayar et al. [14] 

Previously phosphorus was assumed to enter the glass network forming Si-O-P bonds 

[204].  However, the absence of peaks ca. -215ppm in the 29Si MAS NMR and ca. -33 

to -40ppm in the 31P MAS NMR spectrum rule this out [205].  Furthermore, the 

experimental observation of the orthophosphate arrangement along with the fact that the 

glasses are optically clear suggest that the phosphorus in the glass may have undergone 

amorphous phase separation into a sub-micron (below light scattering dimensions) 

phosphate phase. 

 

Initially we observe the ICIE1 glass to have a chemical shift of ca. 8.2ppm between that 

of a Na3(PO4) species at 14ppm [206] and a Ca3(PO4)2 species at 0ppm or 3ppm [206] 

[159], thus implying that both types of modifier ion are associated with the 

orthophosphate unit.  As we move through the series, it would be expected that 

substituting magnesium for calcium would simply result in the direct replacement in the 

phosphate environment of Ca for Mg as reported by Oliviera et al. [137], or in the case 

of Lockyer et al. [10] and Elgayar et al. [14], a mixed, non preferential, two cation 

orthophosphate at a ratio consistent with that of the overall glass. These resultant 

chemical shifts however are not evident.   
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Although Mg2+ (1.31) is slightly more electronegative on the Pauling scale, than Ca2+ 

(1.00) and Na+ (0.93), the observed experimental shift is contrary to what is expected 

[10], with the final, fully substituted composition shifting to a more positive (away from 

0ppm) region of the spectra ca. 12.7ppm – close to that associated with a pure sodium 

orthophosphate species. 

 

 

Figure 82: The effect of 31P orthophosphate (Q0) shift with increase in magnesium content (while 
sodium content remains constant).  Illustrates the progressive preferential 

association of sodium with the phosphate through the series.  Line indicates a linear 
fit. 

 

This positive shift (away from 0ppm – Figure 82), towards a sodium orthophosphate 

type species and away from magnesium phosphate (0.5ppm for the amorphous 

Mg3(PO4)2 form [207] [208]), implies that as magnesium is added, at the expense of 

calcium, sodium preferentially associates with the phosphate phase.  It appears there is 

only a minimal association of the magnesium with the phosphate phase and is an 

indication that an increase in magnesium content may lead to more Mg2+ ions 

participating in the silicate phase (this point is discussed in greater detail later) 

 

It would be extremely beneficial to heat treat the above samples and analyse the crystal 

phases formed to give some idea as to structures present within the glass.  This would 
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then aid in determining the validity of the existence of preferential associations within 

the glass structure. 

7.1.2 31P MAS NMR of ICIE4 Low sodium Magnesium Glasses 
The 31P MAS NMR spectra all show a symmetric resonance with a chemical shift range 

in the region of 5.0 to -3.3ppm with a corresponding FWHM linewidth in the range of 

10.0 to 11.7ppm. 

 

Figure 83: 31P MAS NMR spectra for the ICIE4 magnesium series of glasses. 

 

As discussed previously, with the ICIE1 Magnesium series of glasses, phosphorus was 

assumed always to take a forming role within a glass structure.  However our results, 

along with those from previous studies [10] [14] [137], illustrate a single resonance with 

a chemical shift and linewidth consistent with that of an orthophosphate-like 

environment [209] [159].  Analogous with the ICIE1 series of glasses, all compositions 

were optically clear implying that the glass structure has undergone amorphous phase 

separation into a sub-micron second orthophosphate phase. 
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Table 18: The spectral parameters determined form the 31P studies of ICIE4 magnesium series of 
glasses. 

 
31P NMR Glass 

Peak Position (ppm) Linewidth (ppm) 

ICIE40MG 5.0 10.0 

ICIE425MG 1.7 10.0 

ICIE450MG -1.7 10.8 

ICIE475MG -3.3 11.7 

 

The initial composition of the series, ICIE4 with 0% magnesium substitution, has a 

chemical shift of ca. 5ppm (Table 18) between that of Na3(PO4) unit [209] and a 

Ca3(PO4)2 unit [159] suggesting that both types of modifier ion are associated with the 

orthophosphate species.  Furthermore, if the sodium and calcium cations are charge 

balancing at a ratio consistent with the overall glass composition (CaO:Na2O of 1:0.15) 

a chemical shift of 4.6ppm would be expected.  This is very close to the experimental 

value of 5ppm.  Therefore, within experimental error, it is concluded that there is no 

evidence of a preferential association with either the sodium or calcium cations and they 

are therefore present at a ratio consistent with that of the overall glass composition. 

 

As magnesium is substituted for calcium, in the ICIE4 series of glasses, a direct 

replacement of magnesium for calcium in the modifying role, as reported by Lockyer et 

al., Elgayar et al. and Oliviera et al. would be anticipated [10] [14] [137].  This would 

then cause the shift in peak maxima to a more negative region of the spectra resulting in 

a final chemical shift of 0ppm that associated with a pure magnesium orthophosphate 

type species.  We experimentally observe this shift (Table 18 and Figure 84).  However, 

on closer inspection, the final peak maxima, corresponding to a 75% substitution of 

magnesium for calcium, exceeds this shift to a pure magnesium orthophosphate, to that 

of -3.3ppm.  In fact for this composition we would expect an intermediate shift 

associated with a mixed sodium calcium magnesium orthophosphate as a result of only 
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75% substitution and all modifiers present within the glass, able to act in a modifying 

role.  Thus a much more positive chemical shift would be anticipated.  The fact that the 

experimental chemical shift is far from what is anticipated (i.e. a much too negative 

chemical shift) suggests that another phenomenon is taking place rather than a direct 

replacement of cations. 
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Figure 84: 31P MAS NMR chemical shift values for ICIE4 low sodium magnesium glasses. 

 

Figure 85 illustrates the increase in linewidths with substitution of magnesium for 

calcium in the ICIE4 magnesium series of glasses.  The greater full widths at half 

maximum imply that there is a greater range of environments than is found in the 

original ICIE4, 0% substituted glass.  This therefore suggests that a further phosphorus 

environment could be present in the glass.  Lockyer [10], Elgayar [14], Leonova [210] 

and Grussaute [160] all reported the existence of a pyrophosphate type species in 

similar glass compositions.   
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Figure 85:  31P MAS NMR linewidths for ICIE4 low sodium magnesium glasses  

  

The chemical shifts of ICIE425MG, ICIE450MG and ICIE475MG all fall within the 

range typically found for 31P in Q1 tetrahedra and may, as such, conform to a proportion 

of P-O-P bonding.  The chemical shifts of a Na4P2O7 (2.3ppm), Mg2P2O7 (-5.9ppm) and 

Ca2P2O7 (-8.9ppm) [211] thus imply that the glasses are associated with a mixed sodium 

magnesium pyrophosphate type species as well as a, previously discussed, mixed 

sodium calcium orthophosphate environment. 

 

 The resonance of ca. -3.3ppm is associated with 31P nuclei experiencing significantly 

larger chemical shift anisotropy relative to those of the more symmetrical 

orthophosphate tetrahedral.  This is evident from the 31P spectra for ICIE475MG which 

show that the more shielded 31P nuclei generate more intense spinning sideband 

amplitudes than that of the Q0 units and is further evidence to support that a proportion 

of pyrophosphate is present within the higher magnesium substituted glasses [210]. 

 

It is interesting to note the different behaviours between the ICIE1 and ICIE4 

magnesium series of glasses with respect to their 31P environments.  Essentially the two 

series are exactly the same regarding silicon and phosphorus content and their resultant 

network connectivity values.  The only difference between the two series of glasses is 

their percentage of calcium and sodium.  It is obvious however that this results in a 
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dramatic difference in behavior, with the ICIE1 high sodium series illustrating a 

preference for sodium orthophosphate type species on substitution of magnesium, while 

the ICIE4 low sodium series highlights a preference for the formation of pyrophosphate 

type environment.  

7.2 29Si MAS NMR 

7.2.1 29Si MAS NMR of ICIE1 High Sodium Magnesium Glasses 
Figure 86 illustrates the 29Si MAS NMR spectra for the magnesium substituted series of 

glasses.  The spectrum for 0% magnesium substituted glass consists of a peak with a 

resonance maximum ca. -79ppm.  The 25% magnesium substituted glass displays a 

similar spectrum, however, as we move through the series to the 50% magnesium 

substituted glass, the presence of a shoulder to the right of the peak ca. -90ppm becomes 

apparent, moving the centre of gravity of the peak to the right.  This shoulder becomes 

more pronounced across the series.   

 

Figure 86: 29Si MAS-NMR spectra.  Increasing magnesium content from bottom (ICIE1) to top 
(ICIE1100Mg).  Illustrates the progressive formation of a Q3 shoulder on a 

predominantly Q2 peak. 
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Table 19: NMR data for 31P NMR spectra of the series of magnesium containing bioactive glasses 
where x corresponds to peak position, w peak width and A fraction area. 

 
Glass ID 29Si Q2 x 

(ppm) 

29Si Q2 w 

(Hz) 

29Si Q2 A 

(%) 

29Si Q3 x 

(ppm) 

29Si Q3 w 

(Hz) 

29Si Q3 A 

(%) 

ICIE1 -80.6 461 83 -89.8 316 17 

25Mg -79.4 399 80 -87.6 258 20 

50Mg -80.6 451 77 -90.3 376 23 

75Mg -80.1 410 68 -88.8 433 32 

100Mg -80.0 396 59 -88.7 424 41 

 

It can be assumed that the development of the asymmetric line shape and right hand 

shoulder, across the series, is a progressive superposition of two overlapping signals.  

The fitting data of these two peaks, from Gaussian deconvolution, can be found in Table 

19.  With magnesium substitution, the Q3 shoulder grows from 17% (0% Mg 

substitution) to 41% (100% Mg substitution) area of the signal.  This is clear evidence 

that, as magnesium is added, a proportion of the magnesium ions form tetrahedral, 

MgO4, which require charge balancing cations [212] [213].  These MgO4 units remove 

modifying ions (e.g. Ca2+) from the silicate network resulting in the observed 

polymerisation going from Q2 to Q3. 

 

Aguiar et al. [84] also studied the effect of magnesium substitution in 2 phosphosilicate 

glasses and obtained similar 29Si MAS NMR spectra, with a peak signal between 75ppm 

to 80ppm and a shoulder at approximately 85ppm to 90ppm.  However, Aguiar et al. 

assigned these peaks to Q1 and Q2 species and did not provide an explanation for the 

change in Q structure in the glass.  It is submitted that Aquiar et al.’s experimental 

NMR results are classic Q2 peaks with a Q3 shoulder. 

 

In spite of such signal overlap the 29Si NMR spectra of the magnesium substituted series 

reveal that they are all predominantly populated by Q2 silicate species with the addition 

of Q3 species at higher magnesium contents.  There seems to be no evidence of any 
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further Q species within the series, therefore a binary distribution model for the glasses 

is suggested agreeing with earlier work by Lockyer et al. [10] and Elgayar et al. [78].  It 

is noted, however, from previous work that more than two Qn species can coexist at all 

compositions, suggesting a model based on the disproportionation reaction shown by 

Equation 13  [136, 214]. 

 

                                 Qn = Qn-1 + Qn+1 

Equation 13: Disproportionation reaction. 

       

Closer inspection of the magnesium substituted glass spectra illustrate no evidence for 

peaks at -105ppm or -60 ppm, therefore it can be concluded that there are little or no Q4 

or Q0 species present.  As noted by Elgayar et al. [14] difficulty can arise with respect to 

the identification of Q1 silicate species with 29Si spectra alone due to the close proximity 

of Q2 species (-70ppm Q1 → -80ppm Q2) [215].  Further hindrance can also occur in 

mixed metal glasses due to the spread of 29Si chemical shifts for each Qn species, for 

example δSi = -76ppm for Q2(Na) [216] and δSi = -81.5ppm for Q2(Ca) [164].  

Therefore, it is questionable as to whether any Q1 species are being masked due to the 

overlap of silicon chemical shifts.  At present this remains unanswered however for the 

purpose of this study a binary distribution of Q2 and Q3 is assumed.  

 

Using Doweidar’s model it is assumed that throughout the series of glasses the binary 

distribution of Q2 and Q3 species will remain constant.  Also, using network 

connectivity calculations to model the glass structure, the connectivity is calculated to 

remain constant at 2.13 (calculated assuming P is present as orthophosphate as 

illustrated from the previous 31P MAS NMR data).  Both of these models presume that 

magnesium acts as a network modifier.  Therefore, in a direct substitution of 

magnesium for calcium it is predicted that the connectivity/Q structure will remain 

constant due to both cations creating the same number of NBOs.  This would then result 

in a series with corresponding constant 29Si chemical shift values (disregarding any 

small shift due to the shielding effects of Mg2+ and Ca2+ – Galliano et al. [200] did not 
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find any changes in the 29Si spectra when replacing cations in a glass series containing 

silicon, phosphorus and alkaline earth elements).   

 

However, progressive formation of a right hand shoulder is observed with a peak 

resonance associated with that of a Q3 species.  This is contradictory to the network 

connectivity model, in which it is assumed that magnesium acts as a modifying ion, and 

implies that the progressive polymerisation of the glass structure is a result of 

magnesium entering the silicate network.   

 

 

 

Figure 87: Hypothetical schematic model of glass structure.  Illustrates the two phase glass with (a) 
magnesium within the silicate network as MgO4 units charge balanced by Ca and (b) 

sodium associated with the orthophosphate species.   
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Figure 87 illustrates a schematic of the glass structure.  It highlights the preferential 

association of sodium ions with the phosphate phase, as shown from 31P MAS NMR 

data, and the tendency of magnesium to enter the silicate network as MgO4 tetrahedra, 

charge balanced by calcium/sodium ions.  Though shown here as a tetrahedral in Figure 

87, other higher co-ordinate states e.g. octahedra are possible for Mg, though they 

would be outside of the network [213]. 

 

Figure 88 shows the calculated network connectivity of the glasses, assuming i) the 

phosphate enters the network (NC) or ii) phase separation into an orthophosphate phase 

(NC’).  As we have discussed earlier, NC’ is a more reasonable assumption for network 

connectivity as there is little evidence for Si-O-P bonds present.  An empirical 

determination of the network connectivity was derived from peak fitting of the Q2 and 

Q3 29Si MAS NMR data, the NC(NMR), and is also given in Table 19.  The NC(NMR) 

values are clearly higher, deviating more as magnesium is substituted into the series. 

 

Figure 88: Network connectivity calculated from NMR fitting (Table 19) (NC(NMR)) compared to 
network connectivity assuming MgO acts as a modifier (NC’).  In the NC’ calculation, 
it was assumed that Mg is only acting as a network modifier.  The equation of the line 

is for NC(NMR). 

 

The deviation from the linear NC’ must be due to the formation of tetrahedral MgO4 

species which go into the network and will require sodium and/or calcium ions for 

charge balancing.  This removes cations from the silica network and has the net effect 
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of increasing network connectivity.  These NC(NMR) values were used to calculate the 

proportion of magnesium acting either as modifiers and/or those forming tetrahedral 

MgO4 species.  From the difference between the calculated NC’ and the NC(NMR), it is 

possible to calculate the amount of tetrahedral MgO4.  In this calculation, however, we 

have assumed, for the sake of simplicity, that Mg is only present as tetrahedral MgO4.  

Figure 89 shows the absolute molar amount of magnesium acting as a network former, 

in a tetrahedral state, for all glass compositions. 

 

Figure 89: The absolute amount of MgO (mol %) entering the glass network with Mg substitution.  
This assumes that the MgO is only in tetrahedral co-ordination.  As the MgO content 
is increasing across the series, this corresponds to a constant proportion (~ 14%) of 

MgO acting as a network former compared to network modifying MgO. 

 

However, as the amount of magnesium increases, the proportion in the network as 

compared to the proportion acting as modifiers is actually constant across the series, 

~14% of the magnesium enters the network as MgO4 tetrahedra whereas around 86% 

occupies the traditional modifier role regardless of the composition. 

 

Although Elgayar et al. [14] report a 1:1 cation distribution between the silicate and 

phosphate phase with no preferential association, it should be noted that although 

working with ICIE1 compositions, magnesium is not present within the system 

analysed.  It is therefore hypothesised that upon introduction of magnesium into the 

bioactive glass the cationic distribution no longer behaves in an even/equilibrium 

manner.  This then raises the question of why the two alkaline earth cations, Ca and Mg, 
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behave so differently with respect to the kinetics of the system, and more relevantly 

mobility, within the bioactive glass studied 

 

F. Natrup et al. [217] discuss such roles of the alkaline earth oxides within silicate 

glasses and believe that the mobility of the alkaline-earth ions strongly depend on the 

type of alkali ion present in the glass.  He further postulates that alkaline-earth ions are 

most mobile when their ionic radius are similar to that of the alkali metal ion – that is 

similar ionic radii of the cations in alkali alkaline-earth silicate glasses facilitate the 

motion of the alkaline-earth ions.  From this theory, in the case of the Ca:Na system 

(studied by Elgayar et al. [14]), the similarity of ionic radii (Ca2+ 106Ǻ and Na+ 98 Ǻ) 

would suggest the ease of motion of calcium within the glass – hence no preferential 

association.  However for the Mg:Na system the differing ionic radii (Mg2+ 78 Ǻ and 

Na+ 98 Ǻ) would hinder the motion of magnesium within the glass.  This is supported 

by B.Roling et al. [218] where his data showed that the lowest alkaline-earth mobilities 

are found in glasses containing Mg or Ba and on the other hand the Na mobility is 

highest in the sodium magnesium system. 

7.2.2 29Si MAS NMR of ICIE4 Low Sodium Magnesium Glasses 
Figure 90 illustrates the 29Si MAS NMR spectra for the ICIE4 Magnesium series of 

glasses.  The spectra contain a single symmetric resonance with peak maxima in the 

range of -82.0 to -85.5ppm and FWHM linewidths from 20 to 24ppm. The chemical 

shift values for the glasses can be assigned due to the presence of predominantly Q2 

silicate species, agreeing with the constant network connectivity value of 2.13 through 

the series.  There seems to be no evidence of any further Q species therefore a binary 

distribution model is assumed. 
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Figure 90: 29Si MAS NMR spectra for the ICIE4 magnesium series of glasses 

 

Taking into account the chemical shift values reported by Murdoch et al. [219] for Q2 

species in Na2SiO3 (δSi = -76ppm), CaSiO3 (δSi = -81.5ppm), CaMgSi2O6 (δSi = -

82.0ppm) and MgSiO3 (δSi = -83.5ppm), it is suggested that the chemical shift of -

82ppm for the initial ICIE40MG glass can be assigned to a Q2 calcium silicate species.  

This is in good agreement with Elgayar et al. [78] where a chemical shift of -81.4ppm 

was reported for the same glass.   

Table 20: The spectral parameters determined form the 29Si studies of ICIE4 magnesium series of 
glasses. 
29Si NMR Glass 

Peak Position (ppm) Linewidth (ppm) 

ICIE40MG -82.0 20.0 

ICIE425MG -82.0 20.0 

ICIE450MG -84.0 22.5 

ICIE475MG -85.5 24.0 
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Figure 91 illustrates that as MgO is substituted for CaO the peak maxima are shifted 

proportionally to a more negative chemical shift value.  As the network connectivities 

of the glasses are constant through the series, that is the substitution makes no change to 

the number of non-bridging oxygens, the experimental shift must be assigned to the 

modifying cations.  However, this observed shift of the peak maxima is difficult to 

explain in such terms.  Even with a full substitution of magnesium for calcium the 

maximum chemical shift possible, that associated with MgSiO3, is -83.5ppm.  This is 

additionally assuming that all the magnesium ions preferentially associate with the 

NBOs of the silicate network and the remaining calcium and sodium ions are in some 

way blocked from a modifying role in the silicate network.  This could be explained if 

all the sodium and calcium ions preferentially associated with the phosphate phase, 

however the chemical shifts do not represent such a phenomenon. 
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Figure 91: 29Si chemical shift values for the ICIE4 low sodium magnesium series of glasses 

 

It is therefore acceptable to assign the shift in peak maxima to the same trend observed 

in the ICIE1 high sodium magnesium series of glasses.  In the ICIE1 series the 

development of an asymmetric line shape and right hand Q3 shoulder, across the series, 

was attributed to the progressive polymerisation of the silicate network as a result of 

magnesium entering the network as MgO4 tetrahedra.  It is therefore assumed that in the 

ICIE4 low sodium magnesium series, the shift to lower frequencies, those associated 

with Q3 silicate species, is a result of magnesium acting as a network former and 
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polymerising the silicate structure.  As there is no indication of a separate shoulder, as 

in the ICIE1 series, the proportions of Q3, hence the amount of magnesium going into 

the network cannot be predicted by fitting procedures.  However the lack of a prominent 

Q3 shoulder suggests that the proportion of magnesium entering the network is much 

less than that in the ICIE1 magnesium series of glasses. 

 

Correlating this behavior with the results of the 31P MAS NMR suggests that this may 

not be the case.  As is observed from the 31P spectra, on substitution of magnesium for 

calcium, there is a preference for the formation of pyrophosphate type species.  As a 

species these require less network modifying ions to charge balance therefore it implies 

that more cations are available to modify the silicate network.  In turn this will reduce 

the number of Q3 species and from a “29Si point of view” will over-ride the effect of 

magnesium entering the network as MgO4 tetrahedra.  Due to the lack of a prominent 

Q3 shoulder the relative proportions of Q2 and Q3 cannot be predicted by fitting 

procedures, with any degree of accuracy.  An estimate of the percentage of magnesium 

entering the network therefore cannot be carried out.  It is suggested however that the 

relative amounts of modifying cations will have a direct effect on such a phenomenon.  

It can be imagined that a glass with a smaller degree of disruption, as with the ICIE4 

low sodium magnesium series of glasses, will result in a lesser need for magnesium to 

act as an intermediate oxide. 

 

As discussed for the ICIE1 high sodium magnesium series of glasses the interesting 

question is what causes the intermediate behavior of magnesium.  The ICIE4 series of 

results also add a further dimension to this question – why does a composition with less 

sodium cause less magnesium to enter the network?   
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7.3 25Mg MAS NMR 
The structural role of Mg is poorly understood due to the lack of information on its local 

environment steming from the difficulty in extracting information from conventional X-

ray diffraction, Raman and Infrared spectroscopy.  NMR spectroscopy is an effective 

tool for collecting structural information focused on a specific element in 

multicomponent systems [148].  NMR has been used to investigate Mg in silicates only 

with great difficulty.  The sensitivity is low due to a low natural abundance of the NMR 

active-isotope (25Mg) and the low resonance frequency.  Also 25Mg is a quadrupolar 

nucleus, having spin 5/2, leading to additional quadrupolar interactions and broadening.  

Mg sites in silicates are often disordered, leading to broad lines and complicated 

lineshapes which are often difficult to observe [212]. 

 

Figures 92 and 93 illustrate the 25Mg static NMR spectra for the ICIE1 and ICIE4 

magnesium series of glasses, respectively.     

 

The 25Mg of the glasses suffer from a second-order quadrupolar broadening because of 

low resonance frequency and a relatively large quadrupolar interaction, which smears 

out the detailed information in the spectra.  It is therefore very difficult for the above 

spectra to estimate an isotropic chemical shift.    

 

The number of NMR studies of 25Mg in crystalline states is limited (Dupree and Smith 

1988 [220]: MacKenzie and Meinhold 1994 [221]: Fiske and Stebbins 1994 [143]: 

MacKenzie and Meinhold 1997 [222]).  These studies highlighted that the 25Mg signal 

is dependant on the local structure around the Mg atom.  Particularly apparent are the 

effects of the coordination states.   
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Figure 92: 25Mg Static NMR for ICIE1 magnesium series 

 

 

Figure 93: 25Mg Static NMR for ICIE4 magnesium series 
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As discussed, it is very difficult to predict with any degree of accuracy the actual 

chemical shifts involved in the above spectra.  It is probably therefore more important to 

observe any changes in the spectral artifacts.  By doing so, even though specific species 

cannot be specified, general information of the environment around the 25Mg cation can 

be clarified.  

 

On closer inspection, importantly a change in lineshape can be observed as magnesium 

is substituted for calcium.  There is a slight trend through the series suggesting that 

changes in the environment around 25Mg may be occuring.  It is very difficult, however, 

to draw any definitive conclusions from the data. 

 

In the case of the ICIE4 low sodium magnesium series of glasses there does not seem to 

be any distinct change in the spectral lineshape.  This implies that the Mg environment 

remains unchanged through the series.  However from the 29Si MAS NMR data we 

would expect to see some kind of variation in the peak shapes or chemical shift values  

It is suggested, however, that the discussed problems with 25Mg NMR have resulted in 

spectra that are very difficult to analyse. 

 

Shimoda [148] showed that the chemical shifts in magnesium silicate melts 

systematically varied with the addition of a second modifier cation.  In general it was 

seen that the addition of a lower field strength cation moved the peak position to a 

higher frequency hence suggesting magnesium’s move to a lower coordination state, i.e. 

entering the silicate network as MgO4 tetrahedra.   

 

The idea that the coordination number of a cation is related to the other cations present 

within the material is well known and not unique to magnesium.  If a cation with a 

higher field strength is substituted, the replacement cation takes more of the electron 

density from the O atoms, leaving less for M cation, and consequently a larger 

coordination number is required to balance the M cation charge.  The cation field 

strength (Z/a2) increases in the order of K (0.12), Na (0.18), Li (0.26), Ca (0.36), and 
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Mg (0.46-0.53) [223].  This indicates an increase in bond strength of K-O, Na-O, Li-O, 

Ca-O and Mg-O.  For example a composition with more calcium than magnesium 

compared to a second composition would be expected to have a higher frequency 

chemical shift as a result of the lower field strength of calcium [148].  It is, therefore, 

suggested that in the ICIE1 and ICIE4 series of glasses, when magnesium is substituted 

for calcium, the higher field strength of magnesium compared to calcium and sodium 

causes the magnesium ions to adopt a lower co-ordination state and enter the network as 

MgO4 tetrahedra.  The difference in behavior between the two series however is more 

difficult to understand. 

 

It is suggested, therefore, that the ambiguity that exists as to the actual role of 

magnesium in silicate glasses could be a result of the compositional dependence of the 

size of the average coordination number [212].  

7.4 Summary of MAS NMR results for the magnesium series 
of glasses 
29Si MAS NMR illustrated a move from a Q2 silicate to a Q3 silicate with the subtitution 

of magnesium for calcium in the ICIE1 series of glasses.  This was coupled with a shift 

to a more positive region of the 31P MAS NMR spectra implying the move from a 

mixed calcium sodium orthophosphate to a sodium orthophosphate type species with 

the addition of magnesium.  The accompanying 25Mg static NMR spectra were also 

seen to change in lineshape through the series.  This data suggests that, rather than 

acting as a network modifying cation magnesium is behaving as an intermediate oxide 

within the glass with a proportion entering the silicate network as MgO4 tetrahedra thus 

causing the polymerisation of the silicate network and the preferential association of 

sodium with the phosphate phase.  The ICIE4 series of glasses are hypothesised as 

behaving in a similar manner, however to a lesser extent, thus resulting in less 

pronounced spectral features. 
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7.5 FTIR Spectroscopy 
Figures 94 and 95 illustrate the infrared absorption spectra of the individual glasses in 

the ICIE1 high sodium series and the ICIE4 low sodium series, respectively. 

 

As discussed previously, infrared spectroscopy is extremely accurate in picking up 

vibrations associated with non-bridging oxygen and silicon interactions (Si-O-NBO 

bonding) [173] –  

 

3. The Si-O(asymmetric stretching) with one non-bridging oxygen (1 NBO) per SiO4 

tetrahedra (i.e. Q3 bonding) is located in the range of 1020-1052cm-1 

4. The Si-O-2NBO(stretching) species (i.e. Q2 bonding) is located at approximately 

920-960cm-1 
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Figure 94: FTIR spectra for high sodium ICIE1 magnesium glasses.  Increasing magnesium content 
from bottom to top. 

 

Figure 94 above exhibit the vibrations associated with Q2 and Q3 silicate species.  Apart 

from these two dominant peaks, further features are very difficult to assign.  

Furthermore, it is very difficult to assess whether the peak heights are changing through 

the series.  Figure 95 below also exhibit vibrations associated with Q2 and Q3 species 

and do not seem to exhibit any change through the series. 
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Figure 95: FTIR spectra for low sodium ICIE4 magnesium glasses.  Increasing magnesium content 
form bottom to top. 

 

The ICIE1 series of glasses seem to exhibit an increase in the intensity of the vibration 

associated with the Q2 silicate species in comparison to the vibration associated with the 

Q3 species.  The ICIE4 series of glasses, on the other hand, do not exhibit any real 

change in the vibrations associated with the silicate species.  This therefore suggests 

that the ICIE1 series of glasses are becoming less cross-linked through the series and 

the ICIE4 series of glasses are remaining unchanged with respect to the silicate network 

with the subsitution of magnesium.  These phenomena are difficult to explain as they 

are in direct conflict with the NMR data obtained. 
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7.6 Raman Spectroscopy 
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Figure 96: Raman spectra for high sodium ICIE1 glasses.  Increasing magnesium content from 
bottom to top. 

 

Figure 96 above shows the Raman spectra of the ICIE1 high sodium magnesium 

glasses.  The figure reveals the presence of the main optical modes associated with the 

Si-O-Si groups.  Firstly the asymmetric stretching mode at 1000-1200 cm-1, the rocking 

mode at 560-660cm-1 and lastly the non-bridging silicon-oxygen bond (Si-O-NBO) 

stretching at 900-970cm-1 [224] [225] [226] [84].   

 

It is well known that the use of vibrational spectroscopy aids in the understanding of the 

influence of modifier elements on a glass network [84] [194].  Moreover, it has been 

definitively shown that the introduction of modifying ions into a silicate containing 

glass promotes structural changes within the silicate network [194].  Figure 96 above 

highlights the characteristic changes in relative intensities and line changes associated 

with the incorporation of a modifier element into the SiO2 matrix.  The most prominent 

change in the Raman features is the change in the ratio between the intensity of the Si-

O-NBO and Si-O-Si (s) bands.  The ratio decreases as magnesium is introduced into the 

glass structure which is evidence for the polymerisation of the glass network   Thus it 

can be concluded that the addition of magnesium promotes a local distortion in 

molecular symmetry which gives rise to the observed decrease in the ratio of Si-O-

NBO/Si-O-Si(s) and thus an increase in network connectivity [157].  Furthermore, the 
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spectra show that, as magnesium is added, the intensities of the peaks decrease and the 

bands generally become broader.  The accommodation of the cation in the glass 

network results in a distortion of the Si-O-Si intertetrahedral bonds which in turn causes 

a spread in angle values and oscillator strength variations [14].  These changes can 

therefore explain the observed broadening of the bands in the Raman spectra. 
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Figure 97: Raman spectra for low sodium ICIE4 magnesium glasses.  Increasing magnesium 
content from bottom to top. 

 

Figure 97 above shows the Raman spectra for the ICIE4 low sodium containing 

magnesium series.  It is evident that, although the Raman spectra for the ICIE1 glasses 

are not much better, the spectra for these glasses are near featureless.  Therefore, as a 

result, a proper and scientific analysis of the band positions and intensities is extremely 

difficult.  No real conclusion on the structure of the glasses can be made.  The only 

observation that can be made, with any kind of scientific accuracy, is the slight 

existence of bands at approximately 660cm-1 and 980cm-1.  These bands could be 

assigned to the Si-O-Si rocking mode and the Si-O-NBO mode respectively.   Due to 

the poor quality of these spectra no comparison can be made with the ICIE1 series of 

glasses.  It is not known what influenced such a poor series of Raman results.  
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7.7 X-Ray Diffraction 
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Figure 98: X-Ray diffraction patterns for high sodium ICIE1 magnesium glasses.  Increasing 
magnesium content from bottom to top. 

 

X-ray diffraction was used to confirm the glassy nature of the ICIE1 and ICIE4 

magnesium substituted series. 

 

Figures 98 and 99 above and below, respectively, show the characteristic amorphous 

halo. 
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Figure 99: X-Ray diffraction patterns for low sodium ICIE4 magnesium glasses.  Increasing 
magnesium content from bottom to top. 
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It therefore can be concluded that both series of magnesium glasses were all amorphous 

in nature.  Furthermore, there is no degree of crystallinity within the glasses. 

7.8 Density 
Density is the most frequently measured property of a glass.  It can be measured quickly 

and accurately and is often used in the quality control of commercial glass manufacture 

[74].  Density is defined as the mass of a substance per unit volume and thus ultimately 

has a strong dependence on its composition.  It is dependant primarily on the nature of 

the atoms in the material, on the number of neighboring atoms and on the interaction 

between them [43].  Density is a strong indicator of the compactness of it own network 

[227]. 

 

Although widely used as an indication of the effect of changing composition on glass 

structure it is widely argued that the determination of molar volume, mean atomic 

volume and oxygen molar volume, from experimental density data, are far more useful 

parameters.  These parameters provide important information on particular aspects of a 

glass’s structure such as the coordination numbers of the various elements, degree of 

anionic packing and deformation [228] [229]. 

 

In the 1990’s, Doweidar postulated that the density of a glass can be correlated with the 

volume of its structural units [179] [149] [230].  The volumes of the specific structural 

units are only dependant on the type of modifier ion associated with them and totally 

independent on the actual concentration in which they are present [179].  Furthermore, 

through the study of alkali and alkaline earth silicate glasses as well as alkali alumino-

silicate glasses, the volume of the structural units were shown to be constant over the 

entire region where it exists [178].  The utilisation of such a  model has subsequently 

proved accurate in the determination of the physical densities of alkali and mixed alkali 

silicate glasses and is often used as mathematical approximation as to the type of 

structural units present in the glass.  The ideas of Doweidar were thus applied and a 

comparison made between Doweidar’s theoretical values and the experimental density 

values obtained. 
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Figure 100: Variation in density with magnesium content for high sodium ICIE1 magnesium glasses 
with Doweidar’s theoretical values. 
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Figure 101: Variation in density with magnesium content for low sodium ICIE4 magnesium glasses 
with Doweidar’s theoretical values. 

 
Figures 100 and 101 illustrate the calculated density values with the data determined 

experimentally for the ICIE1 magnesium substituted series and the ICIE4 magnesium 

substituted series, respectively.  In both cases, on examination of the experimental data, 

it can be seen that as MgO replaces CaO the general trend is a decrease in density.  

According to Galliano et al. bulk glass density increases with increasing mean modifier 

radius [88].  The experimental decrease in density therefore can be attributed to the 

smaller radius of the magnesium ion (65pm) substituting for the larger calcium ion 

(99pm).  As density is defined as mass per unit volume it should not, however, be 
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neglected that the mass of the constituent ions will play an important role in the overall 

density of the glass.  Therefore, it could be concluded that not only the smaller ionic 

radius but the lighter molar mass of magnesium, compared with calcium, contributes to 

the decrease in bulk glass density across both substituted series.   

7.9 Differential Thermal Analysis 
Differential Thermal Analysis of the high sodium ICIE1 and low sodium ICIE4 

magnesium substituted series was undertaken to determine the glass transition 

temperature and crystallisation temperature for each glass. 

 

Figures 102 and 103 below illustrate the DTA traces for the high sodium ICIE1 

magnesium and low sodium ICIE4 glasses, respectively. 

 

In general the DTA curves for samples ICIE1 to ICIE1-75Mg in the ICIE1 series of 

glasses have two deflections – one due to a glass transition (Tg), with a negative 

deviation from the baseline, and one due to an exothermic crystallisation event (Tc).  

There is a possible second exotherm in the ICIE1 and ICIE1-25Mg glasses, 

corresponding to a second crystallisation temperature.  Also the ICIE1-100Mg glass 

shows only one transition – due to a glass transition, no crystallisation deflection is 

evident.  

 

As with the ICIE1 series of glasses we observe two deflections in the ICIE4 series of 

glasses, one due to a glass transition (Tg), with a negative deviation from the baseline, 

and one due to an exothermic crystallisation event (Tc).  In comparison to the ICIE1 

series of glasses there is no evidence of a second exothem in the traces, therefore only 

one crystallisation process is involved with the ICIE4 series of glasses. 
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Figure 102:  Differential Thermal Analysis traces for the ICIE1 magnesium substituted series of 
glasses 
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Figure 103:  Differential Thermal Analysis traces for the ICIE4 magnesium substituted series of 
glasses 
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7.9.1 Glass Transition Temperature 
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Figure 104: Glass transition temperatures for the ICIE1 magnesium glasses 

 

Figure 104 shows the relationship between Tg and magnesium substitution in the ICIE1 

magnesium substituted series.  It can be seen that, as magnesium is substituted for 

calcium, there is a corresponding decrease in the glass transition temperature.  

 

A reduction in Tg is generally achieved by increasing the amount of network modifying 

oxides relative to the network forming oxides, which in turn depolymerises the network, 

increasing the amount of NBO to BO and reducing the network connectivity.  In the 

magnesium substituted glasses, however, the theoretical network connectivity should 

remain constant as, instead of adding more magnesium it is being substituted for 

another network modifier, calcium.   

 

The behaviour of Tg does suggest, however, that the addition of MgO results in a 

weakening of the glass network.  As we know from the MAS NMR data that the degree 

of polymerisation increases as a function of Mg addition (a move from a predominantly 

Q2 to a predominantly Q3 glass), the decrease in Tg must be attributed to magnesium 

entering the network as MgO4 tetrahedra.  As discussed previously, it is hypothesised 

that the newly formed Si-O-Mg and Mg-O-Mg bonds are, on average, significantly 
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weaker with respect to the Si-O-Si bonds in the silicate chain (Dowty studied the 

vibrational spectrum of akermanite, a calcium magnesium silicate (Ca2MgSi2O7) which 

contains MgO4 units [159]. The bond force constant of the Mg-O bond in akermanite 

was found to be lower than in MgO and significantly lower than a Si-O bond: 2.00, 3.48 

and 9.24 N.cm-1 respectively [207].  Therefore, as a result, the strength of the overall 

network will decrease resulting in the observed reduction in Tg.  This phenomenon is 

also noted by Linati et al. [231], however regarding the role of zinc rather than 

magnesium in a similar glass series.  It is interesting to note that magnesium and zinc 

are indeed very similar ions with respect to charge and ionic radius, 0.72 Å and 0.74 Å 

respectively, and it is suggested that the two behave similarly within glass systems 

[215].  

 

Figure 105 below shows the relationship between the percentage of magnesium 

substituted into the ICIE4 base glass and the resultant temperature of the glass 

transition.   
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Figure 105: Glass transition temperatures for the ICIE4 magnesium glasses 

 

It is evident that up until approximately 50mol% magnesium substitution the glass 

transition temperature decreases with increasing magnesium substitution.  After 

approximately 50mol% substitution we then observe a stabilisation of the trend and then 

an up turn, with the glass transition increasing with increasing magnesium substitution. 



Results and Discussion – Magnesium Substituted Glasses 195 

Comparing the glass transition temperatures of the two series of magnesium substituted 

glasses, it is evident that the ICIE4 glasses have significantly higher glass transition 

temperatures.  This can be explained by the higher proportion of the highly disrupting 

sodium ions in the ICIE1 series of glasses.  As a result of the more disrupted network, 

less energy is required to break up the glass structure, thus resulting in the lower glass 

transition temperatures of the ICIE1 glass series.  Furthermore, the linear relationship of 

the glass transition temperature with magnesium substitution is not observed with the 

ICIE4 series of glasses. 

 

As discussed above, the initial decrease in glass transition temperature with increasing 

magnesium substitution is attributed to the weaker bond strength of Mg-O-Si and Mg-

O-Mg compared to Si-O-Si as magnesium enters the silicate network.  The up turn 

observed in the ICIE4 series of glasses is harder to explain.  As the glass transition 

temperature is indicative of a glass’s structure any kind of significant change in 

behaviour, such as the up turn observed, is symptomatic of some kind of structural 

change.   

 

It is hypothesised that there may be two competing structural factors effecting the glass 

transition temperature, on substitution of magnesium.  As discussed earlier, one is 

assigned to the weaker bond strength as magnesium enters the network.  At 

approximately 50mol% this factor seems to be overtaken by a second structural effect, 

which then causes the network to become more compact and/or stronger.  To fully 

understand what this second structural factor is, further experimental work is required. 

 

7.9.2 Crystallisation Temperature 
According to Figure 106, Tc1 linearly increases with increasing MgO content for the 

ICIE1 series of glasses.  Noticeably at low MgO content there is a sharp pronounced 

crystallisation peak, which reduces in magnitude and broadens as the MgO content 

increases.  In fact, at 100% magnesium there seems to be no evidence of crystallisation 
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at all.  It is suggested that magnesium, therefore, suppresses crystallisation, as discussed 

below. 
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Figure 106: Crystallisation temperatures for ICIE1 and ICIE4 magnesium glasses. 

 

Figure 106 above illustrates the crystallisation temperatures for the ICIE1 and ICIE4 

magnesium series of glasses. 

 

As with the ICIE1 series of glasses the crystallisation temperature increases with 

increasing magnesium substitution.  It is therefore hypothesised that magnesium 

suppresses crystallisation. 

 

It is hypothesised, however, that the increase in crystallisation temperature as 

magnesium is substituted is a result of the stabilising effect of magnesium entering the 

silicate network and increasing the network connectivity of the glass.  It is hypothesised 

that when magnesium acts as an intermediate oxide and a proportion enters the silicate 

network the resultant network connectivity will increase.  This will then result in an 

energy barrier to nucleation.  Furthermore, when acting as a modifier, the higher charge 

to size ratio of magnesium will hold the non-bridging oxygens more tightly therefore 

also adding to the energy barrier to crystallisation. 
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When comparing the crystallisation temperatures of the two series, Figure 106 shows 

that the ICIE1 series have much lower crystallisation temperatures than their 

corresponding ICIE4 glasses.  This, therefore, suggests that less energy is required to 

crystallise the high sodium ICIE1 glasses and more energy is required to crystallise the 

low sodium ICIE4 glasses.   

 

Nucleation in a glass can occur by two distinct processes, either by homogeneous 

nucleation in defect-free regions of the glass or by heterogeneous nucleation where a 

defect in the glass acts as a nucleus.  The existence of a sharp single crystallisation 

temperature for the two series suggests that the ICIE1 and ICIE4 magnesium substituted 

glasses undergo homogeneous nucleation or bulk nucleation.  As discussed earlier, the 

presence of sodium within a glass system results in a disruption of the continuity in the 

glass network.  The lower the content of sodium, therefore, the more stable the glass 

network, with the higher proportion of ionic bridging between the non-bridging oxygens 

and calcium.  This will then form an energy barrier to bulk nucleation and the 

crystallisation temperature will therefore increase.  This therefore explains the higher 

crystallisation temperatures of the ICIE4 low sodium series of glasses, shown in Figure 

106. 

7.9.3 Summary of DTA results for the magnesium series of glasses 
• For both series of magnesium substituted glasses the glass transition temperature 

was seen to decrease on substitution of magnesium.   

• This was attributed to magnesium entering the silicate network as MgO4 

tetrahedra with the smaller Mg-O bond strength compared to Si-O bonds 

weakening the glass structure.   

• The glass transition temperatures were observed to then increase in the ICIE4 

series of glasses at approximately 50 mole percent substitution.  This 

phenomenon was not mirrored in the ICIE1 series of glasses.  The up turn in Tg 

values in the ICIE4 series of glasses is difficult to explain.  It is interesting to 

note, however, that this phenomenon is not isolated.  The decrease in glass 
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transition temperatures and subsequent increase has also been observed in 

similar magnesium containing glass systems [232].   

• The magnesium substituted glasses were also seen to suppress crystallisation 

with the crystallisation temperatures increasing in both series of glasses with the 

substitution of magnesium. 

7.10 Dilatometry 
Dilatometry is the determination of transition points by the observation of volume 

changes.  In this investigation, dilatometry has been used to determine the dilatometric 

softening point and thermal expansion coefficients of the two magnesium series of 

glasses.   

 

Magnesium oxide is often added to glasses in order to adjust their thermal expansion 

coefficients and softening temperatures such that enamelling can be undertaken at 

temperatures below the α → β transformation of titanium, a common orthopaedic 

implant material [134].  The forming properties of glasses for biomedical use have 

recently been improved by adding magnesium, as well as potassium and boron to soda-

lime silica glasses [130]. 

 

 Figures 107 and 108 illustrate the dilatometric traces for the ICIE1 and ICEIE4 

magnesium glasses, respectively. 
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Figure 107: Dilatometric trace for the ICIE1 magnesium glasses 
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Figure 108: Dilatometric trace for the ICIE4 magnesium glasses. 

 

7.10.1 Dilatometric Softening Temperature 
 

The softening point is related to the glass transition temperature and is the temperature 

at which the glass network loses cohesion and begins to flow under the force applied 

during dilatometry [43].  
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Figure 109: Comparison of softening temperatures for ICIE1 and ICIE4 magnesium substituted 
glasses 

 

Figure 109 plots the softening points for both series of magnesium glasses.  It can be 

seen that substituting magnesium for calcium, in the high sodium ICIE1 glasses, results 

in a reduction in the softening temperature, Ts as previously documented by Wallace et 

al. [43].  The same relationship was previously noted for the glass transition 

temperature, Tg and can be explained by magnesium acting as an intermediate oxide.  If 

magnesium enters the network, as MgO4 tetrahedra, the weakening of bond strengths 

will cause the glass structure to weaken therefore giving rise to the observed reduction 

in Ts. 

 

Figure 109 also illustrates the relationship between the softening temperatures of the 

ICIE4 series of the glasses and the percentage of magnesium substitution.  As can be 

seen from the graph, the behaviour mirrors that of the corresponding glass transition 

temperatures.  First a decreasing trend is observed and then an up turn is observed at 

approximately 50mol%.    

7.10.2 Thermal Expansion Coefficient 
Thermal expansion originates from anharmonic vibrations of atoms within a solid [74].  

Increasing temperature causes the atoms in a substance to vibrate about their 
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equilibrium position more vigorously.  These asymmetrical vibrations cause the 

distance between neighbouring atoms to increase and therefore the solid expands.   

 

Thermal expansion is particularly important with respect to bioactive glasses if used as 

a coating on metal prosthesis.  In order to create proper adhesion between the coating 

and the substrate there needs to be a correct match between the two TECs.  Thermal 

expansion coefficients for varying metallic implants include – 

 

 Ti  8x10-6 oC-1 
 Ti6Al4V 8x10-6 oC-1 
 Vitallium™ 12x10-6 oC-1

 (an alloy of 60% cobalt, 20% chromium and 5% 
molybdenum)  

 

The figure below, Figure 110, shows the relationship between the TEC values for the 

ICIE1 series of glasses and the percentage of magnesium substituted.  Also on the graph 

is incorporated the theoretical TEC values as predicted by Appen. 

 

Appen predicts that TEC values will fall with increasing MgO content.  On the 

examination of Appen’s model, it is evident that he has assigned magnesium the role of 

a modifier.  Therefore the greater polarising power, compared to calcium, will act to 

pull the non-bridging oxygens together more tightly, resulting in less expansion in the 

glass.  Appen’s model does not recognise the intermediate nature of magnesium.  

 

Figure 110 illustrates that from 0 to 20mol% there is a decreasing trend in TEC values, 

agreeing with Appen’s predictions.  However at just over 20mol% there seems to be a 

reverse trend away from Appen's theory to slightly increasing TEC.   
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Figure 110: Graph of experimental thermal expansion coefficients, TEC (top) and Appen’s 
predictions (bottom) against percentage of magnesium substituted for ICIE1 series of 

glasses.  Illustrates Appen’s predicted decreasing trend and the experimental 
increase in TEC with magnesium substitution.  The top line is a guide for the eye. 

 

This deviation at 20mol% corresponds with other deviations seen in the experimental 

density values/NMR etc.  Once again this could suggest that magnesium is switching its 

role, at this point, from its traditional role as a modifier to an intermediate oxide within 

the glass structure.  If it were indeed to switch its role to an intermediate oxide, with a 

proportion of the magnesium ions entering the glass network, an increase in TEC values 

would occur due to the weakening of the bonds within the glass structure.  This increase 

in TEC values is seen experimentally.  However, it should not be neglected that on 

entering the glass network, the number of NBOs would decrease thus causing the glass 

to compact and result in a decrease in corresponding TEC values.  The two effects of 

magnesium entering the network, namely the weakening of the bond strengths and the 

loss of non-bridging oxygens, would then act against each other with respect to the 

overall effect on the glass’s properties.  Depending on the magnitude of each effect they 

could either cancel each other out, or one or the other would be dominant.  Clearly this 

would need to be investigated further in order to fully understand the effect of 

magnesium acting as an intermediate on thermal expansion.  Furthermore, rather than 

switching roles through the series magnesium may be having as an intermediate oxide 

in all compositions, and the up turn in TEC values could also be assigned to the weaker 
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bond strengths simply dominating over the loss of NBOs at 20 mole percent 

substitution.  Again, to fully understand the structural influeneces at work, further 

analysis is required. 

 

Figure 111 below illustrates the experimental and theoretical thermal expansion 

coefficients for the ICIE4 low sodium series of glasses.   The thermal expansion 

coefficients are directly related to the magnesium oxide content of the glass, decreasing 

linearly with increasing Mg2+ content.  This relationship has been noted previously by 

Wallace et al. [50].  The thermal expansion coefficient has also been theoretically 

calculated using Appen factors,  
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Figure 111: Graph of experimental thermal expansion coefficients, TEC (top) and Appen’s 
predictions (bottom) against percentage of magnesium substituted for ICIE4 series of 

glasses.   

 

Figure 111 compares the predicted thermal expansion coefficients utilising the above 

Appen factors with those that have been experimentally measured for the ICIE4 series 

of glasses.  The predicted values result in a trend line parallel with the experimental 

values.  There is however a small difference between the two.   
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The Appen factors were developed through the measurement of thermal expansion 

coefficient of many different glass compositions, which were then fitted into an 

empirical equation.  The glass compositions that the Appen factors were based on were 

mainly, however, soda-lime silicate glasses and with much lower sodium oxide and 

calcium oxide contents to those of bioactive glasses.  The difference is therefore 

attributed to both experimental error and also, most probably, the presence of P2O5 in 

the ICIE4 glass series, which is not accounted for in the Appen calculations.   

 

It is important to note that although the ICIE1 high sodium series of glasses illustrated a 

marked deviation from Appen’s predicted values, the ICIE4 glass’s thermal expansion 

coefficients follow Appen’s decreasing trend through the series.  This therefore implies 

that the magnesium ions are acting in their traditional role in the glass network, as 

charge modifiers.  This however does match with previous results, which suggest that 

magnesium is also switching its role in the series. 

 

An alternative explanation could be that magnesium is indeed behaving as an 

intermediate oxide, with a proportion entering the silicate network, but the two 

competing factors discussed earlier, namely the weaker bond strengths and the loss of 

non-bridging oxygens is being won out by the loss in NBOs.  This would then result in 

a more rigid network and the observed decreasing thermal expansion values. 

7.10.3 Summary of dilatometry results for the magnesium series of 
glasses 

• The thermal expansion coefficients for the ICIE1 and ICIE4 series of glasses 

were observed to decrease with the increase in magnesium substitution.   

• This can be assigned to the higher polarising power of magnesium holding the 

NBOs more tightly if magnesium is acting as a modifier or the cross-linking 

effect of magnesium entering the network if magnesium is behaving as an 

intermediate oxide.  Both would result in a more compact network.   

• After approximately 20 mole percent magnesium substitution in the ICIE1 series 

the thermal expansion coefficients were seen to then increase.  This was 
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attributed to either magnesium switching roles and a proportion entering the 

network as MgO4 tetrahedra with the weaker Mg-O bonds allowing expansion of 

the network or if magnesium is acting as an intermediate oxide for all 

compositions, the weaker bond strength dominating over the loss in NBOs at 20 

mole percent.  This phenomenon was not observed in the ICIE4 series of 

glasses. 

• The dilatometric softening temperatures for both series of glasses mirrored the 

behaviour of the glass transition temperatures and decreased with magnesium 

substiution.  The Ts values for the ICIE4 series were then observed to increase at 

approximately 50 mole percent substiution. 

7.11 Dissolution Studies in Simulated Body Fluid 

7.11.1 Variation in Simulated Body Fluid pH 
As discussed previously, a glass’s bioactive nature is fundamentally related to its 

solubility.  It is therefore essential to understand the relationship between the structure 

of the glass and its dissolution properties.  In short, the dissolution characteristics of a 

glass can be utilised to aid in the understanding of the effect of its composition on the 

resultant bioactivity. 

 

One way of measuring glass dissolution characteristics is through the analysis of the 

change in pH of SBF solution with time.  It is widely accepted that the first step in the 

bioactive mechanism is an ion exchange reaction between the sodium ions in the glass 

structure and the hydrogen ions in the aqueous environment (whether that be in vivo, in 

SBF, in water etc) thus resulting in an increase in the pH levels in the localised region.  

It is therefore acceptable to use the pH of SBF within a closed environment as an 

indication of the progress of the ion exchange reaction [13]. 

 

Figures 112 and 113 illustrate the pH measurements for the ICIE1 high sodium series of 

glasses and the ICIE4 low sodium series of glasses, respectively. 
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Figure 112: Variation in SBF pH with time for high sodium ICIE1 glasses. 

 

Figure 112 above and Figure 113 below both highlight that the pH of the SBF increases 

with time for the ICIE1 and ICIE4 series of glasses and similar pH results have been 

documented by Pereira et al. [106].  This increase in pH is evidence of the ion exchange 

reaction occurring, as discussed above, with Na+ from the glass exchanging with H+ and 

H3O+ ions in solution.  Again, for both series, the increase observed is clearly related to 

the MgO content of the glass, with the glasses with higher MgO content giving rise to 

pH rises of lesser magnitude.  This implies that the dissolution rates of the higher MgO 

content are lower than those with less MgO content.  This conflicts with the findings of 

Wallace et al [43] who observed little or no effect of MgO content on the magnitude of 

the pH increase. 

 

Figure 112 and Figure 113 both show that the addition of magnesium oxide causes a 

reduction in pH.  It is suggested that this illustrates that glass dissolution is suppressed 

by MgO addition, as a result of the cross-linking effect of magnesium’s intermediate 

role.  In other words, the glasses with higher magnesium content are less degradable 

than those with lower magnesium content.  However, the decrease in pH could also be 

explained by the leaching of Mg2+ ions into solution causing a local acidifying effect. 
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Figure 113: Variation in SBF pH with time for low sodium ICIE4 glasses. 

 

7.11.2 X-Ray Diffraction 
The figures below show the XRD traces for ICIE1 magnesium series of glasses after 

immersion in SBF.  Each figure illustrates the original glass’s XRD trace, the XRD 

trace after 4 hours of immersion in SBF, after 16 hours, after 24 hours, after 48 hours, 

after 1 week and finally after 21 days of immersion in SBF.   

 

The traces clearly show the formation of the Bragg peaks associated with apatite 

crystallisation with increasing immersion time.  It should be noted that the data is very 

noisy, even after data smoothing.   
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Figure 114: XRD patterns obtained for ICIE1 glass following immersion in SBF for different time 
periods. 

 

Figure 114 above illustrates the XRD spectra for the ICIE1 glass after immersion in 

SBF for up to 21 days.  It is evident from the spectra that there is a degree of 

crystallinity after 24 hours of immersion.  The level of crystallinity increases with time, 

with the peaks associated with apatite formation becoming more prominent  The two 

most prominent features are the Bragg peaks at 25.90 and 31.90 corresponding to the 

(002) and (211) reflections [174] [187].   

 

Figure 115 below shows the XRD spectra for the ICIE125MG glass after immersion in 

SBF.  After 16 hours of immersion, there are no crystalline peaks evident.  There is 

however a flattening of the characteristic amorphous halo.  As discussed by Wallace et 

al. [13] it is likely that, when compared to the quantity of bulk amorphous glass, the 

quantity of any surface crystallinity was too low to be detected.  The same flattening of 

the amorphous halo is also evident in the 24 hour spectrum.  It is only in the 48 hour 

and subsequent 21 day spectra that exhibit any kind of degree of crystallinity.  Again, 

the two most prominent features are the Bragg peaks at 25.90 and 31.90 corresponding 

to the (002) and (211) reflections [174] [187].  It can therefore be concluded that HCA 

is present in the ICIE125MG glass after 48 hours of immersion. 
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Figure 115: XRD patterns obtained for ICIE125MG glass following immersion in SBF for different 
time periods. 

 

Figure 116 below illustrates the XRD spectra for the ICIE150MG glass after 21 days of 

immersion in SBF.  As with the ICIE125MG glass, a flattening of the characteristic 

amorphous halo is seen for the 16 hour, 24 hour and 48 hour spectra.  It is only the 21 

day spectrum that illustrates any degree of crystallinity with Bragg peaks at 25.90 and 

31.90
.  It can therefore be concluded that apatite formed only after 48 hours of 

immersion – at any time between 48 hours and 21 days.  The same conclusion can be 

gathered from the ICIE175MG spectra in Figure 117. 

 

Figure 118 below illustrates the ICIE1100MG spectra.  It is obvious straight away that 

there is no evidence of any crystallinity.  Even after the full 21 days of immersion in 

SBF, no Bragg peaks associated with crystalline HCA are present.  There is a flattening 

of the amorphous halo in all of spectra.  It is concluded, therefore, that the 

ICIE1100MG glass does not exhibit any bioactive behaviour even after a sustained 

period of time in simulated body fluid. 
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Figure 116: XRD patterns obtained for ICIE150MG glass following immersion in SBF for different 
time periods. 
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Figure 117: XRD patterns obtained for ICIE175MG glass following immersion in SBF for different 
time periods. 
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Figure 118: XRD patterns obtained for ICIE1100MG glass following immersion in SBF for different 
time periods. 

 

If all of the XRD spectra are examined collectively, it is very evident that the presence 

of crystalline peaks becomes less with the higher magnesium containing glasses.  

Indeed, the 0% magnesium glass shows HCA formation after 24 hours, the 25% 

magnesium glass only after 48 hours, the 50% and 75% magnesium containing glass 

only after 21 days and the 100% magnesium containing glass does not show HCA 

formation at all.  It is therefore concluded that magnesium suppresses apatite formation 

in the bioactive glass compositions studied. 

 

Figures 119 to 122 show the ICIE4 series of glasses spectra after immersion in 

simulated body fluid for a period of up to 21 days. 

 

All four figures for the four glasses in the series illustrate exactly the same features.  

The spectrum for 16 hours, 24 hours and 48 hours for all of the glasses only show a 

flattening of the characteristic amorphous halo.  There is no evidence of any crystalline 

peaks associated with HCA formation.  It can therefore be concluded that for all glasses 

in the series that have been immersed in SBF for up to 48 hours no apatite formation 

was picked up by the X-Ray diffractometer.   
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All four glasses in the series exhibit apatite formation, however, after a period of 21 

days in SBF.  The data is very noisy, but the Bragg peaks at 25.90 and 31.90 

corresponding to the (002) and (211) reflections [174] [187] are evident.  On closer 

inspection, as we move through the series, the sharpness and prominence of the 

crystalline peaks associated with HCA formation becomes less.  Therefore, it is 

suggested that the same phenomenon discussed above is occurring in the ICIE4 series of 

glasses, that is that magnesium is suppressing the formation of apatite.  It is important to 

note that there is a large time gap between the spectrum of 48 hours, which illustrates no 

crystalline peaks, and the spectrum of 1 week which illustrates crystalline peaks 

associated with HCA.  Hydroxyapatite could therefore have formed at any time between 

2 days and 1 week.  The sharper peaks in the lower magnesium containing glasses 

suggest that the hydroxyapatite has formed earlier compared with the duller peaks of the 

higher magnesium containing glasses.  It would be interesting, therefore, to undertake 

further simulated body fluid studies at intermediate time points between 2 days and 1 

week.  The results would therefore give a greater idea of time at which apatite is first 

formed on the glasses in the series. 

 

It should be noted that crystallite size analysis was not able to be undertaken for the 

above two series of glasses due to the noise and degree of peak overlap in the respective 

spectra. 

 



Results and Discussion – Magnesium Substituted Glasses 213 

0

50

100

150

200

250

300

350

400

450

10 20 30 40 50 60

2 Theta (o)

Co
un

ts
 (a

.u
.)

Original 4 Hour 16 Hour 24 Hour 48 Hour
1 Week 21 Day

 

Figure 119: XRD patterns obtained for ICIE4 glass following immersion in SBF for different time 
periods. 
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Figure 120: XRD patterns obtained for ICIE425MG glass following immersion in SBF for different 
time periods. 
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Figure 121: XRD patterns obtained for ICIE450MG glass following immersion in SBF for different 
time periods. 
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Figure 122: XRD patterns obtained for ICIE475MG glass following immersion in SBF for different 
time periods. 

 

Table 21 below tabulates the time at which apatite is first picked up by X-ray diffraction 

for both series of magnesium substituted glasses.  It is evident that the lower magnesium 

containing glasses form apatite quicker than the higher magnesium glasses.  

Furthermore, the ICIE4 series of glasses seem to form apatite later than their 
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corresponding ICIE1 glasses.  This seems to suggest that the greater the amount of 

magnesium the more apatite formation is suppressed. 

Table 21: First time point at which apatite is observed by X-Ray diffraction. 

 

 15 
minutes 

1 
hour 

4 
hours 

16 
hours 

24 
hours 

48 
hours 

1 
week 

21 
days 

ICIE1 series 

ICIE1     √ √ √ √ 

ICIE125MG      √ √ √ 

ICIE150MG       √ √ 

ICIE175MG        √ 

ICIE1100MG         

ICIE4 series 

ICIE4      √ √ √ 

ICIE425MG       √ √ 

ICIE450MG        √ 

ICIE475MG         

 

7.11.2.1 Summary of SBF XRD results for the magnesium series of glasses 
• The XRD spectra for the higher magnesium substituted glasses illustrate that 

apatite forms slower than their lower magnesium substituted counterparts. 

• Therefore, it can be concluded that magnesium acts to suppress apatite 

formation in the glasses studied.   

• Furthermore the suppressing effect seems more pronounced in the ICIE4 series 

of glasses.  It is suggested that this is a result of the greater amount of 

magnesium substituted into the parent glasses. 
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7.11.3 FTIR Spectroscopy 
A glass specimen is considered to exhibit bioactive behaviour if a calcium and 

phosphorus rich layer forms on its surface.  Fourier Transform Infra-red Spectroscopy 

was therefore used to monitor the formation of the HCA layer on glasses immersed in 

simulated body fluid over a period of 21 days.  

 

Figure 123, 124 and 125 illustrate the FTIR spectra of ICIE1 series of glasses after 

soaking in SBF for 15 minutes, 1 hour and 4 hours, respectively.  On examination of the 

spectra of the series at each of these time points, the main peaks are those associated 

with the main glass structure.  More specifically absorption bands were located at 

approximately 1080cm-1 and 930cm-1 as a result of Si-O group vibrational modes: Si-O 

stretch and Si-O alkali stretch [233].   There are no characteristic features associated 

with the formation of HCA.  This is clear evidence to show that after 4 hours of 

immersion in SBF there is no visible bioactive behaviour.   

 

After 16 hours, however, it is evident from Figure 126 that there is a sharpening of the 

features in the FTIR spectra.  This sharpening is particularly noticeable for the band at 

approximately 1080 cm-1.  Furthermore, at 16 hours it can be seen that the second most 

prominent peak at approximately 930cm-1, that assigned to the Si-O alkali vibration, has 

virtually disappeared.  This loss of a band is even more prominent with the higher 

magnesium containing glasses.  Also after 16 hours of immersion, a new feature is 

observed at approximately 780-800cm-1.  This is assigned to Si-O-Si bond vibration 

between two adjacent SiO4 tetrahedra [233].  These changes indicate the existence of a 

hydrolysis reaction, leaching of sodium and calcium ions and the subsequent formation 

of a polymerised SiO2-gel layer on the glass.  The characteristic splitting of the P-O 

bending vibrations at 570cm-1 and 602 cm-1 are absent.  The existence of this feature is 

usually evidence of the formation of a crystalline HCA layer, therefore, it is concluded 

that after 16 hours of immersion in SBF, there is evidence of the initial mechanisms 

involved in bioactivity but there is no final HCA layer on any of the glasses in the 

series. 
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Figure 123: FTIR spectra of ICIE1 series of glasses following 15 minutes of immersion in SBF. 
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Figure 124: FTIR spectra of ICIE1 series of glasses following 1 hour of immersion in SBF. 
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Figure 125: FTIR spectra of ICIE1 series of glasses following 4 hours of immersion in SBF. 
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Figure 126: FTIR spectra of ICIE1 series of glasses following 16 hours of immersion in SBF. 
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Figure 127: FTIR spectra of ICIE1 series of glasses following 24 hours of immersion in SBF. 
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Figure 128: FTIR spectra of ICIE1 series of glasses following 48 hours of immersion in SBF. 
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Figure 129: FTIR spectra of ICIE1 series of glasses following 1 week of immersion in SBF. 
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Figure 130: FTIR spectra of ICIE1 series of glasses following 21 days of immersion in SBF. 

 

After 24 hours of immersion, Figure 127 illustrates that the same features as those in the 

16 hour spectra are present.  Furthermore, the ICIE1 glass also displays the 

characteristic splitting at approximately 570cm-1 and 602 cm-1, which correspond to the 

P-O bending vibrations of PO4
3- tetrahedral in crystalline HCA.  The existence of the 

bands indicate the formation of a crystalline calcium phosphate layer [234].  It can 

therefore be concluded that the ICIE1 glass only, after 24 hours of immersion in SBF, 
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forms a bioactive layer.  The other magnesium containing glasses in the series, 

however, do not show the characteristic splitting of the bands.   

 

Further examination of the spectra after 24 hours of immersion show that the band at 

approximately 780cm-1, first seen after 16 hours of immersion, becomes more 

prominent and sharper in nature through the series.  Furthermore the band seems to shift 

to lower wavenumbers through the series and as magnesium is added.  

 

After 48 hours of immersion in SBF, Figure 128 illustrates that not only the ICIE1 glass 

but also the ICIE125MG glass shows the characteristic splitting at approximately 

570cm-1 and 602 cm-1, corresponding to the P-O bending vibrations of PO4
3- tetrahedral 

in crystalline HCA.  The other glasses in the series, ICIE150MG, ICIE175MG and 

ICIE1100Mg, do not show this feature.  Therefore, even after 2 days in SBF, the higher 

magnesium containing glasses do not exhibit bioactive behaviour.  The 48 hour spectra 

also highlight that the most prominent peak at approximately 1080cm-1 becomes less 

pronounced with the higher magnesium containing glasses.  Furthermore, there is a 

definite shift of this band to higher wavenumbers through the series. 

 

After 1 week of immersion in simulated body fluid, the ICIE125MG and ICIE150MG 

glasses exhibit the characteristic splitting of the P-O bending vibration at approximately 

570cm-1 and 602 cm-1.  Therefore, it is concluded that both these glasses exhibit 

bioactive behaviour.  The higher magnesium containing glasses, however, do not.  It is 

only until 21 days of immersion that the ICIE175MG glass exhibits bioactive behaviour.  

Even after nearly a month of immersion the fully substituted magnesium glass does not 

show the characteristic splitting of the P-O bending vibrations. 

 

When analysing all the spectra together, it is evident that the higher magnesium glasses 

take longer to show any evidence of HCA formation.  Indeed, the ICIE1100MG glass 

does not exhibit any of the features associated with HCA formation at all.  It is therefore 
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concluded that magnesium acts to inhibit crystalline apatite formation in this series of 

glasses. 

 

The figures below illustrate the FTIR spectra for the ICIE4 low sodium glasses after 

immersion in SBF for up to a period of 21 days. 

 

After 15 minutes, 1 hour and 4 hours no changes can be observed to the spectra.  All 

spectra up to 4 hours of immersion in SBF simply mirror the features of the unreacted 

glasses with absorptions bands located at approximately 1100cm-1 and 930cm-1.  These 

are, as discussed earlier, associated with the Si-O group vibrational modes: Si-O stretch 

and Si-O alkali stretch.  

 

After 16 hours of immersion in SBF, the glasses exhibit similar changes in the features 

of the spectra to those observed for the ICIE1 high sodium glasses.  These include the 

sharpening of the bands and the disappearance of the Si-O alkali band at approximately 

930cm-1.  Furthermore, new features at around 800cm-1 are observed, those relating to 

Si-O-Si bond vibration between two adjacent SiO4 tetrahedra.  As discussed above these 

changes are indicative of the initial stages of the bioactive mechanism – hydrolysis, 

leaching of Na+ and Ca2+ and the formation of a SiO2-gel layer. 

 

It is not until after 48 hours of immersion in SBF that any features change in the spectra 

for the ICIE4 series of glasses.  Figure 136 shows that the ICIE4 glass exhibits the 

characteristic splitting of the P-O bending band at approximately 570cm-1 and 600cm-1.  

These bands correspond to the existence of crystalline HCA.  This splitting is only seen 

for the 0% magnesium glass however and not for the magnesium substituted glasses.  

Therefore, it can be concluded that, although the glasses exhibit changes that are 

indicative of the early stages of bioactivity, it is only the ICIE4 glass that exhibits the 

characteristic features associated with HCA formation.   
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Figure 131: FTIR spectra of ICIE4 series of glasses following 15 minutes of immersion in SBF. 
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Figure 132: FTIR spectra of ICIE4 series of glasses following 1 hour of immersion in SBF. 
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Figure 133: FTIR spectra of ICIE4 series of glasses following 4 hours of immersion in SBF. 
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Figure 134: FTIR spectra of ICIE4 series of glasses following 16 hours of immersion in SBF. 
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Figure 135: FTIR spectra of ICIE4 series of glasses following 24 hours of immersion in SBF. 
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Figure 136: FTIR spectra of ICIE4 series of glasses following 48 hours of immersion in SBF. 
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Figure 137: FTIR spectra of ICIE4 series of glasses following 1 week of immersion in SBF. 
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Figure 138: FTIR spectra of ICIE4 series of glasses following 21 days of immersion in SBF. 

 
After 1 week of immersion in SBF, however, the ICIE425MG glass also exhibits this 

behaviour.  After 21 days of immersion in simulated body fluid all of the glasses exhibit 

the characteristic splitting of the P-O bend (into bands at 560 and 600 cm-1).  It can 

therefore be concluded that all of the glasses form a crystalline hydroxyapatite layer 

after 21 days of immersion.  When examining Figure 138, however, it can be seen that 

the features associated with HCA formation are more prominent and sharp for the ICIE4 

glass thus indicating that the HCA layer is more established.   
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Figures 139 and 140 below illustrate the spectra for the ICIE125MG and ICIE1100MG 

glasses, respectively and the evolution of the characteristic FTIR peaks associated with 

apatite growth.  It is clear when comparing the two figures that the characteristic peaks 

associated with HA formation evolve much quicker and to a larger extent for the 

ICIE125MG glass. 

 

This phenomenon is also observed in Figures 141 and 142 where the evolution of the 

HA peaks with time is illustrated for the ICIE425MG glass and the ICIE475MG glass, 

respectively.  
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Figure 139:  FTIR spectra of ICIE125MG glass from 15 minutes to 21 days of immersion in SBF. 
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Figure 140:  FTIR spectra of ICIE1100MG glass from 15 minutes to 21 days of immersion in SBF. 
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Figure 141:  FTIR spectra of ICIE425MG glass from 15 minutes to 21 days of immersion in SBF. 
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Figure 142:  FTIR spectra of ICIE475MG glass from 15 minutes to 21 days of immersion in SBF. 

 
These figures clearly show that magnesium suppresses apatite formation. 

7.11.3.1 Summary of SBF FTIR results for the phosphorus series of glasses 
• The FTIR spectra for the higher magnesium glasses illustrated the characteristic 

peaks associated with apatite formation at later time points compared to the 

lower magnesium containing glasses. 

• It is therefore evident that magnesium acts to suppress apatite deposition in 

bioactive glasses. 

• The suppressing effect was more prominent in the ICIE4 low sodium 

magnesium glasses thus suggesting that the more magnesium in a glass, the less 

apatite will form (or the slower the rate of apatite formation). 
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7.12 Summary 
Although magnesium is an important ion in all types of glasses, as well as bioactive 

glasses, the actual role that it undertakes in the glass structure is far from understood.  

As a result, the effect that magnesium has on a glass’s properties and on its bioactive 

behaviour is very poorly documented and is a source for great controversy.   

 

Following X-Ray absorption spectroscopic investigations, the divalent transition metal 

cations Fe2+ and Ni2+ were documented to occupy tetrahedral sites within silicate 

glasses.  It was suggested that magnesium could behave in a similar manner [235] 

[213].  Over the years there have been several attempts to investigate magnesium’s role 

in a glass structure by using various materials characterisation techniques such as 

nuclear magnetic resonance [143] [212], X-ray scattering [236] and absorption 

spectroscopy [237].  As a whole, these works all point to magnesium residing in a 

highly disordered environment.  A truly detailed and comprehensive study of the 

structural role of magnesium, however, is still to be undertaken. 

 

It is suggested that the lack of structural understanding of magnesium’s role within a 

glass, coupled with the rather haphazard approach to bioactive glass design, has resulted 

in the conflicting nature of literature regarding magnesium and its role with respect to 

bioactivity.  Indeed, it is one of the controversial topics within the field of bioactive 

glasses.  For example, it is suggested that MgO inhibits mineralisation in vivo [120] 

[138] while conversely it is documented as having no effect on apatite formation [140].  

Bioverit®, however, is a classic example of magnesium containing glass ceramic which 

has been in clinical use successfully for years.   

 

One of the objectives of this study, therefore, was to undertake a systematic and 

methodical study on the effect of magnesium substitution within a soda lime 

phosphosilicate glass.  The emphasis of the study was to gain an understanding of 

magnesium’s structural role within a glass and how this role effects a glass’s resultant 

bioactive behaviour.  In order to discover whether magnesium behaved in a similar 
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manner within glass systems of differing levels of disorder, two glass series were 

designed – the first series; a high sodium content soda lime phosphosilicate glass, the 

second; a low sodium content soda lime phosphosilicate glass. 

 

The high sodium ICIE1 series of glasses were designed with a systematic substitution of 

CaO for MgO on a molar basis, with a constant network connectivity value of 2.04 

through out the series. 

 

The 29Si MAS NMR data illustrated the presence of a predominantly Q2 structure (-

79ppm) with a progressive shift to a Q3 structure with increasing MgO substitution (-

90ppm).  This contradicted the theory that the Q structure would remain constant, on 

magnesium substitution, as a result of magnesium simply taking up calcium’s role as a 

network modifying cation.  The observation of Q3 species within the glass provided 

evidence for the progressive polymerisation of the glass structure.  This therefore 

questioned the validity of the assumption of magnesium acting as a network modifier 

and pointed towards MgO acting as an intermediate oxide with a proportion entering the 

silicate network as MgO4 tetrahedra. 

 

The 31P MAS NMR spectra illustrated a single symmetric resonance with a chemical 

shift range in the region of 8.2-12.7ppm corresponding to the existence of an 

orthophosphate environment.  No evidence was apparent for the existence of Si-O-P 

bonding, contrary to traditional ideas regarding the behaviour of phosphorus within a 

bioactive glass, but supporting the conclusions drawn on the structural role of 

phosphorus within this study.  With the substitution of magnesium, a downfield 

chemical shift towards values associated with a sodium orthophosphate type species 

was observed.  This implied the preferential association of sodium ions with the 

phosphate phase and it was concluded that magnesium unusually did not enter the 

phosphate phase (or minimally at that) but was participating within the silicate phase. 
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Combining the 31P and 29Si MAS NMR data supported the hypothesis that magnesium 

was behaving as an intermediate oxide in the glasses studied.  It is suggested that 

magnesium was, in effect, unable to participate within the phosphate phase as a result of 

its involvement in the silicate network.  As such, it is suggested that the phosphate 

phase draws in a more mobile cation such as Na+ for charge compensation.  As the 

magnesium content increases and more magnesium ions enter the silicate network as 

MgO4 tetrahedra, a -2 charge deficiency occurs.  MAS NMR data revealed a lack of 

calcium phosphate type species thus implying that the Ca2+ ion may occupy this charge 

balancing role (along with the proportion of Mg2+ ions still acting as network 

modifiers).  

 

Analysis of the physical properties further supported the hypothesis that a proportion of 

magnesium was entering the silicate network, with a decrease in Tg and Ts and increase 

in TEC all highlighting the move to a much weaker glass structure with the substitution 

of magnesium.  Both density and TEC values were observed to stray from their relative 

models (Doweidar and Appen respectively) at >20mole% substitution implying that 

magnesium oxide was switching from a modifier to an intermediate oxide through the 

series. 

 

The low sodium ICIE4 series of glasses were designed similarly to the high sodium 

ICIE1 series of glasses with a systematic substitution of CaO for MgO on a molar basis, 

with a constant network connectivity value of 2.04 through out the series. 

 

The 31P MAS NMR spectra all exhibited a symmetric resonance with a chemical shift 

range in the region of 5.0 - -3.3ppm thus implying that the phosphorus was residing 

within an orthophosphate environment.  With the addition of magnesium, however, a 

move to more negative chemical shifts was observed and this was attributed to the 

formation of a pyrophosphate type species. 
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The 29Si MAS NMR spectra exhibited a single symmetric resonance with peak maxima 

in the range of -82.0 to -85.5ppm.  This implied the presence of a predominantly Q2 

silicate structure, agreeing with the constant network connectivity value of 2.04 through 

the series.  Although no Q3 shoulders were observed, a slight chemical shift to values 

associated with Q3 silicate species was observed.  It was therefore concluded that there 

was evidence, however slight, of magnesium acting as an intermediate oxide (with a 

proportion entering the silicate network) within the glasses studied.  Due to the rather 

featureless nature of the spectra, quantification of the proportion of magnesium ions 

entering the network was unachievable. Qualitatively, however, it can be concluded that 

the proportion was less than that observed for the high sodium ICIE1 series of glasses 

studied. 

 

Physical analysis of the low sodium ICIE4 series of glasses resulted in data which 

reflected similar behavior to that recorded for the high sodium ICIE1 series of glasses.  

The trends, however, were less pronounced and indeed some behavior, such as the 

observed up turn in glass transition and softening temperatures remains difficult to 

explain.  One explanation was that as magnesium enters the network, the weaker bond 

strength of Mg-O compared to Si-O results in the initial decrease in glass transition 

temperature.  The formation of MgO4 tetrahedra, however, would require charge 

balancing cations and as magnesium is substituted for calcium, more magnesium ions 

would have to take up this modifying role.  Magnesium, with its higher charge to size 

ratio, would act to pull the NBOs more tightly thus resulting in the up turn observed.  

The glass transition temperature therefore was suggested as reflecting two competing 

effects – magnesium entering the network and weakening the network versus the 

dominance of magnesium also in a modifying role, with the loss of calcium, 

strengthening the network.  Furthermore, it was suggested that this up turn in glass 

transition temperatures was not observed in the high sodium ICIE1 series of glasses 

purely as a result that the two competing effects were dominated by the weakening of 

the structure.  In order to fully understand this kind of phenomenon it is suggested that 

further glass series would need to be analysed.  It is important to note, however, that this 

phenomenon is not isolated, with the same up turn in glass transition temperatures on 

substitution of magnesium for calcium, observed by Bovo et al. [232]. 
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When comparing the two series of magnesium substituted glasses, it was concluded that 

there was evidence that part of the magnesium oxide in both series was acting as an 

intermediate oxide and entering the silicate network (Gaussian peak fitting 

approximated 14% in the ICIE1 glasses studied).  It is suggested that MgO prefers to 

switch its role to an intermediate oxide in highly disrupted silicate glasses, of which 

bioactive glasses are an example.  The high sodium ICIE1 samples represent a more 

disordered series of glasses compared to the low sodium ICIE4 samples, as a result of 

the disruptive nature of sodium.  It is therefore suggested that it is this disorder that 

“persuaded” a higher proportion of the magnesium ions to enter into the silicate network 

and take up a tetrahedral configuration.  Bovo et al. [232] observed a similar effect with 

17% and 30% of the magnesium ions entering the network for 50% SiO2 containing 

soda lime silicate glasses and the 45% SiO2 containing soda lime silicate glasses 

respectively.  Bovo’s results also reflect that the more disrupted glasses (45% SiO2 

series) cause magnesium to enter the silicate glass network more readily. 

 

The second cation field strength (defined as ratio of net charge and the square of the 

average bond distance to oxygen) has also been suggested to effect magnesium’s role 

within a glass.  It has been hypothesised that the magnesium ion can compete 

effectively for anionic oxygen contacts with a cation with lower field strength thus 

reducing its overall coordination number [238].  Therefore it can be visualised that 

magnesium (0.45) is able to compete effectively with both the lower field strength 

cations of sodium (0.19) and calcium (0.33) within the soda lime phosphosilicate 

glasses studied thus causing it to take up a tetrahedral configuration within the silicate 

glass network. 
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Figure 143: Image of a percolation channel in a magnesium substituted soda lime silicate glass.  
Mg ions (light yellow) enter into the Si-O (Si, light blue and O, red) network acting as a 
network former.  Na ions (light green) are free to diffuse hopping among affinity sites 

[239]. 

 

The understanding of glass structures and the role of specific elements within these 

structures can be greatly assisted by the use of atomistic modern computational 

techniques [239].  Cormack and Du [240] undertook a molecular dynamics simulation 

of a SiO2-MgO-CaO-Na2O glass and interestingly found similar results in that 90% of 

the Mg ions were observed to be in a four coordinate state participating in the silicate 

network, forming Si-O-Mg and Mg-O-Mg bonds. The remaining 10% of magnesium 

ions were in a five co-ordinate state.  Furthermore, it was commented that with 

increasing MgO/CaO ratio, the Na+ ion diffusivity increased as a direct result of 

magnesium behaving as a former. This was explained by the fact that magnesium, 

acting as a former does not act to obstruct the percolation channels and hence the 

sodium ions are free to diffuse in the structure via a preferential site hopping 

mechanism as illustrated in Figure 145 above [239] [16].  It could be imagined that the 

increased diffusivity of sodium ions, as a result of magnesium entering the silicate 

network, could allow the ions to enter the phosphate phase thus resulting in the 

observed preferential association of sodium ions with the orthophosphate species. 
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Figure 144: Snapshot of the 3D structure of a magnesium substituted soda lime phosphosilicate 
bioactive glass.  Violet tetrahedra represent the orthophosphate units, yellow spheres 

represent the magnesium ions, green spheres represent the charge modifying 
sodium ions, cyan spheres represent the charge modifying calcium ions while the 

grey sticks represent the Si-O framework [241]. 

 

Pedone et al. [241] have also documented magnesium acting as a pseudo network 

former within soda lime phosphosilicate bioactive glasses. Figure 146 above simulates 

the structure of such a glass.  Further molecular simulations on a magnesium substituted 

soda lime silicate glass system also found that the calcium and magnesium ions 

exhibited different roles within the glass structure.  Calcium was observed in six fold 

coordination, showing a similar modifying role to that of sodium.  Conversely, 

magnesium ions were in a four fold coordination and exhibited network forming 

tendencies with MgO4 tetrahedra interconnecting with the SiO4 network [239]. 

 

 

Figure 145: Mg-O-Mg bridges formed by MgO4 tetrahedra in the silicon network.  Silicon, 
magnesium, oxygen and sodium ions are represented as blue, yellow, red and green 

spheres [239]. 
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The role of MgO on the bioactive behaviour of glasses has led to contradictory results.  

This can be easily appreciated as a result of the limited knowledge of the structural role 

of magnesium within a glass and more specifically as, as discussed above, its ability to 

behave either as a modifier or as an intermediate oxide. 

 

Dissolution studies were undertaken on both of the series of magnesium containing 

glasses.  All glasses were submerged in simulated body fluid for a number of time 

periods ranging from 15 minutes to 21 days.  The resulting glasses were analysed by 

XRD and FTIR. 

 

It was proved from the XRD spectra for both series of glasses that although apatite 

formation was present, it was only really on the unsubstituted glasses or the low 

magnesium substituted glasses.  It was seen that the higher the magnesium substitution 

the less apatite formation.  Indeed, for the 100% magnesium substitution in the high 

sodium ICIE1 glass, apatite formation was not evident.  Similarly, the 75% substituted 

glass in the low sodium series did not exhibit any bioactive behaviour.  FTIR analysis 

further supported the XRD results.  It was concluded that the high magnesium 

containing glasses were not bioactive in nature and that magnesium acts to suppress 

apatite formation. 

 

Vallet-Regi et al. [242] found that the inclusion of magnesium within a bioactive glass 

acts to slow down the rate of formation of the apatite layer.  Furthermore Ni et al. [243] 

reported that, even following 4 weeks of being immersed in SBF, magnesium 

containing ceramics were not able to form an apatite layer and commented that the 

Mg/Ca ratio had an important effect on the apatite-formation ability in CaO-SiO2-MgO 

system ceramics.  Vallet-Regi et al. attributed the slowing of apatite formation on 

magnesium containing glasses to the magnesium ion, even when only in trace amounts, 

reducing the overall rate of seeded calcium phosphate crystallisation and significantly 

slowing the change from the amorphous calcium phosphates to apatite compositions 

[242].  Conversely it was discussed that the higher Mg-O bond energy would act to 

decrease the dissolution of the glass into solution as compared with the Ca-O bond.  
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Therefore if following the nucleation and growth mechanisms of an apatite-like layer 

proposed by Hench and Kokubo, the higher Mg-O bond energy would hinder the 

exchange of Ca2+ ions with H3O+ ions in SBF and thus the subsequent formation of 

silanol groups [243].  The observed decrease in apatite formation in the magnesium 

glasses studied could, therefore, be attributed to this effect, when considering the 

proportion of magnesium acting traditionally as a network modifier.  Even more 

significant, however, is the effect of magnesium entering the silicate network.  The 

move to a more cross-linked glass Q3 structure would inhibit the dissolution of ions into 

solution and thus decrease the rate of apatite formation. It is well known and well 

documented that glasses with high network connectivity values do not exhibit bioactive 

behaviour, with an empirical upper limit of NC=3 proposed by Kim et al.  [244] and 

Stranad et al.  [55].  This upper limit is based upon the interplay between network 

connectivity and solubility with low NC denoting an open and fragmented structure 

which will rapidly dissolve into solution resulting in HA formation in a shorter time 

period compared to glasses with a highly cross-linked structure.  As discussed by 

Tilocca et al. [15], the empirical observation that glasses with NC>3 are bio-inactive 

means that the hydrolysis of silicate species with an average of three plus BOs endure 

an excessively high energetic cost, which effects the overall bioactive mechanism to the 

point where bone bonding can no longer be achieved (Figure 148 below ) [15]. 
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Figure 146: Schematic of the structure of bioactive glasses; BOs coloured as red.  The fragment in 
(a) is a three-membered silicate chain, with no covalent links to the rest of the 

structure, whose dissolution will be faster than that of (b) a five-membered ring, 
covalently cross-linked through the additional Si-O bonds coloured in blue. 

 

The structure above graphically represents the difference between a Q2 silicate structure 

with magnesium behaving as a modifying ion, which will dissolve easily into solution 

compared to the Q3 structure with magnesium entering the network, restricting the 

dissolution of ions into solution. 

 

Okasaki et al. [245] studied the influence of magnesium on apatite precipitation and 

concluded that magnesium has a tendency, during the precipitation of apatite films, to 

induce the formation of amorphous structures rather than crystalline precipitates.  

Posner et al. [246] attribute this phenomenon to magnesium entering the hydroxyapatite 

pre-nuclei in such a way as to distort the structure and prevent any further growth by 

creating a structural mismatch.  
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As discussed by Pereira et al. [106] a great discussion on the influence of magnesium 

on apatite crystallisation and bioactive behaviour is still running.  The most recent 

literature on bioactive glasses suggest that it is not the composition of the glass by itself, 

but the structural arrangement of the ions within the glass network, that governs the type 

of interaction with the surroundings, either in vitro or in vivo [106] [17] [198] [137].  

Before a detailed understanding of such structural arrangements is achieved a thorough 

understanding of bioactivity is unattainable.  It is submitted that this study on 

magnesium substituted soda lime phosphosilicate glasses has gone some way to 

achieving this goal. 
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8 Conclusion 
This work has proved conclusively that the inorganic polymer and network connectivity 

model can be utilised to design and tailor bioactive glass compositions for specific 

biomedical applications.  More specifically, the work has lead to a greater 

understanding of the roles of phosphorus and magnesium in a glass system, their 

contribution within the network connectivity model and ultimately their resultant effect 

on bioactivity. 

 

By designing two series of phosphorus containing glasses, it is concluded that within 

the soda lime phosphosilicate glass systems studied, phosphorus definitively resides 

within an orthophosphate type environment resulting in a phase separated structure 

consisting of silicate rich and phosphate rich domains.  The results obtained suggest that 

glass bioactivity is not determined solely by the dissolution of the glass network, as 

previously theorised, but is dependant upon the balance between the dissolution of the 

glass network and the release of phosphorus into solution from the orthophosphate 

domains.  It is concluded that within the glass systems studied, this balance is biased 

towards the dissolution of phosphorus into solution.  The effect of a phase separated 

structure on the resultant glass properties is intricate and complex and within the context 

of this study, remains open for further theorising and experimentation. 

 

The substitution of magnesium oxide for calcium oxide has shown that magnesium, 

rather than behaving as a modifying cation within the glass system will, depending on 

the disorder of the glass, at times switch to behave as an intermediate oxide with a 

proportion entering the silicate network as MgO4 tetrahedra.  This has many 

implications with respect to the understanding of the bioactive behaviour of magnesium 

containing glasses.  It can no longer be assumed that, on substitution of magnesium for 

another cation, magnesium will simply take up a modifying role, leaving the silicate 
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network, and hence dissolution, uneffected.  It is theorised that, in a highly disordered 

glass system, magnesium will preferentially enter the silicate network with the greater 

the proportion of magnesium entering the network the less bioactive the resultant glass.  

Furthermore, it has been shown that substituting magnesium oxide for calcium oxide 

results in a number of physical properties changing in the resultant glass.  This study 

has shown that properties such as the glass transition temperature, softening 

temperature, thermal expansion coefficient and density are all strongly related to the 

magnesium content of the glass and furthermore that these properties are further related 

to which role magnesium takes in the glass.  A glass composition can therefore be 

designed with specific properties for a specific biomedical application.   

 

Despite the growing technological importance of bioactive glasses within the field of 

biomedicine, the composition-structure-property relationships that exist in such glasses 

is still relatively unknown.  As eloquently expressed by Tilocca [15], this fundamental 

gap and the fact that a “trial and error” approach still represents the most common way 

of designing new bioactive glass compositions, negatively effects further progress in the 

field of bioactive glass design.  It is hoped that this study has aided in unveiling some of 

the key structural features with respect to phosphorus and magnesium within a bioactive 

glass system and has thus, contributed to improve our fundamental understanding of 

how bioactive materials work. 

8.1 Suggestions for Future Work 
This study has raised many interesting questions with respect to understanding glasses 

and their bioactive behaviour.  Further work on the following points detailed below, 

however, would not only further such understanding but may help to strengthen a 

number of assumptions made in this study. 
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Phosphorus Studies 

 

• The study of phosphorus within a bioactive glass system clearly illustrated the 

existence of orthophosphate complexes and a phase separated structure.  The 

materials characterisation results also raised interesting questions as to the effect 

of such phase separation, and more specifically phase size and dimensions, on 

physical parameters such as the glass transition temperatures and thermal 

expansion coefficients.  There are a number of potential techniques available for 

the investigation of amorphous phase separation.  In particular, Transmission 

Electron Microscopy (TEM) and Scanning Electron Microscopy (SEM) would 

be particularly useful with respect to gaining an idea of the actual phase 

distributions and dimensions.    

• Small Angle Neutron Diffraction (SANS) was also carried out on the samples 

with a view to investigating the presence, and dimensions, of phase separation.  

The results proved inconclusive, however, a SANS study on phase separated 

structures of bioactive glasses would be an extremely beneficial extension to this 

study. 

• Activation energies for ion hopping have previously been investigated by Hill et 

al. [247] in bioactive glasses, proving very informative in the area of phase 

separation.  By using dielectric spectroscopy the activation energies for hopping 

of the cations within the phosphate and silica phases could be determined.  This 

in turn could provide further evidence for the preferential association of sodium 

within the phosphate phase of the magnesium glasses (as discussed previously in 

Chapter 6.12). 

• Although this study has been particularly structure-property related, it is 

important not to forget that the test glasses have been shown to be bioactive in 

nature.  The finding that phosphorus aids bioactivity potentially could have 

massive implications commercially.  An interesting extension to this study 

would be to apply this knowledge and make up various high phosphate glasses 

for particular biomedical applications and perform full cell culture studies. 
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• Furthermore, a deeper understanding of why phosphorus aids apatite deposition 

is necessary.  Linking the above suggestions for studies on phase separation and 

phase dimensions with SBF type studies may prove very valuable for the 

understanding of the bioactive behaviour of high phosphate containing glasses. 

 

Magnesium Studies 

 

• Although it is considered that the data collected points towards magnesium 

acting as an intermediate oxide within the soda lime phosphosilicate glasses 

studied, other explanations for the observed behaviour should not be neglected.  

For example, the move from a Q2 to a Q3 glass coupled with the decreasing glass 

transition temperatures and observed suppression of apatite formation on 

substitution of magnesium could also be attributed to the formation of a 

polyphosphate type structure.  This possibility has not been discussed further in 

this report, however, because of the knowledge of parallel results in non 

phosphorus containing glasses.  For example, Bovo et al. [232] observed the 

same move from a Q2 to Q3 glass and decrease in glass transition temperature 

with the substitution of magnesium in a zero phosphate containing soda lime 

silicate glass.  Despite this, it is suggested that further structural analysis is 

required before a definitive statement can be made as to the role of magnesium 

in the soda lime phosphosilicate glasses studied. 

• 17O and 25Mg MAS NMR would prove extremely useful with respect to the 

clarification of magnesium and its role as an intermediate oxide.  Although 25Mg 

MAS NMR analysis was undertaken, the fact that it is a quadrupolar nuclei 

made for poor line resolution and difficult analysis.  17O and 25Mg NMR spectra 

could, however, prove extremely valuable with respect to probing the short 

range order of the glass structure and providing conclusive evidence for 

magnesium acting as an intermediate oxide. 

• One of the most important questions prompted by the magnesium glass series 

analysis was - at what point magnesium switches roles from a modifier to an 
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intermediate?  Along with the fact that the results indicated a trend in data 

deviation at approximately 20 mol% it is suggested that synthesising more 

glasses between 0 and 30 mol% would be extremely beneficial - the objective 

being to accurately determine the point at which MgO switches its role for a 

modifier to an intermediate oxide.  

• Another important aspect to the investigation is the reason why magnesium acts 

as an intermediate oxide in these particular glasses and why in other 

compositions it acts as a modifier.  It was suggested that the highly disruptive 

nature of the glasses (and the high concentration of non-bridging oxygens) may 

be a trigger for the switching of roles therefore posing the question as to whether 

decreasing the modifier content, and hence disruption, would influence the role 

undertaken by magnesium.  The ICIE4 series seemed to support this assumption 

however, to be able to definitively state the reason why magnesium behaves so 

differently, it would be necessary to run further analysis on glass systems of 

varying disorder and analyse the effect on magnesium’s role within the glasses. 

• As discussed previously, there are commercial implications with respect to 

magnesium entering the silicate network as concerns cement design.  A 

suggestion for an extension to this study would be to design a suitable 

composition for a glass ionomer cement and investigate the implications of 

magnesium replacing aluminium within such a cement. 

 

As discussed at the beginning of this thesis, the ultimate aim of this study was to aid in 

the understanding of the composition-structure-property relationships within bioactive 

glasses.  I believe that this study has gone along way to help with respect to 

understanding magnesium and phosphorus’s role within a bioactive glass.  Therefore, 

the ultimate suggestion for future work would be to use this new found information, 

along with the known behaviour of other glass constituents and apply such knowledge 

to attempt to design a specific glass composition for a specific biomedical application.  

This could be further expanded to attempting some kind of system for bioactive glass 

design. 
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The effect of the variation in phosphate (P2O5) content on the structure of two series of bioactive glasses
in the quaternary system SiO2–Na2O–CaO–P2O5 was studied. The first series (I) was a simple substitution
of P2O5 for SiO2 keeping the Na2O:CaO ratio fixed (1.00:0.87). The second series was designed to ensure
charge neutrality in the orthophosphate ðPO3�

4 Þ, therefore as P2O5 was added the Na2O and CaO content
was varied to provide sufficient Na+ and Ca2+ cations to charge balance the orthophosphate present. The
glass network connectivity (NC) was calculated for each glass and a modification for the presence of a
separate P2O5 phase was included (NC0). 31P and 29Si magic-angle-spinning nuclear magnetic resonance
(MAS-NMR) spectroscopy was performed on glass series I and II to determine the structural units present
and their relation to glass properties. 31P MAS-NMR spectra of series I resulted in a broad resonance
around 9 ppm corresponding to orthophosphate in an amorphous environment. The 9.25 mol% P2O5 glass
shown to be partially crystalline by X-ray diffraction was heat treated, and the 31P MAS-NMR spectrum
showed a sharp peak around 3 ppm corresponding to calcium orthophosphate or sodium pyrophosphate
and overlapping broader peaks at 8.5, 10.5 and 14 ppm possibly corresponding to two mixed calcium–
sodium orthophosphate phases and amorphous sodium orthophosphate respectively. 31P MAS-NMR
spectra of series II resulted in a broad resonance around 10.5 ppm corresponding to orthophosphate in
an amorphous environment. 29Si MAS-NMR spectra of glasses from series I showed a shift in the reso-
nance peak from around �78 to �86 ppm indicating an increase in Q3 species in the glass and a reduction
in Q2 with phosphate addition confirming the presence of orthophosphate. The heat treated sample
showed a sharp 29Si-NMR resonance at �88 ppm, indicating a crystalline Q2 six-membered combeite
(Na2O � 2CaO � 3SiO2) silicate-type phase, which was confirmed by powder X-ray diffraction. 29Si MAS-
NMR spectra of glasses from series II showed no shift in the resonance at around �78 ppm across the ser-
ies, confirming an orthophosphate environment.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

The commercial 45S5 Bioglass� composition (46.1SiO2–
26.9CaO–24.4Na2O–2.5P2O5 mol%) originally developed by Hench
et al. [1] in the late 1960s has been extensively studied with regards
to biological activity, as the material promotes a positive response
when implanted into the human body. The proposed mechanism
for ‘bioactivity’ is based on the chemical components in the glass,
i.e. phosphate (P2O5), silica (SiO2), soda (Na2O) and lime (CaO). Very
ll rights reserved.

Chemistry, Imperial College
14; fax: +44 (0)20 7594 6757
(0)20 7594 5804 (R.V. Law).
. O’Donnell), r.law@imperial.
few systematic studies have been performed to examine the effect
of composition on glass properties of this system, either by varying
the four components in the 45S5 system or replacing/adding other
components such as fluorine, boron, magnesium and zinc. Recent
studies [2–5] have suggested that glass structure has a strong influ-
ence on bioactivity, neglected in the Hench model, with a marked
increase in degradation when the glass moves from a three-dimen-
sional network (Q4 and Q3 silicate species) to a disrupted structure,
i.e. linear chains (Q2), end members (Q1) and isolated groups (Q0).
The purpose of this study is to examine the effect of phosphate
addition on glass properties and hence structure, with a view to
making glass compositions with enhanced properties for biomedic-
inal applications. The phosphate and silicate environment will be
probed with magic-angle-spinning nuclear magnetic resonance
(MAS-NMR) spectroscopy. This technique has proved powerful for
investigating the short-range structure of the amorphous state [6]

mailto:m.odonnell@imperial.ac.uk
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and for identifying crystalline sites in solid solution compounds
such as mixed-apatites [7], which are difficult by conventional
techniques such as X-ray diffraction (XRD).

In the Hench model [8], phosphate plays an important role in
bioactivity, forming part of a silica and CaO–P2O5 rich bilayer after
leaching of Na+ and Ca2+ from the glass. This surface promotes the
formation of hydroxycarbonate apatite (HCA), necessary for tissues
to bond to the implant. The leached Na+ and Ca2+ ions may also af-
fect the physiological balance of the solution at the glass interface
and modify the local pH. In fact, the alkalinization may promote
synthesis and cross-linking of collagen and the formation of
hydroxyapatite, beneficial for in vivo bone growth and repair. How-
ever, this model does not predict the bioactivity of glasses such as
amorphous wollastonite, 50SiO2–50CaO mol% [2], which is com-
pletely Q2 in structure based on the binary Qn distribution model
and contains no phosphate or soda. Following the approach of Hol-
liday [9] and Ray [10], Hill [3] introduced the concept of the inor-
ganic polymer model and network connectivity (NC) to bioactive
glasses, where these highly disrupted glasses can be visualized as
inorganic polymers chains of oxygen and silicon atoms (Q2),
cross-linked in places (Q3 and Q4) and charge balanced by modifi-
ers such as Na+ and Ca2+. Providing the glass does not degrade to
form toxic compounds, it would be expected that disruption of
the silicate network and hence a reduction in NC would result in
increased bioactivity. The most bioactive glasses are in fact what
are termed invert glasses, where NC < 2 (i.e. an average Qn distribu-
tion less than Q2) [11], with 45S5 exhibiting an NC = 1.9 which cor-
responds to a binary Qn distribution of 90% Q2 and 10% Q1. An
invert glass system contains more network modifiers (e.g. Na2O
and CaO) than network formers (e.g. SiO2). This model can be used
to predict the bioactivity of glasses in the ternary SiO2–CaO–Na2O
system, however it does not provide an adequate description when
taking into account P2O5 as a network former. This is possibly due
to the incorrect assumption that phosphate enters the glass net-
work but instead phase separates into orthophosphate species
recognised in recent molecular dynamics studies [12]. This study
investigates the role of phosphate in the glass structure, and at-
tempts to incorporate it into the inorganic polymer and network
connectivity model (NC0).

2. Experimental

2.1. Glass melting

Table 1 shows the mol% compositions of glasses in series I,
where P2O5 was added to the glass, keeping the Na2O:CaO ratio
fixed (1.00:0.87).
Table 1
Glass compositions from series I (fixed Na2O:CaO = 1:0.87) and II (charge balanced),
showing mol%, network connectivity (NC) assuming P2O5 enters the glass network
and modified network connectivity (NC0) assuming isolated orthophosphate units

ID Mol% NC NC0

SiO2 Na2O CaO P2O5

Series I
ICIE1 49.46 26.38 23.08 1.07 2.04 2.13
ICSW2 47.84 26.67 23.33 2.16 2.00 2.18
ICSW3 44.47 27.26 23.85 4.42 1.92 2.30
ICSW5 40.96 27.87 24.39 6.78 1.83 2.44
ICSW4 37.28 28.52 24.95 9.25 1.75 2.62

Series II
ICSW1 51.06 26.10 22.84 0.00 2.08 2.08
ICSW6 48.98 26.67 23.33 1.02 2.00 2.08
ICSW7 47.07 27.19 23.78 1.95 1.92 2.08
ICSW8 43.66 28.12 24.60 3.62 1.79 2.08
ICSW10 40.71 28.91 25.31 5.07 1.67 2.08
ICSW9 38.14 29.62 25.91 6.33 1.56 2.08
Table 1 also shows the mol% compositions of glasses in series II,
where P2O5 was added to the glass and the Na2O and CaO level ad-
justed to charge balance the phosphate species (assumed to be PO3�

4 )
to attempt to keep the network connectivity of the glass constant.

Batch calculations were performed to give 200 g of final glass.
Reagent grade powders (SiO2, CaCO3, Na2CO3 and P2O5) were bat-
ched to the nearest ±0.01 g. For the P2O5 containing glasses, this
component was batched last due its hydrophilic nature and the
containers were kept sealed with plastic film to avoid contamina-
tion with atmospheric moisture. Glasses were melted in an electric
furnace in platinum crucibles for 90 min at 1390 �C. Glasses for
MAS-NMR spectroscopy, XRD and differential thermal analysis
(DTA) were frit cast, by pouring the melt directly into cold water,
collected in a sieve, followed by drying to constant weight at
120 �C overnight. The glasses were then ground using a milling
machine, and sieved to separate into fine (<45 lm) and coarse
(>45 lm) particle size distributions.

2.2. Magic-angle-spinning nuclear magnetic resonance (MAS-NMR)
spectroscopy

29Si MAS-NMR and 31P MAS-NMR were used to analyze the dif-
ferent glass samples using a Bruker DSX-200 NMR spectrometer
operating at a Larmor frequencies of 39.77 and 81.9 MHz, respec-
tively. Samples were packed into a 5 mm zirconia rotor and spun
at the magic angle (54.7�) to remove anisotropy effects. The 29Si
and 31P MAS-NMR spectra of the glasses were recorded at spinning
frequencies from 3 to12 kHz using pulse acquisition of p/2 for sil-
icon and phosphorus. The 29Si and 31P MAS-NMR samples were
spun with a recycle/delay time set to generally 2 s (this however
was increased to 60 s if the glass species were not thought to be
completely relaxed). All spectra were recorded at an ambient probe
temperature with 29Si referenced relative to polydimethylsilane
(PDMS) and 85% H3PO4 for 31P.
3. Results and discussion

3.1. Magic-angle-spinning nuclear magnetic resonance (MAS-NMR)
spectroscopy

3.1.1. 31P MAS-NMR spectra
Fig. 1 shows the 31P MAS-NMR spectra for series I (fixed Na2O:-

CaO) glasses.
Table 2 summarizes the peak positions and full width half max-

imums (FWHM).
All spectra illustrate a symmetric peak with a chemical shift

range of 7 to 10 ppm with an approximate constant linewidth of
�9 ppm. These linewidths and chemical shift values correspond
to phosphorus in an orthophosphate environment ðPO3�

4 Þ. Conven-
tionally phosphorus is thought to enter the glass network as a net-
work former. The 31P MAS-NMR chemical shift data, however,
corresponds to an orthophosphate structure, therefore indicating
that phosphorus is associated with removing sodium and calcium
ions. These must come from their network modifying roles in the
silicate network therefore changing the Qn structure of the silicate.
These results correspond with those previously reported [6,13,14]
where a single resonance with a linewidth consistent with an
orthophosphate like environment was reported. Hill et al. [13]
however assigned the presence of orthophosphate species due to
the annealing and slow cooling of the glasses, favouring phase sep-
aration. However, in the case of the our glasses and the glasses
tested by Elgayar et al. [13], all were rapidly quenched in cold
water, reducing the possibility of phase separation – the presence
of phosphorus in an orthophosphate environment is still observed.
Fig. 2 and Table 2 show that the 31P MAS-NMR chemical shifts for



Fig. 1. 31P MAS-NMR spectra for series I (fixed Na2O:CaO) glasses. Increasing phosphate content from bottom to top. Top spectra (ICSW4) show distinct peak asymmetry.
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Fig. 2. 31P MAS-NMR chemical shift values for series I glasses with phosphate mole
ratio and NC0 (error bars ±1 ppm).

Table 2
31P and 29Si MAS-NMR peak positions and full width half maximums (FWHM) for
glasses in series I and II

Glass 31P peak (ppm) 31P FWHM (Hz) 29Si peak (ppm) 29Si FWHM (Hz)

Series I
ICIE1 8.4 873 �78.0 516
ICSW2 10.0 721 �79.0 683
ICSW3 9.5 721 �78.5 592
ICSW5 9.0 737 �80.0 584
ICSW4 7.0 793 �81.0 695

Series II
ICSW6 10.7 745 �78.0 524
ICSW7 10.9 745 �78.0 516
ICSW8 10.5 769 �78.0 505
ICSW10 10.5 745 �78.0 469
ICSW9 10.9 745 �78.0 505
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the glasses all lie between those for a sodium orthophosphate
(16 ppm) and calcium orthophosphate (0–3 ppm).

This therefore suggests that the phosphorus is present as mixed
sodium–calcium orthophosphate. The network connectivity (NC)
was calculated for each of the glasses and is shown in Table 1.
NC was calculated using the following equations, assuming P2O5

enters the glass network, substituting the molar fractions of each
component in the glass. The modified network connectivity, NC0,
was calculated assuming P2O5 is present as orthophosphate spe-
cies, with cations such as Na+ and Ca2+ required to maintain a
charge balance, hence increasing the connectivity of the silicate
network. The glass network connectivity [3] was calculated using
Eqs. (1) and (2).

NC¼2þ½ð2�SiO2Þþð2�P2O5Þ�� ½ð2�CaOÞþð2�Na2OÞ�
SiO2þð2�P2O5Þ

; ð1Þ

NC0 ¼2þð2�SiO2Þ� ½ð2�CaOÞþð2�Na2OÞþð2�P2O5�3Þ�
SiO2

: ð2Þ

Fig. 1 shows that as P2O5 is added (and NC0 increases), and the
proportion of Q3 ([SiO4] tetrahedra with three bridging oxygens
(BO) and one non-bridging oxygen (NBO)) species increases, there
is a slight shift upfield of the 31P peak to smaller ppm values, cor-
responding to that of a calcium orthophosphate environment. This
could suggest that as the glass moved towards a Q3 structure, cal-
cium starts to associate preferentially with the phosphate phase. It
should be noted however that this trend is in no way distinct or
definite. In fact within experimental error it may be more relevant
to assume no preferential association of the cations within the
phases as discussed by Lockyer et al. [6]. Grussaute et al. [15] also
observe this phenomenon in similar quaternary Na2O–CaO–P2O5–
SiO2 glasses, with increasing P2O5 content, stating that each phos-
phorus nucleus is surrounded by the same number of Na and Ca
cations, rather than segregation into stoichiometric compounds.
In this series of glasses, the CaO:Na2O ratio was 1.00/1.14. If there
was no preferential association within the phosphate phase, it
would be expected that the ratio of Na:Ca orthophosphate to be
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consistent with that of the overall glass composition. This would
give a chemical shift for a 1:1 glass at �9 ppm. In this series of
glasses with a 1.00/1.14 ratio of CaO:Na2O, chemical shifts of
�10.3 ppm would be expected. On closer inspection of the ICSW4
spectrum (the highest phosphate containing glass) a slight peak
asymmetry is apparent. The NC0 (2.62) of this glass fell into the re-
gime of glasses reported by Grussaute et al. [15] (NC0 > 2.5) who
observed the presence of pyrophosphate as well as orthophosphate
with 31P NMR for glasses with NC0 similar to ICSW4. From the XRD
data (part II) it was known that this glass was in fact partially crys-
talline, there is however no corresponding sharpening of the spec-
trum suggesting possibly that the magnetization of the crystalline
phase is not fully relaxed in the NMR experiment. We ran this sam-
ple for longer delay time (60 s, not shown) and no sharpening of
the phosphate resonance was seen. This then necessitated the heat
treatment of the glass and a longer delay time was used to grow
and determine the crystalline phase(s) present. The resulting spec-
trum at a delay time of 2 s is shown in Fig. 3, bottom.

To further refine the peaks, the heat treated sample was then run
with a 60 s delay time (Fig. 3, top). If previous data on SiO2–Na2O–
CaO–P2O5 glasses [6,15] is consulted, the presence of a pyrophos-
phate species is reported. Lockyer assigned two resonances at
13.8 ppm and 2.4 ppm to a sodium orthophosphate like species
and a sodium pyrophosphate like species respectively [6]. Similarly
Grusssaute et al. [15] attributed two well resolved resonances with
chemical shifts of 15.5 ppm and 2.9 ppm to Na3PO4 and Na4P2O7. The
resonance at 3 ppm is possibly a result of a sodium pyrophosphate
type species rather than a calcium orthophosphate type species. It
is important to try and determine the types of phases present within
the crystalline ICSW4 structure as these can usually be closely re-
lated to the structure of the parent amorphous glass. This would help
determine whether there is in fact any preferential associations, as
suggested within the phase separated glass structures. This will be
further investigated by XRD in part II of this study.

Fig. 4 shows the 31P MAS-NMR spectra for series II glasses
where sodium and calcium have been introduced to charge balance
the phosphate thus mitigating silicate network polymerization.

All the spectra appear identical within experimental error,
therefore confirming that incorporating phosphate has a minimal
affect on the silicate network condensation [15]. It can be seen
Fig. 3. 31P MAS-NMR spectra for heat treated around 650 �
from Table 2 that all the spectra have a single resonance at
�10.5 ppm with a FWHM consistent with that of an orthophos-
phate environment (9 ppm). If there is no preferential association
of the Na+ and Ca2+ cations with the phosphate environment, then
the ratio would then be consistent with that of the original glass
composition. As previously calculated this would then result in a
resonance of �10.3 ppm in the 31P MAS-NMR spectra of the
glasses. This is in very good agreement with the single peak exper-
imentally observed in series II, thus suggesting the peak can be as-
signed to a mixed sodium calcium orthophosphate species with no
preferential association of one of the cations with the
orthophosphate.

3.1.2. 29Si MAS-NMR spectra
29Si MAS-NMR spectroscopy was carried out on the first series

of ICSW phosphorus glasses as shown in Fig. 5.
If the spectrum is observed for ICSW1 a SiO2–CaO–Na2O glass

with no phosphorus present, a highly symmetrical single reso-
nance centered on �78 ppm can be seen. As the phosphorus con-
tent is increased in this SiO2–CaO–Na2O glass series, the peak
asymmetry, becomes more evident. For all glasses, except the
phosphate-free glass, it can be seen that the spectra are a manifes-
tation of two overlapping resonances centered on �78 and
�86 ppm. Such overlaps are as a result of the amorphous nature
of the samples, i.e. the variations in structural features within the
glass such as variations in O–Si–O bond angles and distances
[16–24]. The upfield shift from �78 to �86 ppm, indicates changes
in the environment around the silicon atom as phosphorus content
is increased in the glass. From these isotropic chemical shift values
and previous data on 29Si chemical shifts in relation to Qn structure
and connectivity, the resonance at �78 ppm can be assigned to a
Q2 species and the peak at �86 ppm can be assigned to a Q3 spe-
cies. The peak assigned to the Q3 increases intensity with P2O5

addition, indicating the phosphate is removing modifier ions (Na+

and Ca2+), decreasing the number of NBOs, on the silicate chains
and forming a more cross-linked network. Table 2 tabulates the
peak positions and linewidths for the series I glasses. The experi-
mental findings, that on increasing phosphate content, the glass
moves from a Q2 to a Q3 structure, supports the idea that phospho-
rus acts as a network polymerizing agent for the silicate network.
C ICSW4 glass, delay time 2 s (bottom) and 60 s (top).



Fig. 4. 31P MAS-NMR spectra for series II (charge balanced) glasses.

Fig. 5. 29Si MAS-NMR spectra for series I (fixed Na2O:CaO) glasses.
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This is explained by the addition of the PO3�
4 to the glass, requires

cations such as Na+ and Ca2+ to charge balance, therefore removing
them from their network modifying role within the silicate
network.

This is supported by the network connectivity calculations
where it is assumed phosphorus is in an orthophosphate environ-
ment (and not part of the silicate network as previously thought)
as shown by Eq. (2). Fig. 6 highlights the chemical shift values with
respect to the percentage of phosphorus substituted and the resul-
tant NC0 values.

From the XRD results (see part II) it is known that ICSW4 was in
fact partially crystalline. Running the as-cast sample for a longer
delay time (60 s, not shown) did not result in any significant sharp-
ening of the silicon resonance. The powder XRD of the heat treated
sample indicates three phases: the six-membered ring combeite
(Na2O � 2CaO � 3SiO2), sodium–calcium orthophosphate and so-
dium pyrophosphate. A much sharper peak or peaks would have
been expected due to the ordering of the structure due to crystal-
linity, however this not observed. A possible explanation of the
lack of observed crystallinity maybe due to the much longer spin
lattice relaxation time, T1, of the crystal phase. At short time delays
(2 s, not shown) the 29Si within the crystalline phases would be
saturated and not be detectable. As crystallinity had already been
determined form the powder XRD, the heat treated sample was
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Fig. 7. 29Si MAS-NMR spectrum for the heat treated

Fig. 8. 29Si MAS-NMR spect
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re-run with a longer delay time (60 s) to try and pick up the crys-
talline phase – Fig. 7.

From this spectrum it can be seen that the peak has sharpened
slightly. The peak maximum is at �88 ppm, within the broad
amorphous resonance. This chemical shift is rather low for a Q2

phase but this structure would be expected for these glasses. Wol-
lastonite (CaSiO3) and b-wollastonite exhibit chemical shift values
in this region [22,25] and have been shown to crystallise in bio-
glass based compositions [26]. However, XRD showed the presence
of combeite [27]. We therefore assign this peak to combeite.

The 29Si MAS-NMR spectra were carried out on series II glasses
and are shown in Fig. 8.

Fig. 8 shows that all the spectra are highly symmetrical with a
single resonance centered around �78 ppm with linewidths be-
tween 12 and 13 ppm. Even within experimental error there is
no shift in any of the spectra and certainly no presence of any
shoulders. It can be concluded that all the glasses in the series
are Q2 in nature, agreeing with the constant NC0 value of all the
glasses: 2.08, shown in Table 1. It is also supports the fact that
phosphorus exists within an orthophosphate environment. In the
series II, the sodium and calcium contents increase to charge com-
pensate the phosphorus species being added. This removes the
(650 �C) ICSW4 glass sample, delay time = 60 s.

ra for series II glasses.
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need for any modifying ions already associated within the silicate
network to charge compensate the PO3�

4 species, therefore keeping
the number of NBOs attached to silicon constant and the silicate
network unaffected. The single Q2 resonance at �78 ppm suggests
that the non-bridging oxygens are preferentially bonded to sodium
as a Q2 sodium silicate exhibits a resonance around �77 ppm and
Q2 calcium silicates occur in the �92 to �83 ppm region [22,25,28].

Fig. 9 shows the difference in NC and NC0 for series I, and the ac-
tual NC calculated from the values of Q2 and Q3 proportions from
fitting of the 29Si-NMR data for series I.

A good fit can be obtained to the 29Si MAS-NMR data, if it is as-
sumed that there is a distribution approximately 2/3 of the phos-
phate in a separate orthophosphate phase and the remaining 1/3
in the glass network. However, it is realized that this is a very sim-
plistic model and the glass structure is likely to be more complex.

4. Conclusions

The assumption that phosphorus resides in an orthophosphate
environment provided the basis for the design of the phosphorus
containing soda lime silicate glasses studied here. To test this
hypothesis, two series of phosphorus glasses were designed – ser-
ies I, addition of P2O5 with a constant Na2O:CaO ratio, with the
resulting polymerization of the network, and series II, a charge
compensated series (keeping the network polymerization and
hence network connectivity constant).

4.1. Series

29Si MAS-NMR spectra exhibited an increase in peak asymmetry
through the series – a result of two overlapping resonances as-
signed to Q2 and Q3 species, with the later increasing with P2O5

addition. The asymmetric peak shift in the 29Si spectra towards
lower frequencies, as the phosphate content increased, was attrib-
uted to an increase in the average degree of polymerization of the
silicate network. This therefore suggested the network polymeriz-
ing role of phosphorus, and the existence of an orthophosphate spe-
cies. There was no evidence of any disruption of the glass network
from the 29Si MAS-NMR spectra thus rejecting the idea of phospho-
rus acting as a former and entering the silicate glass network. 31P
MAS-NMR spectra clearly illustrated single resonances for all spec-
tra centered on chemical shift values associated with those of an
orthophosphate environment, providing direct evidence of the exis-
tence of phosphorus within such an environment, rather than the
conventional view of phosphorus entering the glass network.

4.2. Series II

29Si MAS-NMR spectra resulted in a series of single resonances
all centered on a chemical shift associated with a Q2 glass (around
�78 ppm). No evidence of any shoulders or peak shift was seen,
therefore concluding that on addition of phosphorus the silicate
network remained unchanged as a result of the addition of charge
compensators. The 31P spectra also consisted of a series of single
resonances all centered on a chemical shift associated with that
of an orthophosphate environment.

It can therefore be confirmed from both series that phosphorus
exists as an orthophosphate complex, rather than entering the sil-
icate glass network as previously thought. There is strong evidence
for the existence of phosphorus, in an orthophosphate environ-
ment with associated Na+ and Ca2+ cations, and therefore the pos-
sibility of phase separation into phosphate rich clusters has
significant implications with respect to the bioactive properties
of the glass. It is suggested that the sodium orthophosphate rich
phase will be extremely soluble and when exposed to water, dis-
solve more rapidly than the silicate phase effectively increasing
the local level of phosphorus super-saturation of the external phys-
iological environment in a biological implant. This may then result
in an increase of the rate of apatite deposition on the glass surface
[29]. It however should not be neglected that the resultant poly-
merization of the silicate network points towards a less degradable
bioactive glass and would therefore serve to reduce bioactivity. The
affect of phosphorus on bioactivity therefore is a necessary and
essential extension to this investigation.
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a b s t r a c t

The effect of the variation in phosphate (P2O5) content on the properties of two series of bioactive glasses
in the quaternary system SiO2–Na2O–CaO–P2O5 was studied. The first series (I) was a simple substitution
of P2O5 for SiO2 keeping the Na2O:CaO ratio fixed (1:0.87). The second series (II) was designed to ensure
charge neutrality in the orthophosphate (PO3�

4 ), therefore as P2O5 was added the Na2O and CaO content
was varied to provide sufficient Na+ and Ca2+ cations to charge balance the orthophosphate present. Net-
work connectivity’s of the glasses were calculated, and densities and thermal expansion coefficients
predicted using the Appen and Doweidar models, respectively. Theoretical densities were measured
using the Archimedes principle. Characteristic temperatures, namely the glass transition temperature,
Tg, and crystallization temperatures, Tx, were obtained using differential analysis (DTA). Two crystalliza-
tion exotherms were observed for both glass series (Txi and Txii). Both Tg and Tx decreased with P2O5 addi-
tion for both series. The working range of the glasses, Tx–Tg was shown to increase to a maximum at
around 4 mol% P2O5 then decrease at higher P2O5 contents for both series. Thermal expansion coefficients
were measured using dilatometry increasing with P2O5 addition and showed good agreement with the
Appen values. Dilatometric softening points, Ts, were also measured, which increased with P2O5 addition.
X-ray diffraction (XRD) was performed on the glasses to confirm their amorphous nature. The glass con-
taining 9.25 mol% P2O5 from series I exhibited well-defined peaks on the XRD trace, indicating the pres-
ence of a crystalline phase.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

There is some controversy as to the role of P2O5 in soda lime
phosphosilicate glass structure, bioactivity and bone mineraliza-
tion. The Hench model [1,2] predicts that the presence of phos-
phate is required in the implant material. However, this model
does not predict the bioactivity of some glass compositions which
do not contain phosphate [3] and neglect the network connectivity
of the glass [4–6]. The Hench model also assumes congruent disso-
lution, which is not possible as these glasses phase separate into a
phosphate rich and silicate rich phase as shown in part I. The phos-
phate phase will degrade in the presence of water at a much higher
rate than the silicate phase. This phase separation results in ortho-
phosphate groups (PO3�

4 ) in the phosphate phase which are charge
balanced by alkali and alkaline earth cations. This has the effect of
ll rights reserved.

Materials, Imperial College
14; fax: +44(0)20 7594 6757

0)20 7594 6757 (R.G. Hill).
. O’Donnell), r.hill@imperia-
reducing the number of non-bridging oxygens in the silicate phase
resulting in higher connectivity.

Part I of this study examined the structure of two series of
bioglasses with varying phosphate contents using solid state
MAS-NMR spectroscopy. The purpose of the second part of the
study is to use more conventional characterization techniques
to validate the NMR findings and assess properties important
for processing promising compositions. Glass densities were mea-
sured to compare experimental values to calculated values from
glass network connectivities based on glass composition (Dowei-
dar’s model [7,8]) and using network connectivities obtained
from fitting of the 29Si MAS-NMR data. Thermal expansion coeffi-
cients were obtained from dilatometry and values compared to
calculations using the Appen model [9]. Thermal expansion coef-
ficients are important to characterize, particularly for applications
which may involve coatings. If bioactive glass compositions can
be identified with thermal expansion coefficients matched to
metals typically used in prosthetic implants (or preferably
slightly higher than the metal so the glass is in compression), this
could provide an important component to the next generation of
biomedical devices. Characteristic temperatures were observed

mailto:m.odonnell@imperial.ac.uk
mailto:r.hill@imperial.ac.uk
mailto:r.hill@imperial.ac.uk
http://www.sciencedirect.com/science/journal/00223093
http://www.elsevier.com/locate/jnoncrysol


2.60

2.65

2.70

2.75

2.80

0 2 4 6 8 10
Mol. % P2O5

ρ
 / 

g
.c

m
-3

Data Doweidar Modified Doweidar

Fig. 1. Variation in density with P2O5 content for series I with calculated values.

3562 M.D. O’Donnell et al. / Journal of Non-Crystalline Solids 354 (2008) 3561–3566
using differential thermal analysis (DTA) to examine the effect of
phosphate addition on the glass transition temperature and
devitrification behavior. The working range, Tx–Tg, is an impor-
tant parameter in various applications such as viscous flow sin-
tering (coatings) and fiber drawing. Finally, X-ray diffraction, on
amorphous and again on subsequently heat treated samples,
was used to investigate if any crystallites were present, and if
so how this might relate to the structure of the devitrified mate-
rial to the parent glass.

2. Experimental

2.1. Glass melting

Details of glass melting can be found in part I of this paper
(REF). Glasses for thermal expansion coefficient (TEC) measure-
ments and density were remelted from the frit described above
for 30 min and cast into preheated (�Tg–10 �C) graphite moulds
and annealed in an electric furnace overnight. The rod shaped sam-
ples formed were cut into sections of 6 mm in diameter and 25 mm
in length using a slow speed diamond saw. The ends of these rods
were ground flat using SiC abrasive paper. It should be noted, not
all samples could be cast in rod form for dilatometry due to devit-
rification (ICSW4) and/or phase separation (other samples) in pre-
heated or room temperature moulds.

2.2. Density

Using Archimides principles the density of each cast sample at
room temperature was determined. The weight of each glass was
measured in air and in distilled water using a balance measuring
to ±0.1 mg. The weight was measured three times and an average
taken in order to minimize sources of error. The sample density, q,
was determined by Eq. (1)

q ¼ md � qw

md �ms
; ð1Þ

where md = mass of sample dry, qw = density of water at the mea-
surement temperature and ms = mass of sample submerged in
water. Care was taken to make sure that all of the cast samples were
bubble free and that the glass samples were fully wetted when im-
mersed in the distilled water.

2.3. Dilatometry

A Netzsch Dil 402 C dilatometer was used in order to determine
the glass transition temperature (Tg), the dilatometric softening
temperature (Ts) and the thermal expansion coefficient (a) for each
glass. The 25 � 6 mm cut samples were analyzed from room tem-
perature up until the point just before melting at a heating rate of
5 �C min�1. a, Ts and Tg were determined by using system software
and a was measured between 25 and 400 �C.

2.4. Differential thermal analysis (DTA)

The glasses were characterized by simultaneous DTA/TGA using
a Stanton Redcroft DTA 1600. Alumina was used as the reference
material and both reference and sample were contained within
platinum–rhodium alloy crucibles. The <45 lm particle size pow-
ders (see part I for details of the milling process) were heated from
room temperature to 1300 �C at a heating rate of 10 �C min�1 in an
inert argon atmosphere. The glass transition temperature (Tg) and
crystallization temperatures (Tx) for each glass were then obtained
from the corresponding traces, with Tg represented by a small neg-
ative change in the slope of the baseline and Tx represented by the
presence of an exotherm.
2.5. X-ray diffraction (XRD)

A Phillips powder diffractometer with a copper (CuKa) X-ray
source (Philips PW 1700 series diffractometer, Philips, Endhoven,
NL) was used to characterize the glass samples. The powdered
samples (<45 lm particle size) were scanned between 2h values
of 5–80� with a step size of 2h = 0.04�, in order to try and determine
the amorphous nature of each glass. In order to try and verify the
existence of any crystalline phases the frit was heat treated using
a Centurion Quartz porcelain furnace, then ground to <45 lm par-
ticle size powder. DTA analysis was undertaken prior to heat treat-
ment in order to determine the actual temperature at which the
samples were to be heat treated at – corresponding to the peak
crystallization temperature. The powder samples were heat trea-
ted to such a temperature at a rate of 10 �C min�1, held for one
hour, and then allowed to cool to room temperature. XRD was then
carried out and the results analyzed using software containing a
database of standard diffraction files. Rietveld refinement was per-
formed with GSAS and EXPGUI software.

3. Results and discussion

3.1. Density

Figs. 1 and 2 show the density measurements for the glasses
from series I and II, respectively.

The plots also show the density values calculated using Dowe-
idar’s model [7,8] which assumes a binary distribution of silicate
Qn species. All glass compositions were normalized to exclude
the phosphate content, and all fell in the 33 6 xt 6 50 mol% region
(where xt is the total modifier mol%), therefore the Qn distribution
was Q3 and Q2 in the binary distribution model. The relative pro-
portions of the Qn species were calculated using the following
Eqs. (2a),(2b),(2c),(2d), where a denotes Na+ containing Qn species
and b Ca+2 containing Qn species:

Q2a ¼ 3� ðfNa2O þ fCaOÞ � 1
� �

� fNa2O

fNa2O þ fCaO

� �
; ð2aÞ

Q2b ¼ 3� ðfNa2O þ fCaOÞ � 1
� �

� fCaO

fNa2O þ fCaO

� �
; ð2bÞ

Q3a ¼ 2� 4� ðfNa2O þ fCaOÞ
� �

� fNa2O

fNa2O þ fCaO

� �
; ð2cÞ

Q3b ¼ 2� 4� ðfNa2O þ fCaOÞ
� �

� fCaO

fNa2O þ fCaO

� �
; ð2dÞ

where fMxOy is the fraction of oxide component MxOy. These vales
were then normalized to give the fractions of each species (xn)
and the density calculated using this Eq. (3):
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Table 2
Densities of species thought to be present in the glasses studied [14]

Species q (g cm�3)

Q2a (Na+) 2.57
Q2b (Ca2+) 2.90
Q3a (Na+) 2.50
Q3b (Ca2+) 2.68
Na3PO4 2.54
Ca3(PO4)2 3.14
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q ¼ x2aq2a þ x2bq2b þ x3aq3a þ x3bq3b: ð3Þ

The densities of the Qn species can be found in Table 2.
The plots also show modified Doweidar values, calculated

assuming the P2O5 enters the glasses as a separate orthophosphate
phase, based on the MAS-NMR of part I, and is charge balanced by
Na+ and Ca2+ in the same proportion as that present in the overall
glass compositions. Using density values of sodium and calcium
orthophosphate (Table 2) Eq. (3) was modified to incorporate the
fractions of Na3PO4 and Ca3(PO4)2 in the separate orthophosphate
phase. It can be seen from Figs. 1 and 2 that the experimental den-
sity values deviate from the calculated values, however the modi-
fied (orthophosphate) values show better correlation. As the
densities seem to increase more rapidly than predicted with P2O5

content, this would seem to indicate the present of a higher density
component in the sample than the silicate glass such as an amor-
phous orthophosphate, pyrophosphate and in the case of ICSW4
crystalline phases.

3.2. Dilatometry

Fig. 3 shows the relationship between the thermal expansion
coefficient (a) and phosphate content for both series of phosphate
glasses.

Due to problems with casting as a result of phase separation
and/or crystallization, only three samples of series II and two sam-
ples of series II could be run in the dilatometer – their correspond-
ing a values are tabulated in Table 1. For series I in Fig. 3, the
expectation would be that due to the polymerization of the silicate
network, as phosphate is added, the glass would then find it harder
to expand resulting in lower a values down the series. Actually the
Table 1
Glasses from series I (fixed Na2O:CaO = 1:0.87) and II (charge balanced), showing cha
crystallization Tx, thermal expansion coefficient (100–200 �C), a, and densities, q

ID Tg (�C) Ts (�C) Txi (�C) Txii (�C)

Series I
ICIE1 513 – 629 676
ICSW2 511 542 636 679
ICSW3 491 549 655 674
ICSW5 485 – 605 625
ICSW4 482 581 543 617

Series II
ICSW1 519 – 614 642
ICSW6 515 – 620 653
ICSW7 513 – 642 692
ICSW8 509 533 652 669
ICSW10 496 544 619 –
ICSW9 491 – 580 613
opposite is observed – an increasing a with increasing phosphate
content. It must not be forgotten however that these glasses are
in fact phase separated. The composite glass thermal expansion
coefficient, ac, given by Eq. (4)

ac ¼ ðaa � VaÞ þ ½ab � ð1� VaÞ�; ð4Þ

where aa is the thermal expansion coefficient of phase a, Va the vol-
ume fraction of phase a and ab the thermal expansion coefficient of
phase b. The results therefore indicate that as phosphate is added, a
composite thermal expansion coefficient may result. As phosphate
is added and the amount of the phosphate phase is increased, the
weaker P–O bond strength would result in a weaker glass structure
thus explaining the increase in a across the series. Consideration
however also has to be taken into the actual shape and dimensions
of the secondary phosphate phase. Dilatometry is known to be gov-
erned dramatically by the dominant matrix phase of a glass. The re-
sults therefore suggest that as the phosphate content increases the
dimensions of the secondary phase are significant enough to con-
tribute to the thermal expansion of the glass.

Fig. 3 also shows the TEC values calculated from Appen’s model
[9]. The fraction of each component in the glass compositions
racteristic temperatures, glass transition Tg, dilatometric softening point, Ts, and

Txiii (�C) Txi–Tg (�C) a (�10�6/�C�1) q (g cm�3)

– 117 – 2.715
– 125 15.70 2.719
– 163 16.18 2.719
– 120 – 2.696
656 61 18.88 2.788

– 95 – –
– 105 – 2.721
– 129 – –
– 143 16.37 2.727
– 123 16.54 2.748
– 89 – 2.787



Table 3
Appen factors (aMO) for components in the glasses studied [9]

Component Appen factor

SiO2 3.8
Na2O 39.5
CaO 13.0
P2O5 14.0
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in this figure legend, the reader is referred to the web version of this article.)
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ðfMxOy Þ were multiplied by the Appen factors ðaMxOy Þ shown in Table
3 giving a as shown by Eq. (5)

a ¼ fSiO2 aSiO2 þ fCaOaCaO þ fNa2OaNa2O þ fP2O5 aP2O5 : ð5Þ

The values over the 100–200 �C range show relatively good agree-
ment with the Appen figures. Table 1 summarizes the dilatometric
softening points, Ts, of glasses which were cast into rods. It can be
seen that Ts increases with P2O5 addition. As P2O5 addition increases
the network connectivity of the dominant silicate phase due to for-
mation of a separate phosphate phase (see part I), it would be ex-
pected to see an increase in the softening point of the glass.

3.3. Differential thermal analysis (DTA)

Figs. 4 and 5 illustrate the DTA traces for the phosphate glasses,
series I and II. From these traces the glass transition temperature
and crystallization temperature for each glass were determined.

In general the glasses manifested a Tg and two exotherms corre-
sponding to Txi and Txii crystallization temperatures. Only glass
ICSW4 (9.25 mol% P2O5 from series I) showed a third crystalliza-
tion exotherm (Txiii). If Tg is plotted against the amount of phos-
phate added for both series (Fig. 6) it is clear that as phosphate is
increased, Tg decreases.

This apparently contradicts the theory that phosphate addition
is charge balanced resulting in polymerization of the silicate net-
work and also the corresponding NMR results discussed in part I.
In series I, phosphate was simply added to the glass requiring
Na+ and Ca2+ ions to charge compensate the phosphate complexes,
removing them from their modifying role and thus polymerizing
the network. The expectation would have been a corresponding in-
crease in Tg. In the case of series II, the need for charge balancing is
compensated for and thus the silicate network remains unchanged.
The expectation would have been to see no real change in Tg, how-
ever experimentally it was seen once again to decrease with
increasing phosphate. There is therefore an obvious difference be-
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Fig. 4. DTA traces for series I (ICSW1 magenta, ICIE1 red, ICSW2 yellow, ICSW5
cyan, ICSW4 black). (For interpretation of the references in colour in this figure
legend, the reader is referred to the web version of this article.)
tween the expected behavior of the glass and the actual behavior
with respect to Tg. For both series the expected Tg correlation the-
ories are based on the degree of disruption of the silicate network.
This theory in turn bases itself on the idea that Tg is affected solely
by the silicate phase. Elgayar et al. [10] have already discussed the
affects of Na2O replacement of CaO and the loss of ionic bridges
affecting Tg. However there is no change with respect to any mod-
ifying cations so there must be another phenomena occurring with
the addition of phosphate and its corresponding affect on the glass
transition temperature. From the 31P MAS-NMR data discussed in
part I, it is already known that the glasses have a clustered or phase
separated phosphate structure. An expectation might be a second
glass transition temperature corresponding to the phosphate
phase. From the traces however there seems to be no evidence of
one. This could mean it is simply being masked by the other fea-
tures in the DTA trace or even due to the small amount of phos-
phate in the glass and/or the actual phase size being too small,
that it is not detectable. It is however suggested that what is being
observed is a composite glass transition temperature (i.e. due to a
number of competing factors) due to the fact that Tg decreases
when the NC0 is the same (series II) and even when NC0 increases
(series I). It could also be suggested that as the phosphate content
increases the corresponding phosphate phase size increases, then
surpassing some critical size dimension to be of significance to af-
fect the Tg values.
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Fig. 7 illustrates the working range or glass stability (Txi–Tg)
with respect to the amount of P2O5 added.

It can be seen that Txi–Tg increases to a maximum in both ser-
ies at 4 mol% P2O5 for series I and 3 mol% P2O5 for series II then
decreases. This working range is important in processes such as
sintering and fiber drawing and should ideally be maximized
for both to avoid crystallization at temperatures where the glass
viscosity is sufficient to allow viscous flow to occur. The traces
show the presence of two crystallization exotherms in both series
which often overlap. These two exotherms could correspond to,
most probably, the crystallization of two separate crystal phases
or, maybe, the crystallization of the same phase in two phase sep-
arated regions or by two different mechanisms. It is suggested
that it is most likely to be the crystallization of two separate crys-
tal phases, i.e., crystal phase A and crystal phase B. It should be
noted that the order of crystallization temperatures observed
could switch within the series – for example in one glass Txi could
correspond to crystal phase A and Txii to crystal phase B while in
another glass Txi could correspond to crystal phase B and Txii to
crystal phase A, depending on composition and the crystallization
mechanisms involved.

In both series I and II, Txi and Txii seem to be relatively indepen-
dent of phosphate content (Table 1), with a small decrease with
increasing P2O5 content. This suggests that phosphate aids crystal-
lization at lower temperatures. For series I however, with the poly-
merization of the network across the series it would be expected
that more energy would be required to re-arrange the ions into a
crystal state thus an increase in crystallization temperature would
be expected across the series. This trend however is not seen sug-
gesting that once again the addition of phosphate somehow aids
crystallization.

With respect to the observed endotherms, within series I, all are
broad and weak and seem to be probably as a result of the melting
of the residual glassy phase. In series 2 however ICSW8 and ICSW9
exhibit very sharp and definite melting endotherms with an onset
of melting approximately 1180 �C. This suggests that ICSW8 and 9
crystallize to the same phase. This endotherm is missing from all
the other glasses in the series with exception to ICSW6 – which
shows a much weaker endotherm however at the same tempera-
ture. This suggests that the other members of the series do not
crystallize to this unknown phase. From the DTA information on
crystallization exotherms and melting endotherms it can be pre-
dicted that there are probably three crystalline phases occurring
one of which is common to ICSW8 and ICSW9 with a very small
amount of the same phase in ICSW6.
3.4. X-ray diffraction (XRD)

XRD is a limited technique for amorphous materials as only
long range periodic order or disorder can be probed. X-ray diffrac-
tion was therefore used just to confirm the glassy nature of the
ICSW phosphate glasses series I and II. Fig. 8 indeed shows the
characteristic amorphous halo for glasses in series I. There is one
exception within both series – ICSW4, which also gave higher den-
sity and TEC values shown in (1) and (3) respectively. The XRD pat-
tern of heat treated ICSW4 in Fig. 9 exhibits characteristic sharp
crystalline peaks.

Rietveld refinement was performed on this trace and three
phases were identified: NaCaPO4 (sodium calcium orthophosphate,
68 mol%), Na2O � 2CaO � 3SiO2 (combeite, 28 mol%) and Na4P2O7

(sodium pyrophosphate, 4 mol%). This is consistent with the 31P
NMR observation of the presence of predominantly orthophos-
phate and a smaller amount of pyrophosphate in part I. The 29Si
NMR spectra of the heat treated sample showed a broad peak
around �88 ppm which was thought to be a Q2 or Q3 silicate. How-
ever, Schneider et al. [11] observed three overlapping chemical
shift anisotropies (CSAs) for combeite at around �88, �90 and
�93 ppm which fits with the NMR and XRD and Rietveld data of
ICSW4. The presence of three CSAs is due to closely spaced, but
three distinct crystallographic sites for silicon in the combiete
lattice.

4. Conclusions

The modified Doweidar model, taking into account the effect of
the P2O5 not entering the glass network, seems to provide a closer
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fit to experimental density values. The densities of series I in-
creased and series II decreased with P2O5 addition. Theoretical
thermal expansion coefficients (Appen) also showed a relatively
good match to experimental values. This can be explained by the
increase in the amount of the separate phosphate phase with
P2O5 addition which contains weaker P–O bonds compared to the
Si–O phase, and hence the ‘composite’ glass expands more with
temperature. The only values to deviate significantly in the density
and TEC measurements were samples which crystallized, con-
firmed by NMR and XRD.

The glass transition temperature decreased with phosphate
addition for both series approximately linearly indicating the sep-
arate phosphate phase has a strong affect on thermal properties.
The working range (Tx–Tg) increased for both series with phos-
phate addition to a maximum of around a molar fraction of 4
P2O5, then decreased.

XRD confirmed the amorphous nature of all the samples except
ICSW4 (9.25 mol% P2O5) from series I, which was the only sample
to show any peak asymmetry in the 31P NMR data. This peak asym-
metry indicated the presence of both Q0 and Q1 phosphate species
in the as-cast samples as opposed to the other glasses in series I
and II which only contained Q0 orthophosphate. This phase was
then heat treated to increase the degree of crystallinity and three
phases were identified: NaCaPO4, Na2CaSi3O8 and Na4P2O6. The
NaCaPO4 phase is in agreement with the conclusions from the
NMR data in part I, i.e. presence of a separate orthophosphate
phase, however the stoichiometry does not fit with the observed
31P chemical shift of the heat treated sample. This possibly indi-
cates a non-stoichiometric Ca–Na solid solution orthophosphate
or the presence of defects such as vacancies. Van Wazer stated
the presence of orthopohosphate groups in anhydrous sodium–
phosphate glasses was highly unlikely due to the high concentra-
tion of negative charge on the orthophosphate ion pushing the fol-
lowing equilibrium towards the left (terminal groups) [12]:

2R � ½PO4�2� $ R � ½PO4�� � R þ ½PO4�3�: ð6Þ

However, in the presence of water the formation of orthophosphate
becomes more likely, due to the similar electronegativity of hydro-
gen and phosphorous, enabling the proton to form a covalent bond
with an oxygen, or satisfy a charge in the phosphate ion [12]. In the
glasses studied here, as the modifier content far exceeds the phos-
phorous content (by at least 4.4:1.0) saturation occurs resulting in a
higher probability of orthophosphate formation. Hydrolysis from
the melt (during frit casting) could also contribute to orthophos-
phate presence. However from part I, only ICSW4, the highest phos-
phate containing glass which devitrified on casting, did contain a
shoulder in the 31P NMR possibly corresponding to a nanocrystal-
line pyrophosphate.

All the glasses were amorphous on casting except ICSW4, which
had the highest NC0 of the series (2.62). Previous studies [13] have
shown the presence of pyrophosphate as well orthophosphate of
bioglasses with similar connectivities. Three phases crystallized
from the heat treated ICSW4 sample: sodium calcium orthophos-
phate, sodium pyrophosphate and combeite. These phases are con-
sistent with the observed 29Si and 31P NMR chemical shifts shown
in part I of this study: 14 ppm (NaCaPO4), 3 ppm (Na4P2O7) and
�88 ppm (Na2Ca2Si3O9).
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Abstract We report on the bioactivity of two series of

glasses in the SiO2–Na2O–CaO–P2O5 system after

immersion in simulated body fluid (SBF) after 21 days.

The effect of P2O5 content was examined for compositions

containing 0–9.25 mol.% phosphate. Both series of glasses

degraded to basic pH, but the solutions tended towards to

neutrality with increasing phosphate content; a result of the

acidic phosphate buffering the effect of the alkali metal and

alkaline earth ions on degradation. Bioactivity was asses-

sed by the appearance of features in the X-ray diffraction

(XRD) traces and Fourier transform infrared (FTIR)

spectra consistent with crystalline hydroxyl-carbonate-

apatite (HCAp): such as the appearance of the (002) Bragg

reflection in XRD and splitting of the P–O stretching

vibration around 550 cm-1 in the FTIR respectively. All

glasses formed HCAp in SBF over the time periods studied

and the time for formation of this crystalline phase

occurred more rapidly in both series as the phosphate

contents were increased. For P2O5 content [3 mol.% both

series exhibited highly crystalline apatite by 16 h immer-

sion in SBF. This indicates that in the compositions

studied, phosphate content is more important for bioac-

tivity than network connectivity (NC) of the silicate phase

and compositions showing rapid apatite formation are

presented, superior to 45S5 Bioglass� which was tested

under identical conditions for comparison.

1 Introduction

Bioactive glasses and ceramics have been important for

mineralised tissue regeneration in orthopaedic applications

for over 30 years [1]. However, recently these materials are

finding usage in products such as toothpaste as remineri-

alising agents [2]. The toothpaste Sensishield marketed in

the EU by Periproducts contains Novamin (45S5 Bio-

glass�) as the active ingredient and there is also a

toothpaste on the market which contains a zinc substituted

hydroxyapatite [3]. L’Oreal also have a patent [4] for

Bioglass as an additive to products for relaxing/straight-

ening hair. This opens up the possibility for bioactive

glasses to be used in a variety of consumer products.

This study reports the bioactivity of two series of glasses

of which structure and properties have been previously

reported [5, 6]. In series I phosphate was added to the glass,

replacing SiO2 and the Ca to Na ratio was kept constant. In

series II, it was assumed phosphate did not enter the silicate

network, but formed a separate orthophosphate phase and

sufficient Ca and Na was added to ensure charge neutrality in

the PO4
3- complex formed. As the previous study showed,

the formation of this type of phosphate structure resulted in

removal of network modifiers in series I, polymerising the

silicate network and resulting in an increase in Q3 structural

units and a reduction in Q2. In series II, as sufficient modifier

was added to charge balance the orthophosphate species, no

change in the silicate structure was seen by solid state NMR;

effectively the silicate network remained Q2, [SinO3n]2n-

chains of infinite molar mass.
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Simulated body fluid (SBF) has been used in vitro in a

large number of studies to predict in vivo bioactivity in

particular in glass–ceramic systems to assess the formation

of hydroxyl-carbonated-apatite at the surface of the mate-

rial (HCAp). The formation of HCAp after a reasonable

time period in SBF is a good indicator that the material will

form a bond and integrate well with bone in vivo. Although

SBF experiments should be complemented by cell studies,

followed by animal and human trials, SBF data can be used

to screen out materials for these expensive and possibly

unnecessary studies. The glasses studied here are modifi-

cations of the original 45S5 Bioglass� composition [1] and

glasses studied by Elgayar et al. [7], with phosphate added

to investigate the effect on bioactivity. The two most

obvious negative effects in vivo might be degradation of

the phosphate component of the glass producing an

excessively acidic pH and hence cytotoxicity and pyro-

phosphate (Q1 phosphate) species producing wide

macrophagic activation [8]. It is know that all the glasses in

this study contain a separate orthophosphate (Q0 phos-

phate) phase. In the compositions studied the degradation

and production of acidic pH caused by phosphate would be

buffered by the large amount of basic ions (Na and Ca) in

the glass and should not result in an acidic pH as seen in

polyphosphate glasses [9]. Acidic pH conditions is not

desirable for the formation of crystalline apatite. We would

not expect the production of pyrophosphate species either

as all but one of the glasses studied have a network con-

nectivity (NC) less than 2.5. Typically soda-lime-

phosphosilicate glasses with NC [2.5 contain some phos-

phate in a Q1 configuration [7, 10].

Compositions are typically designed in weight per-

centages in the patent literature and also, surprisingly, in

the scientific literature. This study avoids that approach as

it is difficult to correlate changes in composition with

changes in properties. The glasses presented here were

designed on a molecular percentage basis. For example in

the studies by Gorustovich et al. [11, 12], the authors

substituted calcium oxide with strontium oxide on a

weight percentage basis. No difference was seen in the

two sets of samples in vivo. However, as strontium has a

much higher relative atomic mass than calcium, replacing

the weight of calcium in the glass with strontium would

result in an increase in silica content. This would increase

the network connectivity (NC [5, 6]) of the glass, slow

dissolution and reduce bioactivity. The beneficial prop-

erties of adding the strontium to the glass [13], namely

speeding dissolution, promoting osteoblast differentiation

and function whilst down-regulating osteoclasts, would be

cancelled out by the increase in NC. Therefore it is no

surprise no real difference was seen in the calcium bio-

active glass compared to the strontium sample in the

study by Gorustovich et al.

2 Experimental

The processing of these glasses have been previously

reported [5, 6]. Compositions can be found in Table 1 also

with network connectivity values assuming phosphate

enters the glass network (NC) and that a separate ortho-

phosphate phase is formed (NC0).

2.1 SBF

Simulated body fluid was prepared according to Kokubo

and Takadama [14]. Glass particles of diameter \38 lm

were immersed in this solution in sealed containers for up

to 21 days and were mechanically agitated at 60 rpm using

an incubator set to 37�C. At various time points the sam-

ples were filtered and dried to constant weight for analysis

by XRD and FTIR. Powders were used rather than

monoliths as a number of commercial products are sup-

plied in powdered or granular form such as Novabone�,

Perioglas� and Vitoss�. The surface area of glass to vol-

ume of SBF given in Kokubo method results in problems.

For example, for a 5 by 5 mm glass coating on a Ti6Al4V

square results in 2.5 ml of SBF, hardly enough to wet the

sample.

2.2 XRD

A Phillips powder diffractometer with a copper (Cu Ka)

X-ray source (Philips PW 1700 series diffractometer, Phi-

lips, Endhoven, NL) was used to characterise the glass

samples. The powdered samples were recorded between 10

and 60� 2h at a scan speed of 0.04� s-1. For crystallite size

analysis high resolution scans of the (002) apatite peak

Table 1 Glass compositions used in this study with network con-

nectivity assuming phosphate enters the silicate network (NC) and

assuming phosphate forms a separate orthophosphate phase (NC0)

ID Mol.% NC NC0

SiO2 Na2O CaO P2O5

Series I

ICSW1 51.06 26.10 22.84 0.00 2.08 2.08

ICSW2 47.84 26.67 23.33 2.16 2.00 2.18

ICSW3 44.47 27.26 23.85 4.42 1.92 2.30

ICSW5 40.96 27.87 24.39 6.78 1.83 2.44

ICSW4 37.28 28.52 24.95 9.25 1.75 2.62

Series II

ICSW6 48.98 26.67 23.33 1.02 2.00 2.08

ICSW7 47.07 27.19 23.78 1.95 1.92 2.08

ICSW8 43.66 28.12 24.60 3.62 1.79 2.08

ICSW10 40.71 28.91 25.31 5.07 1.67 2.08

ICSW9 38.14 29.62 25.91 6.33 1.56 2.08
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were take between 24 and 28� 2h for a step size of 0.01�,

collecting data on each step for 5 s. Peak analysis was

performed using SciDAVis 0.1.3 software.

2.3 FTIR

FTIR spectra were obtained using a Bruker IFS 28 Fourier

transform infrared spectrometer in the mid-IR range of

550–2,000 cm-1 with a resolution of 0.2 cm-1. Powdered

samples were pressed into pellets with KBr. Peak analysis

was performed using SciDAVis 0.1.3 software.

3 Results and discussion

3.1 SBF

Figures 1 and 2 shows the variation in pH with time for

series I and II glasses respectively after immersion in SBF.

As a general trend the SBF becomes more basic with time.

This is to be expected as more sodium and calcium ions are

released. The solution also shifts towards acidity as the

phosphate content of the glasses is increased in both series.

This can be explained by the release of more phosphate

from the glass which will buffer the alkalinity caused by

the sodium and calcium ions. This decrease in pH is

advantageous for bioactivity as a pH of &7.3 is optimal in

physiological fluid for apatite deposition [8].

3.2 XRD

Figures 3 and 4 shows XRD traces of selected glasses from

series I and II. With progressing time we can see the

formation of Bragg peaks associated with apatite crystal-

lisation. The signal to noise of the data is quite low and

even after 21 days the apatite formed is relatively disor-

dered. The most prominent features are the Bragg peaks at

25.9� and 31.9� corresponding to the (002) and (211) and

reflections [15, 16]. The region containing the (211) peak

(30–35�) also contains a number of other features, namely

the (112), (300) and (202) reflections [15, 16]. However

due to the noise and degree of peak overlap, these lines

could not be used for crystallite size analysis. The (002)

peak was used for this purpose. Apatite formation can be

clearly seen after 16 h. Figure 5 shows the crystallite size

obtained from the peak width and position of the 002 peak

using the Scherrer equation [17]. After 21 days there is no

real variation in the apatite crystallite size. For series II

there is possibly a decrease in crystal size with phosphate

content, but the variation over the series is less than the

error of the peak fitting.

3.3 FTIR

Figures 6 and 7 show FTIR spectra of selected glasses from

both series immersed in SBF for up to 21 days. For the

glasses containing phosphate, in the 500–600 cm-1 region

there is a broad feature corresponding to the P–O bending

mode and also a Si–O–Si bending vibration in this region

[16, 18–20]. Around 720 cm-1 in the glass spectra is the

band due to Si–O bending vibrations [21, 22]. The domi-

nant bands at approximately 910 and 990 cm-1 can be

attributed to Si–O (Q2) and Si–O–Si stretching vibrations

respectively [18, 19]. On exposure to SBF, vibrations from

the silicate glass network decrease in intensity and bands

due to the formation of crystalline hydroxyl-carbonate

apatite become dominant. In particular the P–O bend and

P–O stretch sharpen and increase intensity at around 580

and 1,010 cm-1 respectively [18, 19]. The P–O bend also

shows the characteristic splitting indicative of crystalline
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Fig. 1 pH variation of SBF for

series I glasses
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apatite formation (into bands at 560 and 600 cm-1) [23].

The appearance of carbonate bands on exposure to SBF is

also evidence of crystalline hydroxyl-carbonate-apatite

formation with the C–O stretch (v2) around 860 cm-1 and

C–O asymmetric stretching (v3) at 1,410 and 1,450 cm-1

[19, 24, 25]. In the samples exposed to SBF the Si–O
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10 100 1,000 10,000 100,000

Time (minutes)

p
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ICSW1 ICSW6 ICSW7 ICSW8 ICSW10 ICSW9

↑P2O5

Fig. 2 pH variation of SBF for

series II glasses

Fig. 3 XRD traces for series I

glass ICSW03 (4.42 mol.%

P2O5) with time of immersion in

SBF with the main HCA Bragg

peaks labelled

Fig. 4 XRD traces for series II

glass ICSW09 (6.33 mol.%

P2O5) with time of immersion in

SBF (see Fig. 3 for Bragg

peaks)
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bending vibration reappears at higher wavenumber

(&800 cm-1) compared to the original glasses which

indicates some degree of repolymerisation, possibly con-

densation of the silica gel formed in the SBF. Serra et al.

saw this band shift to higher wavenumber with increasing

silica, from 44 to 66 wt%, in bioactive glass samples [22].

The band seen around 1,200 cm-1 in the 21 day SBF

samples is due to a component of the asymmetric stretching

mode of Si–O [22, 26, 27].

3.4 General comments

All glasses showed formation of apatite in the 21 day

period tested in SBF. Table 2 summarises the time in

which the characteristic splitting of the FTIR P–O bending

mode at around 550 cm-1 was seen indicating crystalline

apatite formation. As a general trend, apatite formation is

faster as the phosphate content is increased in the parent

glass; even in series I which shows an increase in network

connectivity with increasing P2O5. This indicates that

phosphate content is more important than network

connectivity of the silicate phase for bioactivity in the

range of compositions studied as long as the phosphate is

present as Q0 species [5, 6]. The glass ICSW4, containing

the highest phosphate content in both series does not fit in

with the trend shown in Table 2. It is know from previous

studies that this sample was partially crystalline [5, 6]

which would account for the slower rate of apatite for-

mation compared to the other glasses.

The area of the P–O bending mode (also known as the v4

phosphate region) can be seen to linearly correlate with the

area of the (002) Bragg reflection from XRD as presented

in Fig. 8. The areas of these features after 21 days in SBF

both increase with phosphate in the parent glass. This

indicates that as a general trend, as more phosphate is

added to the glasses, more apatite forms which suggests the

phosphate content is more important in these two series of

glasses than NC for mineralisation even though the net-

work connectivity is increasing in series II and fixed in

series II. Also as Fig. 5 shows, the size of the apatite

crystals are not varying with phosphate content in the

parent glass after 21 days in SBF, but the amount of

crystals clearly increases due to the increase in the areas of

the features in the XRD and FTIR data associated with

HCAp crystallinity. This result is promising, indicating

the formation of biomimetic nanocrystalline Ca-deficient

hydroxy-carbonate apatite which will bind to proteins such

as fibronectin, vitronectin and collagen which encourage

osteoblast attachment and proliferation [28].

Figure 9 compares the bioactivity of glass ICSW9

against 45S5 Bioglass� from FTIR spectra taken on glass

powders of identical particle sizes exposed to the same

SBF conditions. It can clearly be seen that after 1 day in

SBF the apatite forms far more rapidly on the ICSW9 glass

with intense, narrow, split peaks in the 550 cm-1 region,

whereas the phosphate peak can hardly be resolved from

the background in 45S5. This unequivocally shows the

glasses studied here show superior bioactivity and potential

as hard tissue remineralising agents compared to 45S5

Bioglass�.

The increased apatite formation could be a result of

phase morphology. Pyrex is comprised of sodium borate

rich drops in a silica rich matrix. The drops at the glass

surface degrade when exposed to corrosive media, however

those in the bulk are not affected. Vycor� is another phase

separated borosilicate glass. However the borate phase is

interconnected and the glass can be etched to form a porous

structure. The high phosphate content glasses presented in

this study which show increased apatite deposition may

exhibit an interconnected orthophosphate morphology

resulting in continuous phosphate leaching on exposure to

SBF and enhanced apatite formation kinetics. This may be

explained by a rapid increase in the surface area of glass

exposed to solution in the initial stages of exposure.
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Fig. 5 Crystallite size analysis from 002 Bragg peak for both series

of glasses

Fig. 6 FTIR spectra of series I glass ICSW05 (6.79 mol.% P2O5)

with time of immersion in SBF
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4 Conclusions

In summary, two series of glasses were studied to examine

both the effect of network connectivity of the silicate phase

and phosphate content on bioactivity. All glasses studied

produced a hydroxyl-carbonated-apatite layer on immer-

sion in SBF for up to 21 days. The formation of this layer

occurred more rapidly as the phosphate content increased

for both series. This is a clear indication that in the com-

positional ranges studied here, phosphate content is a more

important variable than the connectivity of the silicate

network or an overriding factor in a process where NC and

phosphate dissolution compete. The bioactivity of soda-

lime-phosphosilicate glasses can be improved significantly

Fig. 7 a FTIR spectra of series

II glass ICSW10 (5.07 mol.%

P2O5) with time of immersion in

SBF. b 3D contour plot (time

axis not linear)
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Fig. 8 Area of v4 phosphate FTIR region plotted against (002) Bragg

peak area from XRD after 21 days in SBF
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by designing compositions with a good understanding of

glass structure.
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Five bioactive glasses based on 49.5SiO2–1.1P2O5–(23.0(1 � x))CaO–xMgO–26.4Na2O mol.% were syn-
thesised where CaO was replaced progressively on a molar basis by MgO (where 0 6 x 6 1). The glasses
were characterised by 31P and 29Si magic angle spinning nuclear magnetic resonance (MAS NMR) spec-
troscopy, dilatometry, differential thermal analysis (DTA) and density measurements with the aim of
gaining a comprehensive understanding of the structure–property relationships.

The 31P NMR spectra of the glasses exhibited well-defined resonances at ca. 9–14 ppm, corresponding
to a Q0 orthophosphate environment. Full substitution of MgO caused a downfield shift of ca. 5 ppm,
implying the preferential association of sodium with the orthophosphate species. The 29Si NMR spectra
exhibited a peak at ca. �79 ppm, indicating a Q2 silicon species, along with a shoulder at ca. �90 ppm,
corresponding to a Q3 species. On addition of MgO, the Q3 shoulder was seen to progressively increase
in magnitude. These results suggest that MgO, rather than depolymerising the silicate network by acting
as a network modifier, is behaving in part, as an intermediate oxide. Deconvolution of the 29Si NMR peaks
suggest that, although 86% of the magnesium oxide is acting traditionally as a network modifying cation,
up to 14% of the magnesium oxide is entering the silicate network as tetrahedral, MgO4, removing net-
work modifying ions for charge compensation and resulting in the observed polymerisation of the silicate
network. Correspondingly, both the glass transition temperature and dilatometric softening point values
were seen to decrease whilst the thermal expansion coefficient values rose, with increasing MgO content.
This was due to the significantly lower bond strength, of Mg–O compared to Si–O, weakening the glass
network.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

In 1969 Hench et al. [1,2] developed the first amorphous, inor-
ganic bioactive material, Bioglass�, based on a soda-lime phospho-
silicate glass. Most materials, at best, elicit a neutral response
when implanted into the human body. Bioglass� however was
seen to create a positive response by promoting the deposition of
the body’s natural bone substance, hydroxyapatite. Although it is
well recognised that compositional modifications affect the bioac-
tivity of glasses, there is very little understanding of the composi-
tion–structure–property relationships that result in such
behaviour. The purpose of this investigation, therefore, is to study
these fundamental relationships with respect to a component of-
ten found in bioactive glass compositions – magnesium oxide.

Network connectivity (NC) is defined as the average number of
bonds that link each repeat unit in the silicate network and is
based on the relative number of network forming oxides (those
which contribute bridging oxygen (BO) species) and number of
ll rights reserved.

; fax: +44 (0)20 7594 6783.
.law@imperial.ac (R.V. Law).
network modifying species (those which result in the formation
of non-bridging oxygens (NBOs)) [1,2]. To determine the level of
bioactive behaviour using such a model, it is critical to have a
structural understanding of each species within the glass. Without
such knowledge, assessing the bioactive behaviour of a specific
glass composition is extremely problematic. Previous studies, in
particular using nuclear magnetic resonance (NMR) – a useful
technique for probing the short range order in glasses, have clari-
fied the structural role of silicon, aluminium, sodium and calcium
in the glass network [3–5]. Thus predicting the bioactive behaviour
of glasses containing these particular elements (in any composi-
tion), using the network connectivity model, becomes surprisingly
straight forward. Therefore, this investigation aims to add to
understanding of the network connectivity model with respect to
bioactive glasses by clarifying magnesium’s structural role within
such compositions.

A number of mechanisms have been proposed to explain the
bioactive behaviour of glasses and glass–ceramics. The first and
most widely accepted mechanism, is that associated with the re-
search of Hench et al. [6,7]. There are, however, alternative theories
on the mechanism of glass degradation and bone bonding behav-

http://dx.doi.org/10.1016/j.jnoncrysol.2009.04.074
mailto:r.hill@imperial.ac.uk
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iour from Kokubo et al. [8], Andersson et al. [9], Li et al. [10] and
Hill [11].

Hill suggested an alternative viewpoint with respect to the deg-
radation of bioactive glasses, realising the inadequacy of the mech-
anism proposed by Hench in predicting the reactivity of a bioactive
glass as a function of its composition [11,12]. As with Strnad [13]
and Rawlings [14], Hill recognised the importance of the degree
of disruption of a glass in determining its bioactivity. Following
the approach of Holliday and Ray [15,16], viewing silicate glasses
as inorganic polymers of oxygen cross linked by silicon, Hill intro-
duced the concept of network connectivity to the field of bioactive
glasses. Properties including thermal expansion, ability to undergo
phase separation, surface reactivity and solubility all can be ex-
plained on the basis of the degree of polymerisation of the silicate
network, network connectivity and the inorganic polymer model
[11].

As bioactivity arises from the ability of a glass to undergo sur-
face dissolution in a physiological environment, the degree of sol-
ubility of a glass composition must be critical in determining its
bioactivity. The application of the inorganic polymer model to a
glass structure, therefore, allows its bioactivity to be predicted,
with a glass of low network connectivity considered to be highly
disrupted and bioactive, provided it does not give rise to toxic deg-
radation products. [17]. All of the very reactive bone bonding bio-
active glass compositions have network connectivities below or
close to 2.00, with the most widely studied 45S5� glass having a
NC value of 1.90.

Magnesia has often been incorporated into bioactive glasses
[18–29] however, despite this work, there have been few system-
atic studies into the structural role of MgO and its resultant bioac-
tive behaviour. Conventionally magnesium oxide is thought to
behave like calcium oxide, as a network modifier, within a silicate
glass structure. However, on examination of a number of elemental
properties such as charge to size ratio and Pauling electronegativ-
ity, Mg2+ falls on the boundary between being a network modifier
and an intermediate oxide. Circumstantial evidence exists that
MgO may act as intermediate oxide in highly disrupted silicate
glasses from the extension of the glass forming region in ternary
diagrams towards lower SiO2 mole fractions and this point has
been recognised by McMillan [30]. Fiske and Stebbins [31], Oliveira
et al. [24], Kohara et al. [32], Karakassides et al. [33], Dietzel [34],
Shimoda et al. [35] and Doweidar [36] acknowledge the possibility
of MgO acting as an intermediate oxide and all comment on the
importance of clarifying its structural role within a glass.

It is suggested that the lack of structural understanding of mag-
nesium within glasses has lead to the many conflicting views on its
contribution with respect to bioactivity. MgO has been docu-
mented as decreasing apatite formation in SBF [26] but also, on
the other hand, improving the early stages of mineralization [24]
and contributing to an intimate contact with living tissue. It is pro-
posed that these conflicting reports call for a comprehensive study
into magnesium and bioactivity.

Magnesium is involved in over 300 chemical reactions in the
body and, among other things, is known to activate phagocytosis
Table 1
Glass compositions (nominal batched) of the magnesium substituted glasses in mol.%. Mag
(NC) constant – where NC is the network connectivity assuming the phosphate enters
calculated from the 29Si NMR peak fitting in Table 2. To simplify the calculations for NC(N

Glass ID SiO2 Na2O CaO P

ICIE1 49.46 26.38 23.08 1
ICIE1-25 Mg 49.46 26.38 17.31 1
ICIE1-50 Mg 49.46 26.38 11.54 1
ICIE1-75 Mg 49.46 26.38 5.77 1
ICIE1-100 Mg 49.46 26.38 0.00 1
and regulate active calcium transport. As a result, there has been
a growing interest in its role, not only in wound healing, but also
in bone metabolism with a two year study highlighting the positive
effects on fracture prevention and bone density [37,38]. Such influ-
ential roles with respect to bone metabolism and wound healing
are extremely attractive when considering the potential end appli-
cations of magnesium containing bioactive glass compositions.
This paper therefore, endeavours to comprehend magnesium’s role
within a bioactive glass structure and understand the composi-
tion–structure–property relationships that exist in such a
structure.

2. Experimental

2.1. Glass melting

Magnesium oxide was substituted for calcium oxide, on a molar
basis, in a previously studied glass composition [5]. The calculated
network connectivity values were kept constant, at 2.13, to elimi-
nate any influence due to network disruption and thus provide a
greater understanding of the underlying composition–property
relationships in the glass. The resulting glass compositions are gi-
ven in Table 1.

These are nominal batched values. For the NC(NMR) calculation,
we assumed, for the sake of simplicity, that Mg was only in the four
co-ordinate state and went into the network as a tetrahedral MgO4

species. This was based on the assumption that Mg was behaving
as it is found in the mineral, akermanite (Ca2MgSi2O7) or spinel
MgAl2O4 [31,39–41].

All glasses were prepared using reagent grade chemicals for
each case (SiO2, P2O5, CaCO3, Na2CO3, and MgCO3). It is important
to note that the addition of P2O5 was always made last due to its
extremely hydroscopic nature. The compositions were melted in
platinum–rhodium or platinum–gold crucibles at 1450 �C for one
and a half hours. The melts were then rapidly quenched in cold
water and the glass frit collected in a sieve and dried overnight
at 120 �C. The dried frit was then ground in a Gyro Mill (Glen Cre-
ston) for seven minutes and sieved for 45 min in a mechanical sha-
ker to obtain <45 lm particles. Rods and discs were also cast for
each composition by re-melting the glass frit for half an hour at
approximately 1470 �C. The glass was then poured into a pre-
heated graphite mould and annealed overnight at 20 �C below
the glass transition temperature (Tg).

2.2. Magic angle spinning nuclear magnetic resonance (MAS NMR)

29Si MAS NMR and 31P MAS NMR were used to analyse the glass
samples using a Bruker DSX FT-NMR spectrometer operating at a
Larmor frequencies of 39.77 MHz and 81.9 MHz, respectively. Sam-
ples were packed into a 4 mm zirconia rotor and spun at the magic
angle to remove anisotropy effects. The 29Si and 31P MAS NMR
spectra of the glasses were recorded at spinning frequencies from
3–12 kHz using pulse acquisition of p/2 for both silicon and phos-
phorus. The 29Si and 31P MAS NMR samples were spun with a re-
nesium is substituted for calcium on a molar basis, keeping the network connectivity
the silicate network, NC0 assuming a separate orthophosphate phase and NC(NMR)
MR) it is assumed that Mg is only present as tetrahedral, MgO4 units.

2O5 MgO NC NC’ NC(NMR)

.07 0.00 2.04 2.13 2.17

.07 5.77 2.04 2.13 2.20

.07 11.54 2.04 2.13 2.23

.07 17.31 2.04 2.13 2.32

.07 23.08 2.04 2.13 2.41



Fig. 1. 31P MAS NMR spectra. Increasing magnesium content from bottom to top,
ICIE1 (bottom) to ICIE1-100 Mg (top). This illustrates the existence of orthophos-
phate species and the progressive preferential association of sodium.
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cycle delay time set to generally 2 s (this however was increased to
60 s if the glass species were not thought to be completely re-
laxed). All spectra were recorded at an ambient probe temperature
with 29Si referenced relative to polydimethylsiloxane (PDMS)
(�22.3 ppm) and 85% H3PO4 (0 ppm) for 31P. Peak fitting to deter-
mine the peak areas for NC(NMR) was done by WinNMR program
(Bruker).

2.3. X-ray diffraction (XRD)

A Phillips Powder Diffractometer with a copper (Cu Ka) X-ray
source (Philips PW 1700 series diffractometer, Philips, Endhoven,
NL) was used to characterise the glass samples. The powder sam-
ples (<45 lm particle size) were scanned between 2h = 5–80� with
a step size of 2h = 0.04�, in order to investigate the amorphous nat-
ure of each glass.

2.4. Differential thermal analysis (DTA)

The glasses were characterised by simultaneous DTA/TGA using
a Stanton Redcroft DTA 1600. Alumina was used as the reference
material and both reference and sample were contained within
platinum–rhodium alloy crucibles. The <45 lm particle size pow-
ders were heated from room temperature to 1300 �C, at a heating
rate of 10 �C/min, in an inert argon atmosphere. The glass transi-
tion temperature (Tg) and crystallisation temperatures (Tc) for each
glass were then obtained from the corresponding traces.

2.5. Dilatometry

A Netzsch Dil 402C dilatometer was used to determine Tg, the
dilatometric softening temperature (Ts) and the thermal expansion
coefficient (TEC) for each glass. 25 mm � 6 mm cut samples were
analysed from room temperature to Ts + 30 �C at a heating rate of
5 �C/min. The TEC and Ts were determined by using the system
software and the TEC taken between 25 �C and 400 �C.

2.6. Density measurements

Using Archimedes principle the density of each cast glass sam-
ple, at room temperature, was determined. The weight of each
glass was measured in air and in distilled water using an accurate
balance (±0.1 mg). The weight was measured three times and an
average taken in order to minimise the sources of error. Care was
taken to make sure that all of the cast samples were bubble free
and that the glass samples were fully wetted when immersed in
the distilled water. The oxygen density was then calculated from
these bulk density values, according to Ray [16].

3. Results and discussion

3.1. Magic angle spinning nuclear magnetic resonance (MAS NMR)
spectroscopy

3.1.1. 31P MAS NMR
The 31P MAS NMR spectra show a single symmetric resonance,

as shown in Fig. 1, with a chemical shift range in the region 8.2–
12.7 ppm and with an approximately constant linewidth of ca.
600 Hz.

Table 2 summarises the peak positions and full width half max-
imums (FWHM).

The 31P NMR chemical shifts for the magnesium substituted ser-
ies correspond to the existence of an orthophosphate environment
with no evidence of the existence of Si–O–P bonds, agreeing with
Lockyer et al. [3] and Elgayar et al. [5]. Previously phosphorus
was assumed to enter the glass network forming Si–O–P bonds
[42]. However, the absence of peaks at ca. �215 ppm in the 29Si
MAS NMR and ca. �33 to �40 ppm in the 31P MAS NMR spectrum
rule this out [43]. However the existence of orthophosphate spe-
cies, along with the fact that the glasses are optically clear, suggest
that the phosphorus in the glass may have undergone amorphous
phase separation into a sub-micron (below light scattering dimen-
sions) phosphate phase.

Initially we observe the ICIE1 glass to have a chemical shift of
ca. 8.2 ppm between that of a Na3(PO4) species at 14 ppm [44]
and a Ca3(PO4)2 species at 0 ppm or 3 ppm [44,45], thus implying
that both types of modifier ion are associated with the orthophos-
phate unit. As we move through the series, it would be expected
that substituting magnesium for calcium would simply result in
the direct replacement in the phosphate environment of Ca for
Mg as reported by Oliveira et al. [24], or in the case of Lockyer
et al. [3] and Elgayar et al. [5], a mixed, non preferential, two cation
orthophosphate at a ratio consistent with that of the overall glass.
Although Mg2+ (1.31) is slightly more electronegative, on the Paul-
ing scale, than Ca2+ (1.00) and Na+ (0.93), the observed experimen-
tal shift is contrary to what is expected [3], with the final, fully
substituted composition shifting to a more positive (away from
0 ppm) region of the spectra ca. 12.7 ppm – close to that associated
with a pure sodium orthophosphate species.

This positive shift (away from 0 ppm – Fig. 2), towards a sodium
orthophosphate type species and away from magnesium phos-
phate (0.5 ppm for the amorphous Mg3(PO4)2 form [46,47]), im-
plies that as magnesium is added, at the expense of calcium,
sodium progressively preferentially associates with the phosphate
phase. It appears there is only a minimal association of the magne-
sium with the phosphate phase and is an indication that an in-
crease in magnesium content may lead to more Mg2+ ions
participating in the silicate phase (this point will be discussed in
greater detail later).

3.1.2. 29Si MAS NMR
Fig. 3 illustrates the 29Si MAS NMR spectra for the magnesium

substituted series of glasses. The spectrum for 0% magnesium
substituted glass consists of a peak with a resonance maximum
ca. �79 ppm. The 25% magnesium substituted glass displays a sim-
ilar spectrum, however, as we move through the series to the 50%
magnesium substituted glass, the presence of a shoulder to the
right of the peak ca. �90 ppm becomes apparent, moving the cen-
tre of gravity of the peak to the right. This shoulder becomes more



Table 2
The NMR data for 29Si and 31P NMR spectra of the series of magnesium containing bioactive glasses where: x corresponds to peak position, w peak width and A fraction area
determined form peak deconvolution.

Glass ID 31P x (ppm) 31P w (Hz) 29Si Q2 x (ppm) 29Si Q2 w (Hz) 29Si Q2 A (%) 29Si Q3 x (ppm) 29Si Q3 w (Hz) 29Si Q3 A (%)

ICIE1 8.2 687 �80.6 461 83 �89.8 316 17
ICIE1-25 Mg 9.7 526 �79.4 399 80 �87.6 258 20
ICIE1-50 Mg 10.5 639 �80.6 451 77 �90.3 376 23
ICIE1-75 Mg 11.7 642 �80.1 410 68 �88.8 433 32
ICIE1-100 Mg 12.7 642 �80.0 396 59 �88.7 424 41

Fig. 2. The effect of 31P orthophosphate shift with increase in magnesium content
(while sodium content remains constant). This illustrates the progressive prefer-
ential association of sodium with the phosphate through the series.

Fig. 3. 29Si MAS NMR spectra. Increasing magnesium content from bottom to top,
ICIE1 (bottom) to ICIE1–100 Mg (top). This illustrates the progressive formation of a
Q3 shoulder on a predominantly Q2 peak.
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pronounced across the series. It is assumed that the development
of the asymmetric line shape and right hand shoulder, across the
series, is a progressive superposition of two overlapping signals.
The fitting data of these two peaks, from Gaussian deconvolution,
can be found in Table 2. With magnesium substitution, the Q3

shoulder grows from 17% (0% Mg substitution) to 41% (100% Mg
substitution) area of the signal. This is clear evidence that, as mag-
nesium is added, a proportion of the magnesium ions forms tetra-
hedral, MgO4, which requires charge balancing cations. [39,40]
These MgO4 units remove modifying ions (e.g. Ca2+) from the sili-
cate network resulting in the observed polymerisation going from
Q2 to Q3.

In spite of such signal overlap, the 29Si NMR spectra of the mag-
nesium substituted series reveal that they are all predominantly
populated by Q2 silicate species with the addition of Q3 species
at higher magnesium contents. There seems to be no evidence of
any further Q species within the series, therefore a binary distribu-
tion model for the glasses is suggested, agreeing with earlier work
by Lockyer et al. [3] and Elgayar et al. [5]. It is noted, however, from
previous work that more than two Qn species can coexist at all
compositions, suggesting a model based on the disproportionation
reaction shown by Eq. (1) [23,48].

Qn ¼ Q n�1 þQ nþ1 ð1Þ

Closer inspection of the magnesium substituted glass spectra
illustrate no evidence of peaks at �105 or �60 ppm, therefore it
can be concluded that there are little or no Q4 or Q0 species pres-
ent. As noted by Elgayar et al. [5], difficulty can arise with respect
to the identification of Q1 silicate species with 29Si spectra alone
due to the close proximity of Q2 species (�70 ppm Q1 ? �80 ppm
Q2) [49]. Further hindrance can also occur in mixed metal glasses
due to the spread of 29Si chemical shifts for each Qn species, for
example dSi = �76 ppm for Q2(Na) [50] and dSi = �81.5 ppm for
Q2(Ca) [51]. Therefore, it is questionable as to whether any Q1 spe-
cies are being masked due to the overlap of silicon chemical shifts.
At present this remains unanswered however, for the purpose of
this study, a binary distribution of Q2 and Q3 is assumed.

Using Doweidar’s model it is assumed that throughout the ser-
ies of glasses the binary distribution of Q2 and Q3 species will re-
main constant. Also, using network connectivity calculations to
model the glass structure, the connectivity is calculated to remain
constant at 2.13 (calculated assuming P is present as orthophos-
phate as illustrated from the previous 31P MAS NMR data). Both
of these models presume that magnesium acts as a network mod-
ifier. Therefore, in a direct substitution of magnesium for calcium it
is predicted that the connectivity/Q structure will remain constant,
due to both cations creating the same number of NBOs. This would
then result in a series with corresponding constant 29Si NMR
chemical shift values (disregarding any shift due to the shielding
effects of Mg2+ and Ca2+ – Galliano et al. [52] did not find any
changes in the 29Si NMR spectra when replacing cations in a glass
series containing silicon, phosphorus and alkaline earth elements).

However, progressive formation of a right hand shoulder is ob-
served with a peak resonance associated with that of a Q3 species.
This is contradictory to the network connectivity model and im-
plies the progressive polymerisation of the glass structure is a re-
sult of magnesium entering the silicate network.

Fig. 4 illustrates a cartoon of the glass structure. It highlights the
preferential association of sodium ions with the phosphate phase,
as shown from 31P NMR data, and the tendency of magnesium to
enter the silicate network as MgO4 tetrahedra, charge balanced
by calcium/sodium ions. Though shown here as a tetrahedral in
Fig. 4, other higher co-ordinate states e.g. octahedral are possible
for Mg, though they would be outside of the network [40].

3.2. Network connectivity

Table 1 shows the calculated network connectivity of the
glasses, assuming (i) the phosphate enters the network (NC) or
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Fig. 6. The absolute amount of MgO (mol.%) entering the glass network with Mg
substitution. This assumes that the MgO is only in tetrahedral co-ordination. As the
MgO content is increasing across the series, this corresponds to a constant
proportion (�14%) of MgO acting as network former compared to network
modifying MgO.
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(ii) phase separation into an orthophosphate phase (NC’). As we
have said earlier NC’ is a more reasonable assumption for network
connectivity as there is little evidence for Si–O–P bonds present. An
empirical determination of the network connectivity was derived
from peak fitting of the Q2 and Q3 29Si MAS NMR data (Fig. 3),
the NC(NMR), and is also given in Table 1. The NC(NMR) values
are clearly higher, deviating more as magnesium is substituted into
the series (Fig. 5).

The deviation from the linear NC0 must be due to the formation
of tetrahedral MgO4, species which goes into the network, will re-
quire sodium and / or calcium ions for charge balancing. This re-
moves cations from the silica network and has the net effect of
increasing the network connectivity. These NC(NMR) values were
used to calculate the proportion of magnesium acting either as
modifiers and/or those forming tetrahedral MgO4. From the differ-
ence between the calculated NC0 and the NC(NMR), it is possible to
calculate the amount of tetrahedral MgO4. In this calculation, how-
ever, we have assumed, for the sake of simplicity, that Mg is only
present as tetrahedral, MgO4. Fig. 6 shows the absolute molar
amount of magnesium acting as a network former, in a tetrahedral
state, for all the glass compositions.

However, as the amount of magnesium increases when it is
substituted for calcium, the proportion in the network as com-
Fig. 5. Network connectivity calculated from NMR peak fitting (Table 2) (NC(NMR))
compared to network connectivity assuming MgO acts as modifier (NC0). In the NC0

calculation, it was assumed that Mg is only in a tetrahedral state. The equation of
the line is for NC(NMR).
pared to the proportion acting as modifiers is actually constant
across the series; �14% of the magnesium enters the network as
tetrahedral MgO4 whereas around 86% occupies the traditional
modifier role regardless of the composition.
3.3. Physical properties

XRD of the powdered samples illustrated that they were all
amorphous in nature. Fig. 7 displays the resultant DTA traces for
the magnesium substituted glasses.

In general the DTA curves for samples ICIE1 to ICIE1–75 Mg
have two transitions – one due to a Tg, with a negative deviation
from the baseline, and one due to an exothermic crystallisation
event (Tc) (Fig. 8). There is a possible second exotherm in the ICIE1
and ICIE1-25 Mg glasses corresponding to a second crystallisation
temperature. Also the ICIE1-100Mg glass shows only one transition
– due to a glass transition.

The behaviour of Tg suggests that the addition of MgO results in
a ‘weakening’ of the glass network. As Mg content increases in the
glass, the decrease in Tg is attributed to magnesium entering the
network as tetrahedral magnesium species, MgO4 [35,40]. We
hypothesise that the newly formed Si–O–Mg bonds have, on aver-
age, a significantly lower bond strength with respect to Si–O–Si
bonds in the silicate chain and therefore, as a result, resulting in
the observed reduction in Tg. Dowty studied the vibrational spec-
trum of akermanite, a calcium magnesium silicate (Ca2MgSi2O7)
which contains tetrahedral MgO4 units [53]. The bond force con-
stant of the Mg–O bond in akermanite was found to be lower than
in MgO and significantly lower than a Si–O bond: 2.00, 3.48 and
9.24 N cm�1, respectively [53,54]). This phenomenon is also noted
by Linati et al. [55], however the study was on the role of zinc
rather than magnesium in a similar glass series. However, it is
interesting to note that magnesium and zinc are similar ions with
respect to charge and ionic radius, 0.72 Å and 0.74 Å accordingly,
and it is suggested that the two behave in a similar manner within
glass systems [56].

Fig. 9 highlights the behaviour of TEC values with a slight in-
crease after 20 mol.% substituted magnesium, attributed to magne-
sium entering the network and the weakening of the glass
structure allowing greater thermal expansion. Appen’s predictions
for decreasing thermal expansion with the substitution of the high-
er polarising magnesium are also plotted in Fig. 9.

The experimental deviation from Appen’s trend at >20 mol.%
can be ascribed to the change in the structural role of magnesium
oxide, from a modifier to an intermediate oxide through the series.



Fig. 7. Differential Thermal Analysis (DTA) traces for the magnesium substituted series of glasses. Increasing magnesium content from ICIE1 (top) to ICIE1-25 Mg to ICIE1-
100 Mg to ICIE1-50 Mg to ICIE1-75 Mg (bottom).
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Fig. 8. Graph of glass transition temperature, Tg (bottom line) and softening
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the decreasing trend in Tg and Ts with magnesium substitution.
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Fig. 9. Graph of experimental thermal expansion coefficients, (TEC) (top) and
Appen’s predictions (bottom) against percentage of magnesium substituted. This
illustrates the difference between Appen’s predicted decreasing trend and the
experimental increase in TEC with magnesium substitution.
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Fig. 10 illustrates the experimental density values along with
Doweidar’s predicted density values. Doweidar postulated that
the density of a glass can be correlated with the volume of its
structural units using the conventions of the Qn units, with the
addition of network modifying oxides to calculate the density of
a glass [5,36,57].
As magnesium is substituted for calcium, the smaller ionic ra-
dius [58] and lighter molar mass result in the observed decrease
in bulk glass density. This agrees with Doweidar’s predictions, con-
firming that the glasses are predominantly Q2 in structure. Devia-
tions however are observed from >20 mol.% which could be
assigned once again to the change in structural role of magnesium,
switching from a modifier to an intermediate through the series.

The substitution of magnesium for calcium is seen to result in a
directly proportionate relationship with oxygen density (Fig. 11).

This could be attributed equally to the effect of magnesium as a
modifier, the higher polarising power due to the charge-to-size ra-
tio of Mg, binding to the NBOs more closely, or magnesium taking
part in the silicate network, with the resultant loss of NBOs. It is
important to note that, on entering the network, magnesium
would act to weaken the network and to simultaneously decrease
the number of NBOs and increase NC. It is argued, however, that
the lower bond strengths would contribute to the oxygen density
to a much smaller extent than the loss in NBOs.

According to Fig. 12 crystallisation temperature linearly in-
creases with increasing MgO content. Noticeably at low MgO con-
tent there is a sharp pronounced crystallisation peak, which
reduces in magnitude and broadens as the MgO content increases.
Indeed at 100% magnesium substitution there seems to be no evi-
dence of crystallisation.

It is suggested that magnesium suppresses crystallisation. Crys-
tallisation of a bioactive glass is known to inhibit its bioactive
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properties due to the lower reactivity of the crystalline state and
increased resistance to the ion exchange reaction [59]. Realising
that magnesium acts to inhibit crystallinity is extremely important
with respect to the bioactivity of the glass structure. Properties
such as Tg and Tc are also critical for the engineering of bioactive
glasses with a large window between Tg and Tc essential in ensur-
ing that the glasses sinter well without crystallisation. The exper-
imental decrease in Tg and increase in Tc with magnesium
substitution resulting in a large sintering window, also noted by
Brink [18] is again extremely beneficial with respect to bioactive
glass design for biological implants.
4. Conclusion

Glasses were designed with a systematic substitution of CaO for
MgO, on a molar basis, with constant network connectivity
throughout the series.

The 31P MAS NMR spectra illustrated a single symmetric reso-
nance with a chemical shift range in the region of 8.2–12.7 ppm
corresponding to the existence of an orthophosphate environment.
No evidence existed for Si–O–P bonding within the bioactive glass.
A downfield shift, towards a sodium orthophosphate type species,
was observed on substitution of magnesium, implying preferential
association of sodium ions with the phosphate phase.

The 29Si MAS NMR data demonstrated the presence of a pre-
dominant Q2 structure (�79 ppm) with a progressive shift to a
Q3 structure (�90 ppm) with increasing MgO substitution. This
provided evidence for magnesia acting more as an intermediate
oxide than a modifier, with a proportion entering the silicate net-
work as tetrahedral MgO4 species.

Analysis of the physical properties further supported this
hypothesis with a decrease in Tg and Ts and increase in TEC all high-
lighting the move to a much weaker glass structure with the sub-
stitution of magnesium. Both density and TEC values were
observed to stray from their relative models (Doweidar and Appen,
respectively) at >20 mol.% substitution implying that magnesium
oxide is switching from a modifier to an intermediate through
the series.

It is concluded that there is evidence that part of the magne-
sium oxide is acting as a network intermediate and entering the
silicate network (�14% in the glasses studied). It is suggested that
MgO can only switch to the role of an intermediate oxide in highly
disrupted silicate glasses, of which bioactive glasses are an exam-
ple – this hypothesis, however warrants further investigation.
The effect on the bioactive behaviour is a necessary extension to
this work and in the case of this series of glasses is currently under
investigation. It is suggested that the intermediate nature of MgO,
and its polymerising effect, would ultimately act to decrease the
resultant bioactivity. However, it was also discovered that magne-
sium acts to aid the sintering window or ‘working range’ (Tx � Tg)
and suppress crystallisation, both very beneficial properties with
respect to bioactivity.

Although magnesium is an element often found within bioac-
tive glasses there is little understanding of the composition–struc-
ture–property relationships within such compositions. This study
has enabled us to gain an insight into such relationships, however
further investigation and clarification on its structural behaviour
and resultant effect on bioactivity is essential.
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Abstract The suitability of Glass Polyalkenoate Cements

(GPCs) for use in orthopaedics is retarded by the presence

in the glass phase of aluminium, a neurotoxin. Unfortu-

nately, the aluminium ion plays an integral role in the

setting process of GPCs and its absence is likely to hinder

cement formation. However, the authors have previously

shown that aluminium free GPCs may be formulated based

on calcium zinc silicate glasses and these novel materials

exhibit significant potential as hard tissue biomaterials. To

further improve their potential, and given that Strontium

(Sr) based drugs have had success in the treatment of

osteoporosis, the authors have substituted Calcium (Ca)

with Sr in the glass phase of a series of aluminium free

GPCs. However to date little data exists on the effect SrO

has on the structure and reactivity of SrO–CaO–ZnO–SiO2

glasses. The objective of this work was to characterise the

effect of the Ca/Sr substitution on the structure of such

glasses, and evaluate the subsequent reactivity of these

glasses with an aqueous solution of Polyacrylic acid

(PAA). To this end 29Si MAS-NMR, differential scanning

calorimetry (DSC), X-ray diffraction, and network

connectivity calculations, were used to characterize the

structure of four strontium calcium zinc silicate glasses.

Following glass characterization, GPCs were produced

from each glass using a 40 wt% solution of PAA (pow-

der:liquid = 2:1.5). The working times and setting times of

the GPCs were recorded as per International standard

ISO9917. The results acquired as part of this research

indicate that the substitution of Ca for Sr in the glasses

examined did not appear to significantly affect the structure

of the glasses investigated. However it was noted that

increasing the amount of Ca substituted for Sr did result in

a concomitant increase in setting times, a feature that may

be attributable to the higher basicity of SrO over CaO.

Introduction

Glass polyalkenoate cements (GPCs), used in dentistry for

restorative purposes [1, 2], are usually formed by the

reaction of a fluoro-aluminosilicate glass with an aqueous

solution of polyalkenoic acid, usually polyacrylic acid

(PAA). The acid attacks and degrades the glass structure,

releasing metal cations into the aqueous phase of the set-

ting cement. Once in the aqueous phase, these cations are

cross-linked by the carboxylate groups on the PAA chains

and form a cement with a microstructure consisting of

reacted and unreacted glass particles embedded in a

hydrated polysalt matrix [3, 4].

Commercial GPCs are conventionally based on alu-

minium glass chemistry [4]. Aluminium is present because

it can isomorphically replace SiO4 tetrahedra within the

glass structure, causing local charge imbalances within the

structure, thus increasing the acid degradability of the glass

[5]. However, aluminium has been identified as a potent
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neuro-toxin due to its ability to disrupt both cellular

calcium homeostasis [6–8] and promote cellular oxidation

[9]. It has been implicated in degenerative brain disorders

like Parkinson’s and Alzheimer’s disease [10–15]. Further

to these issues, the use of aluminium containing GPCs for

reconstructive otoneurosurgery [16] and total hip replace-

ment [17] has produced negative results; in one case patient

death [18]. The removal of aluminium within the glass

phase of a GPC is critical if such materials are to be

employed for skeletal applications.

The authors have previously shown that bioactive GPCs

can be formulated using glasses from the ZnO–CaO–SiO2

ternary system, because zinc has the ability to work as both

a network modifier and an intermediate oxide in a similar

way to alumina [19, 20]. Far from acting as a neurotoxin

like aluminium, the release of zinc from such cements is

likely to have positive effects in vivo as it can increase the

DNA of osteoblasts [21], resulting in increased bone mass

[22]. Zinc is required for the correct functioning of the

immune system, and has also been shown to impart anti-

bacterial properties to GPCs. Zn-GPCs therefore have

considerable potential as hard tissue replacement materials.

It is possible to incorporate strontium (Sr2+) into the

glass structure on a substitutional basis for Ca2+, as their

respective ionic radii are similar [23]. The beneficial effect

of Sr2+ on both diseased and healthy osseous tissue is well

documented. Nielsen [24] noted that strontium shares some

of the same physiological pathways as calcium. For

example, Sr sustains secretion of insulin as a response to

glucose and is also effective in mediating cell uptake of

glucose, roles usually performed by calcium.

Sr has been used in the treatment of osteoporosis for

the last 40 years [25], and has numerous beneficial

effects on bone [26]. Studies have shown that Sr2+

enhances the replication of pre-osteoblastic cells, and

stimulates bone formation in cells and calvarial cultures

in vitro [27]. Furthermore, clinical trials have shown that

the administration of strontium ranelate enhances cell

replication and bone formation in vivo [24]. Dahl et al.

[26] also note that the administration of Sr to rats (as

strontium ranelate or strontium chloride) is associated

with increased osteoid and osteoblast surfaces, resulting

in increased bone-forming sites. Consequently, strontium

administration reduces the incidence of hip fractures and

vertebral compression fractures in postmenopausal oste-

oporosis patients [28]. Further to increased bone forma-

tion, evidence has been presented to indicate that Sr also

acts as an uncoupling agent in the bone remodelling

cycle, apparently diminishing osteoclastic turnover, while

maintaining or enhancing osteoblastic activity [26]. It is

likely therefore that the release of Sr from hard tissue

biomaterials will have a positive effect on bone forma-

tion. Indeed, Johal et al. [29] who examined the in vivo

response of Sr2+ and Zn2+ containing, aluminium-based

GPCs showed that the cements containing a high mole

fraction of Sr were the most osteoconductive of all

cements. However, the effect of substituting calcium

with strontium ions in ionomer glasses has not been fully

investigated; in terms of both glass structure, and

reactivity.

Nicholson [30] has previously shown that SrO added as

dry powder to a GPC formulation resulted in decreased

setting times at low levels (5 wt%), and increased

compressive strengths. However, at higher levels SrO

decreased compressive strengths. Unfortunately the study

did not investigate SrO as a glass component—which is an

imperative point for consideration.

The purpose of this research was to fully characterize a

series of ionomeric glasses where SrO incrementally

replaces CaO within the glass network, and then to

evaluate the reactivity of these glasses when mixed with an

aqueous solution of PAA.

Materials and methods

Glass preparation

Appropriate amounts of analytical grade silica, zinc oxide,

strontium carbonate and calcium carbonate were weighed

out and mixed in a ball mill (1 h), then dried in an oven

(100 �C, 1 h). Each batch was then transferred to a mullite

crucible for firing (1480 �C, 1 h). The glass melts were

shock quenched into water, and the resulting frit was dried,

then ground and sieved to retrieve <45 lm glass powder.

Glass powders were then annealed at 650 �C for 3 h, and

subsequently used for glass characterization and production

of cements. Table 1 shows the chemical composition (mole

fraction) of the glasses used.

Thermal characterisation of glasses

A combined differential thermal analyser-thermal gravi-

metric analyser (DTA-TGA, Stanton Redcroft STA 1640,

Rheometric Scientific, Epsom, England) was used to

measure the glass transition temperature (Tg) of each glass.

A heating rate of 10 �C min–1 (up to 1,000 �C) was used.

Materials were tested in an air atmosphere with alumina as

a reference in a matched platinum crucible.

Structural characterisation of glasses

Network connectivity

The network connectivity (NC) of the glasses was calcu-

lated with Eq. 1 using the molar compositions of the glass.
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NC ¼ No: BOs� No: NBOs

Total No: Bridging species
ð1Þ

Where:

NC = Network Connectivity

BO = Bridging Oxygens

NBO = Non-Bridging Oxygens

X-ray diffraction

Powdered samples of each glass were pressed to form discs

(32 mm ˘ · 3 mm). Ethyl cellulose was used as a backing

material. Samples were analysed using CuKa1 radiation

emitted from an Xpert MPD Pro 3040/60 X-ray diffraction

unit (Philips, Eindhoven, Netherlands).

Magic Angle Spinning Nuclear Magnetic Resonance

(MAS-NMR) Spectroscopy

Powdered samples of each glass were examined by 29Si

MAS-NMR. The measurements were conducted at a res-

onance frequency of 39.77 MHz using an FT-NMR spec-

trometer (DSX-200, Bruker, Germany). The spinning rate

of the samples at the magic angle was 5 kHz for 29Si. The

recycle time was 2.0 s. The reference material used to

measure the chemical shift was tetramethylsilane.

Cement preparation and evaluation

Ciba speciality polymers (Bradford, UK) supplied PAA,

coded E9, in aqueous solution (25%m/w). E9, with a

number average molar mass Mn of 26,100 [31], was freeze-

dried, ground and sieved to retrieve a <90 lm powder.

Cements were prepared by thoroughly mixing the 2 g of

glass powder (<45 lm) with 0.6 g PAA powder and 0.9 ml

distilled water on a glass plate. This yielded a cement based

on a P:L ratio of 2:1.5, and a PAA concentration of

40 wt%. Complete mixing of cements was undertaken

within 30 s. Working times were defined as ‘‘the period of

time, measured from the start of mixing, during which it is

possible to manipulate a dental material without an adverse

effect on its properties’’. [32]. The net setting time was

measured in accordance with ISO9917E [32].

Results & discussion

The glasses synthesized in this work were designed using

network connectivity calculations, where, the determina-

tion of NC for each glass assumes (based on previous

research by the authors [33]) that Zn2+ predominantly plays

a network-modifying role in CaO–ZnO–SiO2 glasses. The

series was designed such that glasses would be structurally

identical to one another (NC = 1.83), and thus facilitate

investigating the effect Sr2+ on the rheology of resultant

cements.

XRD & DTA results

X-ray diffraction patterns obtained from each glass (Fig. 1)

indicate that all glasses are amorphous, with the exception

of glass BT101 which exhibits a small degree of crystal-

linity. The diffractogram for BT101 indicates the presence

of hardystonite, the only ternary compound on the relevant

Ca–Zn–Si phase diagram. The phase separation of this glass

is likely due to processing conditions, which vary slightly

during glass production. However, irrespective of the partial

crystallinity evident in Glass BT101, all glasses exhibit Tg

values within 5 �C of each other (mean Tg = 674 �C;

deviation from mean = 2 �C). These results indicate that

the glasses in the series are structurally similar.

29Si MAS-NMR results

29Si MAS-NMR was performed to probe the local envi-

ronment of the 29Si isotope in each glass. The 29Si MAS-

NMR results (Fig. 2/Table 2) indicate that the glasses in

the series are structurally similar, save for the decreased

peak width associated with BT101, a feature attributable to

Table 1 Glass compositions (mole fraction)

Glass code SrO CaO ZnO SiO2

BT 100 0 0.16 0.36 0.48

BT 101 0.04 0.12 0.36 0.48

BT 102 0.08 0.08 0.36 0.48

BT 103 0.12 0.04 0.36 0.48
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Fig. 1 X-ray diffraction patterns for glasses BT100–BT103
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the partial crystallinity of the glass. The 29Si MAS-NMR

spectra for each glass (Fig. 2) exhibit a large broad peak at

around –70 to –100 ppm for each glass. The chemical shift

observed for silicon in a four co-ordinate state is between –

60 and –100 ppm [34] indicating that the Si in each glass

examined is in a tetrahedral configuration. The chemical

shift however depends on the number of NBOs present in

the glass. Increasing the number of NBOs moves the peak

in a positive direction, whilst increasing the number of next

nearest neighbour Si atoms moves the peak in a negative

direction. It is accepted that Si resonance’s occurring at

~86 ppm are associated with Q3 species, and resonances at

~78 ppm are associated with Q2 structures [35] Oliveira

et al. [36] have indicated that 29Si resonances between –60

and –83 ppm have also been associated with the Q0/1

structural unit. In the literature Q2 structures are known to

resonate at –78.9 ppm [35], This shows that the substitu-

tion of Ca2+ with Sr2+ in the glass network does not affect

the glass structure, presumably due to their similar ionic

radii [23].

The peaks recorded for the glasses in this work are

broad, a feature commonly associated with 29Si MAS-

NMR spectra. Lockyer et al. [37] have shown that two

resonances corresponding to different Q structures can

overlap and merge into one peak. Furthermore, Stamboulis

et al. [38] have reported peaks widths of –80 to –120 ppm

for commercial ionomeric glasses, while Jones et al. [39]

report peak widths between –80 and –110 ppm. Given the

width of the peaks for each glass and the precedence for

peak merging in the literature, it is assumed that this fea-

ture is the result of an assortment of Qn structures present

within each glass network.

Accepting that the 29Si peaks for each glass implicate

the presence of a variety of Qn structures in the network it

is fair to conclude, based on the NC calculations and the

corroborating chemical shift data that Q2 structures are

pervasive in the glass network. This data is important for

three reasons; in the first instance it demonstrates that all

the glasses produced in this study are similar, and so a fair

analysis of the effect of Sr2+ can be made when analysing

the rheology of cements produced from each glass. In the

second instance, it can be stated that the replacement of

CaO with SrO in the glass formulation does not affect the

resultant glass network up to additions of 0.12 mole frac-

tion in the glasses examined. This is evinced by the fact

that there is no appreciable change in the 29Si chemical

shift data or Tg values across the series. Finally, the data

herein indicates that the Zn2+ ion is predominantly a net-

work-modifying ion in CaO/SrO–ZnO–SiO2 glasses; and

as such substantiates previous reports by the authors [33],

which have indicated similarly.

Cement working times and setting times

At this stage it must be emphasized that all glasses are

structurally very similar, and that the only variable present

is the increasing SrO:CaO ratio across the series. Figure 3

illustrates the working time and setting time of cements

produced from each glass, each data point being the

average of three tests.

It can be seen that the working times and net setting

times of cements produced from respective glasses

decreases with increasing substitution of SrO for CaO in

the glass, and that this decrease is not due to increased

disruption of the glass network. Therefore the decreased

working/setting times must be due to some feature inde-

pendent of the network structure. A possible explanation

for the decreased working/setting times might be found in

the decreased electronegativity of Sr when compared to Ca.

Elements with lower electronegativity tend to form oxides

Fig. 2 29Si MAS-NMR spectra for glasses BT100–BT103

Table 2 Illustrates decreasing

working/setting time for the

glass series, irrespective of the

structural similarity between the

glass networks

Glass

designation

Working

time (s) (SD)

Net setting

time (s)

NC Tg (�C) Mean chemical

shift (ppm)

Predominant Qn

Distribution

BT100 48 (2.5) 103 (2.8) 1.83 672 –80 Q2

BT101 42 (1.1) 114 (5.29) 1.83 675 –84 Q2

BT102 32 (0.6) 78 (6.8) 1.83 674 –81 Q2

BT103 24 (2.6) 60 (9.81) 1.83 677 –81 Q2
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which are more basic than elements with higher electro-

negativity values. In support of this point the literature

indicates that CaO is a moderate base while SrO should be

considered a strong base [40]. It is accepted that the

reactivity of a glass towards acid depends on its acid base

properties [3], and that increased basicity of the glass

increases its reactivity with the acid component of GPC

formulation. It is the contention of the authors that the

mechanism behind the decreased working/setting times

associated with Sr substituted Ca–Zn–Si glasses is due to

increased basicity of the glass network due to Sr inclusion.

Conclusions

The substitution of Sr for Ca in the CaO–ZnO–SiO2 glasses

examined did not appear to have any effect on the con-

nectivity of the network, as illustrated by the negligible

effect the substitution has on Tg’s and Qn distributions of

each glass. Furthermore, the likely reason for concomitant

decreases in working/setting times with increased SrO

substitution is likely attributable to increased basicity of the

Sr containing glasses. Further work is under way to eval-

uate the effect of the Sr substitution on the mechanical and

biological properties of GPCs derived from these glasses.
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