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The chemical durability of glass is a topic that, while being actively important for 

identifiable applications such as nuclear waste containment and bioactive glasses, is 

imperative to understand for predicting the long-term performance of both everyday and 

cutting-edge technological glass applications. Multicomponent glasses containing multiple 

network-forming oxides (i.e. SiO2, B2O3, Al2O3, P2O5) comprise the vast majority of 

technologically-relevant glasses whose behavior in surrounding chemical environments 

must be well-predicted. These glasses, however, typically have significant compositional 

and structural complexity which complicates the development of straightforward models 

to understand their chemical durability. Given the intricacy of this topic and its 

multifaceted importance for technological glass applications, it is vital to move from an 

understanding based upon simple composition-dependent models to those based upon 

composition-structure-property relationships. The necessity for a deeper knowledge of this 

topic has been propelled by the notion that understanding the relationships between the 
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glass chemistry and their structure at the atomic level will help us in unearthing the 

fundamental mechanisms of glass corrosion. Based on this viewpoint, this research aims 

to elucidate the fundamental science governing the aqueous corrosion of multicomponent 

oxide glasses. With this goal in mind, this research focuses on understanding composition-

structure-chemical durability relationships in simplified ternary and quaternary glass 

systems and addressing some of the remaining fundamental challenges / open questions 

relating to glass corrosion. Accordingly, glasses designed in the Na2O-B2O3-SiO2, Na2O-

Al2O3-B2O3-SiO2, and Na2O-P2O5-B2O3-SiO2 systems have been the subject of this 

research. 

 Dissolution studies of sodium borosilicate glasses indicate that thermal history 

dictates the glass structure and dissolution rate, as the methodology used to quench the 

glass was shown to impact the dissolution rates by 1.5× to 3×, depending on the 

composition and molecular structure variations. Studies of the corrosion behavior of wide-

ranged sodium aluminoborosilicate glass compositions in acidic environments display that 

stepwise B2O3 substitutions into nepheline (NaAlSiO4) glass, although causing non-linear 

changes in glass structure network structural features, lead to strikingly linear increases in 

the forward dissolution rate in acidic environments resulting from similar aqueous 

corrosion mechanisms. The strengths of MAS NMR and MD simulations converge to 

develop an in-depth understanding of the short- and intermediate-range structural features 

in the sodium borosilicate and sodium phospho-borosilicate glass systems. Furthermore, 

through careful compositional design in these systems, it is shown that the structural drivers 

of glass dissolution can be uncovered, which can be applied to develop novel borosilicate 

bioactive glasses with controlled ionic release. Studies on a sodium borosilicate glass 
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dissolved in multiple solution environments display that buffer solution chemistry impacts 

dissolution behavior, where kinetics are controlled by acid/buffer composition in the 

solution. Future work recommended for this topic involves (i) the development of 

quantitative structure-property relationships (QSPR) from further exploration of the 

chemical durability of complex mixed network-former glasses and (ii) understanding the 

kinetics and fundamental mechanisms of glass corrosion from in situ studies or high-

resolution examination of the reactive interface/gel layers.  

  

Keywords: Bioactive glass; Dissolution; Thermal history; Structure; Chemical durability; 

Solution chemistry 
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Chapter 1. Introduction  

1.1  Significance of understanding the chemical durability of glasses 

The chemical durability of glass is a topic that, while being actively important for 

identifiable applications such as nuclear waste containment and bioactive glasses, is 

imperative to understand for predicting the long-term performance of both everyday and 

cutting-edge technological glass applications.1 Multicomponent glasses containing 

multiple network forming oxides (i.e. SiO2, B2O3, Al2O3, P2O5) comprise the vast majority 

of technologically-relevant glasses whose behavior in surrounding chemical environments 

must be well-predicted, given their use in a wide range of commercial glasses which may 

necessitate either inherently high chemical durability or carefully controlled dissolution 

behavior.2-7 These glasses, however, can have significant compositional complexity due to 

their ability to incorporate many different components into their structure, where each 

component contributes its part to the glass structure and resulting aqueous corrosion 

behavior. For this reason, a progression in the understanding of the chemical dissolution 

behavior of glasses in aqueous solutions has proceeded from simple composition dependent 

(analytical or geochemical) models8-12 to those based on composition-structure-property 

relationships.13-17 This evolution has been propelled by the notion that understanding the 

relationships between the chemical composition of glasses and their structure at the 

atomistic level will help us in unearthing the fundamental mechanisms of glass corrosion.  

However, despite the ongoing strenuous effort in this direction, our predominant reliance 

on empirical data from literature does not currently put us in a position to develop 

scientifically robust and statistically accurate models to predict the chemical dissolution 

behavior of glasses. This may be attributed to the fact that individual investigations have 
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approached these problems with specific aims that are best suited for their targeted 

application and desired goals (i.e. biological for bioactive glasses and geochemical for 

nuclear waste glasses). This divergence in approach does not facilitate the creation of a 

holistic dataset in which predictive models of glass corrosion can be developed which 

elucidate composition-structure-chemical durability relationships in multicomponent 

oxide glasses. Thus, it is imperative to generate comprehensive glass dissolution datasets 

across a wide composition-space which can provide the basis for predictive model 

development, and can in turn facilitate and significantly expedite the process of designing 

novel glasses and chemical treatments (i.e. chemical strengthening and isochemical 

etching).1  

1.2 Current understanding of the basic mechanisms controlling aqueous corrosion 

of glasses 

As glass is brought in contact with aqueous solutions, several physico-chemical 

processes occur simultaneously near the glass-fluid interface and in solution. Early models 

by Boksay18 and Doremus19 in the 1960s and 1970s, respectively, which discussed silicate 

glass–water interactions were based on diffusion kinetics and focused on developing a 

more quantitative description of alkali release and the elemental concentration profiles in 

the hydrated layers as observed in aqueous corrosion experiments. Although these early 

models described the inter-diffusion process well for simple alkali silicate glasses, the 

application of a simplified diffusion kinetics model for describing the elemental release 

behavior of multicomponent silicate glasses has not been successful. Since then, a 

considerable and dedicated effort has been made to understand the kinetics and governing 

mechanisms of glass corrosion. Silicate glasses, which are undoubtedly the most well-
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studied oxide glass system, are observed to exhibit two (or sometimes three) main stages 

of dissolution (as displayed in Figure 1): (I) forward rate regime, marked by rapid linear 

elemental release, and (II) residual rate regime, characterized by slow, steady release from 

the glass.20,21 Stage III, which only occurs in rare scenarios/conditions, involves a sudden 

resumption and acceleration in elemental release behavior. These kinetic trends are 

observed in most glasses, however, there is still no complete consensus on the basic 

mechanisms of glass dissolution explaining the aforementioned trends, particularly those 

which apply to a wide composition space.  

The most recent literature on this subject debate two basic mechanisms for silicate 

glass corrosion: (i) the classical multi-step inter-diffusion-based mechanism and (ii) the 

interfacial dissolution–re-precipitation mechanism (IDPM).22 The former describes the 

mechanism of corrosion as a multi-step process that includes the release of mobile glass 

modifying cations (such as Na+) through ion exchange with protons in solution to form 

Figure 1.1. Elemental release profile over time for typical 

silicate glasses 
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hydrated Si-OH bonds (forming an inter-diffusion layer), followed by the protonation and 

hydrolysis of bridging bonds (i.e., Si-O-Si or Si-O-Al) and restructuring of the hydrated 

silica network into a gel layer via re-polymerization reactions.19,20,23,24 The IDPM, on the 

other hand, suggests that glass corrosion proceeds as an inward-moving reaction front in 

which all bonds at the glass–fluid interface break and are immediately re-precipitated to 

form an amorphous gel layer.22 The supersaturated water at the interface not only promotes 

alkali/alkaline-earth release from the glass but in fact releases all elements in the outermost 

surface layer only to reorganize as a secondary phase of network forming species such as 

Si and Al.22 Both models agree that the “rate drop” from the rapid forward rate regime to 

a pseudo-equilibrium residual rate regime primarily occurs as a result of gel layer 

formation; however, their fundamental disagreement lies in the manner by which this layer 

develops.  While the classical inter-diffusion-based mechanism has been widely accepted 

in the glass community, recent studies using highly advanced analytical techniques to track 

the gel layer characteristics suggest that a basic mechanism describing silicate glass 

corrosion may be more complicated than assumed in either individual mechanisms, with 

high dependence upon glass composition and surrounding leaching conditions.24-26 This 

highlights the necessity to perform further studies using advanced techniques and a wide 

composition-space to elucidate and converge on the fundamental mechanisms governing 

aqueous corrosion of glasses. 

1.3 Challenges and open questions in understanding the chemical durability of glass 

In the preface to the technical details of the proposed doctoral research, we must 

emphasize that although the topic of glass corrosion has been studied for a long time, it is 

riddled with a variety of complexities that makes a holistic understanding deceptively 
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difficult. Glass corrosion is controlled by several intrinsic and extrinsic parameters, where 

the former includes glass composition, structure, and reactive surface area and the latter 

includes parameters such as temperature, pH, saturated vs. unsaturated conditions, solution 

chemistry, and flow rate. To effectively study the chemical dissolution behavior of glasses, 

each of the aforementioned variables must be carefully controlled and accounted for 

throughout corrosion experiments. However, experiments in place that probe chemical 

durability can be plagued by potential complications including vital aspects such as surface 

preparation, method of glass synthesis, glass/media combinations, characterization, and 

evolution of solution concentration. Likewise, a majority of the literature attempting to 

understand the chemical durability of glasses covers only a limited range of silicate-based 

compositions in neutral-to-alkaline media, which do not allow for the development of a 

unifying model of aqueous corrosion behavior which applies to a large composition-space 

and range of aqueous media. Based on our experience and relevant literature on these 

topics, we review in the following at least four considerations and/or open questions that 

need to be carefully navigated to unearth the mechanisms governing chemical durability of 

glasses and accurately understand composition-structure-property relationships. 

(1) Thermal history: The thermal history of glass is known to have a significant influence 

on the chemical reactivity its surface,27 as dictated by the impact that changes in fictive 

temperature have upon bulk/surface atomic structure as well as the tendency towards phase 

separation.28-29 Changes in glass structure and speciation as a function of thermal history 

have been well-documented. For example, the cooling/quenching rate of melts through the 

glass transition range has been shown to significantly influence the structural coordination 

of boron30 and alkali clustering31 in borosilicate glasses. Phase separation in glasses often 
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leads to unique and unpredictable macroscopic properties.32,33 Interestingly, a recent 

literature review finds numerous studies where glasses of different thermal histories have 

been used to study glass corrosion, with the embedded assumption in the composition-

dependent dissolution models that the solid being modeled comprises a single phase (i.e. 

assumes no phase separation).34  

 (2) Pushing the boundaries of glass corrosion literature: Upon a thorough literature 

review, a large fraction of the aqueous corrosion studies performed have focused on silicate 

glass chemistries in neutral-to-alkaline environments, owing to their relevance in the fields 

of nuclear waste immobilization and biomaterials.35,36 Significantly fewer studies, 

however, have aimed to understand glass corrosion either (i) in acidic media or (ii) of 

glasses rich in non-silicate glass-forming species. The handful of studies that discuss 

corrosion of silicate glasses in the acidic regime are mainly based upon a narrow set of 

glass chemistries37-46 and, to our knowledge, the literature on the corrosion of borate- or 

phosphate-rich glasses in acidic media is non-existent. Moreover, studies aiming to unearth 

the fundamental science governing the dissolution behavior of glasses rich in non-silicate 

oxides in aqueous media are particularly scarce. For example, a minimal number of 

research articles devoted to studying the mechanisms governing the dissolution behavior 

of multi-component borate glasses in aqueous solutions have been published in the last five 

decades.47-56 Similarly, although phosphate glasses have been used successfully in a wide 

range of technological applications,57-62 there are very few papers that have tried to unearth 

the kinetics and mechanisms controlling the dissolution behavior of phosphate glasses in 

aqueous solutions.63-67 Accordingly, since there is still no complete consensus on the basic 

mechanisms of glass dissolution which apply to a wide composition space and across 
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aqueous media, it is vital to “bridge the gap” (1) from silicate-rich to non-silicate-rich 

glasses and (2) from neutral to acidic dissolution media, to provide an overarching view of 

corrosion behavior which applies to technologically-relevant or potentially-relevant (yet 

unexplored) oxide glass compositions across a full range of pH environments. 

(3) Structural design of novel glasses: Since glass chemistry and molecular structure are 

so intimately tied to a glass’s chemical durability,68,69 it is vital to understand the structural 

drivers of aqueous dissolution to design novel glasses with a controlled chemical 

resistance. As an example, third generation bioactive glasses are designed such that, when 

in contact with body fluids, the glass provides (i) structural support (i.e. scaffolding) to 

provide binding sites for the onset of regenerated human tissue and (ii) ionic dissolution 

products which release from the glass into the body to stimulate specific and wide-ranging 

biological responses.36,70,71 Thus, the design of novel glasses with tunable release behavior 

requires a thorough understanding of structure–solubility relationships. However, the 

predominant reliance in the literature on a traditional “trial-and-error” approach, as 

opposed to a “materials-by-design” approach (as laid out in the White House’s Materials 

Genome Initiative72), has made it difficult to design novel glasses using a systematic 

approach. Thus, adopting a “materials-by-design” approach in which the strengths of 

rigorous experimental datasets combined with computational methods can facilitate the 

generation of predictive models in which a novel glass’s functions and properties can be 

predicted from first principles. Therefore, to design and predict the chemical durability of 

a novel glass based upon its chemistry,16 a new degree of conceptual understanding of the 

glass systems of interest is required, which involves comprehensive experimental data and 

an understanding of the compositional and structural drivers of glass dissolution. 
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(4) Influence of solution chemistry – Buffered vs. Non-buffered solutions: The 

influence of pH on the dissolution kinetics and congruency of extraction in borosilicate and 

aluminosilicate glasses has been well reported in the literature.38,42,73,74 To adequately 

control pH during dissolution experiments, buffered aqueous solutions comprising 

mixtures of both organic and inorganic salts have been used in many such studies across 

many glass applications.11,13,73,75,76 This has a significant impact, however, on the 

interpretation of corrosion data, as the impact of such additives on the dissolution behavior 

of glasses has been largely ignored or unverified. For example, the tendency of organic 

anions to form complexes with aluminum ions and borate species (formed either at the 

glass surface or in the contact solution) has been well documented.77-79 Accordingly, it has 

been observed that glasses exposed to buffer solutions with the same pH but different 

dissolved constituents undergo noticeably distinct dissolution behavior.80-84 Similarly, the 

presence of alkali ions in the contact solution (from NaOH or other alkali containing 

salts)74,85 will not only affect its ionic strength but will also slow down the process of 

chemical dissolution by shifting the equilibrium of ion exchange reaction (≡Si – O – Na + 

H3O
+ ⇋ ≡Si – OH + Na+ + H2O) towards the left in glasses sharing the common cation 

(e.g. Na-containing glasses, in this example). To understand the influence of pH on the 

dissolution kinetics of glasses, it is essential to choose aqueous solutions in which solution 

chemistry has a minimal impact on the chemical dissolution behavior.  

1.4 Summary of contents 

This doctoral thesis focuses on systematically exploring ternary and quaternary 

mixed network former glass systems (Na2O-B2O3-SiO2, Na2O-Al2O3-B2O3-SiO2, Na2O-

P2O5-B2O3-SiO2), such that for each system we can generate a comprehensive dataset 
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combining information on short- and medium-range order glass structure with their 

dissolution behavior across a range of compositions and structural regimes. Along with the 

pursuit of understanding composition-structure-chemical durability relationships in mixed 

network former systems with wide-ranged compositions, we consider and explore specific 

experimental challenges previously observed in the literature, with specific emphasis on 

unearthing the impact of glass thermal history, glass surface structure and chemistry, and 

the influence of solution pH and chemistry upon glass corrosion, as described for each 

chapter below. 

Chapter 2 focuses on understanding the impact of thermal history upon molecular 

structure and dissolution behavior of sodium borosilicate glasses. The choice of study is 

made based upon literature suggesting that thermal history can affect both chemical 

reactivity of surfaces as well as glass structural characteristics. Additionally, a thorough 

literature review reveals that glasses prepared with significantly different thermal histories 

(i.e. water quenched vs. quenched and annealed) have been synthesized and studied for 

dissolution experiments with similar aims. However, uncertainty still exists concerning if 

glasses with varied thermal history will behave similarly when in contact with aqueous 

environments. To address this topic, glasses are synthesized with varying B2O3/SiO2 ratio 

in the Na2O-B2O3-SiO2 ternary system including two binary end-members. Each glass is 

synthesized using two separate routes: (1) splat quenching between two copper plates and 

(2) quenching on a metallic plate, followed by annealing to remove all residual stress. The 

aim is to synthesize glasses with the same compositions but different fictive temperatures. 

The effect of thermal history upon glass structure and fictive temperature is quantified 

using 23Na, 11B, and 29Si magic angle spinning – nuclear magnetic resonance (MAS NMR) 
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spectroscopy and differential scanning calorimetry (DSC) through our collaboration with 

Corning, Inc. Rigorous dissolution experiments at constant sample surface area-to-solution 

volume (SA/V) are performed on these samples in DI water, in which glass structural 

changes and liquid evolution are tracked using X-ray diffraction (XRD), Fourier transform 

infrared spectroscopy (FT-IR), pH measurements, inductively coupled plasma – optical 

emission spectroscopy (ICP-OES). We find that the methodology of preparing the glass 

significantly impacts the glass structure and dissolution behavior, as the methodology used 

to quench the glass was shown to impact the dissolution rates by 1.5× to 3×, depending on 

the composition and molecular structure variations. The research work has been published 

in Acta Biomaterialia (Stone-Weiss et al., Acta Biomater. 65 436-449 (2018)). 

Chapter 3 focuses on understanding the corrosion of silicate-based glass 

chemistries over a broad composition space in the acidic pH regime. This choice of study 

is made since the majority of literature on glass corrosion is focused on silicate glass 

chemistries in the neutral-to-alkaline aqueous regime owing to its relevance in the fields of 

nuclear waste immobilization and biomaterials. However, understanding the corrosion of 

glasses in the acidic pH regime is essential for glass packaging and touch screen electronic 

display industries. A thorough literature review on this topic reveals only a handful of 

studies that discuss acid corrosion of silicate glasses and their derivatives—these include 

only a narrow set of silicate-based glass chemistries. Accordingly, this study focuses on 

understanding the corrosion mechanisms governing metaluminous (Na/Al = 1) Na2O-

Al2O3-B2O3-SiO2 glasses in acidic environments (pH = 0-4) across a wide composition-

space (ranging from SiO2-rich to B2O3-rich compositions), with particular emphasis on 

understanding the reactions taking place near the glass–fluid interface. Using state-of-the-
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art characterization techniques including MAS NMR spectroscopy (performed in 

collaboration with Corning, Inc.), Rutherford backscattering, X-ray photoelectron 

spectroscopy (XPS), and elastic recoil detection analysis (ERDA), it is shown that stepwise 

B2O3 substitutions into nepheline (NaAlSiO4) glass, although causing non-linear changes 

in glass structure network structural features, leads to strikingly linear increases in the 

forward dissolution rate in acidic environments. While the glasses undergo congruent 

dissolution in the forward rate regime, the residual rate regime displays evidence of 

preferential extraction near the glass surface (i.e., enrichment in aluminum content upon 

corrosion through AlO4→Al(OH)3 evolution) implying that dissolution–re-precipitation 

processes may occur at the glass–fluid interface in both B2O3-rich and SiO2-rich glass 

compositions—albeit with vastly dissimilar reaction kinetics. The research work has 

recently been published in Physical Chemistry Chemical Physics (Stone-Weiss et al., Phys. 

Chem. Chem. Phys. 22 1881-1896 (2020)). 

Chapters 4 and 5 focus on the structural design of borosilicate bioactive glasses, 

which have emerged as potential candidates as third generation bioactive glasses due to the 

potential advantages they possess as compared to silicate-based compositions. To develop 

novel borosilicate bioactive glasses, it is critical to understand composition-structure-

degradation behavior relationships in this system, covering a wide range of compositions 

and properties with significant structural complexity. This study focuses on understanding 

the structure (Chapter 4) and degradation behavior (Chapter 5) of glasses in the Na2O-

P2O5-B2O3-SiO2 system. Specifically, we explore the effect of incremental additions of 

P2O5 into perboric (R = Na/B; R < 1), metaboric (R = 1), and per-alkaline (R >1) glass 

compositions. In Chapter 4, the glass structure before degradation is rigorously explored 
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using both experimental and computational methods, including advanced single and double 

resonance MAS NMR techniques, MD simulations, and DFT calculations based on 

advanced algorithms. NMR experiments presented are performed in collaboration with 

Prof. Hellmut Eckert at the University of São Paulo in São Carlos, Brazil and Dr. Randall 

Youngman at Corning, Inc., meanwhile computational work is performed in collaboration 

with Prof. Alfonso Pedone at the University of Modena and Reggio Emilia in Modena, 

Italy. We observe in these studies that P2O5 tended to attract the network former species 

preferentially, resulting in a re-polymerization of the silicate and a re-structuring of the 

borate components. These processes eventually lead to phase separation and crystallization 

of sodium phosphate, at levels above 3 mol. % to 7 mol. %, respectively, in the peralkaline 

and perboric glasses investigated. 11B{31P} rotational echo double resonance results 

indicate that the ability of glasses to incorporate P2O5 without phase separation is related 

to the formation of P-O-B(IV) linkages that are integrated into the borosilicate glass 

network. In Chapter 5, selected glasses are studied for their degradation behavior in model 

bodily environments (pH = 7.4; 37 ºC) by tracking elemental release characteristics and in-

depth structural details during dissolution using ICP-OES and MAS NMR, among other 

spectroscopic techniques. Through these studies, we meaningfully attribute the effects that 

specific structural features have upon degradation behavior, giving insight into the 

structural features desired in glasses tuned to particular biomedical applications. 

Combining the studies performed in Chapters 4 and 5, a comprehensive understanding of 

compositional and structural drivers of glass degradation in the studied system is developed 

which can be utilized to facilitate the design of novel borosilicate bioactive glasses. 
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Chapter 6 focuses on understanding the impact that buffer solution chemistry has 

upon glass dissolution behavior. In particular, the buffer solutions most commonly used in 

near-neutral environments across many glass applications in literature are Tris-based 

(C4O3NH11, in combination with acids such as HCl or HNO3). Tris buffer solutions are 

commonly chosen as aqueous media for dissolution studies since these solutions are 

effective in maintaining a constant solution pH in the absence of dissolved cations (i.e. Na+ 

or Ca2+) which can convolute experimental results due to solution feedback effects. 

However, Tris has a well-known tendency to complex with boron, which results in a 

significant impact on the dissolution kinetics of borosilicate glasses, which are important 

to a range of applications, including bioactive glasses and glasses for nuclear waste 

containment. Since the present consensus in the glass community is that Tris-based 

solutions are the best choice when studying this pH regime, our study focused on 

understanding the impact of Tris solution chemistry upon dissolution behavior of a sodium 

borosilicate glass. Accordingly, the present study focuses on the dissolution behavior of a 

sodium borosilicate glass in Tris-based (pH 7-9) solution environments with varied Tris 

concentrations (0.01 – 0.5 M) and acid identities (HCl vs. HNO3). Elemental release and 

structural evolution are tracked using ICP-OES, liquid NMR, and MAS NMR 

spectroscopies. MAS NMR data is collected at Corning, Inc. We determine in this study 

that the identity of acid used in Tris-based solutions does not significantly impact 

dissolution behavior, however, increased contents of Tris in solution were observed to 

suppress glass dissolution tendencies. Notably, we are not able to determine the presence 

of Tris-boron complexes in the solution above room temperature, thus bringing into 
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question the formerly proposed complexation mechanism by which Tris was suggested to 

impact borosilicate dissolution kinetics. 

 Chapter 7 provides a summary of the key conclusions of this doctoral research, 

while Chapter 8 discusses the recommendation for future work. 
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Abstract 

The past decade has witnessed a significant upsurge in the development of borate and 

borosilicate based resorbable bioactive glasses owing to their faster degradation rate in comparison 

to their silicate counterparts. However, due to our lack of understanding about the fundamental 

science governing the aqueous corrosion of these glasses, most of the borate/borosilicate based 

bioactive glasses reported in the literature have been designed by “trial–and–error” approach. With 

an ever-increasing demand for their application in treating a broad spectrum of non-skeletal health 

problems, it is becoming increasingly difficult to design advanced glass formulations using the 

same conventional approach. Therefore, a paradigm shift from the “trial–and–error” approach to 

“materials–by–design” approach is required to develop new-generations of bioactive glasses with 

controlled release of functional ions tailored for specific patients and disease states, whereby 

material functions and properties can be predicted from first principles. Realizing this goal, 

however, requires a thorough understanding of the complex sequence of reactions that control the 

dissolution kinetics of bioactive glasses and the structural drivers that govern them. While there is 

a considerable amount of literature published on chemical dissolution behavior and apatite-forming 

ability of potentially bioactive glasses, the majority of this literature has been produced on silicate 

glass chemistries using different experimental and measurement protocols. It follows that inter-

comparison of different datasets reveals inconsistencies between experimental groups. There are 

also some major experimental challenges or choices that need to be carefully navigated to unearth 

the mechanisms governing the chemical degradation behavior and kinetics of boron-containing 

bioactive glasses, and to accurately determine the composition–structure–property relationships. In 

order to address these challenges, a simplified borosilicate based model melt-quenched bioactive 

glass system has been studied to depict the impact of thermal history on its molecular structure and 

dissolution behavior in water. It has been shown that the methodology of quenching of the glass 

melt impacts the dissolution rate of the studied glasses by 1.5× to 3× times depending on the 

changes induced in their molecular structure due to variation in thermal history. Further, a 

recommendation has been made to study dissolution behavior of bioactive glasses using surface 

area of the sample – to – volume of solution (SA/V) approach instead of the currently followed 

mass of sample – to – volume of solution approach. The structural and chemical dissolution data 

obtained from bioactive glasses following the approach presented in this paper can be used to 

develop the structural descriptors and potential energy functions over a broad range of bioactive 

glass compositions. 

Keywords: bioactive glass; dissolution; thermal history; structure.  
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2.1 Introduction 

The approach to accelerate materials discovery and development by enabling 

“materials–by–design”, as laid out in White House’s Materials Genome Initiative (MGI),1 

is highly promising from the viewpoint of developing third generation resorbable bioactive 

glasses, especially considering the advancements made in using computational models to 

predict glass structure and properties.2,3 Boron-containing bioactive glasses (borates and 

borosilicates), which undergo faster degradation rates (than silicates) when in contact with 

physiological fluids, are potential candidates for design and development of third 

generation bioactive glasses.4-10 However, there are two major challenges that retard the 

pace of development of resorbable borate/borosilicate based bioactive glasses – (1) lack of 

reliable computational models to predict the structure–property relationships in these 

glasses over a wide compositional space,11 (2) lack of knowledge of the fundamental 

science and rigorous experimental data pertaining to corrosion of these glasses in aqueous 

solutions. It follows that most of the boron containing bioactive glasses reported in the 

literature (including the most well-known 13-93B3 glass10) have been designed by a “trial–

and–error” approach, with partial or complete replacement of SiO2 by B2O3 in 45S5, 13-

93 or other silicate glass compositions.7,12 While strenuous efforts are being made to 

develop scientifically robust computational models for predicting structure–property 

relationships in borate/borosilicate glasses,13,14 there is a dearth of rigorous experimental 

datasets on chemical dissolution (or biodegradation) of boron-containing bioactive glasses 

to validate these models. 

From the perspective of collecting rigorous experimental datasets to establish 

structure – property relationships in borate/borosilicate based bioactive glass, it is 
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necessary to recognize that while the degradation behavior of bioactive glasses has been 

studied for a long time, it is riddled with complexity that makes a holistic understanding 

deceptively difficult. For example, the majority of data published to date has been produced 

on silicate bioactive glass chemistries using a variety of experimental and measurement 

protocols. As a result, inter-comparison of different datasets reveals inconsistencies 

between experimental groups. This issue has also been highlighted in a recent round robin 

study by Macon et al.,15 where the authors recommended that the community adopt a 

standardized experimental procedure to support the evaluation of dissolution mechanisms 

and in vitro bioactivity. The presence of boron in glasses further complicates the situation, 

as the experimental and measurement protocols developed for studying chemical 

dissolution behavior of silicate-based bioactive glasses may not be directly extended to 

study the dissolution behavior of boron-containing glass chemistries. Based on our 

experience and relevant literature, in the following section we briefly describe the major 

experimental challenges or choices that need to be carefully navigated to unearth the 

mechanisms governing the aqueous corrosion of boron-containing bioactive glasses and 

accurately determine their composition–structure–property relationships. 

(1) Impact of methodology of glass synthesis – alteration in composition and thermal 

history: Most of the commercial bioactive glasses (including 45S5 Bioglass) are 

synthesized using the melt-quench technique. During the synthesis of glasses, one crucial 

aspect that is not carefully considered is the method for quenching the melt. There are 

several studies reported in the literature where glass melts have been quenched in water 

(see references16-25). While rapid quenching of the glass melt is required to prevent 

devitrification, the quenching of a bioactive glass melt in water results in significant 
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changes in its surface chemical composition. Cerruti et al.26 demonstrated that the pH of 

deionized water increases from 6 to 10 in 30 seconds after 0.3 g of 45S5 Bioglass is 

immersed in 200 mL of water. This observation suggests the rapid release of alkali ions 

into water, even during brief exposures, thus risking significant changes to the glass melt 

surface composition of specimens. The chemical degradation and alteration in the glass 

composition will be even more severe in the case of boron-containing glass melts quenched 

in water, for example, see references.27-29 This unintentional error can result in significant 

differences between batched and experimental glass compositions—facts which are rarely 

considered during analysis of results, translating to irreproducible results and potentially a 

flawed interpretation. Accordingly, alternative routes for rapid quenching of glass melts—

for example splat quenching between two metallic plates—need to be adopted to maintain 

consistency between batched vs. experimental glass compositions.  

Another crucial aspect that is highly governed by the methodology of glass 

synthesis is the thermal history. The thermal history of a glass is known to have significant 

influence on the chemical reactivity of a glass surface,30-31 as dictated by its impact on 

bulk/surface atomic structure (vis-à-vis, changes in fictive temperature), as well as the 

tendency towards phase separation.32-33 In particular, boron coordination in glasses is 

known to be highly sensitive to their chemical composition and thermal histories.34-35 A 

thorough literature review reveals numerous studies where bioactive glasses with different 

thermal histories have been synthesized and studied, for example quenching of glass melt 

in water16-25 vs. splat quenching between metallic plates36-37 vs. quenching on a metallic 

plate followed by annealing.22,23,25,38-40 While quenching of melts (e.g. in water, or between 

two metallic plates), is bound to generate residual stresses in the glasses, approaches to 
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alleviate these stresses are not always done effectively or in a standardized manner. Figure 

2.1 presents an image of a sodium aluminoborosilicate glass (under polarimeter) after 

casting of the melt on a metallic plate followed by annealing. The colored fringes seen in 

Figure 2.1a demonstrate the level of residual stress after annealing the glass at a 

temperature corresponding to Tg–50 °C (where, Tg is the glass transition temperature as 

obtained from differential scanning calorimeter), as is usually done in most of the studies 

reported in the literature. On the other hand, Figure 2.1b presents an image of the same 

glass (under polarimeter) after complete removal of residual stress by annealing at ~Tg-50 

°C for several hours and slow-cooling from this temperature, while also properly 

accounting for sample thickness. Figure 2.1c illustrates a borosilicate glass which has been 

splat-quenched between metallic plates; stress-induced birefringence bands of varying 

magnitudes can be seen throughout the glass. These residual stresses in glasses have been 

shown to have significant impact on their degradation rate in aqueous solutions.41,42 

Variations in annealing protocol thus potentially introduce additional complexity when 

comparing dissolution behavior of bioactive glasses, even with similar compositions 

processed through different routes. 

(2) Surface area – to – volume ratio (SA/V) vs. mass – to – volume ratio: Generally, 

the literature on chemical dissolution studies of glasses in aqueous solutions can be divided 

into two categories based on the type of glass specimen used—i.e. powder or monolith—

and wherein the majority of studies focus on powdered glass samples.15,19-23,43,44 While 

powdered specimens offer certain practical advantages and can provide useful information, 

these experiments can be subjected to complications that lead to significant error.45 To date 

there is still no complete consensus in the bioglass community on criteria to select the 
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powdered samples for dissolution studies. While ISO 23317:2014 suggests to follow the 

approach of surface area (SA) of sample – to – volume (V) of simulated body fluid (SBF) 

as a criterion to calculate the amount of sample required to study the in vitro bioactivity, a 

recent round robin study by TC04 (International Commision on Glass Technical 

Committee on biomedical glasses) members has suggested the mass of sample (M) –to– 

volume (V) of solution (M/V) ratio as the best practice to study the apatite-forming ability 

of bioactive glasses in vitro.15 Most of the literature on bioactive glasses follows the 

approach of using M/V ratio to study their dissolution behavior and in vitro bioactivity. 

Although convenient, this approach does not account for the glass density and influence of 

particle size on the rate of chemical degradation of bioactive glasses, therefore making it 

difficult to compare the results from different studies.46 As per our literature review, glass 

powders with particle sizes varying between <5 m – 700 m have been used for studying 

dissolution behavior and in vitro bioactivity.18,22,23,25,47-53 In our opinion, designing 

experimental protocols on the basis of SA/V ratio are more appropriate, as it allows for  the 

glass dissolution kinetics to be studied (when correlated with elemental analysis of 

solutions), which is difficult with the M/V ratio approach. It is worth noting that the SA/V 

approach has its own challenges, as also highlighted by Macon et al.15—one example being 

that geometric SA methods approximate glass particles as spherical, underestimating the 

SA due to the angularity of ground glass powders. However, it has also previously been 

demonstrated that a careful and rigorous methodology to calculate geometric SA of glass 

powders based on the sieve size fraction provides an adequate estimate of the actual SA 

within the range of typical testing uncertainities.54-56 In this study, we have used an 
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approach to measure the geometric SA of glass powders using optical microscopy and 

image processing software (ImageJ). 

(3) Choice of dissolution solution: Most of the in vitro dissolution studies reported in the 

literature use buffer solutions like SBF or Tris-HCl to study chemical degradation of 

bioactive glasses in order to maintain constant pH and simulate the conditions of body 

plasma. While serious concerns are being raised about the validity of SBF tests and 

hydroxyapatite-forming ability on glass surfaces being the marker of bioactivity,57,58 the 

choice of other buffer solutions (for example, Tris-HCl) can have a pronounced impact on 

the dissolution behavior of bioactive glasses. For example, Tris-HCl—a widely used buffer 

solution—does not exhibit a significant impact on dissolution behavior of boron-free 

bioactive glass chemistries (for example, 45S5, 13-93). However, it has been shown to form 

a Tris-boron complex (in the stoichiometry of 1:1) with boron-containing glass chemistries, 

thus increasing the degradation rate of these glasses by at least 8 times (when compared 

with glass degradation in Tris-free buffer solution).59 Another problem with using 

biological buffers like SBF is that these solutions are already calcium- and phosphate-rich. 

The affinity of phosphate chains in SBF to chelate with divalent calcium thus extracts 

calcium from the hydrated layer of glass (if CaO is present in the glass) into SBF solution, 

and results in the deposition of apatite and calcium carbonate phases on the altered glass 

surface.60,61 The deposition of crystalline phases acts as a barrier over the hydrated layer, 

limiting the diffusion of molecular water into the bulk glass.60 Similarly, the presence of 

alkali ions common to both the glass and the contact solution (from NaOH or other alkali 

containing salts) will affect the solution ionic strength. With the goal of understanding the 

genuine material dissolution kinetics of bioactive glasses and linking to structure, it is 
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essential to choose aqueous solutions that minimize the impact of solution chemistry on 

dissolution. Such a foundational understanding can then be expanded upon with studies in 

more complex biological-simulant systems. 

(4) Static tests vs. dynamic tests: Historically, the majority of dissolution studies on 

bioactive glasses have been performed in static media,15,19,22,43,62,63 while more recent 

literature suggests the use of continuous flow mechanism based on single pass flow through 

(SPFT) tests in order to mitigate or control solution feedback effects observed in the 

former, and mimic the in vivo chemical degradation behavior of glasses.40,56,64,65 According 

to a round robin study (coordinated by Argonne National Laboratory) comparing static 

dissolution tests vs. SPFT tests for studying forward dissolution rate, the general practice 

of neglecting solution feedback effects in SPFT tests (which are small but not insignificant) 

can lead to some uncertainty in this approach.54 According to this report, static tests, if 

performed carefully, provide an easier and economical alternative to continuous flow tests 

for measuring the forward dissolution rate of glasses.54 Although dissolved glass 

components will accumulate over time in static tests, the rate at which they accumulate and 

their effect on the rate can be minimized with very low (optimized) SA/V ratios and short 

test durations (t) for a given glass—in other words, with customized experiments designed 

to restrict the solution concentration of dissolved species to a low-but-measurable range 

far from saturation, where rate-suppression effects are minimized. 

 With the aforementioned perspective, the work presented in this paper is focused 

on proposing a rigorous approach to understand the dissolution behavior and kinetics of 

boron-containing bioactive glasses from the fundamentals of glass structure. Accordingly, 

a borosilicate-based model bioactive glass series has been studied in the ternary system 
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Na2O-B2O3-SiO2 (Figure S1) where glasses with varying thermal histories have been 

synthesized to demonstrate their impact on the structure and dissolution behavior. The 

borosilicate glass system has been selected because of its high potential for application in 

bone regeneration and tissue engineering.9,36,66,67 The incorporation of P2O5—a typical 

component of bioactive glasses–to the studied glass system has been avoided, since CaO-

B2O3-P2O5-SiO2 and Na2O-B2O3-P2O5-SiO2 based quaternary systems have limited glass 

forming regions.68-71 Additionally, while most bioactive glasses contain CaO as a major 

component, we have chosen a glass system devoid of calcium due to the following reasons:  

(i) Glasses have not been designed in the Na2O-CaO-B2O3-SiO2 system to avoid 

competition between two network modifying cations (Na+ and Ca2+) for charge 

balancing BO4- units, as this would introduce additional complexity to the 

structural and chemical interpretation of dissolution results. 

(ii) Glasses could have been designed in the CaO-B2O3-SiO2 system, but this glass 

system does not have as extensive of a glass forming region as the Na2O-B2O3-

SiO2 system (Figure S1). For example, it is difficult to obtain both the binary 

end-member glasses in the CaO-B2O3-SiO2 system. Moreover, CaO, though an 

important component (favors osteoblast proliferation, differentiation and 

extracellular matrix mineralization), is not a necessary component of bioactive 

glasses and other bioceramics. CaO-free bioactive glasses72-74 and 

bioceramics75,76 have also been proposed in the literature. 

The dissolution experiments have been performed in deionized (DI) water at a temperature 

of 65 °C in order to expedite the reaction processes. This protocol deviates from the more 

typical 37 °C condition common to bioglass studies, though the same design of experiments 
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can also be implemented at 37 °C. Similar dissolution experiments to study degeradation 

behavior of phosphate-based bioactive glasses in DI water at 98 °C have been reported in 

literature.77-79 The choice of dissolution medium was made considering that DI water does 

not chelate or form complexes with glass dissolution products to alter the degradation rates. 

The importance of studying interactions between bioactive glasses and DI water has been 

highlighted by several other researchers.77-85 Further it is worth mentioning that although 

the present study is focused on melt-quenched glasses, the issues pertaining to choice of 

dissolution medium, using SA/V vs. M/V approach, and static vs. dynamic tests are also 

valid for sol-gel-based bioactive glasses. 

2.2 Experimental 

2.2.1 Synthesis of the glasses 

Glasses in the system 25 Na2O  x B2O3  (75-x) SiO2 (x between 0 – 75 mol.%) 

with constant Na2O/(B2O3 + SiO2) = 0.33 were synthesized using the melt-quench 

technique. High-purity powders of SiO2 (Alfa Aesar; >99.5%), H3BO3 (Alfa Aesar; ≥98%), 

Na2SiO3 (Alfa Aesar; >99%) and Na2CO3 (Fisher Scientific; ≥99.5%) were used as 

precursors. Batches corresponding to 50 g oxides were melted in Pt-Rh crucibles for 1 h in 

air, at temperatures ranging from 1200-1650 ºC depending on B2O3/SiO2 ratio in the glass 

composition. In order to elucidate the impact of thermal history, the glass melts were 

quenched by two routes: (1) splat quenched between two copper plates, so as to maximize 

fictive temperature and residual stress in the glass; versus (2) quenching on a metallic plate, 

followed by annealing to remove all residual stress (as shown in Figure 2.1). The procedure 

for annealing is described in the next section. Samples have been labeled as B–x–A, and 

B–x–Q, where x represents the batched B2O3 concentration while A and Q refer to annealed 
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and quenched, respectively. The amorphous nature of all glass samples was confirmed by 

X-ray diffraction (XRD) (PANalytical – X’Pert Pro; Cu Kα radiation; 2θ range: 10º–90º; 

step size: 0.01313º s–1). The concentration of SiO2 and B2O3 in synthesized glasses was 

determined by inductively coupled plasma – optical emission spectroscopy (ICP – OES; 

PerkinElmer Optima 7300V), while sodium concentration in experimental glasses was 

determined by flame emission spectroscopy (PerkinElmer Flame Emission Analyst 200). 

The concentration of B2O3 in glasses was analyzed by digesting the glass samples in a 1:1 

hydrofluoric acid to water matrix; meanwhile for SiO2 analysis, samples were mixed with 

known quantities of sodium tetraborate flux and digested by stirring in a 1:1 hydrochloric 

acid to water matrix. Each solution was analyzed via ICP-OES against a matrix matched 

blank and standard. With regard to sodium analysis, samples were digested in 

perchloric/hydrofluoric acid mixtures using multiple heating and drying cycles; samples 

were ultimately mixed into hydrochloric acid and analyzed via flame emission 

spectroscopy against matrix matched blanks and standards. Table 2.1 presents the 

experimental glass compositions. 
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(b)(a)

Figure 2.1. An image of a sodium aluminoborosilicate glass as seen under a polarimeter 

(a) after annealing at Tg
* – 50 °C for 1 h, and (b) after annealing at Tg – 50 °C for several 

hours. Figure 1c shows the image of a splat-quenched (between two copper plates) sodium 

borosilicate glass under a polarimeter. The colored pattern observed in the glass (when 

view through polarized light) is created by stress and is divided into zero, first, second, 

and third order fringes. This pattern is used to obtain approximate retardation values. 
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Table 2.1. Experimental compositions (mol.%) and density (g/cm3) of glasses. Note: The 

concentration of SiO2 was calculated by subtracting the sum of experimentally measured 

concentration of Na2O and B2O3 from 100, i.e. SiO2 = 100 – (Na2O + B2O3). 

 

2.2.2 Methodology of annealing the glasses 

The B-x-A series of glass melts were quenched on a metallic plate, followed by 

coarse annealing at temperatures corresponding to (Tg
* - 50) °C for 1 h, where Tg

* is the 

predicted glass transition temperature obtained from the SciGlass database.86 The annealed 

glasses showed polariscopic evidence of residual stress, like that shown in Figure 2.1a. The 

glass transition temperature of these glasses was subsequently measured using differential 

scanning calorimetry (DSC; STA8000, PerkinElmer Inc.) at a heating rate of 20 °C per min 

under a continuous flow of N2 gas (Pt pan, particle size of glass sample: 300 – 425 m). 

The glasses were then annealed again at temperatures 10-50 °C below their respective glass 

transition temperatures for several hours and then slow-cooled to remove all the residual 

stress and obtain glass samples as shown in Figure 2.1b. 

2.2.3 Glass transition and fictive temperature measurements 

The specific heat capacity (Cp) of the glass samples was measured utilizing a 

differential scanning calorimeter (DSC; NETZSCH Pegasus 404 C). The absolute value of 

Cp was determined by subtraction of the empty Pt crucible baseline and adjustment of the 

heat flow values based on sapphire standard runs and corresponding literature values. The 

 Annealed Quenched 

Glass Na2O B2O3 SiO2 Density Na2O B2O3 SiO2 Density 

B-0 24.0 -- 76.0 2.355±0.003 25.1 -- 74.9 2.331±0.006 

B-18.75 23.9 17.5 58.6 2.4588±0.0001 25.1 18.4 56.5 2.423±0.006 

B-37.5 25.0 37.1 37.9 2.4191±0.0009 25.1 37.2 37.7 2.386±0.003 

B-56.25 25.2 55.3 19.4 2.3167±0.0003 24.8 55.1 20.1 2.292±0.003 

B-75 25.2 74.8 -- 2.2044±0.0001 25.9 74.1 -- 2.183±0.002 
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enthalpic fictive temperature (Tf) of the samples was calculated by analysis of the 

temperature dependent specific heat capacity using the unified enthalpy matching 

method.87,88 First, glasses were heated from room temperature to the supercooled liquid 

region above the glass transition temperature, with a heating rate of 20 °C/min, to obtain 

the original thermal-history-dependent Cp curve. Then, glasses were held isothermally at 

the equilibrium supercooled liquid region for 2 minutes to erase their thermal history. After 

that, the glasses were cooled from the supercooled liquid to room temperature at a cooling 

rate of 20 °C/min. Finally, glasses were reheated from room temperature to the supercooled 

liquid region above the glass transition temperature at the heating rate of 20 °C/min to 

obtain the Cp curve dependent on the thermal history defined by the 20 °C/min cooling 

rate. The second Cp curve can be used to estimate the fictive temperature of the defined 

thermal history, applying Moynihan’s fictive temperature calculation method.89 The area 

between the two Cp curves corresponds to the enthalpy difference between the two non-

equilibrium states which is proportional to the fictive temperature difference. The fictive 

temperature of the original thermal history (quenched or annealed) was estimated by 

shifting the fictive temperature, as described by Guo et al.87 

2.2.4 Structural analysis 

The structure of both splat-quenched and annealed glasses has been studied using 

multi-nuclear magic angle spinning - nuclear magnetic resonance (MAS NMR) 

spectroscopy. The MAS NMR spectra of 11B and 23Na were acquired using commercial 

spectrometers (VNMRs, Agilent) and MAS NMR probes (Agilent). The samples were 

powdered in an agate mortar, packed into 3.2 mm zirconia rotors, and spun at 20 kHz for 

11B MAS NMR and 22 kHz for 23Na MAS NMR. 23Na MAS NMR data was collected at 
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16.4 T (185.10 MHz resonance frequency), using a 0.6 µs (~π/12 tip angle) pulse width for 

uniform excitation of the resonances. A range of 400 to 1000 acquisitions were co-added 

and the recycle delay between scans was 2 s.  11B MAS NMR experiments were conducted 

at 11.7 T (160.34 MHz resonance frequency), incorporating a 4 s recycle delay, short rf 

pulses (0.6 µs) corresponding to a π/12 tip angle, and signal averaging of 400 to 1000 scans. 

The acquired spectra were processed with minimal apodization and referenced to aqueous 

boric acid (19.6 ppm) and aqueous NaCl (0 ppm). Fitting of the MAS NMR spectra was 

performed using DMFit90 and, accounting for distributions in the quadrupolar coupling 

constant, the CzSimple model was utilized for 23Na MAS NMR spectra. The “Q MAS ½” 

and Gaus/Lor functions were used to fit 3- and 4-fold coordinated boron resonances in the 

11B MAS NMR data, respectively, and N4 was calculated from the relative areas of these 

peaks, with a small correction due to the overlapping satellite transition of the 4-fold 

coordinated boron peak.91 

29Si MAS NMR data were collected at 4.7 T (39.69 MHz resonance frequency) 

using a 5 mm MAS NMR probe.  Powdered samples were packed into 5mm zirconia rotors 

and all measurements were conducted using 5 kHz sample spinning.  Measurements were 

made with signal averaging of 320 to 2200 acquisitions, using /6 pulse widths of 1.4 s 

and recycle delays of 90 s.  29Si spectra were processed without additional line broadening 

and referenced to tetramethylsilane at 0.0 ppm. 

2.2.5 Chemical dissolution studies 

2.2.5.1 Surface area analysis 

The glasses were crushed and sieved to obtain powders with particle size varying 

between 300 – 425 µm. The powders were ultrasonicated in acetone to remove fines (i.e. 

fine powder). This process was repeated three times to ensure that all the fines sticking to 
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the surface of the larger glass particles were removed. The glass particles were dried 

overnight at 80 °C in ambient air and analyzed for any structural changes before and after 

acetone-washing using Fourier Transform Infrared (FTIR) spectroscopy. The IR spectra 

were acquired using a single-bounce diamond attenuated total reflectance (ATR) apparatus 

(FTIR-UATR, FrontierTM, Perkin Elmer Inc.; scanning resolution: 4 cm-1, 32 scans for 

background and samples). Geometric SA analysis of washed powders was performed using 

ImageJ software after capturing microscope of images of ~1000 particles per sample via 

an optical microscope (Zeiss Axioskop 40) at ~50X magnification. Figure S2 shows an 

optical microscope image of borosilicate glass particles used in this study for SA analysis. 

The high-contrast bright-field optical microscope images of the glass particles were 

analyzed by converting to grayscale and then applying a binary filter with custom intensity 

thresholds to capture particle edges. The two-dimensional (2D) SA projection and 

circularity of each particle was calculated from its displayed boundary outline as detected 

by ImageJ software. Further, using a spherical approximation of glass particles, the average 

three dimensional (3D) SA was calculated. These results were combined with experimental 

density values (measured using Archimedes’ method by measuring mass of sample in air 

and in an organic solution; number of samples per composition = 5; standard deviation 

<0.009 g cm-3) to determine the specific surface area of the washed powders (95% 

confidence interval: 4019-4453 mm2/g). Finally, the mass of glass particles corresponding 

to SA/V = 5 m-1, where V = 50 mL, was calculated. The suitability of the spherical shape 

approximation in this geometric SA measurement was verified by showing that most 

particle aspect ratios were near to 1, characteristic of a circle. Total uncertainty in SA in a 
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given experiment—based on the breadth of the particle distribution and density/mass 

error—was estimated to be on the order of 20%. 

2.2.5.2 Chemical dissolution Behavior in DI Water 

 The chemical dissolution behavior of glasses was studied by immersing 56.0 mg of 

acetone-washed glass particles in 50 mL of DI water, corresponding to a SA/V = 5 m-1. 

The powder – water mixtures were immediately sealed into sterilized polypropylene flasks 

and were placed in an oven at 65 °C. Parallel dissolution experiments were performed in 

time durations varying between 1 h to 14 days. In addition to analyses of neat (unused) and 

blank (glass-free) control solutions, all of the experiments were performed in duplicate to 

evaluate the uncertainty of final results. The glass powders remaining after dissolution 

experiments were dried for 2-3 days at 70 °C and then characterized by XRD and FTIR 

spectroscopy. The ATR-IR spectra were acquired using the same apparatus and procedure 

previously mentioned. The pH evolution of deionized water during glass corrosion was 

measured using a pH meter (Mettler Toledo InLab® Pro-ISM). The solutions obtained after 

dissolution experiments were chemically analyzed by inductively coupled plasma – optical 

emission spectroscopy (ICP-OES, PerkinElmer Optima 7300 DV). The normalized loss 

(NL) of sodium, boron and silicon ions from glasses into the DI water was calculated using 

equation (1),  

𝑁𝐿𝑖 =
𝐶𝑖

(
𝑆𝐴

𝑉
)𝑓𝑖

  (1) 

where Ci is the concentration of element i in the solution as detected by ICP-OES, and fi is 

the mass fraction of the element i in the glass. Normalized loss data was plotted against 

time and was linearly fit to determine Stage I dissolution rate.  
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  Statistical significance of ICP-OES data was determined by performing t-tests on 

duplicate normalized loss and dissolution rates. In each case, one tailed test was performed 

to test a significance level of p < 0.05 (95 % confidence) in order to compare elemental 

release values and assess the influence of thermal history upon Stage I dissolution kinetics 

(p values can be seen in Table 2.4).   

2.3 Results  

2.3.1 Glass formation 

All glasses synthesized during this study were transparent in appearance and 

verified as amorphous via XRD analysis (Figure S3). The experimental glass compositions, 

as analyzed by ICP-OES and flame emission spectroscopy, are in good agreement with 

their batched analogs (within ±1 mol. %) (Table 2.1). The stress levels in annealed and 

quenched glasses were analyzed using a polariscope. Based on the low level of stress-

induced retardation in annealed glass samples with thickness of ~5mm, residual stresses 

were estimated to be less than 100 MPa (as shown in Figure 2.1b). Meanwhile, quenched 

samples exhibited first- and higher-order fringes indicative of significant residual stresses, 

as shown in Figure 2.1c.  

2.3.2 Impact of thermal history on structure of glasses 

 Regarding compositional dependence of the glass transition temperature (Tg), 

initial addition of B2O3 (18.75 mol.%) in these glasses resulted in a substantial increase 

(~80 °C) in Tg values. However, further addition of B2O3 at the expense of SiO2 resulted 

in a monotonic decrease in the Tg of glasses. The glass transition temperature as a function 

of B2O3 content is shown in Figure S4. It is preferred to display in terms of configurational 

heat capacity (Cpconfig) to show the pronounced difference of the thermodynamics as a 
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function of glass composition. Cpconfig of the glasses was calculated by subtracting the 

vibrational heat capacity from the total heat capacity. Temperature dependent vibrational 

heat capacity throughout the glass transition range was estimated by the extrapolation of 

the Maier-Kelley fit92 of the glass heat capacity.   

 

Figure 2.2 presents the variation in fictive temperature (Tf) of both splat quenched 

and annealed glasses as a function of their B2O3 content. The fictive temperature 

corresponds to the temperature at which the structure of the equilibrium liquid freezes in 

the non-equilibrium solid. As expected, the Tf of all the quenched glasses was measured to 

be higher than their annealed analogues. However, a peculiar trend was observed with 

respect to variation of Tf as a function of SiO2/B2O3 ratio in glasses. While glasses in the 

silica-rich region of the Na2O–B2O3–SiO2 ternary system demonstrated a marked influence 

of thermal history on their Tf values; this difference decreased with increasing B2O3 
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Figure 2.2. Fictive temperature (Tf) as a function of 

experimental B2O3 (mol.%) content in glasses. 
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content. For example, Na2O–B2O3–SiO2 glass with 18.75 mol.% B2O3 exhibited a 

difference of ~46°C between the Tf values of quenched and annealed glasses, while binary 

Na2O-B2O3 glass had a difference of ~19 °C between its two versions. This behavior can 

be correlated to the evolution of the fragility index93 as a function of B2O3 content. The 

fragility index of the glass, which is defined by the temperature dependence of viscosity in 

the vicinity of the glass transition,93,94 is scaled linearly with the ergodicity breaking 

process.95 Upon quenching, fragile glass formers depart at a much faster rate than the strong 

glass formers96 and show pronounced non-exponential relaxation behavior.97 Heat capacity 

measurements can be used to make a comparison of thermodynamic fragility93 as a function 

of composition. The normalized jump of Cpconfig at the glass transition range is proportional 

to the fragility, while the normalized width of the glass transition (ΔTg/Tg) is inversely 

proportional to the fragility.98 The Cpconfig is an unscaled value93 and a rigorous 

normalization procedure requires additional thermodynamic data such as configurational 

entropy. However, the width of the glass transition can be normalized by the glass 

transition temperature. Figure S5 displays the Cpconfig of the three ternary glasses vs. 

temperature normalized by their glass transition temperatures. The temperature difference 

between the onset of the rise of the Cp at the glass transition and fall of the Cp at the glass 

transition was used to calculate the ΔTg and it is normalized by the Tg for each composition. 

Figure S6 shows the linear correlation between the fragility [(ΔTg/Tg)
-1] and fictive 

temperature change during the sub-Tg annealing of the glass. Thus, thermal history 

dependence should be evaluated as a function of the fragility of the glass forming liquid, 

which is controlled by the dimensionality of the network.  
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Table 2.2. Borate speciation in glasses as calculated from 11B MAS NMR (Standard 

deviation: ±1 %)  

 Annealed Quenched 

Glass N3 (%) N4 (%) N3 (%) N4 (%) 

B-18.75 22.4  77.6  30.3 69.7 

B-37.5 40.6  59.4  43.2 56.8 

B-56.25 53.4  46.6  55.6 44.4 

B-75 62.3  37.7  62.6 37.4 

 

In order to obtain further insight into impact of chemical composition and thermal 

history on the structure of glasses, 23Na, 11B, and 29Si MAS-NMR were employed. Figure 

2.3a presents the 11B MAS NMR spectra of glass B-18.75 (both annealed and quenched). 

The spectra show two main features, a broad doublet associated with BO3 units centered at 

~12 ppm and a peak at ~0 ppm attributed to BO4 units.32,99,100 The observed features in the 
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Figure 2.3. (a) 11B MAS NMR spectra of glasses B-18.75-A and B-18.75-Q. Samples were 

spun at 20 kHz and data was collected at 11.7 T. BO4 peak position (near 0 ppm) was 

quantified for all glasses in order to linearly fit data (b) based upon the model by Martens 

and Müller-Warmuth.104 
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11B spectra for the B-18.75 glasses are representative of all the glass samples discussed in 

this study. Table 2.2 provides the results of BO3 and BO4 fraction for all the glasses with 

varying SiO2/B2O3 ratio and thermal history (annealed vs. quenched). The concentration 

of BO4 units (N4) in these glasses varies between 37 – 78% (irrespective of thermal history), 

wherein, the glass with lowest B2O3 concentration (B–18.75) exhibited the highest N4 

value, while an increase in boron content resulted in a gradual decrease in proportions of 

BO4 unit. The BO4 peak position shows a slight positive shift with increasing B2O3 content, 

which, in glasses, is usually attributed to intermixing between SiO4 and BO4 units. Multiple 

Quantum MAS NMR (MQMAS) and Raman data on borosilicate glasses have shown BO4 

units to have higher tendency to mix (in 2Si-2B or 3Si-1B units) with silicate units than 

BO3 (either ring or non-ring variety).100-103 Thus, for SiO2-rich glasses, BO4 units exist 

more readily and chemical shift is more negative due to the increase in shielding as SiO4 

replaces BO3 with regard to BO4 linkages.104 The chemical shift data was fit using the 

model by Martens and Müller-Warmuth,104 where molar fractions of SiO2 and Na2O were 

used in equation 2 to predict BO4 chemical shift for any given composition.  

𝛿(𝐵𝑂4)/ppm = –3.4xSi+2.8xNa–0.62   (2) 

Figure 2.3b presents the comparison between experimental and model 11B (BO4) MAS 

NMR chemical shifts as calculated using equation 2. The linear relationship shown clearly 

demonstrates statistical mixing between silicate and borate groups. In other words, as the 

B2O3/SiO2 ratio increases, there are fewer silicate tetrahedra available to mix with BO4 

groups, and a concomitant increase in chemical shift as the next-nearest neighbor cations 

shift towards a higher fraction of trigonal B.  
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Table 2.3. Silicate speciation in glasses as calculated from a combination of 11B MAS 

NMR, analyzed glass compositions, and the calculated fraction of sodium as a network 

modifier. B-56.25A was assumed to be 100 % Q4 due to complete Na consumption as a 

charge compensator for N4. 

 Annealed Quenched 

Glass Q3 Q4 Q3 Q4 

B-0 63.3 % 36.7 % 67.1 % 32.9 % 

B-18.75 23.0 % 77.0  % 28.2 % 71.8 % 

B-37.5 6.0 % 94.0 % 8.2 % 91.8 % 

B-56.25 -- 100 % 1.4 % 98.6 % 

 

Figure S7 presents the 29Si MAS NMR spectra of glasses measured in this study. 

Due to the complications from Qn (Q is the degree of polymerization in silicate network 

and n is the number of bridging oxygen) resonances with different next-nearest neighbor 

distributions, the 29Si MAS NMR spectra of these glasses could not be de-convoluted. 

Therefore, the Qn speciation in the studied glasses was calculated by a combination of 

experimental values of N4 (from 11B MAS NMR), analyzed glass compositions, and 

calculated Na fraction acting as a network modifier.105-108 Table 2.3 presents the calculated 

silicate speciation for these glasses. In the binary sodium silicate glass (B-0), sodium is 

solely acting as a network modifier, thus creating non-bridging oxygen (NBO) in the 

silicate network. The silicate network of annealed glass B-0-A is dominated by 63.3% Q3 

units with the remaining 36.7% Q4. The introduction of B2O3 in the silicate glass network 

(B-18.75) resulted in a significant increase in the fraction of Q4 at the expense of Q3 units, 

while further increase in B2O3 concentration to 37.5 mol.% resulted in nearly full 

polymerization of the silicate network (94.0% Q4), and 56.25 mol.% resulted in complete 

polymerization (100% Q4). These results can be explained on the basis of the Dell, Yun 

and Bray model105-107 for structural speciation in borosilicate glasses, wherein the glass B-

18.75 has R (Na2O/B2O3) = 1.33, K (SiO2/B2O3) = 3, and R* (0.5 + K/16) = 0.69, while 
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glass B-37.5 has R = 0.66, K = 1, and R* = 0.56. According to Dell, Yun and Bray model 

[104], if R > R*, the majority of sodium is expected to create NBOs in the silicate glass 

network.104 On the other hand, for R ≤ R*, which is true for glasses B-56.25 and B-75, the 

alkali cations act as charge compensators for the four-coordinated boron atoms. These 

predictions can be validated by understanding the compositional dependence of 23Na MAS 

NMR spectra of annealed glasses as presented in Figure 2.4. The 23Na MAS NMR 

spectrum of binary Na2O-SiO2 glass exhibits a broad peak with a maximum at –4.7 ppm, 

and it shifts towards lower frequencies as B2O3 is substituted for SiO2. This shift implies 

an increase in average Na–O bond length or coordination number (CN)109,110 and a change 

in its structural role from network modifier to charge compensator.111 While sodium acts 

either completely or partially as a silicate network modifier in glasses with B2O3 content 

varying between 0-37.5 mol.%, it exclusively acts as a charge compensator in glasses with 

B2O3 >37.5 mol.%, as is evident from the featureless broad peaks with maxima at –11.8 

ppm shift for both B-56.25 and B-75 (see Figure 2.4). This trend can also be observed in 

the average coordination number of Na (as calculated using the formulas from Koller et 

al.110 and Tagg et al.112), which varies from ~5.35-5.70 as B2O3 increases from 0 to 37.5 

mol. % but holds constant at ~5.70 while sodium acts solely as a charge compensator in 

B2O3-rich compositions. 
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In terms of impact of thermal history on the structure of glasses, the most noticeable 

differences were observed in the borate speciation in SiO2 rich glasses (as shown in Table 

2.2). While the N4 in glass B-18.75 was higher in the annealed sample (B–18.75–A) vs. its 

quenched (B–18.75–Q) analog by ~8%, this difference gradually decreased with an 

increase in B2O3/SiO2 ratio, resulting in almost equal N4 in the two B-75 glasses. These 

results may be explained on the basis of higher melt viscosity of SiO2 rich glass 

compositions in comparison to their B2O3 rich analog. Therefore, rapid quenching of the 

SiO2 rich glass will result in more disordered structure (higher Tf), thus higher number of 

BO3 units. The other plausible reason for the minimal impact of thermal history on boron 

coordination in B2O3 rich glasses is the unavailability of oxygen atoms in the glass 

structure, normally required for the transformation of BO3 to BO4 units as shown in 

equation (3).113,114 
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Figure 2.4. 23Na MAS NMR spectra of 

annealed glasses. Samples were spun at 22 

kHz and data was collected at 16.4 T. 
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½Na2O + BØ3 = Na+ + BØ4
-  (3) 

2.3.3 Chemical dissolution behavior of glasses 

All dissolution experiments were monitored for pH and B, Na, and Si concentration 

in reacted solutions. Table S1 and S2 presents the pH, elemental concentration, and 

normalized mass loss (NL) evolution as a function of time and glass composition for both 

the annealed and quenched samples, respectively. Static experiments with B-0, B-18.75, 

B-37.5, and B-56.25 were conducted for 336 hours, whereas the experiments with B-75 

were conducted up to a maximum of 24 hours due to substantially faster dissolution rates. 

In the case of B-56.25 and B-75, the samples were completely dissolved at the end of the 

14-day experiments, which is indicative of the relatively rapid dissolution of these glass 

compositions. The complete dissolution of the glass volume introduces not only an 

artificial plateau in solution concentration, but also implies substantially varying SA over 

the course of the experiment, complicating its interpretation. As a result, we focus our 

discussion on dissolution behavior of the B-0, B-18.75, and B-37.5 glasses. We have 

separated this section into the following subsections: (1) pH and elemental release rates, 

(2) relationship between normalized dissolution and structure, and (3) influence of thermal 

history on dissolution behavior of glasses. 

2.3.3.1 Dependence of pH and normalized loss on composition and thermal history of 

glasses  

 As shown in Table S1, the pH increases for each sample, with the most rapid 

increase observed for binary sodium silicate (B-0) glass samples. The pH for the B-0 

sample increased from 5.8 to ~10 after 1 hour of immersion in deionized water, and 

continued to increase to ~10.7 after 12 hours of immersion. The observed pH increase for 
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the B-0 samples occurs because of an increase in the dissolved Na concentration. Sodium 

is being preferentially released in the annealed B-0 samples, evident by the greater than 3× 

increase in the normalized Na release (80.7 ±0.5 g/m2) in comparison to Si (26.6 ±2.8 g/m2) 

after 6 hours of immersion in deionized water. The preferential release of Na is the result 

of an ion-exchange reaction mechanism, where Na ions are being exchanged by dissolved 

hydronium ions in the glass structure.115,116 The aforementioned conclusion is also 

supported by the absorption band at ~1220 cm-1 in the FTIR spectra of reacted B-0-A and 

B-0-Q glass samples (Figure 2.5a) suggesting the formation of a Si–OH-rich hydration 

layer on the glass surface.19 The higher-wavenumber regions of the same FTIR spectra 

shared in Figure 2.5b and 2.5c also show the development of bands at ~1630 cm-1 and 

~3350 cm-1, associated with H2O bending modes and OH stretching, respectively.117 This 

is consistent with the formation of hydrated silica gel like layer (≡Si – O – Na + H3O
+ ⇋ 

≡Si – OH + Na+ + H2O) resulting from the exchange of hydronium ions for Na, typically 

characterized as Stage I of glass corrosion.118 In comparison to the B-0 samples, the 

solution pH for B-18.75 and B-37.5 samples increased from 5.8 to ~7.5 after 1 hour and up 

to 9.5 after 12 hours (Table S1). The difference in the magnitude of the pH increase 

between glass compositions with and without boron may be the result of two interrelated 

factors: (i) the boron being released from glass forms an acidic species in solution that 

serves to neutralize the alkalinity created by the release of Na ions, and/or (ii) Na ions are 

being preferentially released slower in these glass compositions relative to the sodium 

silicate composition because Na ions that were originally present at Si non-bridging oxygen 

sites in the glass structure are now serving to charge compensate for the BO4 units. A 

comparison of the average normalized loss for B (17.2 ±3.9 g/m2) and Na (16.8 ±2.6 g/m2) 
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for the annealed B-18.75 sample suggests congruent release of Na and B after six hours of 

immersion in deionized water, which is indicative of neutralization. However, B (204.5 

±1.2 g/m2) is being released 1.3× faster than Na (155.6 ±10.7 g/m2) from the B-37.5-A 

glass after six hours of immersion, indicative of slightly slower Na release relative to B, 

thus decreasing the pH and mitigating the effect of Na in solution. Similar results were 

obtained for the splat-quenched B-18.75 and B-37.5 analogues (Table S2). These results 

suggest that both processes may be occurring, and they are directly related to changes in 

glass composition and structure. 

 With regard to impact of thermal history on the dissolution behavior of glasses, in 

the binary sodium silicate glass (B-0), Si is being released 2.3× faster from quenched (74.1 

±11.5 g/m2) as compared to its annealed (33.2 ±3.1 g/m2) analogue after 12 h, while Na 

release occurs 1.1× faster in quenched than annealed (147.5 ±4.4 vs. 133.5±0.7 g/m2) 

during the same immersion time. Similarly, B-18.75 shows 1.5× (63.4 ±6.9 vs. 43.5 ±3.9 
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immersion in deionized water for 1 h, and 14 days.  
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g/m2) and 1.8× (73.8±5.9 vs. 41.4 ±2.9 g/m2) faster Si and Na release from splat-quenched 

vs. annealed glasses after 12 h of immersion. However, thermal history had minimal impact 

on the dissolution behavior of Si and B from glass B-37.5. The normalized mass loss of Si 

from glass B-37.5-A was 73.6 ± 9.3 g/m2 versus 99.1 ± 12.4 g/m2 for B-37.5-Q after 6 h of 

immersion in water, thus, demonstrating the equivalent normalized loss for the quenched 

sample. However, with increasing immersion time to 12 h, the Si normalized mass loss 

was measured to be 90.0 ± 19.4 g/m2 and 125.4 ± 5.0 g/m2 for B-37.5-Q and B-37.5-A, 

respectively, depicting slightly slower degradation of the quenched sample in comparison 

to its annealed analogue. With further increase in immersion time to 24 h and 72 h, the NL 

of Si was measured to be almost equal (24 h: 142.6 ± 0.3 g/m2; 72 h: 200.8 ± 3.8 g/m2) for 

both quenched and annealed samples. For boron, both annealed and quenched samples 

showed almost equal NL after 12 h of immersion in water, for example, 271.5 ± 10.1 g/m2 

after 12 h, and 269.9 ± 0.9 g/m2 after 24 h, thus, showing minimal impact of thermal history 

on their dissolution behavior. Here it needs to be highlighted that the normalized loss data 

for quenched vs. annealed glasses has been verified to be statistically dissimilar with p < 

0.05. 

2.3.3.2 Dependence of dissolution rates on composition and thermal history of glasses  

 To calculate the normalized dissolution rate, the averaged normalized loss data 

were plotted as a function of time (Figure 2.8), and a linear regression performed on the 

data collected from 6 to 24 hours. The slope of the line provides an estimate of the early-

stage normalized dissolution rate. An example of the regression is displayed in Figure 2.6 

for the glass B-0-A and the corresponding rates are provided in Table 2.4. These fits should 

only be considered estimates, since (many of) the curves, like Figure 2.6, showed some 
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evidence of nonlinear release and a non-zero intercept at t=0, and none of the fits were 

constrained to pass through (0,0). These limitations with fitting NL data with a single rate 

have been well-described in the literature.119,120 Similar to the normalized loss, the average 

fitted rate of Na (4.1 g/[m2 h]) is higher than Si (2.5 g/[m2 h]), indicative of preferential Na 

extraction. Further, it is well known that for borosilicate glasses dissolved under alkaline 

conditions, one-unit increase in pH can result in as much as one order of magnitude increase 

in the normalized dissolution rate.121,122 Due to this significant influence of pH on the rate 

of glass dissolution, direct comparison of the annealed and quenched samples is difficult 

because the pH evolution for the individual experiments was different (see Table S1 and 

S2). Therefore, to evaluate the influence of structure on the normalized dissolution rates, 

all rates were adjusted to a pH of 9.0 using equation 3.122-123 

log10 rF = log10 rI + (9 – pHT)     (3) 

In equation 3, rF is the pH-adjusted rate in g/(m2 h), rI is the unadjusted rate in g/(m2 h),  

is the pH power law coefficient, and pHT is the measured pH of test solution. Here we 

assumed a typical literature value for the pH power-law coefficient of 0.40 for all glass 

compositions.122 For example, the glass B-0-A had an unadjusted Si normalized dissolution 

rate of 2.5 g/(m2 h) at an average pH of 10.6 ±0.3 and an adjusted dissolution rate (at pH 

9.0) of 0.6 g/(m2 h). Table 2.4 presents the unadjusted and pH-adjusted rates for B, Na, and 

Si. Briefly, the pH adjustment resulted in a change in normalized loss rate between 1.2×−4× 

in magnitude. These results have been discussed in detail in the discussion section. 

 

 



51 

 

 

 

Table 2.4. Average unadjusted and pH-adjusted release rate (g/[m2 h]), respectively, based 

on B, Si, and Na release for both quenched and annealed samples. p values were calculated 

to assess significance of rate differences with varying thermal history. 

Note: The value of p < 0.05 depicts that the change between dissolution rate of a particular 

species from annealed vs. quenched glass is significant. 

 

 

 

Unadjusted Release Rate, g/(m2h) Statistical Comparison 

  Annealed Quenched p values 

Glass Avg. pH B Si Na B Si Na B Si Na 

B-0 10.6±0.2 -- 2.5±1.6 4.1±0.0 -- 3.6±1.1 5.2±2.3 -- 0.259 0.291 

B-18.75 9.3±0.4 3.1±0.1 2.7±0.1 2.2±0.2 7.2±0.5 5.3±1.2 4.9±0.6 0.004 0.043 0.011 

B-37.5 9.2±0.1 19.6±0.8 9.8±0.2 16.7±0.6 20.1±0.6 6.6±2.2 13.7±0.3 0.274 0.088 0.012 

pH-Adjusted Release Rate, g/(m2h) Statistical Comparison 

  Annealed Quenched p values 

Glass Avg. pH B Si Na B Si Na B Si Na 

B-0 9.0 -- 0.6±0.4 1.0±0.0 -- 0.8±0.2 1.1±0.5 -- 0.303 0.345 

B-18.75 9.0 2.7±0.1 2.3±0.1 1.8±0.2 4.7±0.3 3.5±0.8 3.2±0.4 0.006 0.080 0.019 

B-37.5 9.0 16.1±0.7 8.0±0.1 13.8±0.5 16.3±0.4 5.3±1.8 11.1±0.3 0.376 0.083 0.011 
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Figure 2.6. Normalized loss of glass B-0-A as a function of 

immersion time in deionized water (up to 24 hours), fitted 

linearly to determine initial dissolution rate of each element. 

Each data point represents the average of two replicated 

experiments. 
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2.4 Discussion   

The 29Si and 11B MAS NMR spectra illustrate several changes in the distribution of 

key structural units and each of these changes can exert influence on the observed 

normalized dissolution rates. The main question we seek to address in this section is: how 

do observed structural changes that result from changes in the composition and thermal 

history impact the normalized dissolution rates? To answer this, we focus our attention on 

the pH-adjusted rates for B-0, B-18.75, and B-37.5 for both the annealed and quenched 

samples. Figure 2.7 shows the pH-adjusted normalized dissolution rate based on Na and Si 

release as a function of experimental B2O3 content. The results show that the dissolution 

of B-0-A and B-0-Q glasses are nearly equivalent, with B-0-A being slightly lower than B-

0-Q. This is not surprising, given the slightly higher concentration of Q4 units in B-0-A in 

comparison to B-0-Q.  

The degradation rate of Si from glass B-18.75 (both annealed and quenched) is 

considerably higher when compared with glass B-0 despite significant increase in overall 
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polymerization of the borosilicate glass matrix. The increase in release rate for glass B-

18.75 may be attributed to the formation of Si–O–B linkages, which have lower resistance 

to hydrolysis in comparison to Si–O–Si bonds (resistance to hydrolysis: Si–O–Si > Si–O–

B > B–O–B).124 With reference to impact of thermal history, the annealed glass corrodes 

at a significantly slower rate than the quenched glass (B-18.75-Q). The most significant 

structural change that occurs between the B-18.75-A and B-18.75-Q that can account for 

the 1.5× difference in rate is the increased network connectivity and reduction in NBO 

concentration driven by the change in boron coordination between the two samples. The 

N4 fraction is higher for the annealed sample (N4 = 77.6% for B-18.75-A) versus the 

quenched sample (N4 = 69.7% for B-18.75-Q). The increased fraction of tetrahedral boron 

induced by annealing “consumes” alkali through charge compensation of N4 with an 

accompanying decrease in the amount of alkali available to form Q3 with 1 NBO on Si 

(equating to a measured increase of ~5 % in Si Q4 speciation). The substantially more 
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Figure 2.7. pH-adjusted dissolution rates of (a) Na release and (b) Si release for 

quenched and annealed glasses as a function of their experimental B2O3 content. 
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polymerized network in the annealed B-18.75-A glass resulted in a 1.5× decrease in the 

normalized dissolution rate.    

 As discussed above, thermal history had minimal impact on the dissolution 

behavior of glass B-37.5. It follows that the fitted dissolution rates of Na and B in this 

composition were quite similar for both annealed and quenched analogues (Table 2.4). This 

can be attributed to the rather insignificant change in the borate and silicate structural 

speciation in this glass as a function of thermal history (Table 2.2 and Table 2.3). That said, 

the fitted release rate of Si for glass B-37.5-A (8.0 g/(m2 h)) was calculated to be 1.5× 

higher than its quenched (5.3 g/(m2 h)) counterpart. At this time, we cannot fully explain 

the observed Si rate for the annealed sample being 1.5× higher than the quenched sample. 

It is conceivable that the observed difference in the Si release rate is the result of 

experimental uncertainty in the rate measurements, but this will require additional 

investigation. 
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Figure 2.8. Normalized loss of quenched glasses (a) B-0-Q, (b) B-18.75-Q, and 

(c) B-37.5-Q for the entire length of dissolution experiments (up to 14 days). 

Initial dissolution stages can be seen within the first 24 hours, marked by a 

dashed line. 
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2.5 Implications of understanding dissolution behavior on design of borosilicate 

based bioactive glasses   

 First generation biomaterials were developed to be as bio-inert as possible to 

minimize rejection by host tissues. Second-generation biomaterials were designed to be 

either resorbable or bioactive, achieving positive interactions with the body. The next 

generation of biomaterials is combining these two properties, with the aim of developing 

materials that, once implanted, will help the body heal. While the function of first and 

second generation biomaterials is to replace diseased or damaged parts of the body, the 

concept of third–generation biomaterials is based on the principle of providing a scaffold 

and chemical conditions that initiate a synchronized sequence of cell level responses that 

result in the expression of genes required for living tissues regeneration.125 Resorbable 

bioactive glasses are a subset of third–generation biomaterials, wherein, when in contact 

with body fluids, the glass resorbs in the body and the ionic dissolution products released 

from the glass stimulate specific biological responses, such as gene expression of human 

osteoblasts,58 promotion of angiogenesis126 and inducing insulin-like growth factor II 

mRNA expression,127 to name a few examples. In the realm of borate/borosilicate based 

glasses, fundamental understanding of their dissolution behavior is thus of paramount 

importance to design next generation, gene-activating, bioactive glasses with controlled 

release of functional ions tailored for specific patient and disease states. For the same 

reason, there has been a recent surge in the number of studies focused on understanding 

mechanism and kinetics of dissolution of various bioactive glass 

compositions.39,40,63,64,128,129 However, the chemical durability of glasses is a complex topic 

that lacks a consensus viewpoint on the basic mechanism that governs glass dissolution for 
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a wide composition space. While the validity of the basic assumptions of the existing 

composition-dependent models is still uncertain,130 the models correlating the molecular 

structure of glasses with their dissolution behavior are still in their infancy.131   

In this paper, we have highlighted the importance of thermal history and choice of 

experimental protocols on the dissolution behavior of borosilicate based model bioactive 

glasses. The methodology of glass synthesis has been shown to impact the dissolution rate 

of the studied glasses by 1.5× to 3× times depending on the changes induced in their 

molecular structure due to different thermal histories. It would have been difficult to obtain 

this correlation between dissolution behavior, and molecular structure of glasses by using 

M/V ratio as proposed by Macon et al.15 Therefore, these parameters should be considered 

in conjunction with those proposed by Macon et al.15 and Fagerlund et al.40,64 while 

designing a unified approach for assessment of in vitro dissolution behavior and bioactivity 

of glasses. 

From the perspective of structural design of bioactive glasses, most glasses have been 

traditionally designed empirically using trial-and-error experimentation, the latest example 

being a borate based glass, 13-93B3, wherein all the SiO2 was replaced with B2O3 in a 

silicate glass named 13-93.7 However, with the advent of third generation biomaterials, it 

is becoming difficult to design novel glass compositions using traditional empirical 

experimental techniques. It follows that a deeper level of conceptual understanding 

regarding the composition–structure–property relationships in these glass systems is 

required. Successfully accomplishing this goal will represent a leap forward in the design 

of glasses with controlled dissolution rates tailored for specific patient and disease states. 

The structural and chemical dissolution data obtained from bioactive glasses following the 
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approach presented in this paper can be used to develop the structural descriptors and 

potential energy functions over a broad range of bioactive glass compositions. This 

information can be used further in chemo-informatics methods to develop Quantitative 

Structure Property Relationship (QSPR) models for glass dissolution.131 

2.6 Conclusions 

 An attempt has been made to discuss the experimental challenges that need to be 

carefully navigated to unearth the mechanisms governing the dissolution behavior and 

kinetics of boron-containing bioactive glasses. Accordingly, a series of model bioactive 

glasses with varying thermal histories in the 25Na2O-xB2O3-(75-x) SiO2 (x varies between 

0 – 75 mol.%) system has been studied for its molecular structure (using MAS-NMR) and 

dissolution behavior in deionized water. It has been shown that the methodology of 

quenching of the glass melt impacts the dissolution rate of the studied glasses by 1.5× to 

3× times (in the studied glass system) depending on the changes induced in their molecular 

structure due to variation in thermal history. It would have been difficult to obtain this 

correlation between dissolution behavior and molecular structure of glasses by adopting a 

sample M/V ratio approach to design the dissolution experiments. Therefore, 

recommendation has been made to study dissolution behavior of bioactive glasses using 

SA/V approach. The approach proposed to study dissolution of boron-containing bioactive 

glasses—which includes maintaining consistent thermal history, uniform glass particle size 

range, and following SA/V approach—allows us to gain a new level of conceptual 

understanding about the composition–structure–property relationships in these glass 

systems which can be applied to attain a significant leap in designing bioactive glasses with 

controlled dissolution rates tailored for specific patient and disease states. 
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Abstract 

The majority of the literature on glass corrosion focuses on understanding the dissolution 

kinetics and mechanisms of silicate glass chemistries in the neutral–to–alkaline aqueous regime 

owing to its relevance in the fields of nuclear waste immobilization and biomaterials. However, 

understanding the corrosion of silicate-based glass chemistries over a broad composition space in 

the acidic pH regime is essential for glass packaging and touch screen electronic display industries. 

A thorough literature review on this topic reveals only a handful of studies that discuss acid 

corrosion of silicate glasses and their derivatives—these include only a narrow set of silicate-based 

glass chemistries. Although the current literature successfully explains the dissolution kinetics of 

glasses based upon classically understood aqueous corrosion mechanisms, more recent 

advancements in atomic-scale characterization techniques, have enabled a better understanding of 

reactions taking place directly at the pristine glass–fluid interface which has facilitated the 

development of a unifying model describing corrosion behavior of silicate glasses. Based on the 

corrosion mechanisms described and the questions raised in preceding literature, the present study 

focuses on understanding the corrosion mechanisms governing metaluminous (Na/Al = 1) sodium 

aluminoborosilicate glasses in acidic environments across a wide composition-space (ranging from 

SiO2-rich to B2O3-rich compositions), with particular emphasis on understanding the reactions 

taking place near the glass–fluid interface. Using the state-of-the-art characterization techniques 

including nuclear magnetic resonance (NMR) spectroscopy, Rutherford backscattering, X-ray 

photoelectron spectroscopy (XPS) and elastic recoil detection analysis (ERDA), it has been shown 

that stepwise B2O3 substitutions into nepheline (NaAlSiO4) glass, although causing non-linear 

changes in glass structure network structural features, leads to strikingly linear increases in the 

forward dissolution rate at pH = 2. While the glasses undergo congruent dissolution in the forward 

rate regime, the residual rate regime displays evidence of preferential extraction near the glass 

surface (i.e., enrichment in aluminum content upon corrosion through AlO4→Al(OH)3 evolution) 

implying that dissolution–re-precipitation processes may occur at the glass–fluid interface in both 

B2O3-rich and SiO2-rich glass compositions—albeit with vastly dissimilar reaction kinetics.  

 

Keywords: corrosion; structure; composition 
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3.1 Introduction 

The chemical durability of glasses may seem like an “old” topic, but its 

fundamental understanding is of great concern for industry1,2 and academia in order to find 

solutions to the problems relevant to the well-being of humanity and environment.3,4 While 

the majority of literature on glass corrosion is focused on understanding dissolution 

kinetics and mechanisms of silicate glass chemistries in the neutral–to–alkaline aqueous 

regime owing to its relevance in the fields of nuclear waste immobilization (where the 

conditions in geological repository are expected to vary between neutral–to–highly 

alkaline)5 and biomaterials (as the pH of the human body fluids varies between neutral to 

slightly alkaline),6 understanding the corrosion of silicate-based glass chemistries over a 

broad composition space in the acidic pH regime is highly important for glass packaging 

and touch screen electronic display industries. Two important examples in the glass 

packaging industry where an understanding of acid corrosion is vital are (i) glasses for 

beverage containment and (ii) glasses for pharmaceutical packaging. The former is 

important because the pH of the majority of commercial alcoholic or non-alcoholic (non-

dairy) drinks ranges from 2 to 7, with a significant portion (>90 %) being at pH < 4.7 Since 

many of these drinks are packed in glass bottles/containers, it becomes imperative to 

understand the corrosion of silicate glasses in acidic environments. Similarly, window 

glasses are often packed with acidic interleaf materials to buffer against alkaline-pH 

corrosion during storage, but this acidic material can also facilitate leaching interactions in 

the presence of moisture.8 While the majority of the container and window glass industries 

rely on conventional soda-lime silicate compositions, the glasses used in pharmaceutical 

packaging are designed mainly in the alkali borosilicate or aluminoborosilicate systems, 
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where these glasses encounter non-neutral pH during their service lifetime.9 Glasses for 

display applications also require knowledge of dissolution behavior of glasses in acidic 

environments. For example, cover glasses used as the outer contact surface of touch-screen 

electronic displays are designed primarily in Na2O–(K2O)–Al2O3–B2O3–(P2O5)–SiO2 

systems, where they typically encounter pH varying between 2.5 and 6 (pH of human sweat 

and skin secretions) during their normal service lifetime.10 Meanwhile, alkali-free glasses 

used as the substrates for electronic displays may encounter acidic cleaning chemistries 

during finishing to remove contaminants that could negatively influence performance of 

display transistor devices built into the display. 

  A thorough literature review on the topic of glass corrosion reveals only a handful 

of studies which discuss corrosion of silicate glasses and their derivatives in the acidic 

regime—these include only a narrow set of glass chemistries, with most of them being 

vitrified analogues of SiO2-rich natural minerals,11-20 a few being simplified borosilicate-

based nuclear waste glasses,21,22 and others being on aluminosilicate-based E-glass.1,2 

Consequently, there is a lack of consensus in the literature on the fundamental mechanisms 

of glass dissolution in acidic solutions that applies to a wide composition space. For 

example, according to Gislason and Oelkers,18 the dissolution of basaltic glasses in 

solutions (far-from-equilibrium) with pH varying between 2 and 11 is controlled by a single 

mechanism, which includes (i) release of monovalent and divalent metal cations, (ii) 

exchange between H+ in solution and Al in the glass, and (iii) considerably slower removal 

of silica from the glass. Berger et al.,20 on the other hand, determined that solution affinity 

effects play a major role in the dissolution behavior of similar glasses, as their dissolution 

rates in acidic solutions were found to be driven by surrounding solution concentrations of 
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Al, meanwhile dissolution rate in neutral solutions were similarly driven by aqueous Si 

concentrations. While the aforementioned studies were able to successfully utilize solution 

and microstructural analyses to model glass corrosion kinetics in acid according to well-

known kinetic theories and draw conclusions as to dissolution mechanisms, later studies 

discussed below have incorporated structural and chemical information of the evolving 

glass surface and bulk to give more insight into the fundamental corrosion mechanisms of 

silicate glasses in the acidic regime. 

Multiple studies by Hamilton et al.12-14 looked into the dissolution kinetics of 

feldspathoid-based sodium aluminosilicate minerals and glasses, including as a function of 

solution pH; from acidic to basic regimes. These studies correlated the dissolution behavior 

with glass structural descriptors according to the glass composition—such as the impact of 

non-bridging oxygen (NBOs) and Si–O–Si vs. Si–O–Al bonding upon ion exchange / 

hydrolysis rates near the glass–fluid interface, etc. along a specific walk of compositions 

in the ternary sodium aluminosilicate system. Similarly, Knauss et al.21 studied a model 

nuclear waste glass in a range of solution pH, determining that fundamental differences in 

terms of rate of elemental release and altered layer characteristics (i.e. Si/Al release from 

the glass) occur as pH rises from acid to neutral environments. Tsomaia et al.11 expanded 

upon these findings by performing an in-depth structural study on the surface of sodium 

aluminosilicate glasses at pH = 2, determining that silicate units are released only after 

release of Na and Al cations, and provided the first NMR evidence that aluminum tends to 

form octahedral coordination near the surface, either due to (i) a structural reorganization, 

involving in situ AlO4→AlO5→AlO6 transformation or (ii) a re-precipitation mechanism 

from solution. More recent developments in understanding the kinetics and mechanisms 
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governing glass corrosion—for both acid and neutral-to-alkaline conditions—have 

attempted to use the latest advances in atomic-scale characterization techniques to generate 

a unifying model that describes corrosion behavior of silicate glasses, as communicated 

below. 

The most recent literature on this subject debate two basic mechanisms for silicate 

glass corrosion: (i) the classical multi-step inter-diffusion-based mechanism and (ii) the 

interfacial dissolution – re-precipitation mechanism (IDPM).22 The former describes the 

mechanism of corrosion as a multi-step process that includes release of mobile glass 

modifying cations (such as Na+) through ion exchange with protons in solution to form 

hydrated Si-OH bonds (forming an inter-diffusion layer), followed by the protonation and 

hydrolysis of bridging bonds (i.e. Si-O-Si or Si-O-Al) and restructuring of the hydrated 

silica network into a gel layer via re-polymerization reactions.23-26 The IDPM, on the other 

hand, suggests that glass corrosion proceeds as an inward-moving reaction front in which 

all bonds at the glass–fluid interface break and are immediately re-precipitated to form an 

amorphous gel layer.22 The supersaturated water at the interface not only promotes 

alkali/alkaline-earth release from the glass, but in fact releases all elements in the outermost 

surface layer only to reorganize as a secondary phase of network forming species such as 

Si and Al.22 While the classical inter-diffusion-based mechanism has been widely accepted 

in the glass community, recent studies using highly advanced analytical techniques to track 

the gel layer characteristics suggest that a basic mechanism describing silicate glass 

corrosion may be more complicated than assumed in either individual mechanisms, with 

high dependence upon glass composition and surrounding leaching conditions.25,27,28 Based 

on previous findings and questions raised in the aforementioned literature, we aim to 
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address the following open questions in our study: (1) What mechanisms best describe the 

corrosion of alkali aluminoborosilicate glasses in acidic environment? (2) Does AlO6 gel 

layer formation in acid occur by way of a structural transformation or re-precipitation? (3) 

Will the established corrosion mechanisms – multi-step inter-diffusion mechanism or 

IDPM – accurately describe the dissolution behavior of glasses far from the SiO2-rich 

regime, i.e., glasses with B2O3 as the primary network former? 

 In light of the abovementioned questions, the present study is focused on 

understanding the kinetics and mechanisms of aqueous corrosion of sodium 

aluminoborosilicate glasses (with varying B2O3/SiO2 ratio) in acidic solutions (HCl; pH = 

2). Accordingly, the glass compositions have been designed in the 25 Na2O–25 Al2O3–x 

B2O3–(50-x) SiO2 (where x varies between 0 – 50 mol.%) quaternary system. The series of 

glass compositions was designed with the aim to understand the corrosion of oxide glasses 

with multiple network formers over a broad composition space. The choice of glasses along 

the metaluminous (Na/Al = 1) join was made with the understanding that alkali cations 

would, in general, first preferably serve to charge-compensate tetrahedral aluminum in the 

silicate network.29 In the absence of “excess” Na2O beyond the equimolar 1:1 proportion 

to Al2O3, structural complexities such as BO3→BO4 transformation or Si-NBO formation 

as a function of composition can be largely minimized, enabling a more direct 

interpretation of chemical and structural factors driving observed corrosion kinetics. A 

suite of state-of-the-art spectroscopic characterization techniques including inductively 

coupled plasma – optical emission spectroscopy (ICP-OES), magic angle spinning – 

nuclear magnetic resonance (MAS NMR) spectroscopy, X-ray photoelectron spectroscopy 

(XPS), Rutherford backscattering spectrometry (RBS), and elastic recoil detection analysis 
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(ERDA) have been employed to study changes in the bulk and surface structure/chemistry 

of corroded glasses as a function of solution chemistry. The results have been discussed 

taking into account the previously proposed mechanisms for glass corrosion, as discussed 

in depth in recent studies, namely in Gin et al.4 and Geisler et al.,22,30 alongside the 

additional literature.25,27,28,31  

3.2 Experimental 

3.2.1 Synthesis of the glasses 

Glasses in this work were designed along the metaluminous join to maintain 

charge-balance between Na and Al (i.e. Na2O/Al2O3 = 1) while replacing SiO2 with B2O3 

in the majority network, per the composition series 25 Na2O25 Al2O3x B2O3(50-x) SiO2 

(in mol. %, where x varies between 0–50 in 5 mol% increments). The silicate endpoint (x 

= 0) corresponds to the nepheline composition (25 Na2O-25 Al2O3-50 SiO2), whose 

dissolution rates have been previously well-studied.11,12,32 All glasses were synthesized 

using the melt-quench technique, using high-purity powders of SiO2 (Alfa Aesar; >99.5 

%), H3BO3 (Alfa Aesar; ≥98 %), Al2O3 (Acros Organics; 99 %), Na2SiO3 (Alfa Aesar; >99 

%) and Na2CO3 (Fisher Scientific; ≥99.5 %) as precursors. Oxide precursors were mixed 

in 70 g batches and melted in Pt-Rh crucibles for 1-2 h in air at temperatures ranging from 

1400-1675 ºC, depending on B2O3/SiO2 ratio in the glass composition. All glasses were 

quenched on a metallic plate and coarse-annealed at temperatures of Tg
* – 50 °C, where 

Tg
* is the estimated glass transition temperature obtained from the SciGlass database. 

Glasses were labeled according to the naming convention “B-x”, where x represents the 

batched B2O3 concentration (mol.%). The amorphous nature of the glass samples was 

confirmed by X-ray diffraction (XRD) (PANalytical – X’Pert Pro; Cu Kα radiation; 2θ 
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range: 10–90º; step size: 0.01313º s–1). The actual concentration of SiO2, Al2O3, and B2O3 

in the synthesized glasses was determined by ICP–OES (PerkinElmer Optima 7300V), 

while sodium concentration was determined by flame emission spectroscopy (Perkin Elmer 

Flame Emission Analyst 200). Table 3.1 presents the experimentally measured glass 

compositions, and agreement with batched targets are mostly within ±1 mol.%. The bulk 

water content in glasses was estimated from the maxima of the ~3500 cm-1 absorption band 

in the mid-infrared (IR) region, typical of molecular water.33 The IR spectra were acquired 

using a single-bounce diamond attenuated total reflectance (ATR) apparatus attached to a 

Fourier Transform Infrared spectrometer (FTIR-UATR, Frontier™, PerkinElmer, Inc.; 

scanning resolution 4 cm-1, 32 scans for background and samples).  

3.2.2 Glass transition temperature measurements and annealing 

 Differential scanning calorimetry (DSC) data was collected on the fine glass 

powders (<45µm diameter) using a Simultaneous Thermal Analyzer (STA 8000; 

PerkinElmer) from room temperature to 1500 ºC at a heating rate of 20 ºC/min under a 

constant flow of nitrogen gas. The glass transition temperature (Tg) was deduced from the 

inflection point of the endothermic dip in the DSC spectra. The Tg values reported in this 

paper represents an average of at least two thermal scans. After experimental measurement 

of the Tg, each glass was re-annealed at a temperature corresponding to their Tg – 50 ºC for 

several hours and slow-cooled to room temperature until most of the residual stresses were 

removed, as visualized under a polariscope. A detailed methodology used to anneal the 

glasses has been described in our previous article.3  
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3.2.3 Bulk structural analysis of pre- and post-corroded glass samples 

The structure of glass (both before and after chemical dissolution) has been studied 

using MAS NMR spectroscopy. The MAS NMR spectra of 27Al, 11B, and 23Na for glasses 

and select post-dissolution samples were acquired using a commercial spectrometer 

(VNMRs, Agilent) and a 3.2-mm MAS NMR probe (Agilent). The samples were powdered 

in an agate mortar, packed into 3.2 mm zirconia rotors, and spun at 22 kHz for 23Na and 

27Al MAS NMR, and 20 kHz for 11B MAS NMR. 27Al MAS NMR data were acquired at 

16.4 T (182.34 MHz resonance frequency) using RF pulses of 0.6 µs (equivalent to a π/12 

tip angle), recycle delays of 2 s, and signal averaging of 1000 acquisitions. Acquired data 

were processed without additional apodization and referenced to aqueous aluminum nitrate 

at 0.0 ppm. 23Na MAS NMR data were collected at 16.4 T (185.10 MHz resonance 

frequency) using a 0.6 µs (~π/12 tip angle) pulse width for uniform excitation of the 

resonances. A range of 400 to 1000 acquisitions were co-added, and the recycle delay 

between scans was 2 s. The 11B MAS NMR experiments were conducted at 16.4 T (224.52 

MHz resonance frequency), incorporating a 4 s recycle delay, short rf pulses (0.6 µs) 

corresponding to a π/12 tip angle, and signal averaging of 400 to 1000 scans. Similar 

experimental conditions, but at 11.7 T (160.34 MHz resonance frequency), were used to 

collect 11B MAS NMR spectra from post-dissolution samples. The acquired spectra were 

processed with minimal apodization and referenced to aqueous boric acid (19.6 ppm) and 

aqueous NaCl (0 ppm). Fitting of the MAS NMR spectra was performed using DMFit34 

and, accounting for distributions in the quadrupolar coupling constant, the CzSimple model 

was utilized for 23Na and 27Al MAS NMR spectra. The “Q MAS ½” and Gaus/Lor 

functions were used to fit 3- and 4-fold coordinated boron resonances in the 11B MAS NMR 



79 

 

 

 

data, respectively, and N4 was calculated from the relative areas of these peaks, with a small 

correction due to the overlapping satellite transition of the 4-fold coordinated boron peak.35  

3.2.4 Sample preparation for glass corrosion tests 

3.2.4.1 Glass powder specimens 

The glasses were crushed and sieved to obtain powders with particle size varying 

between 300 – 425 µm. The glass particles were ultrasonicated in acetone to remove fine 

powder residue. The process was repeated at least thrice or until the supernatant was clear 

to ensure the removal of all the fine particles sticking to the surface of larger glass particles. 

The ultrasonicated glass particles were dried overnight at room temperature in ambient air 

and analyzed for any structural changes before versus after acetone-washing using FTIR 

spectroscopy (as has been described previously). Average three-dimensional (3D) 

geometric surface area of washed particles was determined using ImageJ software (as 

explained in more detail in Stone-Weiss et al.3) after capturing images of ~1000 particles 

via an optical microscope (Zeiss Axioskop 40) at ~50X magnification. Experimental 

density values (measured using Archimedes’ method by measuring mass of sample in air 

and in d-limonene solution; number of samples = 3, standard deviation <0.009 g cm-3; 

presented in Table 3.1) were used together with 3D surface area calculations to determine 

the specific surface area of the washed powders (4284-4781 mm2/g). Finally, the mass of 

glass particles resulting in the desired surface area–to–volume ratio (SA/V) was calculated. 

3.2.4.2 Monolithic glass coupons 

Based on learnings from the corrosion studies of powder specimens, additional 

corrosion tests were performed on monolithic glass coupons from select compositions (B-

5, B-25 and B-45). Two coupons of ~15 mm × 15 mm dimensions were cut from each glass 



80 

 

 

 

composition using a diamond blade. The polishing of the glass coupons was performed in 

accordance with the procedure described in the ASTM C1220-10,36 wherein the glass 

specimens were ground in acetone sequentially on 120 – 600 grit sized SiC sheets, followed 

by polishing in a 6 µm non-aqueous diamond suspension until a mirror finish was acquired. 

The thickness of the polished samples was approximately between 2-3 mm. The 

dimensions of the polished samples were measured to calculate geometric surface areas. 

3.2.5 Glass corrosion experiments in acidic pH 

3.2.5.1 Dissolution behavior and kinetics of glass corrosion 

The dissolution behavior and kinetics of glasses was studied at pH = 2±0.02 

(hydrochloric acid; Alfa Aesar; ACS grade) by immersing 27.0 mg of acetone-washed 

glass particles in 50 mL solution, corresponding to SA/V = 2.5 m-1. All powder–solution 

mixtures were immediately sealed into sterilized polypropylene flasks and placed in an 

oven at 35 ºC. Experiments ranged from 5 minutes to 72 hours. In addition to analyses of 

neat (unused) and blank (glass-free) control solutions, all experiments were performed in 

triplicate to evaluate the uncertainty of final results. The pH evolution of the solutions was 

measured at room temperature from solution aliquots using a pH meter (Mettler Toledo 

InLab® Pro-ISM). Separate aliquots of the corrosion solutions were chemically analyzed 

by ICP-OES (PerkinElmer Optima 8300). ICP-OES detection limits were <0.5 ppm for Na, 

<0.2 ppm for Al, <0.2 ppm for B, and <0.2 ppm for Si. The normalized loss (NL) of each 

element (Na, Al, B, and Si) released from glasses into the surrounding solution was 

calculated using equation (1), 

𝑁𝐿𝑖 =
𝐶𝑖−𝐶𝑜

(
𝑆𝐴

𝑉
)𝑓𝑖

  (1) 
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where Ci is the mass concentration of element i in the solution as detected by ICP-OES; fi 

is the mass fraction of the element i in the glass; and Co is the background concentration 

(as determined from blank solutions). Normalized loss data were plotted against time and 

linearly fit over the apparent linear regimes of release at early times to evaluate forward 

dissolution rates as a function of glass composition and initial solution pH. 

3.2.5.2 Structural transformations in the glasses due to aqueous corrosion  

In order to study the mechanism of glass corrosion, both bulk and surface 

characterization of pre- and post-dissolution glass specimens was performed. The glass 

powders remaining after dissolution experiments (from section 2.5.1) were rinsed 

thoroughly with water thrice and dried overnight at 65 ºC followed by characterization 

using XRD and 27Al and 11B MAS NMR spectroscopy. On the other hand, the dissolution 

experiments on polished monolithic glass coupons were performed at pH = 2 for durations 

of either 12 hours, 1 day, or 3 days to match the maximum time duration performed with 

analogous glass grains. Corroded coupons were rinsed with DI water following the 

dissolution experiments and dried at room temperature to constant weight.  

XPS measurements were performed on monolithic glass coupons in order to 

understand the composition and chemical environment of elements within the top 5-10 nm 

of the sample surfaces – both before and after corrosion processes. The XPS measurements 

utilized a Thermo Scientific K-Alpha equipment, which used a 1486.6 eV monochromated 

Al Kα x-ray source to excite core level electrons from the sample. A low energy dual 

electron/argon-ion beam flood gun was used for charge compensation during 

measurements. The kinetic energy of the photoelectrons was measured using a 180° 

double-focusing hemispherical analyzer with a 128-channel detector. Binding energies 
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were referenced to the main component of the adventitious carbon peak at 284.8 eV. Peak 

areas were converted to composition using suitable elemental relative sensitivity factors,37 

and corrected for attenuation through an adventitious carbonaceous overlayer using a 

calculation similar to the method described by Smith.38 The probe depth of XPS, taken to 

be three times the inelastic mean free path of photoelectrons, varied from 3.6 nm for Na 1s 

to 9.3 nm for B 1s, Al 2p, and Si 2p photoelectrons. 

RBS and ERDA measurements were similarly performed on pre- and post-corroded 

glass coupons in order to further evaluate the near-surface composition and hydrogen 

content of the corroded samples, respectively. These measurements were carried out using 

a General Ionex Tandetron accelerator using a 2.0 MeV He++ beam. For RBS, the beam 

was oriented normal to the sample surface and the energy of backscattered He ions was 

measured using a solid-state charged particle detector mounted at 17º with respect to the 

sample surface normal. For ERDA measurements, the beam was oriented in a grazing 

geometry with an angle of 75º between the incident beam and the surface normal. The 

detector was mounted 75º with respect to the surface normal in the specular direction, with 

a 40 µm mylar foil placed over the active area to block scattered He ions. Hence, only 

forward-scattered H ions were able to penetrate the detector. The probe depth of these ion 

scattering techniques was approximately 1 µm. 

3.3 Results 

3.3.1 Glass formation behavior and annealing 

The melt-quenched glasses were transparent in appearance and XRD amorphous 

(as shown in Figure S1). The experimental compositions, as analyzed by ICP-OES, show 
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close agreement with batched compositions (±1.7 %) (see Table 3.1). The water content in 

B2O3-containing glasses was estimated to be less than 10 ppm (wt. %).33   

In order to remove all residual stresses, glasses were annealed at Tg
†-50 ºC for 

several hours followed by slow cooling to room temperature (where Tg
† refers to the onset 

point of the endothermic dip).3 Residual stresses in the glasses, as analyzed under a 

polariscope, were estimated to be less than 10 MPa, taking into account the ~5 mm sample 

thickness and considering the absence of any first-order fringes under cross-polarized 

inspection. 

 

 

Table 3.1. Experimental compositions (within ±0.5 mol. %), density (ρ), molar volume 

(VM), and Tg of the studied glass series. 

 

3.3.2 Structural analysis of glasses 

The density of glasses decreases linearly as a function of B2O3 content, while molar 

volume displays a linear increase, as shown in Table 3.1. These trends may be attributed 

to the introduction of lower bond density BO3 units (as will be shown by MAS NMR 

Sample 

ID 

Experimental (mol. %) ρ (±0.3 

%) 

(g/cm3) 

VM (±0.3 

%) 

(cm3/mol) 

Tg (°C) 

Na2O Al2O3 B2O3 
SiO2 

B-0 25.1 25.9 -- 49.0 2.458 29.05 839±2 

B-5 25.2 25.4 5.1 44.3 2.433 29.46 719±5 

B-10 24.8 26.0 9.1 40.0 2.415 29.94 679±11 

B-15 24.6 26.6 14.0 34.8 2.391 30.54 635±4 

B-20 25.0 26.1 19.2 29.7 2.369 30.95 591±2 

B-25 25.1 26.0 24.3 24.6 2.339 31.54 549±3 

B-30 24.8 26.0 28.6 20.5 2.318 32.00 532±1 

B-35 24.8 25.7 33.8 15.7 2.296 32.47 513±1 

B-40 25.0 25.6 38.7 10.7 2.261 33.15 502±1 

B-45 24.8 25.3 44.7 5.2 2.246 33.58 491±1 

B-50 25.2 25.5 49.3 -- 2.227 34.11 486±1 
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results) into the glass network in place of higher bond density SiO4 tetrahedra. For this 

reason, the density of vitreous SiO2 comprising a tetrahedral silica network is 2.2 g/cm3, 

while that for vitreous B2O3 with corner-sharing planar BO3 triangles is 1.8 g/cm3.39   

Figure 3.1a and b present the 11B and 27Al MAS NMR spectra of the annealed 

glasses. 23Na MAS NMR spectra has been presented in Figure S2 and fitting parameters 

can be seen in Table S1. Since all the glasses studied in this work have been designed in 

the metaluminous regime (Na/Al = 1), we expect sodium to act in a charge compensating 

role to either AlO4
- or BO4

- network forming units, in preference to being used to form 

NBOs in the silicate network (i.e., silicate units are expected to be entirely Q4). Studies 

have shown that aluminum tends to preferentially consume Na+ relative to boron in SiO2-
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rich alkali aluminoborosilicate glasses.29,32,40,41 However, it has also been shown that Al-

vs-B competition for sodium may shift away from Al in favor of B more significantly in 

B2O3-rich glasses.42,43 11B NMR spectra shown in Figure 3.1a display two main resonances: 

a broad quadrupolar-broadened peak centered at 14 ppm associated with BO3 units, and a 

minor, relatively narrow peak centered at 2 ppm associated with BO4 units. The BO3 peak 

does not show any significant change in shape with increasing x, implying that ring vs. 

non-ring BO3 species maintain similar ratios in the network. While the BO4 peak 

mentioned is not clearly evident in SiO2-rich glasses, this peak becomes more prominent 

as x increases beyond 20 mol.% depicting an increasing concentration of BO4 units in the 

glasses with increasing B2O3. Table 3.2 presents the N3 and N4 fractions in glasses as 

Figure 3.1. (a) 11B MAS NMR and (b) 27Al MAS NMR spectral overlays 

of studied glasses. Trends according to increasing x (B2O3 content) can 

be seen in each plot. The (*) symbol in 27Al spectra represents a 

background signal from the rotor. 
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calculated from the fitting of 11B MAS NMR spectra. The highest N4 fraction of 6% was 

observed in the sodium aluminoborate glass (x = 50).   

 

 

 

 

Table 3.2. B and Al % structural speciation in the glassy network (within ±0.5 %), as 

extracted from 11B and 27Al MAS NMR. Calculated NBO fractions as derived from Al and 

B speciation are also shown. 

 

It is important to note that any BO4 units shown (experimentally) to develop in the structure 

of a metaluminous glass must consume Na+ in its need for charge compensation, which 

consequently is expected to impact Al speciation in the network. In order to explore this, 

we also examined 27Al MAS NMR spectra (shown in Figure 3.1b). At low B2O3 content, 

these spectra display a main resonance centered near 60 ppm (associated with AlO4) and a 

very minor peak near 0 ppm associated with a background rotor signal. The AlO4 peak 

Sample ID 
11B MAS NMR 27Al MAS NMR % NBO in 

Network 

(Calculated)* N3 N4 AlO4 AlO5 

B-0 -- -- 98.7 1.3 -0.5 

B-5 99.6 0.4 98.8 1.2 0.1 

B-10 99.5 0.5 98.3 1.7 -0.8 

B-15 99.4 0.6 98.0 2.0 -1.5 

B-20 98.9 1.1 98.7 1.3 -0.9 

B-25 98.0 2.0 98.5 1.5 -1.0 

B-30 97.6 2.4 98.6 1.4 -1.3 

B-35 96.5 3.5 97.5 2.5 -1.2 

B-40 95.3 4.7 97.3 2.7 -1.5 

B-45 94.6 5.4 95.6 4.4 -1.5 

B-50 94.0 6.0 94.1 5.9 -1.4 
*Note: Negative NBO values displayed occur as a result of lower Na2O content in the glass 

than that necessary to charge compensate AlO4 and/or BO4 units 
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shifts towards higher shielding with increased B2O3 content, which we attribute to a 

systematic shift in next-nearest-neighbor identity as Al-O-B bonds begin to replace a 

predominantly Al-O-Si bonded network.44 In keeping with trends in the 11B MAS NMR 

spectra of B2O3-rich glasses, clear changes also occur in 27Al MAS NMR spectra of B2O3-

rich glasses, wherein, the development of a peak near 30 ppm associated with AlO5 is 

evident. Table 3.2 presents the amount of 4- and 5- coordinated Al present in the glass 

network as deduced from the 27Al MAS NMR spectra. While glasses with up to x = 30 

show aluminum predominantly in tetrahedral coordination (98-99 %), increase in B2O3 

concentration beyond 30 mol. % leads to a steady rise in AlO5 content up to 6 % in the 

sodium aluminoborate glass (x = 50), thus, deviating from its expected tetrahedral role in 

metaluminous glasses. Although the existence of five-coordinated aluminum units in 

metaluminous and per-aluminous glasses or glasses with high ionic field strength cations 

has been widely reported,43,45-48 its role in the structure—i.e. network former vs. network 

modifier—and properties of these glasses is still disputed. While higher (five- or six-) 

coordinated aluminum is conventionally considered to act as a network modifier,49,50 the 

presence of  AlO5 units in the glass structure has been shown to result in an increase in 

their glass transition temperatures, melt viscosity, and hardness.43,50-54 Interestingly, in our 

study, with increased B2O3 content, the fraction of higher coordinated Al and tetrahedral B 

units both rise, deviating from the expectation that aluminum tends to preferentially 

consume Na+ for the charge compensation of AlO4
- before boron can use them to convert 

BO3 to BO4. It is evident that in B2O3-rich (molar concentration of B2O3 > SiO2) 

metaluminous glasses, the tetrahedral boron units begin to ‘steal’ Na+ away from network 

forming Al units and cause higher-coordinated Al species to form.  
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In order to assess sodium’s role around oxygen and verify the connectivity of the 

silicate network, we used analyzed compositions and the NMR-determined AlO4 and BO4 

fractions to calculate NBO fractions, per the formula: 

𝑁𝐵𝑂 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =
𝑎𝑡. % 𝑁𝑎 − 𝑎𝑡. % 𝐵 𝑖𝑛 𝐵𝑂4 − 𝑎𝑡. % 𝐴𝑙 𝑖𝑛 𝐴𝑙𝑂4

𝑎𝑡. % 𝑂
         (2) 

In this formula, we assume that one Na+ forms either one BO4 or one AlO4 unit, and that 

any excess alkali will begin to form NBOs in the silicate network on a 1-for-1 basis.55 

Results of these calculations are given in Table 3.2. It is important to note that, in this 

assumption, we have not taken into account AlO5 units due to their small concentrations 

and uncertainties with regard to their impact on the NBO content in the glass network. It is 

evident from these calculations that, in each composition, the network contains less than 

0.1% of NBOs, thus verifying sodium’s primary role as a charge compensator, as well as 

the anticipated high connectivity of these glasses marked by Q4 silicate structural units.  
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3.3.3 Glass structure vs Tg  

In general, an increase in the B2O3 concentration in the studied glasses, at the 

expense of SiO2, resulted in a significant reduction in their glass transition temperatures, as 

shown in Table 3.1. However, the variation in Tg with increasing B/(Al+Si) molar ratio is 

non-linear, as is evident from the close agreement between a fitted exponential function 

and the experimental data (as shown in Figure 3.2a).  
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Since Na/Al = 1 in all batched compositions, it is expected that a variation in B2O3/SiO2 

ratio will result in a decline in Tg since tetrahedrally coordinated SiO4 units will be replaced 

by less-constrained BO3 units, leading to an overall reduction in network rigidity. However, 

the non-linear decrease in Tg shown with increasing B2O3 content in glasses is intriguing 

and may be explained based primarily on the following two viewpoints: (i) a gradual shift 

in the network topology with varying B2O3/SiO2 ratio as tetrahedrally coordinated 

aluminosilicate glass network is being gradually converted to an aluminoborate network 

where trigonal BO3 replaces tetrahedral SiO4 as the main network forming unit, and (ii) an 

increasing average aluminum- and boron- coordination in the glass structure (in x ≥ 25 

compositions).  

Figure 3.2. (a) Tg and average Al and B coordination in the studied glasses as a function 

of B/(Al+Si) molar ratio. Tg is displayed on the left axis and both B and Al coordination 

are shown on the right axes. The fit of Tg displayed was performed using an exponential 

function to exhibit its non-linear behavior with composition. (b) Fractional display of 

network-forming species contained in the studied glass series according to B/(Al+Si) 

ratio, which have been normalized to 100 %. 
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The first viewpoint can be argued according to Figure 3.2b which displays the 

percentage breakdown of the glass network into its constituent glass-forming species 

(normalized to 100 %). In the studied system, which we anticipate to have negligible NBO 

content, this breakdown represents a comprehensive depiction of the glass network 

evolution in a series of fully polymerized glasses. It is shown that while tetrahedral Al and 

Si are present in near-identical quantities at x = 0 (nepheline composition), substitution of 

B2O3 for SiO2 leaves AlO4 as the primary network component from x = 5 to x = 20, beyond 

which BO3 units exist as the main network constituent (x ≥ 25). The shift along this series 

from networks rich in tetrahedral Al and Si species to those rich in trigonal B contributes 

to a network with less constraints and higher degrees of freedom, thus contributing to 

gradual decreases in Tg.
56 However, it can also be noted in Figure 3.2b that concentration 

of SiO4 and BO3 units in the glass structure changes in a non-linear fashion as a function 

of B/(Al+Si) ratio, similar to what is seen for Tg in Figure 3.2a. For instance, although SiO4 

fractions initially reduce with a steep negative slope, the magnitude of the negative slope 

gradually decreases (as evidenced by ~30 % reductions from x = 0 to x = 25 and ~20 % 

reductions between x = 25 and x = 50). BO3 unit fractions, on the other hand, first rise with 

a steep positive slope which continuously reduces as a function of B/(Al+Si) ratio. Thus, 

the non-linear trends in the variation of both SiO4 and BO3 network fractions may help to 

explain the non-linear decrease in Tg with increasing B2O3/SiO2 ratio.  

The second possible explanation for the non-linear trend observed in Tg is the rise 

in average Al and B coordination, especially in glasses with x ≥ 25 mol.%. As evident from 

the secondary y-axes of Figure 3.2a, the average aluminum and boron coordination 

(hereafter referred to as <Al> and <B>, respectively) varies between 4.01-4.02 and 3.00-
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3.02, respectively in glasses with x ≤ 25 mol.%. However, <Al> and <B> increases from 

4.01 to 4.06 and 3.02 to 3.06, respectively, with increasing B2O3 content in glasses with x 

≥ 25 mol.%. It has been well documented in the literature that rising BO4 content leads to 

an increase in the glass network rigidity and a corresponding increase in Tg values.3,57 

However, uncertainty with respect to the impact of <Al> upon network rigidity may be 

addressed based on the Tg and structural data of glasses in the composition system 20 

Na2O–y Al2O3–(80-y) B2O3 (y varies between 5 – 25 mol.%) as reported in our previous 

publication.43 The 11B and 27Al MAS NMR results on sodium aluminoborate glasses in our 

previous article had highlighted a decrease in the N4 fraction from 24 % (y = 5) to 8 % (y 

= 25), and for AlO4 fraction from 98% (y = 5) to 73% (y = 25) as shown in Figure S3a. 

Ideally, the decreasing N4 and AlO4 fractions should suggest decreasing connectivity in the 

glass network and thus, a reduced Tg. However, the Tg in these glasses was observed to 

increase with an increasing concentration of Al2O3, as has been shown in Figure S3b. This 

was explained to occur due to a rising fraction of five-coordinated aluminum in the glasses 

from 2 % (y = 5) to 23 % (y = 25), thus, increasing <Al> from 4.0 to 4.3. Similar results 

have been reported in the case of glasses in the Li2O–Al2O3–B2O3 system45 and several 

alkali and alkaline-earth aluminosilicate glass systems.54 As discussed earlier, though the 

role of five-coordinated aluminum in the glass structure is still disputed, these findings 

indicate that AlO5 units has a reticulating effect on the glass network. Thus, based on our 

previous results and the existing literature, the rise in <Al> in glasses with x ≥ 25 mol. % 

(due to the formation of five-coordinated aluminum) in the present study may also be a 

contributing factor (along with the non-linear variation in SiO4 and BO3 units) to the non-

linear variation in Tg.  
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3.3.4 Chemical dissolution behavior 

3.3.4.1. Forward rate regime – Dissolution kinetics and solution analysis 

Table S2 presents the pH, elemental concentrations, and normalized mass loss (NL) 

data for the glasses in this study as a function of time, while Figure 3.3a-e displays NL vs. 

time curves for compositions B-0, B-5, B-25, B-45, and B-50, respectively. The data points 

at each timestep represent an average elemental concentration from two duplicate 

experiments, and where the liquid aliquot from each experiment was measured three times 

by ICP-OES. In an attempt to capture the early release behavior, experiment durations were 

varied depending on the relative durability of each glass composition. The release of Na+ 

cations and Al species occurs readily in acidic solutions due to ion-exchange / hydrolysis,13 

and has varying effects upon drift of solution pH from its initial value: Na+ released from 

a glass tends to increase the alkalinity of solution, while alumina species (which exist as 

Al3+ or Al(OH)3 in acidic environments) exhibit amphoteric behavior, depending on the 

acidity of solution and relative concentrations of Al species.58,59 Meanwhile, the release of 

B—a species which is also released at elevated rates—has an opposite effect on the pH as 

its extraction is tantamount to additions of boric acid to solution. Beyond the initial 

buffering capacity of the pH = 2 solution imposed by the 0.01 M HCl concentration, the 

pH of a solution is thus subject to drift in accord with the concentration of elements released 

over time, and further moderated by the balance of different elemental species released as 

a function of glass composition (e.g. Na vs Al vs B).  The spread of pH values over time is 

captured in Figure 3.4, which plots measured solution pH as a function of glass 

composition (via batched B2O3 content); corresponding pH data are listed in Table S2.  
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Figure 3.3. Plots of normalized loss (g/m2) of each element present in 

the glass as a function of time (hours) for (a) B-0, (b) B-5, (c) B-25, (d) 

B-45, and (e) B-50. 
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Dissolution experiments with an initial pH of 2 show a steady rise in pH over time, 

with ultimate values trending between 2.2-2.5. The spread of pH data in Figure 3.4 helps 

to additionally demonstrate the impact that glass composition has upon pH evolution, 

where 12 h time durations have been highlighted in a different color. It can be seen that 

while B2O3-rich compositions reach higher pH values within 12 h than SiO2-rich 

counterparts, all compositions show pH change of less than ±0.3 within the same time 

duration, demonstrating the reasonable buffering capacity of pH = 2 solutions, and thus 

enabling assessment of acid dissolution behavior without the complication of more 

significant pH drift during a given experiment.   

Figure 3.4. Solution pH as a function of glass B2O3 content (mol. %) in pH = 2 starting 

solution. The data points highlighted in blue represent pH after 12 h dissolution 

experiments while points displayed in gray represent the pH data spread along the 

course of corrosion experiments for each glass composition. 
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We utilized the curves shown in Figure 3.3 to compare the release kinetics between 

different elements and calculate forward dissolution rates for each composition, while also 

gaining relevant information related to the dissolution mechanisms of these glasses in 

acidic media. Acidic environments tend to promote ion exchange/hydrolysis of the glass 

network relative to solutions with near neutral pH, in this case with normalized loss values 

at pH = 2 reaching upwards of 100 g/m2 within the first 12 hours of experiments. This 

tendency for rapid attack of the network is especially prominent in glasses with significant 

Al2O3 content, as Al-O bonds tend to undergo rapid hydrolysis in acids relative to neutral 

pH conditions.24 In the studied acidic environment, we see in Figure 3.3 that all glasses 

show (i) an initial linear increase, followed by (ii) a concave downward behavior indicative 

of decreases in elemental release rates towards a slower residual rate. The reduction in 

apparent release rate in static experiments can result from several possible mechanisms, 

including formation of a protective gel/precipitate layer near the surface of the glass or 

solution feedback effects that manifest as elements approach saturation in the surrounding 

aqueous environment (we will explore this in more depth in the next section as we discuss 

residual rate).24,26 From the NL data, it can be seen that SiO2-rich compositions showed 

nearly 100 g/m2 release in 72 h, while B2O3-rich compositions in the same environments 

saw this same magnitude of release in only 12-24 hours. In terms of elemental differences 

in release behavior, all glasses tend to show close agreement between NL values of Na, Al, 

B and Si (where present in the glass) within the forward rate regime, implying congruent 

release behavior.  These similarities will become more apparent as we compare forward 

release rates and discuss experimental uncertainty.   
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Statistical uncertainty reported for each normalized loss point has been determined 

as 1 standard deviation for duplicate samples; propagated uncertainty of corrosion 

experiments have also been calculated and these values approach as high as 50-60 % of the 

mean value. While standard deviation calculations only consider data from duplicate 

experiments and may need confirmation using larger sample sizes, propagation of 

uncertainty aims to encapsulate all systematic experimental uncertainties and estimate their 

combined sum—in our case, the vast majority arising from uncertainty in particle surface 

area. Since the vast majority of our NL standard deviations lie within 20 % of the mean 

value and NL/forward rate uncertainties typically seen in literature are less than 15-25 %60-

62 (for crushed glass in static conditions, using geometric SA, especially in high rate 

conditions), the propagated uncertainty we have calculated may overestimate uncertainties 

which arose from spherical approximations of crushed particles. Thus, we expect measured 

uncertainties from replicate experiments in our study to provide comparable estimates of 

total uncertainty, and will consider this amount of uncertainty when evaluating NL data in 

our dataset.  

In order to further compare release kinetics for these glasses, we deduce forward 

dissolution rates on the basis of each element by performing linear regression on 

normalized loss vs. time plots in the early, linear portions of the release curves (within the 

first 3-12 hours). The slope of the line provides an estimate of the forward dissolution rate; 

these fits should only be considered estimates due to the somewhat subjective nature of 

determining the linear portion of the NL curve, as well as observing non-zero intercepts at 

t = 0 (with fits not being constrained to pass through (0,0)). Experimental error in fitting a 

single dissolution rate to NL data has been highlighted extensively in the literature.63-64 
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Rates and uncertainties according to B2O3 content (and B/(Al+Si) molar ratio) can be found 

in Table 3.3. In order to assess standard uncertainty in linear regression, the standard 

deviation of each NL data point was considered, and the relative impact of fitting a slope 

to uncertain data was summed to determine the overall fitted-slope uncertainty, similar to 

the method discussed by Kragten.65 Normalized loss rates on the basis of each element 

varied between 3 – 18 g m-2 h-1, showing a steady increase with increasing B/(Al+Si) ratio, 

as illustrated in Figure 3.5. This rate increase across the series was expected due to borate 

network incorporation. However, its relatively linear behavior according to B/(Al+Si) ratio 

(as seen in Figure 3.5) is a striking result considering the non-linear behavior observed in 

Tg and network structure (Figure 3.2). The non-linear trend detected for Tg has earlier been 

ascribed to either (i) shifts in network topology due to replacement of tetrahedral species 

(i.e. AlO4 and SiO4) by BO3 or (ii) increases in coordination of both Al and B. The trends 

observed imply that although compositional evolution in the studied system impacts glass 

network connectivity and short-ranged structure, NL rates are relatively insensitive to these 

changes. Instead, we see that dissolution rates generally undergo linear variation according 

to B composition in the glass, indicating that B2O3-for-SiO2 network former substitution 

promotes incremental changes in chemical durability. 
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Table 3.3. Normalized loss rates of Na, Al, B, and Si for the studied glass in pH = 2 

solutions. These rates were determined by linearly fitting normalized loss vs. time plots. 

Rates have been compared according to experimental B/(Al+Si) ratios in the glass. 

 

In terms of elemental release comparisons, we see that while some glasses have 

deviations of up to 20-35 % between the NL rates of different elements, the studied glasses 

show a general NL rate similarity between Na, Al, B, and Si (where present in the glass), 

  Normalized Loss Rates (g-glass/[m2h]) 

Sample 

ID 

B/(Si+Al) 

Ratio 
Na 

Na-

error 
Al 

Al-

error 
B 

B-

error 
Si 

Si-

error 

B-0 0.00 3.2 ±0.3 2.9 ±0.3 -- -- 3.3 ±0.3 

B-5 0.11 4.2 ±0.1 4.1 ±0.1 2.8 ±0.2 3.2 ±1.7 

B-10 0.20 6.5 ±0.3 6.3 ±0.2 4.4 ±0.2 7.0 ±0.2 

B-15 0.32 5.8 ±0.3 5.4 ±0.07 3.93 ±0.06 6.0 ±0.1 

B-20 0.47 7.1 ±0.5 6.6 ±0.5 4.9 ±0.4 6.8 ±0.6 

B-25 0.63 8.9 ±1.8 8.1 ±1.7 6.2 ±1.3 8.0 ±1.5 

B-30 0.79 8.3 ±0.2 7.7 ±0.2 6.1 ±0.2 8.45 ±0.07 

B-35 1.00 9.6 ±0.2 8.9 ±0.3 7.0 ±0.2 8.8 ±0.7 

B-40 1.25 12.3 ±2.2 11.2 ±2.1 8.9 ±1.8 9.9 ±2.8 

B-45 1.59 16.4 ±0.9 13.7 ±0.9 11.6 ±0.7 * * 

B-50 1.93 18.2 ±0.1 14.1 ±0.1 13.26 ±0.07 -- -- 

*Dissolution rate was not able to be extracted due to non-linear behavior in the forward rate regime 

and/or concentrations near the ICP-OES detection limits 
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indicative of an apparent congruent release in the forward rate regime when subjected to 

acidic environments. Slight differences in release rates may arise due to uncertainties 

typically estimated from dissolution experiments and the challenges with estimating 

forward rates from NL curves—surface sensitive experiments discussed later in this text 

will further explore release trends during the residual rate regime and aim to validate our 

kinetic observations near the glass–fluid interface.  

3.3.4.2 Residual rate regime – Glass structural transformations due to aqueous corrosion   

Although we see from the estimated dissolution rates that the glasses dissolve 

congruently in the forward rate regime, NL values for B in the majority of the compositions 

(x = 5 – 35) lie below Al, Si and/or Na at longer time durations in these experiments (12 – 

72 h)—a time window taken to represent the residual rate regime. In order to further 

explore the structural and compositional changes taking place near the glass surface in this 

Figure 3.5. Na, Al, B, and Si normalized loss rates in acidic 

solutions as a function of B/(Al+Si) molar ratio. 
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regime, recovered glassy grains and bulk coupons were analyzed using multiple bulk and 

surface characterization techniques. 

 Grains recovered from the dissolution experiments were analyzed via XRD and 

MAS NMR to obtain insight into the structural evolution of glasses during corrosion. XRD 

analysis determined all grains recovered from experiments to be amorphous, ruling out the 

formation of significant crystalline secondary phases during corrosion. Meanwhile, 27Al 

and 11B MAS NMR were performed on selected samples, and results are summarized in 

Figures 3.6a and 3.6b. We chose to analyze grains obtained after the final timestep of 

corresponding static experiments, focusing on glass compositions B-0, B-25, and B-50—

the goal being to investigate extremes of potential structural changes taking place as glasses 

across the composition series corrode. Figure 3.6a displays the 27Al MAS NMR spectra of 

pre- and post-corroded glasses. In this figure, we see that B-0 and B-25 glasses show 

identical 27Al spectra before versus after corrosion. The position of the peak corresponds 
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to Al in a tetrahedral environment, and the consistency of the spectra indicate that the local 

environment around Al is not detectably altered in these glasses during 

corrosion. In the composition B-50, on the other hand, while the AlO4 and AlO5 peaks 

appear identical before and after corrosion, development of a noteworthy peak near 5 ppm 

can also be seen after 12 h of corrosion. We associate the emergence of this peak with the 

development of hydrated AlO6 secondary phases near the glass–fluid interface.11,43,66 The 

breadth of the AlO6 peak in the 27Al MAS NMR spectra is indicative of an amorphous 

phase (corroborated by XRD), whereas crystalline Al(OH)3 has been shown to form during 

corrosion of aluminoborate glasses in near-neutral–to–alkaline pH conditions due to 

significant decreases in alumina solubility.43 It should be noted here that, despite significant 

amount of dissolution in samples from both SiO2-rich and B2O3-rich glass compositions at 

pH = 2, the formation of AlO6 units was observed only in the sodium aluminoborate end-

Figure 3.6. (a) 27Al MAS NMR spectra of B-0, B-25, and B-50 grains recovered 

from dissolution experiments, as compared with the pre-corroded glass spectra. 

(b) 11B MAS NMR spectra of B-25 and B-50 grains recovered from dissolution 

experiments. 
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member sample (B-50). Although the formation of AlO6 units in aluminosilicate glasses 

has also been reported in the literature (when corroded in acids for long durations),11,66 our 

finding that AlO6 only forms in B2O3-rich compositions (within the studied time durations) 

is attributed to the faster dissolution kinetics of aluminoborate glasses in comparison to 

their silicate analogues, which engenders a more rapid approach to corresponding solubility 

limit(s) within the timeframe of the experiment.     

Figure 3.6b presents the 11B MAS NMR spectra of B-25 and B-50 glasses after 

corrosion.  These data were obtained at lower magnetic field than those for the pre-corroded 

glasses in Figure 3.1a, inhibiting direct spectral overlay due to known changes in peak 

shape with magnetic field. That said, when comparing the quantified results from Figure 

3.6b to those from the pre-corroded glasses, calculated N4 fractions are almost identical (± 

0.5 %; within ± 0.5 % error limits typically associated with fitting MAS NMR spectra). 

This indicates an insignificant degree of structural change in the borate glass network 

(irrespective of the glass composition) during corrosion, as well as implying little to no 

precipitation of hydrated boron species from solution on the glass surface in this residual 

rate regime. Thus, acidic environments attacking the borate glass network seem to 

hydrolyze bonds with no preferential affinity for hydrolysis of BO3 or BO4 units despite 

differences in their typical bond energies.43 While we have not discussed the silicate 

network, we expect silicate units in contact with acid to act in one of two ways: (i) hydration 

of Si-O bonds (Si-OH) or (ii) rapid apparent release of Si due to silicate “cluster” release 

following hydrolysis of the surrounding Al or B network, as network connectivity 

decreases significantly.12,67-69 As mentioned in the previously proposed mechanisms for 

glass dissolution,4,22,30 ultimate gel layer formation can occur through either method via 
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precipitation of partially bonded or free species at the glass – acid reaction front.22,70 

Surface analysis techniques will better explain the mechanism of silicate-acid interactions 

taking place.  

Based on the NL results from glass grains, the polished coupons of glasses B-5, B-

25, and B-45 were corroded in HCl (pH = 2) solutions for 3 days, 1 day, and 12 hours, 

respectively, creating samples with surfaces representative of the residual rate regime. The 

pre- and post-corroded glass coupons were analyzed using surface sensitive techniques. 

XPS spectra for the pre- and post-corroded B-45 samples are shown in Figure 3.7 and the 

corresponding elemental compositions (for B-5, B-25, and B-45, both pre- and post-

corrosion) are summarized in Table 3.4. The measured surface compositions of the as-

polished samples agree reasonably well with the bulk experimental compositions (as 

analyzed via ICP-OES) except for the B content of sample B-5, which shows a 2.5×  
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Figure 3.7. (a) Al 2p, (b) Na 1s, (c) B 1s, (d) Si 2p, and (e) Al 2p XPS spectra 

of polished and corroded B-45 glass coupons (12 hours at pH = 2).   
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enrichment at the surface. As this discrepancy is well outside the expected statistical error 

in the XPS measurements, this can be possibly attributed to slight segregation of B2O3 at 

the surface of the sample.  

Table 3.4. Surface compositions of B-5, B-25, and B-45 samples as measured in the top 

~5-10 nm via XPS analysis (atomic percentages accurate within ±5 %). In each sample, 

we have compared compositions of polished and corroded samples to the bulk 

compositions measured using ICP-OES.   

 

Upon exposure to acidic environments, the composition of sample B-5 was 

relatively unchanged in the surface layer, reverting largely to the composition expected 

from that of the bulk glass.   However, samples B-25 and B-45 both showed moderate to 

significant reduction in their Na and B content. The surface of sample B-45 was almost 

entirely depleted in Na and B (80-90 %), while Al was enriched by a factor of ~2.4 after 

immersion. In Figure 3.7a, it is evident that while the polished Al 2p peak lies near 74.2 

eV, the corroded sample shifts towards slightly higher binding energy (74.8 eV).  This shift 

could indicate the presence of octahedral Al(OH)3 units, as examined in Refs.71-73 and may 

further correspond with a gradual shift in Al speciation from 4- to 6-coordination seen in 

MAS NMR of B-50 post-corroded grains.74 O 1s spectra, meanwhile, show a significant 

change between pre- and post-corroded samples due to likely changes in mixed network 

former linkage ratios (i.e. Al-O-B, B-O-B, etc.), as well as surface hydration effects, during 

Element 

(at. % 

by XPS) 

Sample 

B-5 B-25 B-45 

Bulk 
Polished 

Surface 

Corroded 

Surface 
Bulk 

Polished  

Surface 

Corroded  

Surface 
Bulk 

Polished  

Surface 

Corroded  

Surface 

Na 14.0  12.2  12.6  12.5  10.2  9.1  11.3  10.0  0.9  

Al 14.1  13.0  13.2  13.0  11.7  13.6  11.5  10.9  26.3  

B 2.8  7.0  3.8  12.1  13.7  9.7  20.3  22.6  4.1  

Si 12.3  12.6  11.6  6.1  7.2  6.3  1.2  1.6  2.9  

O 56.9  55.3  58.8  56.2  57.2  61.2  55.7  55.0  65.8  
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corrosion.  At these spectral resolutions, we also cannot rule out the possibility of the 

formation of NBOs near the surface due to bond hydrolysis (which normally contributes 

intensity near 531 eV).75,76 Difficulties with deconvoluting the numerous species contained 

within the O1s peak of oxide glasses are well-documented, and thus no attempts to further 

quantify these effects have been made here. 

Table 3.5. Surface compositions of B-5, B-25, and B-45 samples as measured in the top 

100-300 nm via RBS analysis (atomic percentages accurate within ±4 %). In each sample, 

we have compared compositions of polished and corroded samples to the bulk 

compositions measured using ICP-OES 

 

The RBS spectrum of sample B-45 (polished and corroded) is shown in Table 3.5 

and measured elemental compositions of B-5, B-25, and B-45 before and after corrosion 

are displayed in Figure 3.8a. Note that the RBS spectrum of corroded B-45 glass has been 

shifted downward in order to line up the intensities of the Al/Si onsets for ease of 

comparison. As a reminder to the reader, RBS measurements probe a depth of about 100-

300 nm, and thus are expected to probe an information depth significantly further into the 

surface than in XPS. It can be seen that RBS-measured surface and bulk experimental 

compositions agree well in the polished samples. RBS results for the corroded samples, 

meanwhile, suggest that only the composition of sample B-45 changed significantly 

beyond the XPS-measured surface layers, as the loss of Na extended well into the RBS-

Element 

(at. % 

by RBS) 

Sample 

B-5 B-25 B-45 

Bulk Polished 

Surface 

Corroded 

Surface 

Bulk Polished 

Surface 

Corroded 

Surface 

Bulk Polished 

Surface 

Corroded 

Surface 

Na 14.0  13.9  13.0  12.5  12.1  11.8  11.3  11.3  4.8  

Al 14.1  13.6  13.8  13.0  9.8  12.3  11.5  11.0  18.3  

B* 2.8  2.8  3.0  12.1  15.8  12.6  20.3  21.8  18.8  

Si 12.3  11.8  11.8  6.1  7.8  6.3  1.2  1.1  1.1  

O 56.9  57.8  58.4  56.2  54.4  56.9   55.7  54.7  57.0  
*Note: B concentration estimated by difference 
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measured depth of the surface. Additionally, Al in B-45 was enriched by ~66 % in the bulk 

of the corroded sample as compared to the polished sample, implying that the Al 

enrichment in this sample may extend to a depth beyond that probed by XPS. Samples B-

5 and B-25 showed no statistically significant changes in the bulk.  

Figure 3.8. (a) RBS and (b) ERDA spectra of polished and 

corroded B-45 glass coupons (12 hours at pH = 2). 
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The ERDA spectrum shown in Figure 3.8b indicates that sample B-45 absorbed a 

significant amount of hydrogen upon exposure to acidic solutions, reaching a hydrogen 

content of 33% within the top 1 µm of the glass. The remaining samples showed only 

background levels of hydrogen both before and after immersion (see Figure S5). Note that 

the samples charged slightly during these measurements due to their relatively low 

conductivity and hence the energy onset of the surface peak was not consistent. 

3.4 Discussion 

The aim of this study was to address the open questions: (1) What mechanism(s) 

best describe the corrosion of glass in acidic environments? (2) Specifically, does AlO6 gel 

layer formation in acid occur by way of a structural transformation or re-precipitation? (3) 

Will the established corrosion mechanisms – multi-step inter-diffusion mechanism or 

IDPM – accurately describe the dissolution behavior of glasses far from the extensively-

studied SiO2-rich compositional regime (i.e. B2O3-rich samples)? 

In order to achieve this goal, we employed several state-of-the-art techniques to 

characterize the evolution of solution, bulk and surface chemistry, and structural features 

in glass samples after aqueous corrosion. We found that acid submersion (pH = 2) of 

sodium aluminoborosilicate glasses extending from silicate- to borate-rich endmembers 

resulted in a range of glass responses as were manifested in the elemental release behavior 

from the glass and structural/compositional modifications observed near the glass–fluid 

interface. As the batched glasses were designed in the metaluminous (Na/Al = 1) regime, 

Na+ in the network was expected to play a charge compensating role for primarily AlO4 

and possibly BO4 thus maintaining full connectivity of the silicate network. Furthermore, 

as high overall connectivity was maintained in these glasses (Table 3.2 estimates NBO 
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fractions in each glassy network), the structural drivers for network corrosion are 

anticipated to be highly dependent upon medium range order characteristics (i.e. Si-O-Al, 

Si-O-B, B-O-Al linkages), where composition and network former ratios play a major role 

in defining the extent of network mixing thus greatly affecting the rate of network 

hydrolysis and elemental release.  

We particularly expected relative fractions of BO3/BO4 and AlO4/AlO5 species in 

the network to greatly affect network mixing characteristics in the studied compositions, 

which may be governed by stoichiometric mixing or by coordinated ‘tetrahedral avoidance’ 

rules, where bonds such as Al[4]-O-Al[4] or Al[4]-O-B[4] are generally avoided in the glass 

network.40,48,77,78 In our system, we see in Table 3.2 that silicate-rich glasses show almost 

exclusively BO3 and AlO4 structural units (>98 %) with a completely polymerized silica 

backbone (~4 BO per tetrahedron), which is consistent with previous studies of similar 

mixed network former compositions.32,40 However, as we enter the borate-rich region, we 

begin to see steady replacements of BO3 and AlO4 by BO4 and AlO5, respectively, up to 

~6% of each in the aluminoborate endmember glass, the trend of which has also been 

previously observed in similar aluminoborate glasses.44,79 In terms of medium range order, 

it has been observed that nepheline (NaAlSiO4) glasses tend to form a highly 

interconnected aluminosilicate network, with roughly 4 bridging oxygens per Si 

tetrahedron connecting to Al.12,48 As we introduce B2O3 for SiO2, Si-O-B and Al-O-B 

bonds begin to replace the highly linked Si-O-Al network until the NaAlB2O5 endmember, 

where we expect an Al-O-B and B-O-B linked glassy network.44 We deduce from Figure 

3.2a and 3.2b that although Tg decreases along the series due to the replacement of 

tetrahedral Al and Si units by less-constrained BO3 units, the non-linear behavior of Tg 
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(and network rigidity) is impacted either by the similarly non-linear evolution of the 

network former fractions (i.e. BO3 substitution for SiO4 and AlO4; Figure 3.2b) along the 

glass series, or by an increase in aluminum and boron coordination (i.e. rises in AlO5 and 

BO4; Figure 3.2a) in B2O3-rich compositions (x > 25), which we have described to 

strengthen the glass network. In the following section we explore the influence changes in 

network structure can have on glass corrosion. 

Glasses exposed to acidic solutions tend to undergo the process of ion exchange 

and hydrolysis at accelerated rates relative to neutral-pH solutions. Furthermore, due to the 

high Al solubility in acidic media, nepheline-based glasses will degrade quickly in acid 

due to rupture of Al-O-Si bonds which constitute the network. In tandem with H+/H3O
+ 

penetration to extract Na+ from the glass, hydrolysis of Al-O bonds and subsequent release 

of Al3+ cations—species which previously held together isolated Si tetrahedra—will cause 

the network to degrade, leading to the rapid release of silicate units as silicic acid.12 As 

B2O3 is substituted into the network in place of SiO2, the introduction of more readily-

hydrolyzed Al-O-B and Si-O-B linkages drives network hydrolysis to occur at a faster rate 

in comparison to Si-O-Al.80 In Figure 3.5 and Table 3.3, we see that, in acidic 

environments, increasing B/(Al+Si) ratio in the glass leads to a general linear increase in 

forward dissolution rates by a factor of 4-6× proceeding from aluminosilicate to 

aluminoborate endmembers, despite non-linear evolution of the glass network structure 

and rigidity. 

Comparing inter-elemental release patterns from the various glass compositions, 

we observe that acid attack leads to congruent release in the forward rate regime, as 

displayed by NL curves for Na, Al, B, and Si NL and the estimated forward rates being 
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within the experimental error of one another during the initial stages of dissolution (Figures 

3.3 and 3.5). While previously reported findings suggest that silicate glasses in acid media 

dissolve congruently,11,14,21,30 our results show that as B is added, signs of apparent 

incongruency emerge, and are especially evident in the residual rate regime of SiO2-rich 

glasses as B release drops below that of Al, Si, and/or Na. In order to supplement our 

understanding of the elemental release mechanisms occurring at the glass–fluid interface 

in the residual rate regime, surface compositional and structural changes were uncovered 

by using a combination of multiple characterization techniques. 

 Although XRD studies of recovered grains detected that corroded glasses lacked 

significant crystalline secondary phases, the combination of MAS NMR and XPS / RBS / 

ERDA techniques enabled us to gain additional insight into the amorphous structural and 

chemical changes occurring near the glass–fluid interface. Through MAS NMR 

experiments, we observed that while B coordination in all glasses shows negligible 

changes, Al in B2O3-rich glasses begins to undergo a coordination change from 

predominantly AlO4 to AlO6, as determined from the development of a peak near 0 ppm in 

B-50 (as seen in Figure 3.6a) following corrosion. XPS studies corroborate these results by 

a marked enrichment of atom% Al and potential indications of AlO6 units after 12 h of acid 

corrosion in B-45, as implied by a significant shift in the Al 2p peak towards higher binding 

energy,71,72,74 and accompanied by the development of an O 1s peak likely associated with 

NBO (see Figure 3.7). An intriguing outcome of XPS / RBS experiments in the same 

sample (B-45) resides in that the following observation: Even though we have seen Al 

elemental release occur at similar rates to B in these experiments, as Na and B are 

significantly depleted (80-90 %) in the top ~10 nm, we see Al enrichment at the surface by 
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a factor of ~2.5 in the top ~10 nm (XPS) and a factor of ~1.5 in the top 100-300 nm (RBS) 

(presumably in a hydrated 6-coordinated form; see Table 3.4 and 3.5). ERDA performed 

on this sample confirmed the presence of H as either H+/H3O
+ or diffused H2O species 

within the top ~1 µm of the glass surface. We should also note that Al enrichment and Na 

/ B depletion from the surface was also seen in the B-25 (SiO2 / B2O3 = 1) composition, 

although to a much less extent. Studies by Tsomaia et al.11 and Criscenti et al.66 in sodium 

aluminosilicate glasses at pH = 2 had previously determined that an enriched AlO6 layer 

forming at the glass–fluid interface occurs upon corrosion by way of structural 

transformation at the glass surface. However, in our studied borate-rich glasses, we can 

alternatively explain the Al enriched surface formed either by a re-precipitation or 

adsorption process of Al species from solution following significant degradation of the 

borate network, which agrees with literature showing that dissolved Al exist in an 

octahedral form.11,66 Thus, regardless of elemental release trends which seem to signal that 

the glass corrodes in a congruent fashion with regards to Al, we determine that these glasses 

begin to undergo a re-precipitation/gel layer formation mechanism on approach to the 

residual rate regime, even when silica is not present in significant amounts in the initial 

glass structure.   

 Our findings tend to show consistency with what was proposed by Geisler et al.22 

for experiments performed with a simplified glass composition at pH 0, which suggest that 

glass dissolution proceeds as an inward moving reaction front, where all elements are 

released congruently, followed by the formation of a re-precipitated gel layer. However, 

we are seeing an apparent shift in corrosion mechanism between SiO2-rich and B2O3-rich 

samples, marked by the differences seen in the surface layers of borate-rich samples (in the 
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form of an AlO6-rich hydrated layer)—while SiO2-rich glasses (x ≤ 25)—which undergo 

similar magnitudes of normalized loss—do not show clear evidence of hydrated layer 

formation. Aluminum in octahedral coordination near the surface of nepheline-based 

glasses, which has been found in glasses corroded at pH = 2 for longer time durations (near 

1000 h),11 may only occur in the latter stages of dissolution in which silica is saturated in 

solution and more significantly depleted from the glass–fluid interface. By comparison, in 

B2O3-rich samples, hydrated AlO6 layers begin to form at the surface following degradation 

of the borate network, which occurs at an accelerated rate. Presumably, this breakdown 

promotes a dissolution–re-precipitation mechanism at the surface, as Al has been shown to 

release from the glass at similar rates to other network formers as opposed to remaining in 

the glass. Sodium aluminoborosilicate glasses dissolving in acidic conditions tend to act in 

ways that reflect their medium range order, and we have also shown that—while 

composition plays a clear role in the reaction kinetics and mechanisms occurring at the 

glass–fluid interface—recently proposed mechanisms for glass corrosion may provide the 

basis for understanding the way a wide range of glass compositions (extending into the 

B2O3-rich region) corrode under acidic conditions. Further examination of the pristine 

glass/hydrated layer interface, for instance through high-resolution depth profiling (i.e. 

TEM, ToF-SIMS, etc.), would provide valuable supplemental information about the 

molecular scale mechanisms and drivers governing corrosion of these glasses in acidic 

environments. 

3.5 Conclusions 

The current study has made an attempt to understand the mechanisms governing 

corrosion of glasses in acidic environments. Accordingly, a series of glasses in the 25 
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Na2O25 Al2O3x B2O3(50-x) SiO2 (x varies between 0 and 50 mol. %) was subjected to 

pH = 2 environments, where the evolution of solution, bulk and surface chemistry, and 

structural characteristics of glass was studied using a suite of state-of-the-art spectroscopic 

characterization techniques. It has been shown that, although stepwise addition of B2O3 

into the glass causes non-linear changes in network structural characteristics—i.e. Tg and 

fractions of AlO5/BO4 in the glass—noticeably linear increases in forward dissolution rates 

are observed. As has been seen in previous literature for SiO2-rich compositions, we 

observed that glasses submerged in acid underwent an apparent congruent release in the 

forward rate regime. In the residual rate regime, however, deviations from congruency 

were detected, as Al enrichment through AlO4→Al(OH)3 evolution was observed at the 

surface of corroded B2O3-rich glasses. When comparing our results to the aforementioned 

studies, the findings imply that dissolution–re-precipitation processes occur at the glass–

fluid interface in both B2O3-rich and SiO2-rich glass compositions, notwithstanding vastly 

different reaction kinetics. The present investigation forms the basis for further study of 

the glass surface in wide-ranged glass compositions, as further implementing atomic-scale 

depth profiling can better probe the reactive interface and help to pinpoint molecular 

mechanisms governing aqueous corrosion. 
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23Na MAS NMR of the as synthesized samples, Tg and 27Al and 11B MAS NMR speciation 

of a related glass system, among other miscellaneous chemical dissolution data as referred 

in the chapter. In this supplementary information, an additional section has also been added 

describing chemical dissolution behavior of pH = 0 and 4 solutions, which were not a part 
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Abstract 

Borosilicate glasses have emerged as potential candidates for third generation bioactive 

glasses due to the potential advantages they possess as compared to silicate-based compositions. In 

order to develop novel borosilicate bioactive glasses, it is critical to understand composition-

structure-degradation behavior relationships in this system, covering a wide range of compositions 

and properties with significant structural complexity. In this pursuit, the structure of glasses in the 

Na2O-P2O5-B2O3-SiO2 system is studied by both experimental and computational methods.  

Specifically, we explore the effect of incremental additions of P2O5 into perboric (R = Na/B; R < 

1), metaboric (R = 1), and per-alkaline (R >1) glass compositions, using advanced single and double 

resonance magic-angle spinning (MAS) NMR techniques, MD simulations, and DFT calculations 

based on advanced algorithms. P2O5 tends to attract the network former species preferentially, 

resulting in a re-polymerization of the silicate and a re-structuring of the borate components. These 

processes eventually lead to phase separation and crystallization of sodium phosphate, at levels 

above 3 mol. % to 7 mol. %, respectively, in the peralkaline and perboric glasses investigated. 

11B{31P} rotational echo double resonance results indicate that the ability of glasses to incorporate 

P2O5 without phase separation is related to the formation of P-O-B(IV) linkages that are integrated 

into the borosilicate glass network.  

Keywords: Structure, Bioactive glass, Compositional design  

 

 

 

 

 

 

 

 

 



128 

 

 

4.1 Introduction 

 The past 15+ years have experienced a tremendous upsurge in research interest of 

borosilicate-based bioactive glasses as potential candidates for the design and development 

of novel third generation biomaterials.1-3 Borosilicate glasses, in particular, provide certain 

advantages over standard silicate-based compositions, including (i) a wider glass-forming 

range, (ii) tunable chemical durability over wide ranges,1 and (iii) ease of processing into 

porous three-dimensional scaffolds for implantation into the body.2,4 Recent studies have 

further shown their ability to promote angiogenesis and osteogenesis in vivo.1,5 These 

features make borosilicate glasses very attractive for a wide scope of biomedical 

applications. Generally, third generation biomaterials are designed such that, when in 

contact with body fluids, ionic dissolution products that are released from the glass into the 

body stimulate specific biological responses,6 such as gene activation for osteoblast 

proliferation,7 enhancement of angiogenesis,8 and expression of insulin-like growth factor 

II mRNA,9 each of which facilitate body tissue regeneration. For maximizing healing 

effects, one needs to design materials whose functional ion release kinetics are tailored to 

the bodily rates of new tissue formation.1 It is therefore of utmost importance to develop a 

fundamental understanding of the dissolution behavior in this glass system. Furthermore, 

since the degradation of glass in aqueous solutions is intimately related to its atomic and 

molecular structure,10,11 a conceptual understanding of the compositional and structural 

drivers of glass degradation in the borosilicate glass system is required. The present 

contribution pursues this objective using the synergies of both experimental and 

computational methods.  
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Standard silicate glasses such as the 45S5 “gold standard” form a network 

dominated by metasilicate chains.10 The introduction of B2O3 into silicate glasses, which 

tends to expedite degradation behavior,1,2 adds significant structural complexity. Multiple 

new intermediate-range structural features involving three- and four-coordinate boron and 

their connectivities with each other and with silicon have been discussed,12-15 but the 

relation of these features to dissolution rates are still largely unknown. Therefore, most 

borosilicate bioactive glass compositions reported in the literature have been developed 

systematically, by expanding the compositional parameter space, gradually replacing SiO2 

with B2O3 in known formulations such as 45S5 or 13-93.1 If a “materials-by-design” 

approach (as laid out in the White House’s Materials Genome Initiative16) is adopted 

instead of a “trial-and-error” approach, quantitative structure-property relationship (QSPR) 

models must be developed, which allow the prediction of glass structural details and 

degradation behavior based upon composition.  

Our current study investigates the Na2O-P2O5-B2O3-SiO2 system. P2O5, like B2O3, 

plays a similarly vital role in bioactive glasses, as it enhances the bioactivity of most 

commercial bioactive glasses such as 45S5 and 13-93, largely due to its compatibility with 

mineral phosphate in bone tissue.1,17 Although it is also an important component in 

borosilicate-based bioactive glasses,1,2 the structural organization of P2O5-containing 

borosilicate glasses has never been comprehensively investigated. While commercial 

silicate-based bioactive glasses such as 45S5 contain predominantly isolated 

orthophosphate units,1 the phosphate speciation in borosilicate-based bioglasses is still 

unknown over wide composition ranges. It is known, however, that small additions of P2O5 

to borosilicate glass affect bulk physical properties and tend to promote phase separation 
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and/or crystallization processes.18-21 Such changes have been explained in terms of an 

increased degree of polymerization of the silica and boria species and P-O-B intermixing 

in the network.19,21 P2O5 is generally known as a cation scavenger in mixed network former 

glasses, attracting large amounts of modifier via multiply charged orthophosphate and 

diphosphate anions.19,21,22 In the present contribution we obtain quantitative information 

from magic-angle spinning nuclear magnetic resonance (MAS NMR) and molecular 

dynamics (MD) simulations on the phosphate units present and their next nearest neighbor 

environments.22,23 The discussion will be conducted in terms of the network former units 

(NFU-s) in the terminology Tn
mX (T, X = Si, B, P) where n denotes the number of bridging 

O atoms and m ≤ n specifies the number of linkages to other NFU-s of type X. Our studies 

aim to develop a comprehensive structural model relating sodium phospho-borosilicate 

glass compositions to their short- and intermediate-range order structural details.  

4.2 Experimental 

4.2.1 Glass synthesis and annealing 

Glass series were designed in three different compositional regimes of R = 

Na2O/B2O3 ratios, including perboric (PB, R < 1), metaboric (MB, R = 1), and peralkaline 

(PA, R > 1) compositions. Baseline compositions are (i) 25 Na2O–30 B2O3–45 SiO2 for PB 

(R = 0.83), (ii) 25 Na2O–25 B2O3–50 SiO2 for MB (R = 1), and (iii) 25 Na2O–20 B2O3–55 

SiO2 for PA (R = 1.25). For each series, P2O5 was substituted into the baseline glass 

composition using three different ways (resulting in a total of nine series), as exemplified 

for MB glasses below:  

Series MB1: (25-x/2) Na2O–x P2O5–(25-x/2) B2O3–50 SiO2 

  Series MB2: x P2O5–(100-x) (25 Na2O–25 B2O3–50 SiO2) 

  Series MB3: 25 Na2O–x P2O5–25 B2O3–(50-x) SiO2 
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In the first series, P2O5 is substituting for both Na2O and B2O3, thus maintaining a constant 

R value. The second series features additions of x P2O5 in place of 100-x of the baseline 

compositions. The third series substitutes P2O5 in place of SiO2 in the baseline glass. 

Batched P2O5 contents (x) vary between 0 and 9 mol. % within each series, however, only 

compositions resulting in homogeneous glasses were investigated further. For each batched 

composition, high purity powders of SiO2 (Alfa Aesar; 99.5 %), H3BO3 (Alfa Aesar; ≥98 

%), Na2SiO3 (Alfa Aesar; >99 %), and Na2HPO4 (Fisher Chemical; >99 %) were used as 

precursors. Batches corresponding to 70 g of oxides were melted in Pt-Rh crucibles for 1 

h in air at temperatures between 1400 and 1500 ºC and quenched on a metallic plate. The 

amorphous nature of glasses was confirmed by X-ray diffraction (XRD) (PANalytical – 

X’Pert Pro; Cu Kα radiation; 2θ range: 10–90º; step size: 0.01313º s–1). The glasses were 

then annealed for 1 hour near their glass transition temperatures (Tg*-50 ºC; where Tg* is 

predicted from the SciGlass database24) and slowly cooled to room temperature (see26 for 

details). Residual stresses of less than 10 MPa were measured using a polariscope. Table 

4.1 presents batched vs. experimental glass composition as analyzed on selected samples 

by inductively coupled plasma – optical emission spectroscopy (ICP – OES; PerkinElmer 

Optima 7300V) for B2O3, P2O5, and SiO2, and flame emission spectroscopy (PerkinElmer 

Flame Emission Analyst 200) for Na2O. Densities were measured using Archimedes’s 

method for at least 3 pieces per sample weighed in both air and d-limonene. Differential 

scanning calorimetry (DSC) data was collected on fine glass powders (<45 μm diameter) 

using a simultaneous thermal analyzer (STA; Netzsch) from room temperature to 1400 °C 

at a heating rate of 20 °C/min under a constant flow of nitrogen gas. The experimental Tg 

was determined from the onset of the endothermic dip in the DSC curve. 
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Sample 

ID 

Batched ρ (g/cm3) 

(±0.3 %) 

VM (±0.3 %) 

(cm3/mol) 
Tg (°C) 

Na2O P2O5 B2O3 SiO2 

PB0 25.0 [25.3] -- 30.0 [29.7] 45.0 [45.0] 2.519 25.18 559 

PB1-P1 24.6 1.0 29.5 45.0 2.509 25.58  

PB1-P3 23.6 3.0 28.4 45.0 2.479 26.50  

PB1-P5 22.7 5.0 27.27 45.0 2.462 27.30  

PB2-P1 24.8 1.0 29.7 44.6 2.518 25.50 549 

PB2-P3 24.3 [25.9] 3.0 [3.0] 29.1 [29.0] 43.7 [42.2] 2.507 26.24 538 

PB2-P5 23.8 [25.8] 5.0 [5.0] 28.5 [29.1] 42.8 [40.0] 2.476 27.20 506 

PB3-P1 25.0 1.0 30.0 44.0 2.510 25.59  

PB3-P4 25.0 4.0 30.0 41.0 2.485 26.84  

PB3-P7 25.0 7.0 30.0 38.0 2.456 28.15  

MB0 25.0 [25.1] -- 25.0 [25.0] 50.0 [49.9] 2.531 24.87 561 

MB1-P1 24.5 1.0 24.5 50.0 2.519 25.29  

MB1-P3 23.5 3.0 23.5 50.0 2.504 26.05  

MB1-P4 23.0 4.0 23.0 50.0 2.490 26.50  

MB2-P1 24.8 1.0 24.8 49.5 2.533 25.16 547 

MB2-P3 24.3 [26.0] 3.0 [3.0] 24.3 [23.9] 48.5 [47.1] 2.518 25.94 543 

MB2-P5 23.8 [24.7] 5.0 [5.0] 23.8 [23.9] 47.5 [46.3] 2.488 26.88 543 

MB3-P1 25.0 1.0 25.0 49.0 2.519 25.31  

MB3-P3 25.0 3.0 25.0 47.0 2.510 26.05  

MB3-P5 25.0 5.0 25.0 45.0 2.487 26.95  

PA0 25.0 [25.1] -- 20.0 [20.1] 55.0 [54.8] 2.527 24.72 547 

PA1-P1 24.4 1.0 19.6 55.0 2.501 25.28  

PA1-P3 23.3 3.0 18.7 55.0 2.497 25.94  

PA2-P1 24.8 1.0 19.8 54.5 2.526 25.04 548 

PA2-P3 24.3 [25.1] 3.0 [3.1] 19.4 [19.3] 53.4 [52.6] 2.513 25.80 545 

PA3-P1 25.0 1.0 20.0 49.0 2.515 25.16  

PA3-P3 25.0 3.0 20.0 47.0 2.506 25.91  
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Table 4.1. All batched compositions of studied glasses compared to selected experimental 

compositions (in brackets), as analyzed via ICP-OES (±0.5 mol. %). Density (ρ), molar 

volume (VM), and Tg are also displayed. 

 

4.2.2 Structural analysis by NMR 

NMR spectra were measured on an Agilent 240-MR DD2 spectrometer (5.7 T) 

using 3.2, 4.0, and 7.5 mm MAS NMR probes, Bruker Avance Neo 500 and 600 MHz 

spectrometers (11.7 and 14.1 T, respectively) using 2.5 and 4.0 mm MAS NMR probes, an 

Agilent DD2 system at 16.4 T equipped with a 3.2-mm MAS NMR probe, and an Agilent 

VNMRs system at 11.7 T equipped with a 5-mm MAS NMR probe. Table 4.2 specifies the 

conditions used for the various single resonance measurements. To probe the connectivity 

between phosphate units, one-dimensional refocused INADEQUATE experiments were 

employed on selected samples.25 This technique uses double-quantum filtering, based on 

homonuclear indirect spin-spin (“J-coupling”), for selective detection of P-O-P linked 

species. These experiments were performed using a Bruker Avance Neo 600 MHz 

spectrometer at 14.1 T (243.0 MHz) (and a Bruker DSX 500 console interfaced with a 4.7 

T magnet). with a 2.5 (4.0) mm probe using a spinning frequency of 15.0 (12.0) kHz, π/2 

pulse lengths near 1.6 (4.0) μs, recycle delays of 5-10 s, and signal averaging over at least 

4000 (24000) acquisitions. The double quantum coherence buildup time was set to 16 ms, 

corresponding to a 2J(31P-31P) coupling constant of 30 Hz.  

All the single resonance MAS NMR spectra were analyzed using the DMFit 

software,26 utilizing the CzSimple model for 23Na MAS NMR spectra, Gauss/Lorenz 

functions for 31P and 29Si MAS NMR spectra, and the “Q MAS ½” model and 

Gauss/Lorenz functions, respectively, for the 11B resonances of 3- and 4-coordinated boron 

species. N4 values were determined from the fractional areas of the peaks attributed to the 
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four-coordinated boron species, with a small correction for the overlapping satellite 

transition of the B(IV) species.27 

 

 

Single Resonance Parameters Perboric Metaboric Peralkaline 

23Na 

Magnetic field (T) / 

Resonance frequency 

(MHz) 

16.4 / 185.1 5.7 / 64.1 
5.7 / 64.1 or 11.7 / 

160.5 

Spinning frequency (kHz) 22.0 15.0 15.0 

Pulse length (μs) / Tip angle 0.6 / (π/12) 0.8-1.2 / (π/6) 0.8-1.2 / (π/6) 

Recycle delay (s) 2 0.25-0.5 0.25-0.5 

Number of acquisitions 200 ≥2000 ≥2000 

Reference standard NaCl (aq.) (0.0 ppm) NaCl (7.2 ppm) NaCl (7.2 ppm) 

11B 

Magnetic field (T) / 

Resonance frequency 

(MHz) 

16.4 / 224.6  14.1 / 192.6 5.7 / 77.8 

Spinning frequency (kHz) 20.0 15.0 15.0 

Pulse length (μs) / (Tip 

Angle) 
0.6 / (π/12) 0.5-1.0 / (π/6) 0.5-1.0 / (π/6) 

Recycle delay (s) 2 1-5 1-5 

Number of acquisitions 200 ≥400 ≥400 

Reference standard H3BO3 (aq.) (19.6 ppm) BPO4 (-3.5 ppm) BPO4 (-3.5 ppm) 

31P 

Magnetic field (T) / 

Resonance frequency 

(MHz) 

16.4 / 283.3 5.7 / 98.1 5.7 / 98.1 

Spinning frequency (kHz) 20.0 12.0 12.0 

Pulse length (μs) / (Tip 

angle) 
1.0 / (π/6) 4.0-5.2 / (π/2) 4.0-5.2 / (π/2) 

Recycle delay (s) 45 90-150 90-150 

Number of acquisitions 160-800 80 80 

Reference standard 85 % H3PO4 (0.0 ppm) BPO4 (-29.3 ppm) BPO4 (-29.3 ppm) 

29Si 

Magnetic Field (T) / 

Resonance frequency 

(MHz) 

11.7 / 99.3 5.7 / 48.2 5.7 / 48.2 

Spinning frequency (kHz) 6.0 5.0 5.0 

Pulse length (μs) / (Tip 

angle) 
1.6 / (π/6) 5.0 / (π/2) 5.0 / (π/2) 

Recycle delay (s) 300 150 150 

Number of acquisitions 300-800 150 150 

Reference standard 
Tetramethylsilane (0.0 

ppm) 

CaSi2O5 (-71.3 

ppm) 

CaSi2O5 (-71.3 

ppm) 
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Table 4.2. Summary of measurement conditions for all samples and nuclei studies by MAS 

NMR. 

 

 

 

 

Dipolar interactions between 11B, 31P, and 23Na nuclei were probed using 11B{31P}, 

23Na{31P}, 31P{23Na}, and 23Na{11B} rotational echo double resonance (REDOR) 

experiments, in addition to 31P{11B} rotational echo adiabatic passage double resonance 

Experimental Parameters of Double Resonance Experiments 

11B{31P} 

νnut., observed (kHz) 71.0 

νnut., non-observed (kHz) 161.0 

Spinning frequency (kHz) 15.0 

π-Pulse length, observed (μs) 5.6-6.0 

π-Pulse length, non-observed (μs) 3.1 

Recycle delay (s) 1 

Number of acquisitions (per point) ≥112 

23Na{31P} 

νnut., observed (kHz) 31.3 

νnut., non-observed (kHz) 62.5 

Spinning frequency (kHz) 11.0 

π-Pulse length, observed (μs) 6.0 

π-Pulse length, non-observed (μs) 6.4 

Recycle delay (s) 0.5 

Number of acquisitions (per point) 512 

31P{23Na} 

νnut., observed (kHz) 62.5 

νnut., non-observed (kHz) 31.3 

Spinning frequency (kHz) 11.0 

π-Pulse length, observed (μs) 6.4 

π-Pulse length, non-observed (μs) 6.0 

Recycle delay (s) 40-100 

Number of acquisitions (per point) 256 

23Na{11B} 

νnut., observed (kHz) 34.2 

νnut., non-observed (kHz) 35.7 

Spinning frequency (kHz) 14.0 

π-Pulse length, observed (μs) 6.8 

π-Pulse length, non-observed (μs) 7.75 or 11.25* 

Recycle delay (s) 0.5 

Number of acquisitions (per point) 512 

31P{11B} 

νnut., observed (kHz) 161.0 

νnut., non-observed (kHz) 71.0 

Spinning frequency (kHz) 15.0 

π-Pulse length, observed (μs) 3.1 

π-Pulse length, non-observed (μs) 22.0 

Recycle delay (s) 90 

Number of acquisitions (per point) 192 
*7.75 μs used for B(III) and 11.25 μs for B(IV) 
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(REAPDOR) spectroscopy, on selected samples. All REDOR experiments involving 23Na-

31P nuclear interactions were conducted on a Bruker DSX 400 spectrometer using a 4.0 

mm probe at 9.4 T, 23Na{11B} REDOR experiments were performed on a Bruker Avance 

Neo 500 MHz spectrometer using a 4.0 mm probe at 11.7 T, and 11B/31P double resonance 

measurements were conducted on a Bruker Avance Neo 600 MHz spectrometer using a 

2.5 mm probe at 14.1 T. Table 4.2 specifies the conditions used for REDOR and 

REAPDOR experiments. The normalized REDOR and REAPDOR signal intensities ΔS = 

(S0-S)/S0 (where S and S0 are the signals (i) with and (ii) without recoupling π pulses, 

respectively) was plotted as a function of dipolar mixing time (NTr), where N is the number 

of rotor cycles and Tr is the rotor period. REDOR experiments were performed using a 

rotor-synchronized spin echo sequence using π pulses as shown in Table 4.2. The 

compensation pulse scheme was used28 and π pulses on the 31P channel were phase cycled 

according to the XY-4 scheme.29 Following previously established procedures,28,30 dipolar 

second moments (M2(S-I)) (where S represents the observed nucleus and I represents the 

non-observed nucleus) were determined by fitting the initial part of the REDOR curves 

(ΔS/S0 ≤ 0.20) using the parabolic approximation28: 

∆𝑆

𝑆0
=

4

3𝜋2
𝑀2(𝑆−𝐼)(𝑁𝑇𝑟)2                                                       (1) 

Ultimately, the final M2(S-I) values are obtained by calibration with experimental data on 

the crystalline model compounds BPO4, Na3P3O9, and Na2B4O7 for which the theoretical 

second moments can be calculated from crystallographic information.31-33 The REAPDOR 

pulse sequence is typically used in the S{I} case  where the I-nuclei are quadrupolar, such 

as 11B, producing more efficient dephasing by applying an adiabatic passage pulse lasting 

one-third of a rotor period in the middle of the dipolar recoupling period.34 As the signal-
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to-noise ratio of these experiments is limited by the long-spin-lattice relaxation times of 

the 31P observe-nuclei, data were measured for 2 or 3 dipolar mixing times only, using 

rotor-synchronized π pulses in the 31P channel and an adiabatic passage pulse on the 11B 

channel. Additionally, a saturation comb of sixty 90° pulses ensured a stationary initial 

magnetization at the beginning of each experiment. Simulated REAPDOR curves for each 

sample were generated using the SIMPSON program package,35 taking into account the 

experimentally determined spin-spin interaction parameters and the experimental 

conditions. 

4.2.3 Molecular dynamics simulations 

Classical molecular dynamics simulations have been employed to obtain further 

insight into the structure of the glass series PB2, MB2, PA2, and on the glass PB3-P7, using 

the batched compositions as reported in Table 4.1. Models containing about 3500 atoms 

have been generated (three replicas for each composition) by using the melt-quench 

approach.36 The exact number of atoms and box dimensions are reported in Table S1 for 

these compositions, as well as for the compositions: (i) 55 Na2O – 45 P2O5 and (ii) 40 Na2O 

– 18 B2O3 – 42 P2O5, which were similarly modeled for NMR calculations (to be described 

below). The shell model force-fields have been used to describe the interatomic interactions 

between ionic pairs. In this model, which has been demonstrated to reproduce better the 

medium range structure of oxide glasses (especially in terms of Tn distributions and inter-

tetrahedral bond angle distributions),37-39 the more polarizable ions (oxygen in this case) 

are represented by a massive core connected to a massless shell by a harmonic spring. A 

charge is assigned to both the core and shell. The following functional form, which was 

already used in previous works, has been utilized: 
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(1) 

where the first term describes Coulombic interactions between all ions (the core and shell 

belonging to the same ion are filtered out); the second term is a Buckingham function 

applied between the cation cores and oxygen shells; the third term represents the harmonic 

spring connecting the core and shell of the same oxygen ions whereas the last term is a 

three body interaction used to constrain the O-Si-O and O-P-O angles to 109°.  

All the parameters used are included in Table S2 of the supplementary materials. It 

is important to highlight that all the parameters have been already used in previous 

investigations with the exception of the B-O parameter sets. The latter have been refined 

starting from those developed by Edén et al.40 to be consistent with the other parameters 

and to better reproduce the N4 fraction in borosilicate glasses with [B2O3]/[SiO2] ≤ 0.33. 

The leap-frog algorithm encoded in the DL_POLY2.14 package41 has been used to 

integrate the equations of motion with a time step of 0.2 fs. The initial configurations were 

generated by randomly placing the number of atoms in a cubic box, whose dimension were 

constrained by the experimental densities. The systems were heated and held at 3200 K for 

100 ps in the NVT ensemble ensuring a suitable melting of the samples. The liquids were 

then cooled to 300 K at a nominal cooling rate of 5 K/ps. The resulting glass structures 

were subjected to a final equilibration run of 200 ps. Velocity scaling was applied at every 

step during the quenching of the melt to control the kinetic energy (temperature) of the 

shells. Coulomb interactions were calculated by the Ewald summation method with a cut-

off of 8 Å, whereas short range cut-off values of 7.5 Å were used. 
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4.2.4 NMR parameter calculations 

To further guide the interpretation of the NMR experiments, we have also computed 

the NMR parameters of 17O, 31P, 29Si, 11B and 23Na nuclei in the PB2-P5 glass composition. 

Three models of this glass containing 374 atoms each have been generated as was described 

above. Magnetic shielding and EFG tensors of the various NFU-s present were computed 

with the NMR-CASTEP42 density functional theory (DFT) code using the GIPAW43 and 

PAW44 algorithms, respectively. The generalized gradient approximation (GGA) PBE45 

functional was employed, and the core-valence interactions were described by ultrasoft 

pseudopotentials generated on the fly. For 17O, the 2s and 2p orbitals were considered as 

valence states with a core radius of 1.3 Å; for 29Si and 31P, a core radius of 1.8 a.u. was 

used with 3s and 3p valence orbitals; for 23Na, a core radius of 1.3 a.u. was used with 2s, 

2p and 3s valence orbitals; while for 11B, a core radius of 1.405 a.u. was used with 2s and 

2p valence states. For the PAW and GIPAW calculations we used two projectors in each s 

and p angular momentum channel for O and B, and in each s, p and d channel for Si and 

Na. Before computing the NMR parameters, constant volume geometry optimizations of 

the classically generated models were performed at the Γ point.  Wave functions were 

expanded in plane waves with the kinetic energy cutoff of 610 eV; this has been 

demonstrated to be long enough to reach converged values for energy and NMR chemical 

shift.  

In this work, to fix the 29Si, 11B, 31P and 23Na δ scale, the values of 322.146, 95.0547, 

278.846 and 554.05 ppm48 have been used for σref.. The experimentally determined 

quadrupolar moments, eQ, of 40.59 and 104 × 10-27 m2 were used to calculate quadrupolar 

coupling constants CQ for the 11B and 23Na nuclei.49 However, since previous works 
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demonstrated that the CQ values are overestimated using these values, we post-scaled the 

11B and 23Na CQ values by the factors 0.842 and 0.46, respectively, as suggested in previous 

studies.47,48 NMR output parameters from CASTEP were analyzed using the SoSNMR 

software.50  

4.3 Results and Discussion 

4.3.1 Glass formation and bulk properties 

Among the samples within a range of x = 0 to 9 for each series those ultimately 

selected for study passed the criteria of being transparent in appearance and showing no 

sharp X-ray diffraction peaks (Figure S1). Perboric glasses can incorporate P2O5 up to x = 

5-7 while in metaboric and peralkaline glasses the limits are x = 4-5 and x = 3, respectively. 

Peralkaline glasses synthesized with more than 3 mol. % P2O5 showed XRD evidence of 

crystalline Na4P2O7 phases—see Figure S1—in addition to being visibly phase separated. 

ICP-OES (see Table 4.1) analyses conducted on representative samples showed close 

agreement of their B and P contents with their batched compositions (within ±0.6 mol. %). 

Analyzed Na and Si concentrations in P2O5-free glasses are also very close to their batched 

values (within ±0.5 mol. %), however, larger variations are seen in x = 3-5 samples, with 

differences ranging between ±0.7 and 2.7 mol.  The experimental density, molar volume, 

and Tg values of the synthesized glasses are also presented in Table 4.1. For the P-free 

glasses, density values agree with previous trends,51 while upon successive introduction of 

P2O5 molar volumes tend to increase monotonically and Tg values tend to decrease with 

increasing x. 
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4.3.2 11B MAS NMR and 11B{31P} REDOR 

The 11B MAS NMR spectra of all perboric, metaboric, and peralkaline glasses are 

depicted in Figures 4.1 and S2. In all the spectra, two main features exist: a broad feature 

centered at ~14 ppm assigned to three-coordinate boron with all-bridging oxygen (B3(III)) 

or two bridging and one non-bridging oxygen (B2(III) units), and a narrower feature near 

0 ppm attributed to four-coordinate boron (B(IV) units). It is generally accepted (and here 

also confirmed by MD simulations, see below), that all four oxygen atoms in the latter 

species are bridging (B4(IV). Three- and four-coordinate boron will hereafter be shortly 

denoted as B(III) and B(IV), with the exception of discussing MD simulation results in 

which NBO/BO content is confirmed. With increasing phosphate content in the glass the 

fraction of four-coordinate boron, N4, decreases moderately in PB and MB glasses, whereas 

no clear trend can be observed in the PA glasses. Each spectrum was fitted with two B(III) 

components tentatively assigned to B(III) ring and non-ring units, and two B(IV) 

components near zero and -2.5 ppm (e.g., see Figure 4.1a), accounting for the asymmetric 

shape of the B(IV) signal. Table 4.3 summarizes all the NMR interaction parameters. For 

the phosphate-free glasses PB0, MB0, and PA0 the fraction of B(IV) units, N4, agrees very 

well with the previous results on borosilicate glasses, and predictions based on R and the 

SiO2/B2O3 ratio K.13 The decrease of N4 as a function of x observed in the PB and MB 

glasses can be attributed to the need for extra charge compensation required for the anionic 

phosphate species formed. In the case of the PA glasses the situation is less clear, as the 

base glass is expected to contain a significant amount of anionic B2(III) units. In this case, 

the invariance of N4 may be due to depletion of both anionic four-coordinate B(IV) and 

anionic three-coordinate B2(III) units. The chemical shifts of the B4(IV) units, near 0 ppm 
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and -2.5 ppm, are close to those previously reported for B4
3Si,1B and B4

4Si units, 

respectively.19,52 While the chemical shift near -2.5 ppm might thus come from an increased 

number of Si neighbors around borate units, we can alternatively explain it to signify the 

formation of B-O-P linkages. This question is explored further using chemical shift 

calculations, MD simulations, and REDOR experiments. Computed isotropic chemical 

shifts 𝛿CS
iso of all B3(III) and B4(IV) species range between 14 and 18 ppm and -2.3 and 

1.1 ppm, respectively, in excellent agreement with experimental values. Table 4.4 reveals 

that the 𝛿CS
iso values of both B3(III) and B4(IV) species are predicted to decrease when 

B(IV) units in the second coordination spheres are replaced by B(III), Si and/or P. For 

example, 𝛿CS
iso of B3(III) species surrounded by three B(IV) units decreases from 17.2 ppm 

to 16.1/16.6/15.9 ppm upon replacing one B(IV) next-nearest neighbor by B(III), Si4, or 

P3, respectively. Likewise, 𝛿CS
iso of B4(IV) units decreases from 1.1 to -0.8 ppm in going 

from B4
3B(IV),1B(III) to B4

4B(III) species and from -0.2 to -0.9 ppm in going from B4
3B(IV),1Si(4) 

to  B4
3B(III),1Si(4) units. Finally, it is worth noting that in our models the most negative 

isotropic chemical shifts of B4(IV) are found for species surrounded by one B(IV), one 

B(III), and two P atoms (-1.5 ppm) and by four Si atoms (-2.3 ppm). Thus, based on these 

calculations, the chemical shift near -2.5 ppm can be ascribed to either the formation of 

multiple B(IV)-O-Si or B(IV)-O-P linkages. To quantify the extent of B-O-P linkages, 

11B{31P} REDOR experiments, which probe 11B-31P magnetic dipole-dipole interactions, 

were conducted on selected samples. Figures 4.2a and b compare the Fourier transformed 

11B MAS NMR spectra in the absence (S0) and presence (S) of dipolar recoupling and the 

corresponding difference spectra (S0 – S) for the samples PB3-P7 and MB3-P5, 

respectively. In these experiments dipolar mixing times of 4.0 ms (60 rotor cycles) were 
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used. In both samples, the four-coordinated boron species show strong dephasing, while 

dephasing is significantly weaker for the B(III) units. Based on this finding, we can 

conclude that only the B(IV) units are involved in B-O-P linkages, whereas B(III) units do 

not link to phosphate to any significant extent – the slight de-phasing observed here can be 

easily explained by weaker dipolar interactions with more remote 31P nuclei. Also, Figures 

4.2a and b indicate that a significant 11B{31P} REDOR effect is observed for both the B(IV) 

signal deconvolution components near 0 and -2.5 ppm, signifying B-O-P linking for both 

of them. For further quantification we turn to the REDOR curves (plots of ΔS/S0 versus 

dipolar mixing times NTr, see Figure 4.2c-d). The initial data regime (ΔS/S0 < 0.2) was 

fitted to Equation 1 in order to extract dipolar second moments (M2(B-P)) for each sample 

(see Table 4.5). Here, the very low M2(B-P) value (0.1×106 rad2/s2) obtained for the B(III) 

units can be taken as an estimate of a contribution arising from more remote nuclei, which 

also needs to be accounted for when analyzing the M2 values measured for the B(IV) units 

in terms of the number of B(IV)-O-P linkages. By directly comparing the M2(B-P) values 

thus determined with that measured for crystalline BPO4 (four B-O-P linkages at an 

internuclear distance of 270 pm),53 we can deduce that the average number of B-O-P 

linkages per B(IV) species in PB3-P7 is <mP(B(IV))> = 0.37. Considering the N4 value, we 

conclude that on the whole the 60 boron atoms of this glass formulation are involved in 

12.5 B-O-P linkages. For the MB3-P5 glass, the average number of B-O-P linkages per 

B(IV) unit is <mP(B(IV))> = 0.21; in this case the 50 boron atoms of the glass formulation 

make a total of 6.7 B-O-P linkages.  



144 

 

 

 

 

 

 



145 

 

 

 

Figure 4.1. (a) Exemplary lineshape deconvolution for the central transition of the 11B 

MAS NMR spectra of PB3-P7 glass and 11B MAS NMR spectra of Series (b) PB3, (c) MB3, 

and (d) PA3 glasses. Each 11B MAS NMR spectra was fitted with two Q mas ½ peaks within 

the B(III) resonance and three Gauss/Lorentz functions within the B(IV) resonance. The 

minor fitted peak displayed near 0 ppm represents the overlapping satellite transition 

within the B(IV) resonance, whose area was not considered while calculating N4 values for 

all samples. 
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Figure 4.2. Fourier Transforms of the 11B MAS spin echoes obtained in a 11B{31P} REDOR 

experiment after 60 rotor cycles (NTr = 4.0 ms): reference signal, S0, signal with dipolar 

dephasing, S, and REDOR difference spectrum S0-S, for (a) PB3-P7 glass and (b) MB3-P5 

glass. (c) and (d) display 11B{31P} REDOR curves (ΔS/S0 vs. NTr) for PB3-P7 and MB3-P5 

samples, respectively. 
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Table 4.3. Fitting parameters of 11B MAS NMR in the studied glasses, including fraction of each 

species f (± 1.0 %), isotropic chemical shift, δCS
iso (± 0.5 ppm), quadrupolar coupling constant, CQ 

(± 0.2 MHz), ηQ (± 0.05), and overall N4 fractions (± 1 %) where N4, as simulated from MD models, 

are displayed in brackets. 

 

Sample 

ID 

B(III) Ring B(III) Non-Ring B(IV)-I B(IV)-II 

N4 f 

(%) 

δCS
iso 

(ppm) 

CQ 

(MHz) 
ηQ 

f 

(%) 

δCS
iso 

(ppm) 

CQ 

(MHz) 
ηQ 

f 

(%) 

δCS
iso 

(ppm) 

f 

(%) 

δCS
iso 

(ppm) 

PB0 27.8 18.5 2.7 0.3 9.3 16.2 2.6 0.3 59.3 -0.1 3.6 -2.1 62.9 [59.5] 

PB1-P1 25.7 18.2 2.7 0.3 9.5 16.1 2.6 0.3 60.2 -0.2 4.6 -2.2 64.8 

PB1-P3 28.2 18.1 2.7 0.3 10.1 15.8 2.6 0.3 55.3 -0.2 6.4 -2.2 61.7 

PB1-P5 29.9 18.0 2.7 0.3 11.3 15.7 2.6 0.3 47.4 -0.1 11.4 -2.1 58.8 

PB2-P1 26.2 18.4 2.7 0.3 10.3 16.4 2.7 0.3 60.1 -0.1 3.4 -2.1 63.5 [60.5] 

PB2-P3 28.6 18.1 2.7 0.3 9.3 16.1 2.6 0.3 54.7 -0.1 7.4 -2.1 62.1 [58.6] 

PB2-P5 28.7 18.1 2.7 0.3 12.2 16.1 2.6 0.3 49.9 -0.1 9.2 -2.1 59.1 [54.6] 

PB3-P1 27.0 18.3 2.7 0.3 9.6 16.3 2.6 0.3 58.5 -0.1 4.9 -2.1 63.4 

PB3-P4 29.4 18.2 2.7 0.3 10.6 16.1 2.6 0.3 53.8 -0.1 6.2 -2.2 60.0 

PB3-P7 31.2 18.0 2.7 0.3 12.4 16.0 2.6 0.3 48.4 -0.1 8.0 -2.2 56.4 [53.8] 

MB0 25.1 17.7 2.6 0.3 5.9 14.6 2.5 0.5 62.4 -0.5 6.6 -2.4 67.2 [61.7] 

MB1-P1 23.6 17.7 2.6 0.3 6.5 14.6 2.5 0.5 61.9 -0.5 8.0 -2.4 69.9 

MB1-P3 26.3 17.5 2.6 0.4 5.6 14.1 2.6 0.4 56.9 -0.6 11.2 -2.4 68.1 

MB1-P4 26.8 17.4 2.6 0.3 7.7 14.0 2.5 0.5 50.6 -0.6 14.9 -2.4 65.5 

MB2-P1 25.8 17.6 2.6 0.3 6.7 14.6 2.6 0.5 62.4 -0.6 5.1 -2.5 67.5 [63.4] 

MB2-P3 25.5 17.4 2.6 0.3 7.3 14.8 2.6 0.5 59.6 -0.7 7.6 -2.6 67.2 [60.9] 

MB2-P5 26.1 17.3 2.6 0.3 8.4 14.1 2.5 0.5 54.6 -0.7 10.9 -2.6 65.5 [60.3] 

MB3-P1 23.1 17.5 2.6 0.3 9.3 15.2 2.6 0.5 62.6 -0.9 5.0 -2.8 67.6 

MB3-P3 23.0 17.4 2.6 0.3 10.0 15.3 2.6 0.5 59.6 -0.9 7.4 -2.8 67.0 

MB3-P5 26.6 17.2 2.6 0.3 9.4 14.2 2.4 0.5 56.0 -0.9 8.0 -2.9 64.0 

PA0 21.7 18.2 2.6 0.4 6.4 15.2 2.6 0.4 60.8 -0.1 11.1 -1.9 71.0 [67.2] 

PA1-P1 22.5 17.0 2.5 0.4 8.9 10.4 2.5 0.5 62.1 -1.2 6.4 -2.8 68.5 

PA1-P3 22.0 17.0 2.5 0.4 10.1 10.4 2.5 0.5 59.3 -1.2 8.6 -2.8 67.9 

PA2-P1 21.2 18.1 2.5 0.4 6.5 14.4 2.6 0.4 58.0 -0.1 14.3 -1.8 71.4 [58.9] 

PA2-P3 21.9 18.0 2.6 0.4 5.5 14.4 2.6 0.4 57.7 -0.3 14.9 -2.1 71.9 [66.6] 

PA3-P1 24.6 17.4 2.5 0.4 8.2 9.0 2.4 0.5 62.6 -1.0 4.6 -2.7 67.2 

PA3-P1 23.5 17.2 2.5 0.4 9.1 9.3 2.4 0.5 61.7 -1.2 5.8 -2.8 67.4 
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4.3.3 31P MAS NMR, refocused INADEQUATE, 31P{23Na} REDOR, and 31P{11B} 

REAPDOR  

 Figure 4.3 shows the 31P MAS NMR spectra of glasses from series PB2, PB3, MB2, 

and MB3, while Figure S3 displays the 31P MAS NMR spectra of series PB1, MB1, and 

PA1-PA3. All the 31P lineshape parameters and the assignment to the various Pn
mX species 

are summarized in Table 4.6. The spectra from all the series show three main features: a 

low intensity peak at ~16 ppm (P0 units), a strong peak centered between 1 and 4 ppm (P1 

units), and a broader feature between -5 and -10 ppm (P2 units). The chemical shift range 

associated with the latter suggests a mix of P2
2B and P2

1B,1P units.19 In addition, connectivity 

to Si must be considered. As x increases in the PB and MB series, we see a decrease in the 

P0 signal intensity while the intensities of the P2 species increase monotonically. 

Peralkaline glasses show a slight increase of the intensity of that peak as x increases from 

1 to 3 mol% while P0 signal intensity changes depend upon the substitution method used 

(see Figure S3). The spectra of glasses belonging to the series PA1 show a narrowing of 

the P0 and P1 resonance lines in going from x = 1 and x = 3 in addition to a low-frequency 

displacement and increased intensity of the P0 peak. These changes may indicate the 

development of more highly ordered phosphate environments. XRD patterns of the x = 5 

glasses show the formation of crystalline sodium pyrophosphate, a small amount of which 

appears to be present in the PA1-P3 glass (see Figure S1 for XRD patterns of PA1-P3 and 

PA1-P5 samples). Series PA2 and PA3, on the other hand, show similar or slightly 

decreased P0 peak intensities from x = 1 to 3, alongside small low-frequency shifts in peak 

position. Additionally, in glasses of all regimes and series, the P1 resonance center shifts 

towards lower frequencies with increasing P content. To aid in the assignments of those 
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signals to the various Pn
mX units, we have also computed the NMR parameters of the 

phosphate species found in three replicas of models containing about 400 atoms of the 

PB2-P5 glass (whose data is reported in Table 4.4). Additional chemical shift calculations 

were done on a phosphate and a borophosphate composition, 55 Na2O – 45 P2O5 and 40 

Na2O – 18 B2O3 – 42 P2O5. Our results show that P1
1B(IV), P

1
1Si and P1

1P species resonate at 

about 8.2, 4.3, and 3.8 ppm with standard deviations between 2 and 5 ppm, indicating that 

these units may not be clearly distinguishable in broadened MAS NMR spectra. Predicted 

chemical shifts for the four possible P2 species, namely P2
2B(IV), P2

1B(IV),1Si, P
2

2Si, and 

P2
1B(IV),1P, are -3.5, -11.5, -10.8, and -14.8 ppm, respectively, while no value for P2

1Si,1P can 

be found as it was not generated in the MD simulation of the borophosphosilicate glass. To 

further understand the compositional evolution of these spectra, various advanced NMR 

experiments were conducted to re-couple homo- and heteronuclear spin-spin interactions, 

thereby providing direct evidence of P-O-P and P-O-B connectivities. 
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Figure 4.3. 31P MAS NMR spectra of Series (a) PB2, (b) PB3, (c) MB2, and (d) MB3 

glasses. 
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Table 4.4. Calculated isotropic chemical shifts of boron, silicon and phosphorus NFUs 

found in the PB2-P5 glass modeled at the MD-GIPAW level. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Species δCS
iso (ppm) CQ (MHz) 

P1(B(IV)) 8.2 ± 4.8 - 

P1(B(III)) 7.1 ± 5.1 - 

P1(Si) 4.3 ± 1.8 - 

P1(P) 3.8 ± 3.0* - 

P2(2B(IV)) -3.5 ± 2.6 - 

P2(2Si) -10.8 ± 3.7 - 

P2(SiB(IV)) -11.5 ± 1.7 - 

P2(B(IV)P) -14.8 ± 4.4†  

P3(3B(IV)) -18.8 ± 3.0 - 

P3(Si2B(IV)) -23.2 ±2.0 - 

Si4(4B(IV)) -82.0 ± 4.1 - 

Si4(3B(IV)B(III)) -92.0 ± 4.0 - 

Si4(SiB(III)2B(IV)) -95.5 ± 2.0 - 

Si4(2Si2B(IV)) -95.9 ± 1.0 - 

Si4(2B(IV)2B(III)) -98.6 ± 3.0 - 

Si4(B(III)B(IV)SiP) -99.6 ± 2.5 - 

Si4(Si3B(IV)) -100.2 ± 4.0 - 

Si4(B(IV)3B(III)) -100.3 ± 3.5 - 

Si4(3SiB(IV)) -101.1 ± 3.0 - 

Si4(2SiB(IV)B(III)) -101.6 ± 1.1 - 

Si4(Si2B(III)B(IV)) -101.6 ± 3.0 - 

Si4(B(IV)2SiP) -102.6 ± 2.0 - 

Si4(2Si2B(III)) -103.2 ± 1.0 - 

Si4(4Si) -107.2 ± 4.0 - 

Si4(4B(III)) -107.6 ± 2.0‡ [39] - 

Si4(3SiB(III)) -109.2 ± 2.0 - 

B3(2B(III)Si) 17.8 ± 0.5 2.85 ± 0.1 

B3(3B(IV)) 17.2 ± 2.0 2.71 ± 0.1 

B3(B(IV)B(III)Si) 16.9 ± 1.8 2.67 ± 0.1 

B3(2B(IV)Si) 16.6 ± 1.3 2.65 ± 0.1 

B3(2B(IV)B(III)) 16.1 ± 1.0 2.68 ± 0.1 

B3(2B(IV)P) 15.9 ± 1.4 2.73 ± 0.1 

B3(B(IV)2Si) 15.1 ± 1.0 2.67 ± 0.1 

B3(B(III)2Si) 14.6 ± 1.6 2.71 ± 0.1 

B4(3B(IV)B(III)) 1.1 ± 0.5 0.26 ± 0.05 

B4(B(IV)3B(III)) 0.6 ± 0.4 0.44 ± 0.05 

B4(2B(III)B(IV)Si) 0.5 ± 0.4 0.60 ± 0.05 

B4(3B(IV)Si) -0.2 ± 0.3 0.37 ± 0.05 

B4(2B(IV)B(III)Si) -0.3 ± 0.3 0.41 ± 0.05 

B4(4B(III)) -0.8 ± 0.4 0.19 ± 0.05 

B4(B(IV)3Si) -0.8 ± 0.2 0.35 ± 0.05 

B4(3B(III)Si) -0.9 ± 0.3 0.17 ± 0.05 

B4(B(III)3Si) -1.0 ± 0.3 0.38 ± 0.05 

B4(B4B(III)2P) -1.5 ± 0.4 0.20 ± 0.05 

B4(4Si) -2.3 ± 0.4 0.36 ± 0.05 
* As calculated from MD simulations of a 55 Na2O – 45 P2O5 glass 
† As calculated from MD simulations of a 40 Na2O – 18 B2O3 – 42 P2O5 glass 
‡ As calculated from MD simulations of a 25 Na2O – 56.25 B2O3 – 18.75 SiO2 glass [39] 
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We probed indirect 31P-31P spin-spin interactions in the samples PB3-P7 and MB3-

P5, by applying the 1-D refocused INADEQUATE pulse sequence. As this method relies 

on the existence of through-bond spin-spin interactions to generate double quantum 

coherences, it can serve as a filter for selectively detecting only those 31P nuclei that are 

involved in P-O-P linkages. Figures 4.4a and 4.4b show direct comparisons between the 

31P MAS NMR and the INADEQUATE spectra for two selected glass compositions. The 

double-quantum filtered spectrum of MB3-P5 shows a single component near 2.5 ppm. 

The same peak is also identified in the INADEQUATE spectrum of sample PB3-P7; 

however, an additional component is observed near -10 ppm, whereas the difference 

spectrum shows components near 4.6 and -4.6 ppm. Using the lineshape parameters of 

these partial spectra as additional constraints, the overall 31P MAS NMR spectrum can be 

fitted to a total of five Gaussian contributions I-V, whose parameters are summarized in 

Table 4.6 (see Figure 4.4). This particular deconvolution model was used to fit the 31P MAS 

NMR spectra for all the samples by maintaining similar Gaussian line widths and positions. 

The chemical shift of component II agrees with that of pyrophosphate (P1
1P) units. We 

further note that component II is narrower than the overall signal near 1-4 ppm observed 

in the single-pulse spectra, requiring the additional components I and III for a satisfactory 

deconvolution. Based on the 31P{11B} REAPDOR results detailed below, component I is 

tentatively assigned to P1
1B units. For component III the possibilities include P1

1Si and P2
2B.  
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Figure 4.4. Deconvolution of the 31P MAS NMR and double-quantum filtered 31P MAS 

NMR spectra, using the refocused INADEQUATE sequence: (a) PB3-P7 and (b) MB3-P5 

samples. The double-quantum filtered spectra were utilized to guide the fitting of 31P MAS 

NMR spectra. Red, blue, and green data points are the full spectra, the filtered spectra, 

and the difference spectra, respectively. 
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Further insight into this question comes from 31P{11B} REAPDOR experiments. 

Figure 4.5a and b show the Fourier transforms of rotor-synchronized 31P spin echoes 

without (S0) and with (S) 11B dipolar recoupling for the samples PB3-P7 and MB3-P5 after 

16 and 22 rotor cycles. Also displayed are the difference spectra (S0 – S), which indicate 

that the phosphate species contributing to both major resonances near 1-4 ppm and -5 to -

10 ppm show significant 11B-31P dipole-dipole coupling.  We conclude that these phosphate 

species have, at least in part, 11B next nearest neighbors. Two and three points on the 

REAPDOR curve were measured for MB3-P5 and PB3-P7, respectively, and are compared 

with data generated from SIMPSON simulations taking into account the natural abundance 

of the 11B isotope (80.4 %) (see Figure 4.5c-d). In these simulations, the P-B distance across 

a P-O-B linkage was assumed to be 270 pm, consistent with the shortest distance in BPO4.
31 

Simulations are based on a 11B quadrupolar coupling constant of 0.52 MHz and 0.64 MHz 

for glasses MB3-P5 and PB3-P7, respectively.  These values were taken from the overall 

spectral range of the spinning sideband pattern associated with the |m| = ½ <-> |m| = 3/2 

satellite transitions (see Figure S4). For spin-3/2 nuclei, this overall spectral range is 

identical to the quadrupolar coupling constant, CQ. We can see from the simulations that 

the signal near -5 to -10 ppm shows a stronger REAPDOR effect compared to that 

simulated for a single P-O-B linkage (about 1.1 and 1.2 per P unit in PB3-P7 and MB3-

P5), whereas the signal in the 1 to 4 ppm range shows a weaker interaction (about 0.65 and 

0.8 P-O-B linkages per P unit). While the P0 peak also shows evidence of some weak 

dephasing in the MB3-P5 sample, this effect must be attributed to contributions from more 

remote 11B nuclei in the glass.  
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Bearing in mind these findings, the most likely candidates for structural species 

detected in our experiments, based upon the studied compositional regime and the 

experimental 31P chemical shifts, are P1
1B(IV) (component I), P1

1P (component II), and P2
2B 

(component III). In addition, P1
1Si species may contribute to component II or III, which in 

the latter case would have the effect of weakening the overall REAPDOR response. 

Plausible assignments for component IV and V are the species P2
1B,1P and P3

2B,1P as these 

signals appear both in the refocused INADEQUATE experiments and in the REAPDOR 

difference spectra.22  In addition, subtle differences arising from a detailed comparison of 

the refocused INADEQUATE spectra and the REAPDOR difference spectra suggest that 

the P1
1Si and P2

1B,1Si units may be present as well, the former contributing intensity mostly 

to signals III and IV and latter contributing intensity mostly to signal V in the sample PB3-

P7. Concerning the sample MB3-P5, we further believe that the resonances associated with 

P2
1B,1P and P3

2B,1P units may have eluded the double-quantum filtered detection in Figure 

4.4b due to their low concentrations. Minor components labeled P0 and VI are attributed to 

isolated monophosphate (P0) or P2
2P chain phosphate species which do not contain any 

linkages to B. Table 4.6 presents the proposed phosphate speciation of all the samples as 

determined from the spectral deconvolutions; in the case of sample PB3-P7 two separate 

sets of analyses including refocused INADEQUATE experiments were done; the 

deviations give an impression of the possible experimental error in the speciations.  

Inspection of Table 4.6 reveals some universal trends, regardless of R regime:  As 

x increases from 1 to higher values, the concentrations of P0 and P1 species decrease 

monotonically, while those of P2 and P3 increase. The concomitant increase in connectivity 
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can be expressed by the average number of bridging oxygen atoms per phosphate unit given 

by  

<n> = 0×f(P0) + 1 ×f(P1) + 2 ×f(P2) + 3×f(P3) 

which is listed at the bottom of Table 4.6. For all compositions, we also see a general rise 

in P-O-B linked phosphate units with increased P2O5 presence in the glass network, with a 

preference towards units that have at least 2 bridging oxygen atoms (P2 units). While there 

is a decrease in the concentration of P1
1B units, those of other B linked P2 units (P2

2B, 

P2
1B,1Si, P

2
1B,1P) and some P3

2B,1P units as well become more prominent, with the average 

number of B next nearest neighbors for each P in the glass rising from 0.5 to 0.9-1.2 in PB 

glasses, rising from 0.7 to 0.8-0.9 in MB glasses, and either remaining similar or rising 

from 0.6 to 0.7 in PA glasses (Table 4.6). These values were calculated from the Pn
mB 

concentrations, according to the assessed speciation from 31P MAS NMR. While in glasses 

with x = 1 about half (40-60 %) of the phosphate units have no linkages to boron (i.e. are 

either P0 or P1
1P), higher concentrations of P2O5 are linked more extensively with B, 

because of their larger concentrations of P2 units. This effect is most pronounced in the 

perboric (PB) glasses having higher B2O3 contents.  

To validate our results, we can compare the average dipolar interaction strengths 

measured in the 11B{31P} REDOR and the 31P{11B} REAPDOR experiments—both 

techniques should give consistent results, i.e. the total number of B-O-P linkages as 

determined from 11B NMR should equal the total number of P-O-B linkages derived from 

31P NMR. From the 11B{31P} REDOR experiments yielding the average number of B-O-P 

linkages per B(IV) unit from the second moment M2(B-P) the total number of B-O-P linkages 

is given by:  
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#(B-O-P) = N4 × 2 mol. % B2O3 × <mP(B)> 

neglecting any B(III)-O-P linkages in the network. As detailed above, the 60 boron atoms 

in glass PB3-P7 make a total of 12.5 B-O-P linkages whereas the 50 boron atoms in glass 

MB3-P5 make a total of 6.7 B-O-P linkages.  

For comparison, the average number of B-O-P linkages per P can be deduced from 

the simulation of the REAPDOR dephasing observed for the total integrated 31P MAS 

NMR signal (see Figure 4.5a and b).  As shown in Figure 4.5c-d, this number is found near 

<nB(P)> = 1.0 for both samples. Thus, the total number of P-O-B linkages is given by: #(P-

O-B) = 2x <nB(P)>. For example, the 14 phosphorus atoms in glass PB3-P7 make a total 

of 14 P-O-B linkages whereas the 10 phosphorus atoms in glass MB3-P5 make a total of 

10 P-O-B linkages. Yet another independent estimate of #(P-O-B) is available from the 

phosphorus speciation as listed in Table 4.6. From the calculated values, <nB(P)> shown 

near the bottom of this table we conclude that there are 14.3/16.8 and 8.6 P-O-B linkages 

in samples PB3-P7 and MB3-P5, respectively, in good agreement with the REAPDOR 

estimate. This consistency also confirms our 31P MAS NMR peak assignments within the 

entire body of NMR data collected. Table 4.5 displays these comparisons for the two 

studied samples, expressing the results in terms of the average number of B-O-P linkages 

per B(IV) unit, as calculated from the phosphorus speciation according to: 

𝐴𝑣𝑔. # 𝐵 − 𝑂 − 𝑃 𝑙𝑖𝑛𝑘𝑎𝑔𝑒𝑠 

𝐵4

=  
(𝐴𝑣𝑔. # 𝐵 𝑝𝑒𝑟 𝑃) ∗ (𝑃 𝑐𝑜𝑛𝑡𝑒𝑛𝑡, 𝑚𝑜𝑙. %)

(𝑁4 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛) ∗ (𝐵 𝑐𝑜𝑛𝑡𝑒𝑛𝑡, 𝑚𝑜𝑙. %)
                                         (2) 

All the results are summarized in Table 4.6. 
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Table 4.6 further shows that the rate of change of <nB(P)> as a function of x 

increases in the order PA->MB->PB, as does the number of P-O-B linkages formed for a 

fixed x-value. Thus, the more highly polymerized PB glasses tend to mix more extensively 

with P than the MB or PA glasses as the P2O5 content is increased. However, due to the 

well-known affinity of phosphate units towards sodium, the extent of P-O-B mixing is also 

highly dependent upon the Na+ distribution in the network, which will be discussed further 

below. 

 

Table 4.5. Dipolar second moments (M2(S-I)) of glasses and model compounds, as 

determined from a parabolic fit of ΔS/S0 ≤ 0.20 from S{I} REDOR data, where S and I 

denote the observed and the non-observed nuclei. M2(S-I) values in parentheses are raw 

data obtained before model compound calibration Additionally, calculated values of the 

average number of P next nearest neighbors around B(IV) have been compared to prove 

consistency between the two double resonance techniques utilized and the calculated 31P 

speciation based on fitted peak assignments. 

 

 

Sample 

ID 

M2(B-P) / 106 rad2/s2 (±10 %) ∑r(B–P)
–6 / 1060 m–6 <mP(B(IV))> (±10 %)* 

B(III) B(IV) B(IV),net B(III) B(IV) 
B(IV),ne

t 

11B{31P} 

REDOR  

31P 

MA

S 

31P{11B} 

REAPDOR  

BPO4 -- -- 20.3 (11.2) -- -- 0.0105 -- -- -- 

PB3-P7 
0.2 

(0.1) 
2.0 (1.1) 1.8 (1.0) 

0.000

1 
0.0010 0.0009 0.37 0.42 0.41 

MB3-P5 
0.2 

(0.1) 
1.3 (0.7) 1.1 (0.6) 

0.000

1 
0.0007 0.0006 0.21 0.26 0.31 

Sample 

ID 
M2(Na-P) / 106 rad2/s2 ∑r(Na–P)

–6 / 1060m–6 M2(P-Na) / 106 rad2/s2 ∑r(P–Na)
–6 / 1060m–6 

Na3P3O9 5.4 (3.4) 0.0041 26.7 (8.2) 0.0041 

Na2B4O7 -- -- -- -- 

PB0 -- -- -- -- 

PB3-P1 0.3 (0.2) 0.0002 27.8 (8.5) 0.0042 

PB3-P4 1.1 (0.7) 0.0008 24.4 (7.5) 0.0037 

PB3-P7 2.3 (1.4) 0.0018 23.0 (7.0) 0.0035 
*Average number of B-O-P linkages per B(IV) unit 
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Figure 4.5. Fourier Transforms of the 31P MAS spin echoes obtained in a 31P{11B} 

REAPDOR experiment: reference signal, S0, signal with dipolar dephasing, and 

REAPDOR difference spectra S0-S: (a) PB3-P7 glass after 16 rotor cycles (NTr = 1.1 ms) 

and (b) MB3-P5 glass after 22 rotor cycles (NTr = 1.5 ms). (c) and (d) display 31P{11B} 

REAPDOR curves (ΔS/S0 vs. NTr) for PB3-P7 and MB3-P5 samples, respectively, for the 

resolved resonances of P0, P1, P2, and the integral, after a given evolution time. The solid 

lines represent the results from numerical simulations made with the SIMPSON software. 

The black curve represents the REAPDOR curves for a 11B-31P two-spin system assuming 

an internuclear distance equal to that of a P-O-B linkage found in BPO4 (270 pm). The 

blue curve has been scaled to the experimental data of the P2 species in order to deduce 

an average number of P-O-B linkages. 
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Table 4.6. Fitting parameters of 31P MAS NMR in all studied glasses, including species 

designations, fraction of each species f (±1.0 %), isotropic chemical shift, δCS
iso (±0.2 ppm), 

FWHM (±0.1 ppm). 

 

Sample ID 

31P MAS NMR 

PB1-

P1 

PB1-

P3 

PB1-

P5 

PB2-

P1 

PB2-

P3 

PB2-

P5 

PB3-

P1 

PB3-

P4 
PB3-P7* 

P0 

f (%) 2.0 0.6 0.0 3.3 0.9 0.0 2.7 0.5 0.0/0.0 

δCS
iso (ppm) 16.0 16.0 -- 16.3 15.9 -- 16.0 16.0 -- 

FWHM 

(ppm) 
3.9 4.6 -- 3.9 4.6 -- 3.9 3.9 -- 

P1
1B 

f (%) 11.3 6.2 4.3 12.0 7.8 4.7 12.0 10.2 3.2/4.2 

δCS
iso (ppm) 6.6 6.6 6.1 6.9 6.6 6.1 6.6 6.2 6.2/4.6 

FWHM 

(ppm) 
4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 3.9/3.8 

P1
1P 

f (%) 59.9 45.5 32.3 60.5 50.8 33.2 60.8 45.0 25.7/21.6 

δCS
iso (ppm) 3.4 3.1 2.6 3.6 3.2 2.6 3.5 2.8 2.3/1.6 

FWHM 

(ppm) 
5.8 5.8 5.8 5.8 5.8 5.8 5.7 5.7 5.8/5.7 

P2
2B 

f (%) 8.7 11.7 12.4 9.1 12.0 12.1 9.7 12.4 16.6/32.7 

δCS
iso (ppm) -2.1 -2.1 -2.1 -2.1 -2.1 -2.1 -2.1 -2.7 -2.7/-4.6 

FWHM 

(ppm) 
5.1 5.1 5.1 5.1 5.1 5.1 5.1 5.1 5.1/8.0 

P2
1B,1P 

f (%) 15.1 26.5 36.5 12.8 23.4 36.1 12.7 25.6 40.4/26.8 

δCS
iso (ppm) -6.4 -6.2 -6.3 -6.6 -6.5 -6.3 -6.6 -6.6 -6.8/7.4 

FWHM 

(ppm) 
6.3 6.3 6.4 6.3 6.4 6.4 6.3 6.3 6.4/7.1 

P3
2B,1P 

f (%) 3.1 8.6 12.9 2.2 5.1 12.4 2.1 6.3 12.5/12.0 

δCS
iso (ppm) -12.4 -11.5 -11.7 -12.4 -12.4 -11.7 -12.4 -12.4 -12.4/-12.1 

FWHM 

(ppm) 
6.4 6.3 6.4 6.4 6.4 6.4 6.4 6.4 6.4/6.4 

P2
2P 

f (%) 0.0 0.8 1.7 0.0 0.0 1.4 0.0 0.0 1.5/2.8 

δCS
iso (ppm) -- -18.7 -18.7 -- -- -18.7 -- -- -18.7/-17.5 

FWHM 

(ppm) 
-- 5.9 5.9 -- -- 5.9 -- -- 5.9/6.2 

<mB(P)>  Av. # of B 

neighbors per P   
0.50 0.73 0.91 0.47 0.65 0.90 0.48 0.73 1.02/1.20 

<n> 1.28 1.56 1.77 1.23 1.45 1.74 1.24 1.50 1.83/1.86 
*two separate sets of measurements with fits constrained by refocused INADEQUATE experiments 
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Sample ID 

31P MAS NMR 

MB1-

P1 

MB1-

P3 

MB1-

P4 

MB2-

P1 

MB2-

P3 

MB2-

P5 

MB3-

P1 

MB3-

P3 

MB3-

P5 

P0 

f (%) 3.2 1.3 1.0 3.7 1.4 1.2 3.7 1.7 1.1 

δCS
iso (ppm) 16.4 16.3 16.3 16.4 16.3 15.6 16.4 16.3 15.8 

FWHM 

(ppm) 
4.1 4.2 4.2 4.1 4.2 4.9 4.1 4.2 4.2 

P1
1B 

f (%) 29.6 20.4 18.1 31.6 22.5 14.5 32.5 23.4 15.2 

δCS
iso (ppm) 6.0 6.0 5.9 6.0 6.0 6.2 6.0 6.0 6.2 

FWHM 

(ppm) 
4.5 4.5 4.5 4.5 4.5 3.9 4.5 4.5 3.9 

P1
1P 

f (%) 39.7 35.6 34.5 40.1 37.1 36.6 39.5 37.6 37.4 

δCS
iso (ppm) 2.9 2.9 2.9 2.9 2.9 2.9 2.9 2.9 2.9 

FWHM 

(ppm) 
4.6 4.6 4.6 4.6 4.6 4.6 4.6 4.6 4.6 

P2
2B 

f (%) 10.3 13.1 13.4 9.0 12.4 14.1 9.5 12.5 13.5 

δCS
iso (ppm) -0.9 -0.9 -0.5 -1.1 -0.9 -0.9 -0.8 -0.9 -1.0 

FWHM 

(ppm) 
5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 

P2
1B,1P 

f (%) 12.8 21.4 22.9 12.0 19.5 23.8 11.8 18.4 23.7 

δCS
iso (ppm) -5.8 -5.8 -5.6 -5.6 -5.8 -5.8 -5.8 -5.8 -5.8 

FWHM 

(ppm) 
6.5 6.5 6.5 6.5 6.5 6.4 6.5 6.5 6.5 

P3
2B,1P 

f (%) 4.4 8.2 10.1 3.6 7.1 9.8 3.0 6.4 9.2 

δCS
iso (ppm) -10.9 -10.9 -10.9 -10.9 -10.9 -10.9 -10.9 -10.9 -10.9 

FWHM 

(ppm) 
6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 

P2
2P 

f (%) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

δCS
iso (ppm) -- -- -- -- -- -- -- -- -- 

FWHM 

(ppm) 
-- -- -- -- -- -- -- -- -- 

<mB(P)>  0.72 0.84 0.88 0.69 0.81 0.86 0.69 0.80 0.84 

<n> 1.29 1.50 1.56 1.25 1.45 1.56 1.24 1.42 1.55 
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Sample ID 

31P MAS NMR 

PA1-

P1 
PA1-P3 PA2-P1 PA2-P3 PA3-P1 PA3-P3 

P0 

f (%) 4.7 7.4 4.8 4.7 5.5 3.2 

δCS
iso (ppm) 16.0 14.8 16.4 15.3 16.5 16.3 

FWHM 

(ppm) 
4.1 3.8 4.5 4.5 4.6 4.5 

P1
1B 

f (%) 27.6 16.5 26.8 21.1 29.0 23.1 

δCS
iso (ppm) 6.4 6.2 6.3 5.8 6.4 6.2 

FWHM 

(ppm) 
4.6 4.3 4.6 4.6 4.6 4.6 

P1
1P 

f (%) 45.5 46.7 42.7 40.6 42.2 43.1 

δCS
iso (ppm) 3.1 2.8 3.1 2.9 3.1 3.1 

FWHM 

(ppm) 
4.6 4.2 4.6 4.6 4.6 4.6 

P2
2B 

f (%) 8.0 7.9 11.1 12.2 9.9 11.7 

δCS
iso (ppm) -1.0 -1.2 -0.5 -0.3 -0.7 -0.5 

FWHM 

(ppm) 
5.0 5.0 5.0 5.0 5.0 5.0 

P2
1B,1

P 

f (%) 10.8 13.6 10.9 14.4 9.6 13.2 

δCS
iso (ppm) -5.8 -5.8 -5.8 -5.8 -5.8 -5.8 

FWHM 

(ppm) 
6.5 6.5 6.5 6.5 6.5 6.5 

P3
2B,1

P 

f (%) 3.4 7.9 3.6 7.1 3.8 5.7 

δCS
iso (ppm) -10.9 -10.9 -10.9 -10.9 -10.9 -10.9 

FWHM 

(ppm) 
6.5 6.5 6.5 6.5 6.5 6.5 

P2
2P 

f (%) 0.0 0.0 0.0 0.0 0.0 0.0 

δCS
iso (ppm) -- -- -- -- -- -- 

FWHM 

(ppm) 
-- -- -- -- -- -- 

<mB(P)> 0.61 0.62 0.67 0.74 0.66 0.71 

<n> 1.21 1.30 1.24 1.39 1.21 1.33 
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4.3.4 29Si MAS NMR  

Figures 4.6 and S5 present the 29Si MAS NMR spectra of samples in the series 

MB3, PB3, and PA3 as well as MB1, MB2, PA1, and PA2 samples. Each series displays a 

broad peak centered near -92 ppm in the phosphate-free glass which shifts significantly 

towards lower frequency with increased P2O5 content. A similar trend has also been 

observed by Muñoz et al.19 in a compositionally related borosilicate system. The signal 

positions we see in our samples are also consistent with previously studied P2O5-free and 

P2O5-containing alkali borosilicate glasses of similar R and K (= [SiO2]/[B2O3]) 

values.19,54,55 Owing to the poor resolution, no unambiguous lineshape deconvolution is 

possible here. Therefore, Table 4.7 lists the average 29Si chemical shifts determined from 

the center of gravity. We clearly note that this quantity shifts significantly towards lower 

frequency with increasing P2O5 content. As the 29Si chemical shifts in compositionally 

complex mixed-network former glasses are influenced by numerous different factors, 

including the number of non-bridging oxygen atoms and the number of next nearest 

neighbor linkages the trend observed here can be explained in different ways. Further 

guidance comes from quantum chemical calculations of chemical shifts done on PB2-P5 

glass, which are summarized in Table 4.4 for various Si4 species with different 

connectivities. They confirm the trends found by Fortino et al.39: While 𝛿CS
iso(29Si) 

increases when Si atoms are replaced by borate species in the second coordination sphere 

the effect is significantly stronger for Si-O-B(IV) linkages than for Si-O-B(III) linkages. 

For example, the computed isotropic chemical shift for a Si4
4B(IV) species is -82.0 ppm 

while it is -107.6 ppm for a Si4
4B(III) species39 (see Table 4.4). Intermediate values are found 

for Si4 species with mixed B(III), B(IV), and Si4 ligation. The chemical shift ranges of such 
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species overlap with those usually associated with Si2 and Si3 units in silicate glasses, 

making a corresponding assignment difficult. The situation is complicated further if 

ligation to phosphorus is considered, as replacement of a Si-O-Si linkage by a Si-O-P 

linkage produces a shift that is more negative than that of Si4
4Si.  Given this situation and 

the poorly resolved lineshapes, it is not possible to deduce detailed silicon speciations from 

the 29Si MAS NMR spectra alone. Si4 species connected to a mix of Si, B(III), and B(IV) 

are likely to be present; in addition, there may be some contribution from Si3 units. In a 

similar sodium phospho-borosilicate glass glasses, Muñoz et al.19 attributed the 29Si 

chemical shift trend observed upon the addition of P2O5 to a decrease in silicate-borate 

network connectivity. However, it might also reflect a diminution of Si3 units or, in 

principle, an increase in the number of Si-O-P linkages. From the charge balance 

constraint,  

[Si3] + [B(IV)] + [P2] + 2[P1] = [Na]                  (3) 

we are able to deduce the concentration of Si3 units if we neglect the B2(III) units. These  

numbers, listed in Table 4.7, show that the addition of phosphate in these glasses tends to 

diminish [Si3], i.e. the concentration of NBOs attached to Si. Again this effect can be 

attributed to the successful competition of P2O5 over SiO2 in attracting network modifier.  
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Figure 4.6. 29Si MAS NMR spectra of Series (a) PB3, (b) MB3, and (c) PA3 glasses. The 

dashed lines are guides to the eye. 
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Table 4.7. 29Si chemical shifts cg (center of gravity, ±0.5 ppm) and calculated Si4 fractions 

(±1.0 %) based on charge balance, and average 23Na isotropic chemical shifts, δCS
iso (± 0.5 

ppm), and CQ values (± 0.2 MHz). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample 

ID 

29Si MAS NMR 23Na MAS NMR 

Si4(calc.) δcg δCS
iso (ppm) CQ (MHz) 

PB0 70.8 -91.9 -5.2 2.4 

PB1-P1 83.4 n.d.* -5.2 2.5 

PB1-P3 92.0 n.d. -5.8 2.5 

PB1-P5 97.7 n.d. -5.4 2.6 

PB2-P1 81.5 n.d. -5.3 2.4 

PB2-P3 84.5 n.d. -5.0 2.6 

PB2-P5 88.3 n.d. -5.7 2.5 

PB3-P1 80.8 -92.3 -5.9 2.2 

PB3-P4 95.1 -95.3 -6.5 2.2 

PB3-P7 100.3 -99.7 -6.4 2.2 

MB0 66.7 -92.1 -3.0 2.7 

MB1-P1 77.4 -93.0 -6.4 2.9 

MB1-P3 88.1 -96.2 -7.9 2.8 

MB1-P4 91.4 -97.5 -8.8 2.8 

MB2-P1 74.6 -92.5 -6.0 2.9 

MB2-P3 77.8 -95.2 -7.8 2.8 

MB2-P5 92.1 -97.4 -9.0 2.7 

MB3-P1 74.1 -91.9 -5.8 2.8 

MB3-P3 85.1 -94.1 -7.3 2.8 

MB3-P5 92.3 -96.7 -9.0 2.7 

PA0 61.7 -91.3 -4.8 2.9 

PA1-P1 68.9 -94.6 -6.7 2.8 

PA1-P3 84.0 -96.4 -6.8 2.8 

PA2-P1 68.3 -92.8 -5.1 2.9 

PA2-P3 77.3 -95.2 -7.0 2.8 

PA3-P1 66.6 -92.7 -5.0 2.9 

PA3-P3 77.8 -95.1 -6.2 2.8 
*Not determined 
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4.3.5 23Na MAS NMR and 23Na{31P} and 31P{23Na} REDOR  

Figure 4.7a-c presents the 23Na MAS NMR spectra of series MB3, PB3, and PA3. 

Differences in appearance are attributed to the different magnetic field strengths used for 

data collection (MB and PA samples were measured at 5.7 T while PB samples were 

measured at 16.4 T, thus the extent of 2nd-order quadrupolar broadening is very different 

for the low and high field data). The 23Na isotropic chemical shift (𝛿CS
iso) and CQ values 

listed in Table 4.7 were extracted from the fitted spectra using the Czjzek distribution 

model implemented in DMfit. Isotropic chemical shift values in MB glasses show a 

monotonic decrease from near -3 to -9 ppm with increasing x, while PB and PA glasses 

show much less pronounced effects. The isotropic chemical shift is expected to be highly 

dependent upon the distribution of sodium among the silicate, borate, and phosphate 

structural units, whose anionic charges it compensates. Based on the findings of the present 

study, the main change as a function of x in all three series is the increased participation of 

phosphate in the anionic inventory of the glass. The overall 23Na chemical shift trend 

towards more negative values with increasing x reflects the increased importance of 

sodium/phosphate interactions, and the simultaneous decrease of the importance of B(IV)-

Na and Si3-Na interactions. 
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To probe Na-P interactions in the glass network, we measured 23Na{31P}, and 

31P{23Na} dipole-dipole couplings in the glasses and the crystalline model compound 

Na3P3O9 for calibration: Again, M2 values were extracted via Equation (1) from the initial 

portion of each REDOR curve (ΔS/S0 < 0.2; see Figure 4.8); these values are displayed in 

Table 4.5. As anticipated, M2(Na-P) increases with increasing x. We estimate the average 

coordination of the sodium ions with phosphorus in the second coordination sphere at 0.3, 

1.0, and 2.1 P for samples PB3-P1, PB3-P4, and PB3-P7, respectively. This trend in 23Na-

31P proximity is accompanied by decreases in the Si3 and N4 fractions (see Tables 4.3 and 

4.7), suggesting that Na+ which had acted to charge compensate B(IV) units or to create 

NBOs in the silicate network in the phosphate-free glasses is now associated more closely 

with phosphate units. Consistent with this interpretation, the M2(P-Na) values measured in 

Figure 4.7. 23Na MAS NMR spectra of Series (a) PB3, (b) MB3, and (c) PA3 glasses. The 

asterisks mark spinning sidebands and the dashed lines serve as guides to the eye. 



171 

 

 

the reverse 31P{23Na} REDOR experiments remain roughly constant as a function of x, 

suggesting a rather constant environment of the phosphate units with sodium ions.  
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Figure 4.8. (a) 23Na{31P}, (b) 31P{23Na}, (c) 23Na{11B(III)}, and (d) 23Na{11B(IV)} REDOR 

curves for model compounds Na3P3O9 and Na2B4O7, and the glass samples PB0, PB3-P1, 

PB3-P4, and PB3-P7. The solid curves represent parabolic fits to the initial regime (S/S0 

≤0.20) from which the heteronuclear second moments are extracted via Equation (1). 
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4.3.6 MD Simulations: Glass structure predictions  

MD simulations were performed on one series per Na/B regime (Series PB2, MB2, 

and PA2; including the P2O5-free counterparts) in order to (i) compare and prove the 

validity of using MD simulations to reproduce and predict glass structures and (ii) obtain 

additional structural details which are not readily available from MAS NMR.  

Boron environment: short range order.  Reliable B-O interatomic parameters must 

first be validated by their ability to accurately reproduce the N4 values as a function of 

composition. In this respect, Table 4.3 indicates good agreement between simulated and 

experimental data. For each series investigated, the majority of the boron atoms are four-

coordinated (N4 > 0.53), although the experimental N4 values are always higher by 5-7% 

compared to the simulated data. Nevertheless, the simulations reflect the same trends 

observed experimentally: N4 tends to decrease in the order PA-> MB->PB, and with 

increasing P2O5 content.  Table 4.8 further indicates that the large majority (>91 %) of the 

four-coordinated boron species B(IV) are bound to four bridging oxygen atoms, i.e. they 

are B4(IV)species. The fraction of B(IV) species linked to NBOs, denoted B3(IV) species, 

is negligible. We note that this kind of information is not available from solid state NMR, 

as the NMR-parameters of four-coordinate boron atoms bound to non-bridging oxygen 

atoms are unknown and their spectra of both species are most likely overlapping.   

The same kind of analysis has also been conducted on the three-coordinated boron 

(B(III)) species. Table 4.8 reveals that the majority of them are B3(III) species (trigonal B 

unit with 3 BO), but the simulations also suggest that there are non-negligible amounts of 

B2(III) units bearing a non-bridging oxygen. In this context it is important to note that small 

concentrations of B2(III) units are difficult to detect and quantify by high-field 11B MAS 
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NMR, and the low-field data by Yun and Bray based on their detailed analysis of 11B and 

10B wideline NMR spectra12 remain the best estimates known to date. In line with these 

wideline NMR results, the MD simulations indicate that the fraction of B2(III) units 

decreases with decreasing R values, i.e. in the order PA->MB->PB. Furthermore, in 

agreement with these general trends, Table 4.8 reveals that the successive incorporation of 

P2O5 into these glasses has the effect of depleting the B2(III) units drastically. Such 

information is currently not available experimentally from the 11B NMR data presented 

here, even when analyzing boron speciation with 11B 3QMAS NMR spectroscopy (data 

not shown). 

Boron environment: connectivity. Table 4.8 lists the average number of each NFU 

around each B4(IV) and B3(III) unit, as extracted from the MD generated models. In 

general, B4(IV) species are connected to 1.9-2.3 Si atoms and nearly equal amounts 

(between 0.7 and 1.1) of B(III) and B(IV) species in the PB2 and MB2 series. In both series, 

the number of P atoms connected to B4(IV) species increases (up to 0.3 per B4(IV) species) 

with the addition of P2O5. While the experimental data from NMR do not permit such an 

incisive numerical analysis, we can compare the simulated average number of B(IV)-O-P 

linkages per boron with the results from 11B{31P} REDOR. For the glass PB3-P7 we note 

excellent quantitative agreement. Also the MD simulations agree with the experimental 

REDOR result that there are very few if any B(III)-O-P linkages. Interestingly, we also see 

that P prefers to replace B(IV) and Si as opposed to B(III) species in the second 

coordination sphere of B4(IV). In the PA2 series, the second coordination sphere of B4(IV) 

has more Si atoms (2.5-2.7) and fewer B(IV) and B(III) units (0.6-0.8) compared to PB2 
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and MB2 series. In this case, P seems to preferentially replace Si instead of B(IV). Again, 

such detailed information is not currently available from solid-state NMR.  

Overall, the MD simulations confirm the NMR result that phosphorus promotes a 

re-structuring of the borate component. B4(IV) species are mainly surrounded by silicon 

atoms and phosphate units, whereas B3(III) species are mainly connected to B(IV) species 

(between 1.4 and 1.7), silicon (1.0-1.4), and to a very small extent, other B(III) species 

(0.1-0.4). Unlike B(IV) species, B(III) species tend to avoid linking to phosphorus. While 

the MD simulations suggest that the fraction of B(III)-O-Si linkages tends to increase with 

x, no such information can be drawn from the NMR data, as they do not reveal any 

discernable spectroscopic trends for the B(III) units.  

The effect of the network former mixing in the second coordination sphere of the 

boron atoms was thoroughly investigated in a previous theoretical study on 25 Na2O x B2O3 

(75-x) SiO2 (x = 0 – 75 mol %) glasses.39  That work showed that (i) the positions and areas 

of the B(III) and B(IV) peaks in the 11B MAS NMR spectra of the simulated glasses are in 

good agreement with their experimental counterparts, which validates the accuracy of the 

structural models and NMR calculations, (ii) the 11B isotropic chemical shift decreases with 

the B-O-T angle and with the amount of silicon in the second coordination sphere of boron, 

and (iii) the substitution of B(III)/B(IV)-O- B(III) bonds by B(III)/B(IV)-O-B(IV) bonds 

leads to an increase in the isotropic chemical shift. Unfortunately, the 11B(III) NMR 

parameter analyses are not sufficiently distinctive to monitor the changes in the second 

coordination sphere of these units as P2O5 is added to these glasses. This may be possible, 

however, by 11B{29Si} REDOR experiments to be conducted on 29Si enriched glasses in 

the future. 
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Table 4.8. N4/N3 values and fractions of B4(IV), B3(IV), B3(III), and B2(III) units found in 

the MD-generated structural models of the investigated glasses and average numbers of 

network former cations bound to fully connected B4(IV) and B3(III) units. #P neighbors 

around B4(IV) has also been compared to the values as calculated from fitting of 31P MAS 

NMR data. 

 

 

 

 

Sample 

ID 
N4 B3(IV) B4(IV) #B(IV) #B(III) #Si #P 

#P (31P 

MAS 

NMR) 

PB0 59.5 2.0 57.5 1.0 1.0 2.0 - - 

PB2-P1 60.5 1.6 58.9 0.9 1.0 2.1 0.0 0.0 

PB2-P3 58.6 1.8 56.8 0.9 1.1 1.9 0.2 0.1 

PB2-P5 54.6 1.3 53.3 0.7 1.1 1.9 0.3 0.3 

PB3-P7 53.8 3.9 49.9 0.7 1.1 1.7 0.5 0.4 

MB0 61.7 4.4 57.3 0.9 0.8 2.3 - - 

MB2-P1 63.4 3.4 60.0 1.0 0.9 2.1 0.0 0.0 

MB2-P3 60.9 2.7 58.2 0.8 0.9 2.2 0.2 0.2 

MB2-P5 60.3 2.2 58.1 0.7 0.9 2.2 0.3 0.3 

PA0 67.2 5.8 61.4 0.8 0.6 2.7 - - 

PA2-P1 58.9 2.1 56.8 0.6 0.8 2.5 0.0 0.0 

PA2-P3 66.6 3.4 63.2 0.8 0.6 2.5 0.2 0.2 

Sample 

ID 
N3 B2(III) B3(III)  #B(IV) #B(III) #Si #P 

PB0 40.5 9.9 30.6 1.7 0.3 1.0 - 

PB2-P1 39.5 6.7 32.8 1.6 0.4 1.0 0.0 

PB2-P3 41.4 4.1 37.3 1.7 0.3 1.1 0.0 

PB2-P5 45.4 4.5 40.9 1.5 0.4 1.1 0.0 

PB3-P7 46.2 1.7 44.5 1.5 0.5 1.0 0.0 

MB0 38.3 12.5 25.8 1.6 0.3 1.1 - 

MB2-P1 36.6 7.5 29.1 1.6 0.2 1.2 0.0 

MB2-P3 39.1 7.4 31.7 1.5 0.3 1.2 0.0 

MB2-P5 39.7 4.7 35.0 1.4 0.3 1.2 0.1 

PA0 32.8 13.9 18.9 1.5 0.1 1.4 - 

PA2-P1 41.1 10.0 31.1 1.4 0.2 1.4 0.0 

PA2-P3 33.4 8.6 24.8 1.4 0.2 1.4 0.0 



177 

 

 

 

Table 4.9. Amounts of Si4, Si3, and Si2 species (in % of the Si content) found in the MD-

generated glasses and average number of NFU bound to Si4 and Si3 (±0.1). 

Sample ID Si4 #B(IV) #B(III) #Si #P 

PB0 84.2 1.7 0.5 1.8 - 

PB2-P1 86.4 1.7 0.5 1.7 0.0 

PB2-P3 88.5 1.6 0.6 1.7 0.1 

PB2-P5 92.3 1.5 0.7 1.7 0.2 

PB3-P7 94.8 1.5 0.7 1.5 0.2 

MB0 78.8 1.6 0.4 2.1 - 

MB2-P1 79.6 1.5 0.4 2.1 0.1 

MB2-P3 85.9 1.5 0.5 2.0 0.1 

MB2-P5 89.1 1.4 0.4 2.0 0.2 

PA0 73.3 1.5 0.3 2.3 - 

PA2-P1 83.2 1.2 0.4 2.4 0.0 

PA2-P3 80.5 1.3 0.3 2.3 0.1 

Sample ID Si2 Si3 #B(IV) #B(III) #Si #P 

PB0 0.1 15.7 1.7 0.4 1.0 - 

PB2-P1 0.0 13.7 1.6 0.4 1.0 0.0 

PB2-P3 0.1 11.4 1.7 0.3 1.1 0.0 

PB2-P5 0.0 7.7 1.5 0.4 1.1 0.0 

PB3-P7 0.0 5.3 1.5 0.5 1.0 0.0 

MB0 0.3 20.9 1.6 0.3 1.1 - 

MB2-P1 0.3 20.1 1.6 0.2 1.2 0.0 

MB2-P3 0.0 14.1 1.5 0.3 1.2 0.0 

MB2-P5 0.5 10.4 1.4 0.4 1.2 0.1 

PA0 1.0 25.7 1.5 0.3 1.2 - 

PA2-P1 0.4 16.4 1.2 0.4 1.4 0.0 

PA2-P3 0.6 18.9 1.3 0.3 1.3 0.1 

 

Silicon environment and connectivity. Table 4.9 reports the Sin distribution in the 

investigated glasses. In each series, Si is predominantly present as Si4 species (>84, 78 and 

73 % for the PB2, MB2, and PA2 series, respectively) and Si3 species (16, 21, and 26 % 

for the PB2, MB2 and PA2 series, respectively) and small amounts of Si2 species. While 

the Si4 fractions extracted from the MD-generated models are roughly 3-15 % higher than 

those deduced from NMR (Table 4.7), the trends are the same: With increasing x the silicate 

network becomes more polymerized, reflecting the concomitant transfer of the Na+ ions 
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towards the anionic phosphate component. Table 4.9 shows that Si4 is mainly connected to 

other silica tetrahedrons (1.7-1.8 for Series PB2, 2.0-2.1 for Series MB2, and 2.3-2.4 for 

Series PA2) and B(IV) units (1.5-1.7 for PB2, 1.4-1.6 for MB2, and 1.2-1.5 for PA2). Si3 

units, on the other hand, have one NBO which effectively replaces one silicon neighbor in 

the second coordination sphere. Low levels of B(III) species are also connected to Si3 and 

Si4 (0.3-0.7). Additionally, there are small fractions of P (up to 0.2 for glasses with larger 

amounts of P2O5) that are second neighbors to Si4 (minimal amounts of P are observed 

around Si3 units). As was also observed for B(IV) species, upon addition of P2O5 to the 

glass, the environment of Si is depleted in B(IV) and Si species and enriched in B(III) 

species as the B(III) units tend to link with B(IV) and Si atoms.   

Phosphorus environment: short-range order. Table 4.10 indicates that the 

phosphorus speciation in the present glasses is dominated by anionic P1 and P2 units 

reflecting the well-known fact that P preferentially attracts the anionic charges in mixed 

network former systems. Quantitative data on this effect are shown in Figure 4.9. Plotted 

are the fractions of NBOs bound to each NFU in the three glass series studied here, not 

counting the uncharged formally doubly bonded NBO already present for any phosphate 

unit. The data confirm the results of a previous study of sodium calcium phospho-

borosilicate glasses22,23 indicating that the attraction of anionic NBO decreases in the order 

P >> B(III) > Si > B(IV).  The average number of bridging oxygen atoms, <n> as deduced 

from MD is found to be somewhat lower than the corresponding experimental values 

determined from NMR. Nevertheless, both data sets show that <n> consistently increases 

with increasing x in the MB2 and PB2 glass series. In contrast, NMR and MD speciation 

seem to follow opposite trends in the compositionally more limited series PA2.  
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Phosphorus environment: connectivity. Table 4.11 summarizes the NFU 

connectivities of the phosphate species, indicating a dominance of Si and B(IV) units. At 

variance with the MAS NMR data the MD results indicate very low levels of P-O-P 

linkages. One possible reason for this discrepancy can be seen in the low overall 

concentration of the P atoms in our glasses. As a consequence, their speciation and 

connectivities have little influence on the energy minimum sought in the simulation. 

Considering this situation, the correct prediction of the trend of <n> as a function of x and 

the consistent information on P-O-B linkages can be already considered a remarkable 

success. 

 

Figure 4.9. MD-derived average numbers of NBOs per network-forming species B(III), 

B(IV), Si, and P plotted as a function of x. In the case of the P and Si speciation, results 

from NMR are shown for comparison. 



180 

 

 

Table 4.10. Structural speciation of phosphorus (in % of the P content) in the MD-

generated glasses. 

Sample 

ID 
P0 Total P1 Total P2 Total P3 Total P4 Total 

PB0 N/A N/A N/A N/A N/A 

PB2-P1 0.0 47.5 41.5 11.0 0.1 

PB2-P3 0.0 25.2 58.1 15.3 1.4 

PB2-P5 0.4 20.7 60.6 17.2 1.2 

PB3-P7 0.0 15.0 73.0 11.2 0.8 

MB0 N/A N/A N/A N/A N/A 

MB2-P1 0.0 35.4 56.7 8.0 0.0 

MB2-P3 0.9 27.3 64.7 7.2 0.0 

MB2-P5 0.0 19.4 68.4 11.8 0.4 

PA0 N/A N/A N/A N/A N/A 

PA2-P1 0.1 29.9 55.7 14.3 0.0 

PA2-P3 0.9 38.4 52.6 8.3 0.0 

 

Table 4.11. Average numbers of network former units (B(IV), B(III), P, and Si) connected 

to P1 and P2 species in the MD-generated glasses. 

Sample ID 
P1 

#B(IV) #B(III) #Si #P 

PB2-P1 0.3 0.1 0.6 0.0 

PB2-P3 0.3 0.1 0.6 0.0 

PB2-P5 0.3 0.1 0.5 0.1 

PB3-P7 0.3 0.2 0.3 0.2 

MB2-P1 0.5 0.1 0.4 0.0 

MB2-P3 0.2 0.2 0.6 0.0 

MB2-P5 0.3 0.1 0.6 0.0 

PA2-P1 0.3 0.1 0.6 0.0 

PA2-P3 0.2 0.0 0.7 0.1 

Sample ID 
P2 

#B(IV) #B(III) #Si #P 

PB2-P1 1.2 0.0 0.8 0.0 

PB2-P3 1.2 0.2 0.6 0.0 

PB2-P5 0.9 0.2 0.9 0.0 

PB3-P7 1.0 0.2 0.7 0.1 

MB2-P1 1.1 0.0 0.9 0.0 

MB2-P3 1.1 0.1 0.8 0.0 

MB2-P5 0.9 0.2 0.9 0.0 

PA2-P1 0.9 0.2 0.9 0.0 

PA2-P3 0.9 0.1 1.0 0.0 
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Table 4.12. Contributions of P, B(III), B(IV), and Si to the second-nearest neighbor 

coordination of Na. 

Sample ID #P #B(III) #B(IV) #Si 

PB0 - 1.7 2.5 2.3 

PB2-P1 0.2 1.6 2.5 2.2 

PB2-P3 0.6 1.5 2.2 2.0 

PB2-P5 1.0 1.4 2.0 1.7 

PB3-P7 1.3 1.3 1.9 1.4 

MB0 - 1.4 2.2 2.6 

MB2-P1 0.2 1.3 2.2 2.6 

MB2-P3 0.7 1.2 1.9 2.3 

MB2-P5 1.0 1.1 1.7 2.0 

PA0 - 1.0 1.9 3.0 

PA2-P1 0.2 0.9 1.7 2.9 

PA2-P3 0.6 0.8 1.6 2.5 

 

Sodium distribution. Our MD simulations reveal that sodium is surrounded by an average 

of 6.4 and 6.5 oxygen atoms at distances near 2.40 Å in MB0 and PB0 glasses. Upon 

addition of P2O5 to each glass series, both the average Na coordination numbers and Na-O 

distances tend to decrease to 6.2/6.3 and 2.37 Å, respectively. The coordination numbers 

and distances remain almost constant at 6.2 and 2.38 Å, respectively for Series PA2. 

Regarding the partitioning between NBO and BO in the studied glasses, the fraction of 

NBO around Na increases with increasing P2O5 content in the glass, indicating that sodium 

gradually shifts from its role as a charge compensator connected to boron-bonded BO 

species, to a charge compensator of anionic non-bridging oxygen atoms attached to 

phosphate species. To investigate the sodium distribution around each NFU in the glass, 

we have plotted the T-Na (T = Si, B(III), B(IV), P) pair distribution functions in Figure S6 

and compared the T-Na coordination numbers extracted from the simulations to that 

computed according to homogeneously distributed sodium in the glass (see Figure S7). 

Figure S6 indicates that the most probable Si-Na distances range between 3.3-3.4 Å and no 

particular trend is observed with P2O5 content apart from a slight decrease of their 
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occurrence (evidenced by a decreased peak intensity). The B(III)-Na peak is centered at 

3.0 Å and splits into two peaks (3.0 and 3.1 Å) upon P2O5 addition. While B(III)-Na 

interaction is not traditionally expected as these units are charge-neutral, their spatial 

proximity can be attributed to either B2(III) units containing 1 NBO or B3(III) units linked 

to B(IV) which contain a Na+ charge compensator. The B(IV)-Na PDF peak, on the other 

hand, is narrower than the B(III)-Na peak and occurs at slightly shorter distances (2.9 Å), 

whereas the P-Na PDFs show a double peak centered at 3.1 and 3.4 Å. From the viewpoint 

of the Na+ ions, their interactions with the NFUs in the second-nearest neighbor sphere are 

of particular interest. For defining this sphere, a cutoff distance of 3.6 Angstroms was found 

to yield stable results. Table 4.12 summarizes the development of the Na-NFU correlations 

extracted from the MD generated model. They show a clear dependence on P2O5 content, 

marked by monotonic decreases in Si, B(III), and B(IV) neighbors and increases in the 

quantity of P neighbors. Therefore, the sodium ions strongly prefer phosphate species over 

any other NFUs in the second coordination sphere of Na. This finding stands in excellent 

agreement with the conclusions from the 23Na{31P} REDOR studies. We can put this 

agreement into more quantitative terms, considering that the dipolar second moments M2(S-

I), determined experimentally by REDOR via equation (1) and listed in Table 4.5 follow 

from the internuclear distance distribution according to the van Vleck equation56 

𝑀2(𝑆−𝐼) =
4

15
(

𝜇0

4𝜋
)

2

𝛾𝐼
2𝛾𝑆

2ℏ2𝐼(𝐼 + 1) ∑
1

𝑟𝑆−𝐼
6     (2) 

where I and S are the gyromagnetic ratios of the nuclear species involved, and rS-I are the 

internuclear distances between the observe nuclei (S) and the nuclei (I) of spin quantum 

number I to which they are coupled, and all the other symbols have their usual meanings. 

As all of the constants in equation (2) are well-known, we can calculate experimental 
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values of  ∑
1

𝑟𝑆−𝐼
6  (NMR) from the numerical second moments M2(P-Na) and M2(Na-P) listed in 

Table 4.5. This value can be compared with values of  ∑
1

𝑟𝑆−𝐼
6  extracted from the MD 

generated models, by extending the summation to the convergence limit, which in the 

present case was found to be 15  Å, and results were averaged over a total of 451 23Na 

observe and 126 31P observe nuclei, respectively. For the glass PB3-P7, these numbers are 

in very good agreement: Specifically we find  ∑
1

𝑟𝑃−𝑁𝑎
6  = 3.5 × 1057 m´6 and 3.7 × 1057 m-6 

from NMR, and MD output, while the corresponding results  for ∑
1

𝑟𝑁𝑎−𝑃
6  are 1.8 × 1057 m-

6 and 1.2 × 1057 m-6, respectively. This preliminary result is very encouraging, showing 

good consistency between the MD and NMR data. Future studies will be devoted to a more 

systematic comparison of all the M2(S-I) values (S, I = 11B, 23Na, 31P) characterizing all the 

six possible pair correlations for a larger set of glasses in the Na2O-SiO2-B2O3-P2O5 

system. 

4.4 Implications on the design of novel borosilicate-based bioactive glasses 

 Through a systematic and dedicated approach, an in-depth understanding of the 

structure of borosilicate-based model bioactive glasses has been unearthed. It is well-

known that the short-and intermediate-range order in multicomponent glasses greatly 

affects the glass degradation behavior in simulated body environments. For instance, 

weakly bound species (i.e. Na+ at Si-NBO sites) readily release from the glass in aqueous 

environments via ion exchange,57-59 meanwhile, B(III) species have been previously shown 

to hydrolyze at quicker rates in comparison to B(IV) species.60,61 This knowledge may have 

the prospect to extend to phosphate species since x = 1 glasses exhibit high amounts of 

isolated phosphate species (P0 and P1
1P) which are weakly bound to the glass network, 
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meanwhile, x > 1 glasses contain elevated amounts of P-O-B4 NFU linkages which can 

improve the chemical durability. Furthermore, the additional structural effects that P2O5 

exhibit upon NFU mixing and speciation (i.e. N4 and Si4 fractions) can have unanticipated 

impacts upon ionic release characteristics and bioactivity which can benefit the design of 

novel bioactive glasses. Future studies examining structure-degradation behavior 

relationships in the present sodium phopsho-borosilicate glass system can help to unearth 

the ideal NFU structures necessary for tuning ionic release to elicit desired biological 

responses when in contact with human body fluids. Using the described approach, which 

necessitates a careful compositional design, can accelerate the development of borosilicate 

glasses for innovative applications.  

4.5 Conclusions 

The present combined MAS NMR and MD study provides a comprehensive 

structural understanding of the short- and intermediate-range order in the Na2O-P2O5-

B2O3-SiO2 model bioactive glass system, and its evolution upon successive incorporation 

of P2O5. Three glass series, corresponding to perboric (R < 1), metaboric (R = 1), and 

peralkaline (R > 1) base compositions are investigated into which P2O5 is incorporated 

along three distinct substitution schemes, leading to a comprehensive data set of nine series 

in total.  While levels above 5 mol. % P2O5 lead to phase separation and formation of 

crystalline Na4P2O7, the tolerance of the glass network for P2O5 increases with decreasing 

R-value. Within this composition range P2O5 effects a significant re-polymerization of the 

silicon species and a re-structuring of the borate component in the network, driven by the 

additional demand of phosphate for charge compensation. In addition, the degree <n> of 

phosphate polymerization increases as a function of P2O5 content, as increasing amounts 
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of B-O-P linkages are formed.  The latter also serve to disperse the negative charges of the 

B(IV) units toward non-bridging oxygen atoms located on the phosphate species.62,63  

 The detailed analysis of 31P-11B dipole-dipole and 31P-31P indirect spin-spin 

couplings on selected samples suggests a general picture of the NFU connectivities, which 

stands in excellent agreement with those drawn from the MD simulations and expands 

significantly on previous findings on bioactive P2O5-containing silicate and borosilicate 

glasses.22,63,64 In addition, the combined 23Na- based double resonance experiments and the 

MD simulations portray a consistent and quantitative picture of the next-nearest neighbor 

coordination sphere of the modifier cations, featuring their preferred correlations with the 

phosphate component. Ultimately, our extensive knowledge of this system will not only 

facilitate the prediction of structural details and degradation behavior for bioactive glass 

applications, but also help in identifying novel borosilicate glasses tuned to particular 

biomedical applications. 
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5.1 Introduction 

 Recent years have experienced a significant rise in the research interest of 

borosilicate-based bioactive glasses as potential candidates while designing novel third 

generation biomaterials.1-3 Borosilicate glasses, for instance, offer particular advantages 

over traditional silicate-based compositions, such as (i) a broader glass-forming range, (ii) 

tunable chemical degradation over wide ranges,1 and (iii) ease of processing into porous 

three-dimensional scaffolds for implantation into the body.2, 4 Furthermore, borosilicate 

glasses have been shown to promote angiogenesis and osteogenesis in vivo;1, 5 the 

aforementioned intrinsic characteristics and macroscale properties make borosilicate 

glasses very attractive for a wide scope of biomedical applications. Generally, third 

generation biomaterials are designed such that, when exposed to body fluids, ionic 

dissolution products are released from the glass into the body to initiate a synchronized 

sequence of cell-level responses that result in the expression of genes required for body 

tissue regeneration.6 Since healing effects can be maximized by tailoring ion release 

kinetics to the bodily rates of new tissue formation,1, 6 developing a fundamental 

understanding of the degradation behavior of borosilicate glasses in body fluids is of utmost 

importance. Likewise, since the degradation of glass in aqueous solutions is closely tied to 

its structure at the atomic level,7, 8 a greater conceptual understanding of the compositional 

and structural drivers controlling glass degradation behavior is required for the 

development of novel borosilicate bioactive glasses. 

It is well-known that the network structure of bioactive silicate glasses (such as the 

45S5 “gold standard”) is dominated by metasilicate chains,7 while the ideal structures in 

borosilicate bioactive glasses are not as well identified. For instance, the addition of B2O3 
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adds significant network structural complexity, which greatly affects aqueous degradation 

kinetics. Multiple studies on simplified sodium borosilicate glasses9-14 have successfully 

described the local and intermediate-range structural features involving trigonal and 

tetrahedral boron and their connectivity with each other and with silicon, but the connection 

between these structural features and glass dissolution behavior is still largely unknown. 

Further, recent studies have been performed which identify comprehensive composition-

structure relationships in P2O5-containing borosilicate compositions,15-19 where P2O5 is 

known to vastly alter glass properties17, 20-22 and is a vital component of borosilicate 

bioactive glasses due to its beneficial impact upon bioactivity and compatibility with 

mineral phosphate in bone tissue.1, 23 Although the structure of borosilicate glasses is well-

understood and phospho-borosilicate structure is fairly well-understood for a limited 

composition-space (i.e., compositions based upon 45S515, 16), the links between glass 

structure and degradation behavior/bioactivity in both systems are still mostly uncertain. 

Additionally, building structure-degradation behavior relationships is elusively difficult 

since the majority of borosilicate bioactive glass literature focusing on glass dissolution 

mechanisms and bioactivity utilize a “trial-and-error” compositional design approach, 

which involves a partial or full replacement of SiO2 by B2O3 in known formulations such 

as 45S5 or 13-93.1, 24, 25 While this approach is successful in determining biocompatibility 

over the dedicated composition-space, it does not allow for the development of 

composition-structure-property relationships in which novel bioactive compositions can 

be designed using predictive models relating glass structure to its degradation behavior. 

Thus, a comprehensive “materials-by-design” approach (as laid out in the White House’s 

Materials Genome Initiative26) must be instead adopted, in which intimate relationships 
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between glass structure and degradation behavior can be unearthed across systematically-

designed borosilicate and phospho-borosilicate glass compositions. In this way, 

comprehensive datasets on model borosilicate bioactive glasses can be generated which 

facilitate the development of predictive models27 allowing the prediction of glass 

degradation behavior based upon its composition. 

Glasses in the current study were devised over a wide composition space in the 

baseline sodium borosilicate (P2O5-free) system, including perboric (Na/B < 1), metaboric 

(Na/B = 1), and peralkaline (Na/B > 1) regimes, substituting P2O5 into the glass using 

stepwise additions. Through a comprehensive study utilizing several state-of-the-art 

characterization techniques, including inductively coupled plasma – optical emission 

spectroscopy (ICP-OES), advanced magic-angle spinning nuclear magnetic resonance 

(MAS NMR) spectroscopy, among others, we aim to generate a comprehensive 

understanding of the elemental release behavior and glass structural evolution during 

degradation these glasses in simulated body environments. Accordingly, we aim to develop 

a comprehensive understanding of the compositional and structural drivers of glass 

degradation in the studied system, which we hope will contribute to the design of novel 

borosilicate-based bioactive glasses with controlled dissolution behavior (i.e. ionic release) 

for targeted biomedical applications. 

5.2 Experimental 

5.2.1 Compositional design and glass preparation 

Glass series were designed in three different compositional regimes of R = 

Na2O/B2O3, ratios, including perboric (PB,  R < 1), metaboric (MB, R = 1), and peralkaline 

(PA, R > 1) compositions. The series explored are listed below (mol. %):  
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Series PB2: x P2O5–(25 Na2O–30 B2O3–45 SiO2)     x = 0, 1, 3, 5 

Series MB2: x P2O5–(25 Na2O–25 B2O3–50 SiO2)     x = 0, 1, 3, 5 

Series PA2: x P2O5–(25 Na2O–20 B2O3–55 SiO2)     x = 0, 1, 3 

The glass synthesis and annealing procedures have been described in Chapter 4. Table 5.1 

presents the batched vs. experimental glass compositions as analyzed on selected samples 

by ICP-OES (PerkinElmer Optima 7300V) for B2O3, P2O5, and SiO2 and flame emission 

spectroscopy (PerkinElmer Flame Emission Analyst 200) for Na2O. 

Table 5.1. All batched compositions of studied glasses compared to selected experimental 

compositions (in brackets), as analyzed via ICP-OES (±0.5 mol. %). B4 fraction from 11B 

MAS NMR and calculated Si4 fractions are also displayed. 

 

5.2.2 Sample preparation for chemical degradation experiments 

5.2.2.1 Surface area analysis of glass powder specimens 

The studied glass was crushed and sieved to obtain powders with particle size 

varying between 300 – 425 µm. The glass particles were ultrasonically washed in acetone 

to remove any fine powder residue sticking to the surface of larger particles. This process 

was repeated at least three times or until the supernatant was clear to ensure the removal of 

Sample ID 
Batched MAS NMR 

Na2O P2O5 B2O3 SiO2 B4 Si4 

PB0 25.0 [25.3] -- 30.0 [29.7] 45.0 [45.0] 62.9 70.8 

PB2-P1 24.8 1.0 29.7 44.6 63.5 81.5 

PB2-P3 24.3 [25.9] 3.0 [3.0] 29.1 [29.0] 43.7 [42.2] 62.1 84.5 

PB2-P5 23.8 [25.8] 5.0 [5.0] 28.5 [29.1] 42.8 [40.0] 59.1 88.3 

MB0 25.0 [25.1] -- 25.0 [25.0] 50.0 [49.9] 67.2 66.7 

MB2-P1 24.8 1.0 24.8 49.5 67.5 74.6 

MB2-P3 24.3 [26.0] 3.0 [3.0] 24.3 [23.9] 48.5 [47.1] 67.2 77.8 

MB2-P5 23.8 [24.7] 5.0 [5.0] 23.8 [23.9] 47.5 [46.3] 65.5 92.1 

PA0 25.0 [25.1] -- 20.0 [20.1] 55.0 [54.8] 71.0 61.7 

PA2-P1 24.8 1.0 19.8 54.5 71.4 68.3 

PA2-P3 24.3 [25.1] 3.0 [3.1] 19.4 [19.3] 53.4 [52.6] 71.9 77.3 
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all fine particles. The ultrasonically washed glass particles were dried overnight at room 

temperature in ambient air and analyzed for any structural changes before and after 

acetone-washing using Fourier Transform Infrared (FTIR) spectroscopy. The IR spectra 

were acquired using a single-bounce diamond attenuated total reflectance (ATR) apparatus 

(FTIR-UATR, Frontier™, PerkinElmer, Inc.; scanning resolution 4 cm-1, 32 scans for 

background and samples). Average three-dimensional (3D) geometric surface area of 

washed particles was determined using ImageJ software (as explained in more detail in 

Ref.3) after capturing images of ~1000 particles via an optical microscope (Zeiss Axioskop 

40) at ~50X magnification. Experimental density values (measured using Archimedes’ 

method by measuring the mass of sample in air and d-limonene solution; number of 

samples = 4, standard deviation <0.009 g cm-3) were used together with the 3D surface area 

calculations to determine the specific surface area of the washed powders (~4100-4400 

mm2/g). Finally, the mass of glass particles resulting in the desired surface area–to–volume 

ratio (SA/V) was calculated. 

5.2.2.2 Monolithic glass coupons 

Based on the results of the degradation behavior of powder samples, similar tests were 

performed on monolithic glass coupons. Three coupons with the dimensions ~10 mm × 

~10 mm were cut for each glass composition using a diamond blade. The polishing of the 

glass coupons was performed according to the procedure described in ASTM C1220-10,28 

where the glass samples were ground in acetone sequentially using 120 – 600 grit sized 

SiC sheets followed by polishing in 6 µm and 3 µm non-aqueous diamond suspensions 

until a mirror finish was acquired. The thickness of the polished sample varied between 1-

2 mm. The dimensions of the rectangular polished samples were measured to calculate the 

geometric surface areas.  
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5.2.3 Glass degradation experiments in simulated body environments 

5.2.3.1 Degradation behavior and kinetics of glass corrosion 

The degradation behavior and kinetics of glasses were studied in Tris-HCl and Tris-

HNO3 solutions with pH 7.4. Solutions were prepared by dissolving 13.25 g of Tris in DI 

water and adjusting the pH to the desired value with 1 M of HCl or HNO3. Solutions were 

prepared as target pH ±0.02 in batches with a total volume of 1.00±0.05 L to maintain 

accurate Tris molarity in solution. In each experiment, 60.0 mg of acetone-washed glass 

particles were immersed in 50.0 mL of solution, corresponding to SA/V = 5 m-1. All 

powder–solution mixtures were immediately sealed into sterilized polypropylene flasks 

and placed in an oven at 37±1 ºC. Solution preparation and experimental conditions were 

prepared according to ISO 10993-14, with the important addition of substituting HNO3 

instead of HCl as the acid utilized in Tris-based solutions. This decision was made 

according to our experience and relevant literature, in which Tournié et al.29 determined 

that degradation kinetics in the forward rate regime accelerate by a factor of ~2 in Tris-

HNO3 as compared to Tris-HCl. We have, however, included Tris-HCl and Tris-HNO3 in 

our study of series MB2 glasses in an attempt to elucidate kinetic differences according to 

acid identity. 

Degradation experiments ranged from 1 hour to 28 days. In addition to analyses of 

neat (unused) and blank (glass-free) control solutions, all experiments were performed 

three times to evaluate uncertainty in final results. The pH of each solution recovered from 

experiments was measured at room temperature using a pH meter (Mettler Toledo InLab® 

Pro-ISM). Separate aliquots of recovered solutions were chemically analyzed by ICP-OES 

(PerkinElmer Optima 8300). ICP-OES detection limits were <0.5 ppm for Na, <0.2 ppm 
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for B, <0.5 for P, and <0.2 ppm for Si. The normalized loss (NL) of each element (Na, B, 

and Si) released from glasses into the surrounding solution was calculated using equation 

(1), 

𝑁𝐿𝑖 =
𝐶𝑖−𝐶𝑜

(
𝑆𝐴

𝑉
)𝑓𝑖

  (1) 

where Ci is the mass concentration of element i in the solution as detected by ICP-OES; fi 

is the mass fraction of the element i in the glass; Co is the background concentration (as 

determined from blank solutions). Normalized loss data were plotted against time and 

linearly fit over the apparent linear regimes of release at early times to evaluate forward 

dissolution rates for each glass composition. 

5.2.3.2 Structural evolution of the glass powders due to degradation 

To study the kinetics and mechanisms of glass degradation in simulated body 

environments, bulk and surface characterization were performed on both pre- and post-

degradation glass specimens. The glass powders remaining after the dissolution 

experiments (from section 5.2.2.1) were rinsed three times with the deionized (DI) water, 

followed by rinsing in ethanol (Fisher Chemical, anhydrous) to remove any water sticking 

to the surface of glass particles. The powders were dried at room temperature in an ambient 

atmosphere. The powders recovered from these experiments were analyzed by X-ray 

diffraction (XRD; PANalytical – X’Pert Pro; Cu Kα radiation; 2θ range: 10–90º; step size: 

0.01313º s–1) to determine the presence/absence of deposited secondary crystalline phases. 

Furthermore, single resonance 23Na, 11B, 31P, and 29Si MAS NMR spectroscopy was 

performed recovered powders to assess the amorphous structural changes occurring as a 

result of degradation processes. The parameters used in single resonance MAS NMR 

experiments of post-degradation samples have been summarized in Table 5.2. 



200 

 

 

Furthermore, surface-probing 1H→31P and 1H→29Si cross-polarization (CP) MAS NMR 

experiments were performed to assess structural changes occurring in hydrated layers 

exposed to simulated body environments. The 1H→31P CP-MAS NMR experiments were 

performed for selected samples on a 5.7 T Varian 240-MR DD2 spectrometer (242.4 MHz 

and 98.1 MHz resonance frequencies for 1H and 31P, respectively) using a commercial  3.2 

mm triple resonance MAS NMR probe. The powdered samples/specimen were spun at 10 

kHz. The optimal matching conditions for CP experiments were optimized with regard to 

solid NaH2PO4. Contact times between 300-1500 μs were used along with π/2 radio 

frequency pulses of 4.3 μs duration. One second recycle delays were implemented in 

between acquisitions, with a minimum of 27000 acquisitions collected per sample. The 

measured 31P chemical shifts are reported relative to solid BPO4 as secondary standard 

(measured as -29.3 ppm relative to 85% H3PO4). The 1H→29Si CP-MAS NMR 

experiments were performed for selected samples on a 9.4 T Varian Unity INOVA 

spectrometer (400.1 MHz and 79.5 MHz resonance frequencies for 1H and 29Si, 

respectively) using a 7 mm wide-body CP-MAS probe with 7 mm silicon nitride rotors. 

The powdered samples/specimen were spun at 4.5-4.7 kHz. The optimal matching 

conditions for CP experiments were optimized with regard to solid kaolinite. Contact times 

of 3000 μs were used along with π/2 radio frequency pulses of 6.8 μs duration. Five second 

recycle delays were implemented in between acquisitions, with a minimum of 1600 

acquisitions collected per sample. The measured 29Si chemical shifts are reported relative 

to solid kaolinite as secondary standard (measured as -91.5 ppm relative to 

tetramethylsilane).  
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Table 5.2. Summary of measurement conditions for all nuclei studied by MAS NMR. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Single Resonance Parameters 

23Na 

Magnetic field (T) / 

Resonance frequency 

(MHz) 

5.7 / 64.1 

Spinning frequency (kHz) 25.0 

Pulse length (μs) / Tip angle 0.8 / (π/6) 

Recycle delay (s) 0.5 

Number of acquisitions ≥4000 

Reference standard NaCl (7.2 ppm) 

11B 

Magnetic field (T) / 

Resonance frequency 

(MHz) 

14.1 / 192.6 

Spinning frequency (kHz) 15.0 

Pulse length (μs) / (Tip 

Angle) 
1.0 / (π/6) 

Recycle delay (s) 15 

Number of acquisitions ≥100 

Reference standard BPO4 (-3.5 ppm) 

31P 

Magnetic field (T) / 

Resonance frequency 

(MHz) 

5.7 / 98.1 

Spinning frequency (kHz) 10.0 

Pulse length (μs) / (Tip 

angle) 
2.9 / (π/2) 

Recycle delay (s) 150 

Number of acquisitions ≥400 

Reference standard BPO4 (-29.3 ppm) 

29Si 

Magnetic Field (T) / 

Resonance frequency 

(MHz) 

9.4 / 79.5 

Spinning frequency (kHz) 4.5-4.7 

Pulse length (μs) / (Tip 

angle) 
5.5 / (π/2) 

Recycle delay (s) 150 

Number of acquisitions ≥20 

Reference standard Kaolinite (-91.5 ppm) 
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5.2.3.2 Surface evolution of monolithic bulk coupons during degradation experiments 

Degradation experiments were additionally performed on polished monolithic glass 

coupons of MB2-P5 and PB2-P5 samples (two per composition) for 3- and 7-day durations. 

The recovered coupons were subjected to the same drying procedure as was performed for 

the recovered glass powders.  

 The X-ray photoelectron spectroscopy (XPS) measurements were performed on 

monolithic glass coupons to understand the composition and chemical environment of 

elements within the top 10 nm of sample surfaces – both in polished and degraded samples. 

The XPS measurements utilized a Thermo Scientific K-Alpha equipment, which used a 

1486.6 eV monochromated Al Kα x-ray source to excite core level electrons from the 

sample. A low energy dual electron/argon-ion beam flood gun was used for charge 

compensation during measurements. The kinetic energy of the photoelectrons was 

measured using a 180° double-focusing hemispherical analyzer with a 128-channel 

detector. Binding energies were referenced to the main component of the adventitious 

carbon peak at 284.8 eV. The photoelectron spectrometer was calibrated using the Au4f7/2 

binding energy (83.96 eV) for the etched surface of Au metal reference. The analyzer was 

operated in the constant resolution mode with a pass energy of 10 eV for high-resolution 

spectroscopy, while a pass energy of 50 eV was used for the routine survey scans. Peak 

fitting for the core-level scans was performed using a mixed Gaussian-Lorentzian function 

(Gaussian: 85%) for obtaining binding energy and FWHM of the peaks. Peak areas were 

converted to composition using suitable elemental relative sensitivity factors30 and 

corrected for attenuation through an adventitious carbonaceous overlayer using a 
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calculation similar to the method described by Smith.31 The probe depth of XPS, taken to 

be three times the inelastic mean free path of photoelectrons, was 3.6 nm for Na 1s, 8.7 nm 

for P 2p, and 9.3 nm for B 1s and Si 2p. 

The hydrogen profiles on the surface of post-degradation samples were determined by 

elastic recoil detection analysis (ERDA) using a 2.0 MeV He++ beam (General Ionex 

Tandetron accelerator). The beam was oriented in a grazing geometry with an angle of 75º 

between the incident beam and the surface normal. The detector was mounted at 75º with 

respect to the surface normal in the specular direction, with a 40 µm mylar foil placed over 

the active area to block scattered He ions. Hence, only forward-scattered H ions were able 

to penetrate the detector. The probe depth of ERDA is approximately 350 nm.  

The post-degradation PB2-P5 glass coupon was mounted vertically in epoxy resin and 

polished to 1 µm surface finish (in non-aqueous media) to examine its cross-section and 

determine the depth and characteristics of the hydrated surface layers. The sample surface 

was sputter-coated with a 20 nm thick gold layer to reduce the charging effects. Both 

secondary electron imaging (ZEISS Sigma) and energy dispersive spectroscopy (EDS; X-

Max Oxford Instruments; Aztec software) were conducted using an electron beam of 10-

20 kV. EDS was employed to perform elemental mapping in the hydrated layers of the 

glass to assess composition differences between pristine and hydrated glass and supplement 

our knowledge of dissolution mechanisms and layer formation.  

5.3 Results 

5.3.1 Glass formation 

The synthesized glasses which were ultimately selected for degradation 

experiments were visibly transparent in appearance and did not show any evidence of sharp 
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peaks in XRD. We observed that series MB2 and PB2 can incorporate 5 mol. % P2O5 while 

series PA2 glasses can only incorporate 3 mol. % P2O5 before visible phase separation 

and/or crystallization. The absence of visible glass-in-glass phase separation allows for an 

unambiguous examination of degradation behavior and glass structural evolution. 

5.3.2 Elemental release behavior of glasses in simulated body environments 

 All the pH, elemental concentrations, and normalized loss (NL) data are displayed 

for each composition as a function of the experimental duration in Table 5.3. It is observed 

through the course of 28 days of experiments that the solution pH rises slightly and 

maintains between 7.3 and 7.7, indicating that the Tris-HCl and Tris-HNO3 solutions 

exhibit a good buffering ability and can closely replicate the pH of human body fluids. 

Figure 5.1a-f display NL vs. time curves of x = 0 and x = maximum samples submerged in 

Tris-HNO3 environments. All glasses display clear linear, forward release behavior within 

the first 12-24 hours of experiments, followed by a rate drop and rapid or gradual transition 

into the pseudo-equilibrium residual rate regime, typically attributed to the presence of a 

passivating gel layer on the surface of the glass. The residual rate regime is reached within 

3-14 days of submersion, depending on the glass composition and dissolution kinetics. As 

expected, for the sodium borosilicate compositions (x = 0), Na and B NL curves exhibit 

close overlap, marked by rapid elemental release kinetics, meanwhile, Si is released from 

the glasses at a much slower rate. This is evidenced by the 200-250 g/m2 NL values of Na 

and B after 28 days in x = 0 glasses compared to only 40-60 g/m2 for Si (see Figure 5.1a, 

c, and e). The magnitude of release is also observed to be highly dependent upon the R 

compositional regime, which will be discussed further below. Upon substitution of P2O5 

into the glass, P release closely follows that of Na and B in all compositions, thus, Na, P, 
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and B exhibit congruently degradation from the glass while Si is released incongruently at 

a significantly suppressed rate. 
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Figure 5.1. Plots of normalized loss (g/m2) of each element present in the glass as a 

function of time (hours) for (a) PB0, (b) PB2-P5, (c) MB0, (d) MB2-P5, and (e) PA0 

and (f) PA2-P3. 
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Table 5.3. Average concentration (ppm), averaged normalized loss (g/m2), and pH as a 

function of time (h) for all glasses in simulated body solutions. The reported errors are 

calculated 1σ standard deviation for duplicate samples. 
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To quantify the glass dissolution kinetics and provide an estimate of the forward 

rate, the linear portion of the NL data were fit using linear regression (within the first 12 

hours of experiments). The extracted rates are displayed in Table 5.4. The error expressed 

in the table represents standard uncertainty in linear regression, where the standard 

deviation of each NL data point was considered, and the relative impact of fitting a slope 

to uncertain data was summed to determine the overall fitted-slope uncertainty, similar to 

the method discussed by Kragten.32 In general, it is observed that dissolution rate is highly 

dependent upon the R regime, where dissolution rate is inversely proportional to R and 

increases in the order PA < MB < PB. Figure 5.2a displays a representative picture of the 

Na and B dissolution rates in each regime as a function of P2O5 content in the glass, in 

which the Na, P and B release rates show very good agreements and are between 2-4 gm-

2h-1 for PA glasses, between 4-7 gm-2h-1 for MB glasses, and are between 9-11 gm-2h-1 for 

PB glasses in Tris-HNO3 solutions. Si is consistently released at rates between 1-2 gm-2h-

1, representing between 50-80 % reduction in Si rate as compared to all other species. Upon 

the addition of P2O5 into glasses, degradation rates were impacted differently based upon 

the R regime. For instance, PB glasses did not show any clear change in dissolution rates 

regardless of P2O5 content, meanwhile, MB and PA degradation rates: (i) maintained 

similar or slightly increased upon addition of 1 mol. % P2O5 and (ii) decrease steadily in 

glasses beyond x = 1. Although not shown in Figure 5.2a, please note that P rates observe 

the same trends as Na and B, while Si does not undergo significant rate changes upon 

additions of P2O5, independent of R regime. In the upcoming sections, these changes in the 

dissolution rate will be explained from a glass structural standpoint, as several competing 

factors can greatly impact dissolution kinetics and behavior. 
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Table 5.4. Degradation rates of Na, P, B, and Si for the studied glasses in simulated body 

environments. These rates were determined by linearly fitting the first 12 hours of 

normalized loss vs. time plots. 

 

Figure 5.2b displays a comparison between Na, B, and Si rates extracted from MB 

glasses in Tris-HCl vs. Tris-HNO3 based solutions with each of the other experimental 

parameters carefully controlled (i.e. temperature, pH, SA/V, etc.). Interestingly, it is 

observed that degradation rates are higher in Tris-HNO3 solutions as compared to Tris-HCl 

solutions, which is contrary to that found in Tournié et al.29 While these kinetic changes 

are statistically significant based upon the current error analysis, it is uncertain if Tris-HCl 

vs. Tris-HNO3 rate differences are significantly different, given the 15-25 % errors 

typically associated with performing dissolution experiments33-35 and the well-described 

challenges in literature with fitting NL data with a single rate.36, 37 Accordingly, many—

but not all—of the rate differences reported for Tris-HCl vs. Tris-HNO3 in the current 

compositions are within the typically attributed errors in dissolution experiments; 

  Degradation Rates (g/[m2h]) 

Sample 

ID 
Solution Na Na-error P P-error B B-error Si Si-error 

PB0 

Tris-HNO3 

10.2 ±1.1 -- -- 9.0 ±1.2 1.9 ±0.2 

PB2-P1 10.9 ±1.3 10.3 ±1 9.6 ±0.8 1.8 ±0.3 

PB2-P3 10.8 ±0.3 10.0 ±0.6 9.7 ±0.3 2.0 ±0.1 

PB2-P5 10.9 ±1.5 10.2 ±1.7 9.8 ±1.4 1.9 ±0.5 

MB0 

Tris-HCl 

5.3 ±0.1 -- -- 4.6 ±0.1 1.3 ±0.0 

MB2-P1 5.3 ±0.2 4.4 ±0.2 4.4 ±0.1 1.0 ±0.0 

MB2-P3 4.7 ±0.3 4.3 ±0.3 3.9 ±0.2 1.2 ±0.0 

MB2-P5 3.0 ±0.7 2.7 ±0.7 2.5 ±0.6 0.7 ±0.3 

MB0 

Tris-HNO3 

6.3 ±0.5 -- -- 5.7 ±0.5 1.4 ±0.2 

MB2-P1 7.0 ±0.1 6.0 ±0.4 6.1 ±0.1 1.3 ±0.0 

MB2-P3 6.5 ±0.1 5.9 ±0.1 5.9 ±0.1 1.5 ±0.1 

MB2-P5 4.7 ±0.0 4.4 ±0.0 4.4 ±0.0 1.4 ±0.1 

PA0 

Tris-HNO3 

3.9 ±0.4 -- -- 3.8 ±0.2 1.0 ±0.2 

PA2-P1 3.7 ±0.1 2.8 ±0.0 3.6 ±0.1 1.2 ±0.0 

PA2-P3 2.5 ±0.0 2.2 ±0.0 2.6 ±0.1 0.9 ±0.0 
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furthermore, a close agreement is observed for NL values within the residual rate regime. 

Thus, further exploration is necessary to confirm whether kinetic differences result from 

the changes in acid identity used simulation body environments. 

Figure 5.2. Degradation rates as a function of P2O5 content for (a) Na and B in Tris-HNO3 

and (b) for Na, B and Si for MB glasses in Tris-HCl and Tris-HNO3. 
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5.3.3 Structural evolution of the glass and surface layers during dissolution processes 

 The initial glass structures (pre-dissolution) have been extensively studied in 

Chapter 4 for their short- and intermediate-range order characteristics. The structural 

species discussed are labeled in terms of Tn (T = Si, B, P), where n denotes the numbers of 

bridging oxygen atoms to other T species. It was observed for these glasses that adding 

P2O5 into the glass (x = 1) promotes the presence of isolated phosphate species (P0 and P1; 

Pn, where n indicates the number of bridging oxygen connected to each species). Glasses 

containing x > 1, on the other hand, undergo increases in P-O-B intermixing (as P2 or P3 

species, linked to P and B4 species) and promote re-distribution of Na+ species 

accompanied by re-polymerization of silicon species and decreases in B4 fraction 

(tetrahedral boron). Furthermore, in the order PB >> MB >> PA, it was observed that Si4 

and B4 fractions increase (as displayed in Table 5.1). 

 The glass powders recovered from dissolution experiments were first analyzed by 

XRD to examine for the presence of crystalline secondary phases. As shown in Figure S1, 

it is observed that all samples displayed amorphous nature, ruling out the significant 

presence of precipitated crystalline phases. Thus, to understand the evolving amorphous 

structure, advanced MAS NMR experiments were performed on the glasses to probe the 

evolving bulk and surface structural characteristics. Figure 5.3 displays the 11B MAS NMR 

spectra of samples dissolved for 7 days in Tris-HNO3 (as compared to the initial spectra) 

which are normalized based upon the upfield peak. These spectra display two main 

resonances: a broad feature centered near 14 ppm and a narrower peak in the region 0-3 

ppm consisting of multiple underlying species. The feature near 14 ppm is associated with 

B3 species, which consists of overlapping ring- and non-ring trigonal boron species, 
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however, this peak may also contain unresolved trigonal boron species containing 1 non-

bridging oxygen. Comparing initial spectra to the 7-day dissolved samples, it is observed 

that the intensity of the B3 peak decreases in all cases, in which the samples generally 

undergo larger changes in the order PA < MB < PB. For instance, the B3 peak presence in 

the dissolved PB2-P3 and PB2-P5 glasses are not apparent, indicative of a near-zero 

presence of these species in the glass after degradation. Furthermore, the displayed spectra 

do not undergo any apparent shape change in the trigonal boron peaks upon dissolution, 

rather, a uniform intensity reduction. On the other hand, the peaks associated with B4 

undergo clear changes in shape, particularly evident in the PB glasses (Figure 5.3a). In 

sample PB0, the 7-day dissolved spectrum displays a clear shoulder centered near -1 ppm 

which was not evident in the initial spectrum. As the P2O5 content rises, this peak grows in 

intensity, marked by sharp peaks at -1 ppm. Additionally, the underlying broad peak 

reduces in intensity significantly in x = 3 and 5 glasses, explaining the resonance almost 

exclusively dominated by the sharp B4 resonance in these samples. Dissolved MB glasses 

similarly display B4 peak changes, as evidence of a shoulder near -1 ppm is also observed, 

however, these changes are not as evident as in PB glasses. Similar changes in dissolved 

PA spectra are not clearly apparent. 
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Figure 5.3. 11B MAS NMR spectra of initial glasses vs. glass powders recovered from 7 

days of degradation experiments in Tris-HNO3 solutions. 
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 The results from 11B MAS NMR (as discussed above) may be explained by one or 

more of the following standpoints: (i) the glasses undergo preferential dissolution of B3 

species as compared to B4, (ii) B3 and B4 species dissolve at similar rates, with the 

exception of the B4 species located at -1 ppm, and (iii) all B species dissolve at similar 

rates, where the remaining B4 peak represents a precipitated boron secondary phase near 

the glass surface. Although precipitated borate species have been hypothesized in literature 

in highly alkaline solutions (pH > 10.5),38-40 the formation of these species is unexpected 

in near-neutral environments, thus, we focus on (i) and (ii) to explain the degradation 

behavior of borate species in the current system. It is known from literature on sodium 

borosilicate glasses that species contained within the B4 resonance with distinct chemical 

shifts differ in next-nearest neighbor species. For instance, in our system, it is expected that 

resonances associated with B4-O-B3, B4-O-Si, and B4-O-P all exist within the region -2 to 

1 ppm. For instance, Du and Stebbins41 attributed a peak near -2 ppm to B4(0B,4Si), 

meanwhile greater amounts of boron neighbors led to a downfield shift. Furthermore, it 

can be inferred from Chapter 4 that a peak near -1 ppm is likely not associated with B4-O-

P linkages, thus, this species is presumably associated with B4(4Si) species pinned within 

the silicate network. In an attempt to confirm this peak association, 11B-29Si REDOR 

experiments were performed on sample PB2-P5 (before and after 7 days of dissolution; 

data not shown), however, this data was inconclusive due to the low natural abundance of 

29Si.  

 In an attempt to probe the dissolution behavior of phosphate species both in the 

bulk of the glass and near the surface, 31P MAS NMR and 1H→31P CP-MAS NMR were 

performed on selected dissolved samples. Comparisons between single resonance and CP-
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MAS spectra are displayed in Figure 5.4a-c for PB2-P5, MB2-P5, and PA2-P3 samples 

degraded for 1 day, 3 days, and 7 days, respectively, as compared to initial glass spectra. 

These spectra display 3 main resonances centered near 15, 2, and -5 ppm, associated with 

P0, P1, and P-O-B4 linked species (P2 and P3), respectively (discussed in Chapter 4). 

Following degradation experiments, there is a noticeable sharpening of the P1 peak for all 

samples, indicating the possibility of a more highly ordered P1 species developing upon 

glass dissolution. While directly quantitative information about speciation cannot be 

extracted from 1H→31P CP-MAS NMR experiments, the presence of peaks in the same 

location as the single resonance spectra indicate that each phosphate species displayed 

shows proximity to protons in the dissolved sample. In other words, the phosphate structure 

in the hydrated surface layers does not change much during glass dissolution and distinct 

phosphate species presumably do not undergo preferential extraction. In Figure 5.4d, the 

PB2-P5 sample which was dissolved for 1 day was examined using varied contact time 

between 1H and 31P nuclei, in an attempt to differentiate 1H-31P interactions in distinct 

phosphate species, since longer contact times probe larger internuclear distances in the 

glass. It is observed that the sharp P1 peak grows in intensity upon stepwise increases in 

contact time from 300 to 1500 μs, indicating that hydrated P-O-B4 species undergo greater 

1H-31P heteronuclear dipolar interactions, due to either (i) closer proximity between P-O-

B4 linked species and protons or (ii) a greater amount of proton in the vicinity of P-O-B4 

linked species, as compared to P1 species.  
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Figure 5.4. 31P MAS NMR and 1H→31P MAS NMR spectra of dissolved glasses as 

compared to their initial 31P MAS spectra, for the samples (a) PB2-P5, (b) MB2-P5, and 

(c) PA2-P3 dissolved for 1 day, 3 days, and 7 days, respectively, in Tris-HNO3. (d) displays 

PB2-P5 1-day sample which was analyzed using varied 1H→31P contact times. 
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To further explore the glass hydrated layers, 1H→29Si CP-MAS NMR experiments 

were performed on selected samples. The spectra for MB0, and MB2-P5, and PB2-P5 

samples recovered from 14-day degradation experiments are shown in Figure 5.5. These 

samples, which were calculated to initially contain at least 66 % Si4 with the remaining 

being Si3 units, show three main resonances after degradation: -91 ppm (Si2), -101 ppm 

(Si3), and -111 ppm (Si4). The former two species likely represent silicate species 

containing hydroxyl groups: Si2-(OH)2 and Si3-OH, meanwhile the latter represents fully 

connected silicate species that undergo 1H-29Si heteronuclear dipolar interactions between 

more remote nuclei. An idea of the relative fraction of these species can be inferred from 

the single resonance 29Si MAS NMR spectra of these samples (displayed in Figure S2), in 

which Si4 resonances are the most prevalent, however, Si3 resonances are also observed at 

smaller intensities (Si2 species are also observed in the 14-day PB2-P5 sample). As 

expected, these results indicate that dissolution processes have depolymerized the silicate 

network, through either ion exchange with NBO sites or silica hydrolysis.  
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5.3.4 Glass surface evolution during degradation experiments 

 In addition to the degradation experiments performed on glass powders, two bulk 

glass coupons each for PB2-P5 and MB2-P5 glasses were studied for their degradation 

behavior in Tris-HNO3 for 3-day and 7-day durations. Both polished (undissolved) and 

dissolved samples were analyzed for their surface characteristics using XPS and ERDA 

analyses, whereas the cross-section of the PB2-P5 sample recovered from 7 days of glass 

dissolution experiments was analyzed for its surface layer characteristics using scanning 

electron microscopy – energy dispersive spectroscopy (SEM-EDS). 

 Table 5.5 presents the top surface layer compositions (3-10 nm probe depth) of the 

analyzed compositions, as compared to the polished and dissolved coupons. The 

Figure 5.5. 1H→29Si spectra of selected samples dissolved for 14 days in Tris-HNO3 

solutions. 
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comparison between the bulk composition and polished surface was generally within ±1 

%, however, with slightly higher deviations of 2-4 % in the surface concentrations of B 

(depleted) and O (enriched). Upon glass degradation for 3 days, both glasses displayed a 

nearly complete dissolution of P and B from the top surface, coupled with a >85 % 

reduction in Na content. Likewise, 7-day samples were entirely depleted in P and B, while 

showing similar amounts of Na remaining in the surface layers. Thus, the remaining surface 

layers are primarily O and Si, with a stoichiometry ~3:1 (O:Si), which is a much higher 

stoichiometry than observed in pure SiO2. This high stoichiometry indicates a significantly 

depolymerized silicate layer at the surface, since glasses with high non-bridging oxygen 

content, exhibit O:Si values which approach 3:1, i.e. water glass (Na2SiO3). Furthermore, 

to examine hydrogen content in the surface layers of these samples, ERDA spectra are 

displayed in Figure 5.6, where the calculated hydrogen contents are listed in Table 5.5. 

ERDA, which probes a significantly larger depth of the surface (~350 nm), displays that 

the H content is higher in the dissolved PB2-P5 sample (10.2 %) as compared to the MB2-

P5 samples (6.5-6.8 %). The PB2-P5 3-day sample was unexamined using ERDA due to 

the complete removal of the brittle surface layer upon sample handling. The elevation in 

hydrogen content in the surface layers of PB2-P5 in comparison to MB2-P5 glass may be 

explained from a standpoint of elemental release since PB glasses exhibited higher 

dissolution kinetics / NL curves in comparison to MB glasses. Accordingly, it can be 

expected that protons and water molecules can diffuse more extensively into the glass 

surface in the PB2-P5 composition.  
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Figure 5.6. ERDA spectra of (a) PB2-P5 and (b) MB2-P5 polished glass coupons and 

dissolved glasses for 3- and 7-day durations.   
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Table 5.5. Surface compositions of PB2-P5 and MB2-P5 samples as measured in the top 

3–10 nm via XPS analysis (atomic percentages accurate within ±5%). In each sample, we 

have compared compositions of polished and corroded samples to the bulk compositions 

measured using ICP-OES. H concentrations were measured using ERDA analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Element 

(at. % 

by XPS) 

Sample 

PB2-P5 MB2-P5 

Bulk 
Polished 

Surface 
3 d 7 d Bulk 

Polished  

Surface 
3 d 7 d 

Na 13.7 14.4 1.9 1.6 13.4 13.6 1.3 1.3 

P 2.6 2.1 0.2 0.4 2.7 2.0 0.0 0.0 

B 15.4 12.5 0.9 0.0 13.0 11.2 0.0 0.0 

Si 10.6 9.5 22.1 22.6 12.6 11.5 23.7 23.3 

O 57.7 61.5 74.9 75.3 58.2 61.6 74.9 75.5 

H* -- <0.1 n.d.‡ 10.2 -- <0.1 6.5 6.8 
*H concentration in the top ~350 nm as determined from ERDA (within ±5 %) 
‡Not determined 



229 

 

 

      

 
Figure 5.7. SEM cross-sectional images of the PB2-P5 glass dissolved for 7 days at (a) 

100x and (b) 500x magnification. (c) displays the EDS maps of the region depicted in the 

SEM image of (b). 
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 The cross-sectional SEM and EDS analysis of the PB2-P5 7-day composition 

dissolved for 7 days was performed to probe the entire depth of hydrated glass layers, to 

supplement the XPS and ERDA studies of the top surface layers. In this way, it is possible 

to understand the entire interface between the pristine glass and fluid, including the reactive 

interface alongside the established gel layers. Accordingly, Figure 5.7 displays SEM 

images and EDS maps the glass cross-section. Figures 5.7a and b contain three regions, 

labeled ‘g’ for pristine glass, ‘h’ for hydrated layer, and ‘e’ for epoxy resin. It is evident 

from these images that the full hydrated layer varies between 150 and 200 μm, thus, orders 

of magnitude greater than the probe depth of either XPS or ERDA. Additionally, this layer 

is observed to undergo thickness fluctuation and contains significant cracking behavior, 

where many of the propagated cracks are perpendicular to the interface between the pristine 

glass and the hydrated layer. The presence of cracking throughout this layer is consistent 

with our observations of apparent brittleness in the surface layers, which may indicate weak 

bonding to the pristine glass surface and/or weakly bound silicate species. To verify the 

composition of this layer, Figure 5.7c displays the EDS maps in this region, which confirms 

that although the pristine glass layers consist of Na, P, Si, and O, the hydrated layer 

exclusively contains Si and O (in the absence of Na and P), agreeing with the findings from 

XPS in the top 3-10 nm of the surface. It should be noted that although B content is not 

readily detectable in EDS maps due to its low Kα energy, the 11B MAS NMR results 

previously discussed, indicate that certain B species are likely contained within the gel 

layer. 
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5.4 Discussion 

 Recent years have experienced a significant rise in the research interest of 

borosilicate-based bioactive glasses as potential novel third generation biomaterials, 

however, many of the studies performed have examined a limited composition-space, 

largely based on known silicate bioactive glass formulations such as 45S5 or 13-93. 1, 24, 25 

However, this “trial-and-error” approach to designing borosilicate bioactive glasses does 

not allow for the design of glasses with a tailored ionic release for targeted biomedical 

applications. Accordingly, it was our aim in the present study to understand the 

compositional and structural drivers governing chemical degradation of borosilicate- and 

phospho-borosilicate glasses in simulated body environments over a wide composition-

space. In this approach, glasses were designed in three sodium borosilicate (P2O5-free) 

systems, including perboric (Na/B < 1), metaboric (Na/B = 1), and peralkaline (Na/B > 1) 

regimes, substituting P2O5 into the glass using stepwise additions. Degradation behavior in 

these systems was carefully tracked in simulated body environments using advanced 

solution, bulk, and surface techniques to understand the dissolution kinetics and structural 

drivers controlling ionic release from the glass into solution. 

 In this approach, it is determined that ionic release rates and magnitudes are 

predominantly controlled by R (Na/B) and K (Si/B) ratios in the studied glass systems. 

Accordingly, the degradation rates are inversely proportional to R and K (as displayed in 

Figure 5.2a), in the order: PA (R = 1.25, K = 2.75) < MB (R = 1, K = 2) < PB (R = 0.83, K 

= 1.5). These kinetic differences in the baseline glasses (P2O5-free) can be explained by a 

change in the overall network structure since B species are known to undergo hydrolysis 

and release from the glass at significantly elevated rates in comparison to silicate units.42 
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Specifically, the overall rates of elemental release varied by at least 2× between the PA and 

PB extremes, thus, tuning the R and K compositional ratios allows for the design of glasses 

with controlled functional ion release within this region. As P2O5 is added into the glasses, 

its impact upon glass degradation differs depending on the compositional regime, requiring 

a greater understanding of changes occurring in the local and intermediate glass structure 

and their impacts upon degradation processes.  

 It is observed that degradation rates reduce by up to 20-35 % in MB and PA glasses 

as a result of 3-5 mol. % of P2O5 addition, whereas PB glass dissolution behavior is 

seemingly less affected by P2O5 content. Structurally, the addition of P2O5 into the glass 

was shown to cause increases in silica polymerization and decreases in B4 fraction due to 

the re-distribution of Na+ towards phosphate units. However, stepwise additions of P2O5 

also resulted in increased P-O-B4 intermixing at the expense of isolated phosphate units. In 

the studied systems, since R and K ratios are maintained while substituting P2O5, direct 

structural impacts on degradation behavior can be unearthed. Specifically, we have 

observed using 11B MAS NMR experiments that B3 species are being preferentially 

extracted in comparison to B4 species, as deduced from the significant reductions in B3 

fraction observed for all glasses, but to the largest extent in compositions undergoing 

greater release magnitudes. Furthermore, it is confirmed that ion-exchange / hydrolysis 

reactions of Na, P, B, and to a less extent, Si sites, in the glass results in a silicate-rich gel 

layer on the glass surface containing more significant Si2/Si3 fractions with terminal 

hydroxyl groups. Phosphate species, on the other hand, have not been identified to undergo 

preferential extraction, however, it can be hypothesized based on our observations from 

11B MAS NMR, that P-O-B4 linked units, which dominate the speciation in higher P2O5-
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containing compositions, exhibit slower degradation as compared to isolated phosphate 

species. Based upon our findings and the known literature on chemical dissolution 

behavior, it is conferred that (i) B3, isolated P0/P1, and Si2/Si3 (specifically, non-bridging 

oxygen sites) species correlate positively to the degradation rate, meanwhile (ii) B4, P2/P3 

(P-O-B4), and Si4 species correlate negatively to release rates.  

Thus, to rationalize our findings within each compositional regime, the overall 

dissolution rate is impacted by the weighting between each compositional and structural 

factor. For instance, PB glasses exhibit minimal changes in degradation rates since the B3 

fraction (and B2O3 content) is higher and rise with P2O5, thus more effectively balancing 

out the effects of rising Si4 and P-O-B4 speciation. Furthermore, as R and K ratios decrease 

(MB and PA glasses), the drop in B3 fraction (and B2O3 content) results in degradation 

rates which are more significantly controlled by the rises in Si4 and P-O-B4 linkage, thus 

causing overall rate decreases with P2O5 content. The present comprehensive structural 

understanding of the degradation behavior in the sodium borosilicate and phospho-

borosilicate systems can be utilized to develop novel borosilicate bioactive glasses that 

contain desired structural features allowing carefully controlled ionic release in human 

body conditions to promote specific cellular responses.  

5.5 Conclusions 

 Using a systematic and dedicated approach, the present study explored the 

compositional and structural drivers controlling the chemical degradation behavior of 

borosilicate bioactive glasses across a wide composition space including perboric (Na/B < 

1), metaboric (Na/B = 1), and peralkaline (Na/B > 1) regimes. It has been determined that 

the glass degradation behavior is predominantly driven by the R (Na/B) and K (Si/B) ratios, 
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however, the local and intermediate molecular structure also plays a vital role in the ionic 

release rates. Stepwise additions of P2O5 into sodium borosilicate glasses result in complex 

glass structural changes which have a varied impact upon degradation behavior. The 

observed degradation behavior has been explained from the standpoint of the effect that 

specific structural features (i.e. B3/B4, Si3/Si4, etc.) have upon ionic release behavior. A 

combination of the comprehensive compositional and structural understanding acquired in 

the present study can be utilized to facilitate the development of novel borosilicate 

bioactive glasses with ionic release tuned for targeted biomedical applications.  
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6.1 Introduction 

 Simulated body fluid (SBF) has been traditionally utilized in the biomaterials 

community as the dissolution medium to assess in vitro bioactivity (ISO 23317), marked 

by the material’s ability to form hydroxyapatite on its surface, which bonds with bone 

tissue and has a similar structure as the mineral component of bone.1 Accordingly, after a 

thorough review of in vitro studies of bioactive glasses reported in the literature, it is 

observed that a large subset of these studies has utilized SBF to maintain stable pH and 

replicate human body conditions. Although hydroxyapatite-forming ability in SBF has 

been largely successful in assessing bioactivity of glass compositions similar to 45S5, 

recent literature has rather suggested that (i) ionic dissolution products which release from 

the glass into the body can promote specific biological responses at critical ion 

concentrations, i.e. gene activation for osteoblast or angioblast proliferation,2,3 and that (ii) 

SBF tests may not always be valid in accurately predicting glass bioactivity or degradation 

behavior.4-6 Since the functioning of third-generation biomaterials necessitates controlled 

ion release for stimulation of specific processes in the body, understanding glass 

dissolution kinetics is essential for developing novel bioactive glasses. Thus, aqueous 

media must be chosen which minimally impact glass degradation behavior and allow for 

accurate prediction of in vitro and in vivo release kinetics. 

Given these developments, to assess both glass bioactivity and degradation 

behavior, the bioactive glass community has begun to explore alternative buffer solutions 

which are suitable buffers in the pH range necessary to replicate human body 

environments.7-10 Consequently, in today’s date, the buffer solutions most commonly used 

in bioactive glass literature are Tris-based (C4O3NH11, in combination with acids such as 
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HCl or HNO3). Tris buffer, which is also contained within SBF solutions, has been chosen 

since it is the most widely used buffer for studying glass dissolution in near-neutral pH 

conditions across many glass applications2,11-17 and its solutions do not contain dissolved 

cations (i.e. Na+ or Ca2+) which can convolute experimental results due to solution 

feedback effects.18 Tris-HCl, for instance, has been adopted by ISO 10993-14 as the 

recommended solution for studying biomaterials. For this reason, it has been extensively 

utilized in bioactive glass studies and alongside SBF, has been a generally successful 

aqueous media for assessing degradation behavior of traditional (45S5-based) bioactive 

glasses. However, uncertainties have been raised as to the validity of Tris as a buffer which 

minimally impacts bioactivity, particularly with regards to the accelerated kinetic effects it 

has displayed for bioactive glass and glass-ceramic scaffolds as compared to analogous 

samples exposed to Tris-free solutions.6-8,10,19 Furthermore, with the advent of boron-

containing glass compositions as potential third-generation bioactive glasses due to their 

promising and flexible bioactive properties,20,21 additional challenges are presented, since 

both Tris-HCl and SBF contain Tris, which is particularly acknowledged to create adverse 

artificial effects when in contact with boron in glass.22 The focus of the present study will 

encompass each of these concerns raised about Tris buffer, with a specific emphasis placed 

on borosilicate bioactive glass.  

Borosilicate glass dissolution kinetics have been shown to accelerate by as much as 

8× when in contact with Tris-containing solutions as compared to Tris-free solutions.22 In 

their study, Tournié et al.22 determined that this drastic increase in dissolution rate, which 

was not observed for a soda-lime silicate glass, was detected for a sodium borosilicate glass 

in both Tris-HCl and Tris-HNO3 environments, although to a more pronounced extent in 
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Tris-HCl.22 Such a rapid acceleration of dissolution kinetics was attributed to the formation 

of Tris-boron complexes (at 1:1 stoichiometry), which, while still not fully understood, was 

assumed to occur either by (i) complexation of boron with Tris in solution or (ii) by 

adsorption of Tris molecules on boron sites at the glass surface, thus increasing the rate of 

boron release and causing more a rapid hydrolysis of the surrounding glass network.22 

Since Tris-based solutions have been shown to exhibit such tremendous impacts upon 

borosilicate degradation kinetics, it is of vital importance to understand the mechanisms by 

which Tris effects glass dissolution behavior, especially to aid in selecting aqueous media 

adequate to study and accurately predict the chemical durability of borosilicate glasses.  

Borosilicate glasses are utilized not only in bioactive glasses but also in several 

other technological applications23; therefore, it is particularly ideal to uncover a better 

suited neutral pH buffer solution which minimally impacts dissolution kinetics of 

borosilicate glasses. Unfortunately, the present consensus in the glass community is that 

Tris-based solutions are the best choice when studying this pH regime since these solutions 

provide the buffering properties needed in the absence of dissolved cations which may 

impact dissolution behavior. Presented with this challenge, the current focus of our study 

is to understand the mechanisms by which Tris interacts with boron in glass, particularly 

aiming to address the following open questions: (1) How does the identity of the acid in 

Tris-based solutions impact dissolution behavior? (2) What suppressing or accelerating 

effects upon dissolution kinetics are observed as the ratio of Tris/Acid in solution is varied? 

Accordingly, the present study focuses on the dissolution behavior of a sodium borosilicate 

glass in Tris-based (pH 7-9) solution environments with varied Tris concentrations (0.01 – 

0.5 M) and acid identities (HCl vs. HNO3). In this pursuit, we particularly seek to 
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understand the mechanisms by which Tris impacts the dissolution of boron-containing 

glasses, i.e. whether Tris-boron complexation occurs on the surface or in solution and how 

glass degradation kinetics are influenced. 

6.2 Experimental 

6.2.1 Synthesis of the glass 

A sodium borosilicate composition (25 Na2O25 B2O350 SiO2; in mol. %) was 

synthesized using the melt-quench technique, using high-purity powders of SiO2 (Alfa 

Aesar; >99.5 %), H3BO3 (Alfa Aesar; ≥98 %), and Na2SiO3 (Alfa Aesar; >99 %) as 

precursors. Oxide precursors were mixed in a 70 g batch and melted in a Pt-Rh crucible for 

1-2 h in air at 1450 ºC. The glass melt was quenched on a metallic plate and coarse-

annealed at a temperature of Tg
*-50 °C, where Tg

* is the estimated glass transition 

temperature as obtained from the SciGlass database.24 The amorphous nature of the glass 

sample was confirmed by X-ray diffraction (XRD) (PANalytical – X’Pert Pro; Cu Kα 

radiation; 2θ range: 10–90º; step size: 0.01313º s–1). The actual concentration of SiO2 and 

B2O3 in the synthesized glasses was determined by ICP–OES (PerkinElmer Optima 

7300V), while sodium concentration was determined by flame emission spectroscopy 

(Perkin Elmer Flame Emission Analyst 200).   

6.2.2 Glass transition temperature measurements and annealing 

 Differential scanning calorimetry (DSC) data were collected on fine glass powders 

(<45µm diameter) using a Simultaneous Thermal Analyzer (STA 8000; PerkinElmer) from 

room temperature to 1500 ºC at a heating rate of 20 ºC/min under a constant flow of 

nitrogen gas. The glass transition  
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temperature (Tg) was deduced from the inflection point of the endothermic dip in the DSC 

spectra, where the reported Tg is the average value from two thermal scans. After 

experimental Tg measurements, the glass was re-annealed for several hours at a temperature 

corresponding to Tg-50 ºC and slow-cooled to room temperature until most of the residual 

stresses were removed, as visualized under a polariscope. A more detailed description of 

the method used to anneal the glasses has been described in our previous article.25 

6.2.3 Bulk structural analysis of the as-synthesized and post-dissolution glass 

samples 

The structure of glass—both before and following chemical dissolution—has been 

studied using 11B MAS NMR spectroscopy. Spectra were acquired using a commercial 

spectrometer (VNMRs, Agilent) and a 3.2-mm MAS NMR probe (Agilent). The samples 

were powdered in an agate mortar, packed into 3.2 mm zirconia rotors, and spun at 20 kHz. 

Experiments were conducted at 16.4 T (224.52 MHz resonance frequency), incorporating 

a 4 s recycle delay, short radio frequency pulses (0.6 µs) corresponding to a π/12 tip angle, 

and signal averaging of 400 to 1000 scans. The acquired spectra were processed with 

minimal apodization and referenced to aqueous boric acid (19.6 ppm). Fitting of the MAS 

NMR spectra was performed using DMFit.26 The “Q MAS ½” and Gaus/Lor functions 

were used to fit 3- and 4-fold coordinated boron resonances in the 11B MAS NMR data, 

respectively, and N4 was calculated from the relative areas of these peaks, with a small 

correction due to the overlapping satellite transition of the 4-fold coordinated boron peak.27 

6.2.4 Chemical durability of glasses 

6.2.4.1 Surface area analysis of glass powder specimens 

The studied glass was crushed and sieved to obtain powders with particle size 

varying between 300 – 425 µm. The glass particles were ultrasonically washed in acetone 
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to remove any fine powder residue sticking to the surface of larger particles. This process 

was repeated at least three times or until the supernatant was clear to ensure the removal of 

all fine particles. The ultrasonically washed glass particles were dried overnight at room 

temperature in ambient air and analyzed for any structural changes before versus after 

acetone-washing using Fourier Transform Infrared (FTIR) spectroscopy. The IR spectra 

were acquired using a single-bounce diamond attenuated total reflectance (ATR) apparatus 

(FTIR-UATR, Frontier™, PerkinElmer, Inc.; scanning resolution 4 cm-1, 32 scans for 

background and samples). Average three-dimensional (3D) geometric surface area of 

washed particles was determined using ImageJ software (as explained in more detail in 

Ref.25) after capturing images of ~1000 particles via an optical microscope (Zeiss Axioskop 

40) at ~50X magnification. Experimental density values (measured using Archimedes’ 

method by measuring the mass of sample in air and d-limonene solution; number of 

samples = 3, standard deviation <0.009 g cm-3) were used together with the 3D surface area 

calculations to determine the specific surface area of the washed powders (~4100 mm2/g). 

Finally, the mass of glass particles resulting in the desired surface area–to–volume ratio 

(SA/V) was calculated. 

6.2.4.2 Dissolution behavior and kinetics of glass corrosion 

The dissolution behavior and kinetics of glasses was studied in Tris-HCl and Tris-

HNO3 solutions with pH 7, 8, and 9. In each experiment, 30.0 mg of acetone-washed glass 

particles were immersed in 50 mL of solution, corresponding to SA/V = 2.5 m-1. pH 7 and 

9 solutions consisted of 0.1 M Tris, whereas pH 8 solutions contained 0.01, 0.05, 0.1, 0.3, 

and 0.5 M Tris. Each solution studied was duplicated with both HCl and HNO3 as the acid 

identity in the buffer solution. Solutions were prepared by dissolving the required amount 

of Tris in DI water and adjusting the pH to the desired value with 1 M of HCl or HNO3. 
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Solutions were prepared as target pH ±0.02 in batches with a total volume of 2±0.05 L to 

maintain accurate Tris molarity in solution. All powder–solution mixtures were 

immediately sealed into sterilized polypropylene flasks and placed in an oven at 65 ºC. 

Experiments ranged from 15 minutes to 24 hours. In addition to analyses of neat (unused) 

and blank (glass-free) control solutions, all experiments were performed three times to 

evaluate uncertainty in final results. The pH of each solution recovered from experiments 

was measured at room temperature using a pH meter (Mettler Toledo InLab® Pro-ISM). 

Separate aliquots of recovered solutions were chemically analyzed by ICP-OES 

(PerkinElmer Optima 8300). ICP-OES detection limits were <0.5 ppm for Na, <0.2 ppm 

for B, and <0.2 ppm for Si. The normalized loss (NL) of each element (Na, B, and Si) 

released from glasses into the surrounding solution was calculated using equation (1), 

𝑁𝐿𝑖 =
𝐶𝑖−𝐶𝑜

(
𝑆𝐴

𝑉
)𝑓𝑖

  (1) 

where Ci is the mass concentration of element i in the solution as detected by ICP-OES; fi 

is the mass fraction of the element i in the glass; Co is the background concentration (as 

determined from blank solutions). Normalized loss data were plotted against time and 

linearly fit over the apparent linear regimes of release at early times to evaluate forward 

dissolution rates as a function of glass composition and initial solution pH. 

To study the mechanisms of glass degradation, solution and bulk structural 

characterization of pre- and post-dissolution glass specimens were performed. For 

examination of dissolved structural species, selected liquid aliquots were studied using 11B 

solution NMR. These experiments were performed at 11.7 T (160.46 MHz resonance 

frequency), incorporating a 1 s recycle delay, π/4 tip angle pulses, and signal averaging 

over at least 1000 scans. These experiments were performed at 25 ºC (room temperature), 
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37 °C (human body temperature), and 65 ºC (to reproduce dissolution conditions). For bulk 

analyses, the glass powders remaining after dissolution experiments (from section 2.4.2) 

were rinsed thoroughly with DI water three times and then submerged in ethanol (Fisher 

Chemical, anhydrous) to (i) facilitate drying the samples at room temperature and (ii) 

effectively cease glass-water reactions near the glass surface. The samples were then 

characterized using XRD and 11B MAS NMR spectroscopy.  

6.3 Results 

6.3.1 Glass formation behavior and bulk properties 

The as-synthesized glass sample was transparent in appearance and determined to 

be amorphous via XRD analysis (as shown in Figure S1). The experimentally measured 

glass composition (25.2 Na2O25.0 B2O349.8 SiO2) was in very close agreement with the 

batched target (within ±0.2 mol. %). Tg and density were measured to be 565±6 °C and 

2.487±0.003 g/cm3, which are both agree well with literature on similar compositions.28 

After analyzing the annealed glass under a polariscope, it was estimated to have less than 

10 MPa of remaining residual stresses, as calculated from its ~5 mm sample thickness and 

considering the absence of first-order fringes under cross-polarized light.  

6.3.2 Structural analysis of glasses 

Figure 6.1 presents the 11B MAS NMR spectra and fitted peaks for the studied glass. 

This spectrum displays two main resonances: a broad peak centered near 14.5 ppm 

associated with trigonal boron species and a strong, relatively narrow peak centered near 0 

ppm associated with tetrahedral boron species in the glass. The trigonal boron peak 

contains contributions from both ring and non-ring species, where ring species are shifted 

downfield from non-ring species (18.5 vs. 16.2 ppm in the fitted spectra, respectively).29 
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The tetrahedral boron peak consists of resonances likely associated with B4 units with 

bridging oxygen (BO) to either 3Si/1B or 4 Si. The former unit is typically shifted 

downfield from the latter, as evidenced from the 0.0 vs. -1.9 ppm chemical shifts in the 

fitted spectrum.29 The N4 fraction (percentage of B4 species) in the studied glass was 

calculated to be 68.2 %, which requires charge compensation by Na+ in the glass. Using 

this result in combination with the –Dell, Yun, and Bray model,30-32 the silicate structure 

of the studied glass includes 67.3 % Q4 (Qn, where n is the number of BO per Si 

tetrahedron), with the remainder being Q3 units with 1 non-bridging oxygen (NBO) charge-

balanced by the remaining Na+ in the glass. The glass structural characteristics will be 

revisited in the next section as structural evolution upon glass dissolution will likewise be 

assessed by 11B MAS NMR. 

 

6.3.3 Chemical dissolution behavior 

6.3.3.1 Buffering capacity as a function of solution chemistry 

Figure 6.1. 11B MAS NMR spectra of the studied glass and deconvolution for the central 

transition. The minor fitted peak displayed near 0 ppm represents the overlapping satellite 

transition within the B4 resonance, whose area was not considered while calculating N4. 
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The pH readings for all dissolution experiment durations and solution environments 

are presented in Table S1. Figure 6.2 graphically depicts the pH evolution in solutions with 

initial pH = 8, as a function of Tris molarity. As the glass dissolves, Na and B from the 

glass are characteristically released as Na+ and boric acid (H3BO3), where Na+ tends to 

increase alkalinity and boric acid reduces the surrounding solution pH. However, the 

impact that these dissolved species have upon solution pH will largely be defined by the 

buffer solution chemistry and interactions taking place between the buffering agent and 

species released from the glass. In our studies at pH = 8, it is observed that between Tris 

molarities of 0.1–0.5 in solution, pH within 24 h of glass submersion does not change by 

more than ±0.1 (~8.0-8.1).  In 0.01 and 0.05 M Tris solutions, on the other hand, pH 

changes by as much as ±0.6 and ±0.2, respectively (~8.0-8.6 and ~8.0-8.2). Similar pH 

evolution behavior is observed regardless of the acid identity, i.e. Tris-HCl vs. Tris-HNO3 

solutions. In pH = 7 and 9 solutions, which are all 0.1 M Tris, pH varies by less than ±0.2 

and ±0.1, respectively, regardless of the acid identity in solution or the duration of glass 

submersion. Thus, as expected, it is exhibited that as more significant fractions of Tris are 

dissolved in solution, the solution displays enhanced buffering ability, given by the 

exceptional buffering ability of 0.3 and 0.5 M Tris solutions, while 0.01 and 0.05 M 

solutions do not enable exceptional pH stability over time. Solutions containing 0.1 M Tris, 

on the other hand, do not buffer as well at pH = 7 as compared to pH = 8-9. This 

fundamental difference may be driven by the molarity of acid in solution, where pH = 7 is 

~0.09 M, pH = 8 is ~0.06 M, and pH 7 is ~0.01 M concerning the acid contained. Thus, 

the ratio of [Tris]/[H+] is significantly lower in pH = 7 solution (near 1:1 in pH = 7) as 



249 

 

 

compared to pH = 8-9, which likely contributes to the higher buffering abilities observed 

in pH > 7 solutions. 

 

6.3.3.2 Elemental release behavior of glass in varied solution environment 

All elemental concentrations and normalized mass loss (NL) data are similarly 

presented in Table S1. As the glass is brought in contact with Tris-based solutions (pH = 

7-9), ion exchange and hydrolysis promote rapid, linear increases in NL with time (forward 

rate regime). This is followed by concave downward behavior and transition into the slower 

residual rate regime, which consists of a pseudo-equilibrium between glass and solution. 

The transition from forward to residual rate may be attributed to the following: the 

development of secondary phases near the glass surface (i.e. gel/precipitate layer) and/or 

Figure 6.2. pH spread during pH = 8 dissolution experiments, as a function of the Tris 

molarity. 
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solution feedback effects as dissolved species approach saturation limits in the surrounding 

solution.33-35   

Figure 6.3a-c displays example NL vs. time curves for the studied glass; in this 

case, 0.1 M Tris-HNO3 solutions of pH = 7-9 are depicted. It is observed that Na and B 

undergo nearly identical release behavior from the glass, while Si curves lie significantly 

below that of Na and B. This trend was detected in all studied solutions, regardless of initial 

solution characteristics. We will next compare both forward and residual rate behavior 

among the varied solution chemistries explored, specifically comparing the impacts of (i) 

Tris concentration, (ii) acid identity, and (iii) starting solution pH.   
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Figure 6.3. NL vs. time curves for the studied glass in (a) pH = 7, (b) pH = 8, and (c) pH 

= 9 Tris-HNO3 solutions. 
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The impacts of Tris concentration upon elemental release kinetics are represented 

in Figure 6.4a and b as boron NL curves of the studied pH 8 solutions (Tris-HCl and Tris-

HNO3, respectively). It is evidenced in both Tris-HCl and Tris-HNO3 solutions that as Tris 

molarity in solution increases sequentially, the NL curves undergo gradual downward 

shifts. For instance, after 24 h of dissolution, 0.01 and 0.5 M Tris solutions possess NL 

values of near 215-250 g/m2 and 125-140 g/m2, respectively, representing a reduction in 

Na/B release by a factor of ~2 in Tris concentration extremes. Normalized loss values for 

Si similarly show significant suppression between 0.01 and 0.5 M Tris solutions. 

Dissolution media with intermediate concentrations of Tris generally undergo release 

behavior which lies in between that observed in the extreme Tris concentrations (0.01 and 

0.5 M). To better quantify the impact of Tris concentration upon forward rate behavior, 

linear regression has been performed in the first 3 h of dissolution for these curves; the 

rates extracted from the slopes of these fitted curves are presented in Figure 6.5, while rate 

values can be found in Table 6.1. Error bars displayed in this plot were calculated from the 

uncertainty in the least-squares fitting method (discussed by Kragten36) using a similar 

approach as that described in our previous publication.37 We observe a general decrease in 

the estimated forward rates with increased Tris concentration for each element in the glass, 

where these decreases are particularly evident in the contrast of Na and B rates between 

low Tris concentrations (0.01–0.1 M) and high Tris concentrations (0.3–0.5 M). For 

instance, the Na forward rates calculated for 0.01 and 0.5 M Tris-HCl were ~30 and ~15 g 

m-2 h-1, respectively. Dissolution rates maintained at least 2× higher for Na and B as 

compared to Si in all studied pH = 8 solutions. The suppression of elemental release in 
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solutions containing higher Tris concentrations, which was observed in both the forward 

rate values and in the magnitude of NL values in the residual rate regime, is likely 

associated either with (i) a reduction of the rate of dissolution mechanisms (i.e. ion 

exchange/hydrolysis) due to solution feedback effects or (ii) modifications in the rate of 

formation or characteristics of the gel layer. The mechanisms of dissolution suppression 

will be further explored in the next section. 

 

Figure 6.4. NL vs. time for B (a) Tris-HCl and (b) Tris-HNO3 solutions at pH = 8. Each 

plot displays the NL curve differences in Tris molarities ranging from 0.01 – 0.5 M.  
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Table 6.1. Estimated forward rates of Na, B, and Si for the studied glass in Tris-based 

solutions. N4 fraction of the recovered glassy grains after dissolution experiments, as 

assessed by 11B MAS NMR studies. 

 

 

 

  Normalized Loss Rates (g-glass/[m2h]) 

Aqueous Media Starting pH Na Na-error B B-error Si Si-error N4 (24 h*) 

0.1 M Tris-HCl 7 47.5 ±0.7 46.1 ±0.9 12.6 ±0.3 70.3 

0.1 M Tris-HNO3 7 41.1 ±5.5 40.6 ±5.8 9.4 ±2.4 71.3 

0.01 M Tris-HCl 8 29.4 ±0.6 25.7 ±0.7 12.7 ±0.2 71.0 

0.01 M Tris-HNO3 8 23.4 ±2.6 20.5 ±2.3 9.8 ±1.2 70.2 

0.05 M Tris-HCl 8 28.3 ±0.8 25.3 ±0.8 8.8 ±0.7 n.d.† 

0.05 M Tris-HNO3 8 24.6 ±1.2 24.1 ±1.0 8.3 ±0.7 n.d. 

0.1 M Tris-HCl 8 25.3 ±0.4 24.6 ±0.4 7.92 ±0.03 69.8 

0.1 M Tris-HNO3 8 24.6 ±1.2 24.1 ±1.0 8.3 ±0.7 69.7 

0.3 M Tris-HCl 8 17.4 ±1.0 18.4 ±1.1 6.8 ±0.5 n.d. 

0.3 M Tris-HNO3 8 18.5 ±0.7 19.8 ±0.7 6.9 ±0.3 n.d. 

0.5 M Tris-HCl 8 14.4 ±0.6 16.3 ±0.7 5.7 ±0.5 69.5 

0.5 M Tris-HNO3 8 14.6 ±0.4 16.5 ±0.4 5.3 ±0.5 69.5 

0.1 M Tris-HCl 9 26.7 ±2.9 28.8 ±3.0 15.1 ±3.0 69.1 (12 h) 

0.1 M Tris-HNO3 9 26.4 ±1.3 28.4 ±1.5 16.2 ±1.1 69.2 (12 h) 
*Unless otherwise marked 

Figure 6.5. Dissolution rate vs. Tris molarity for all elements in pH = 8 Tris-HCl and Tris-

HNO3 solutions. 
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To compare dissolution behavior and kinetics between buffer solutions of different 

acid identity, Figures 6.6a-c display a direct comparison between B and Si normalized loss 

curves of Tris-HCl and Tris-HNO3 solutions at pH = 7, 8, and 9, respectively. From the 

close overlap in these curves—especially in the forward rate regime—and considering the 

15-25 % errors typically associated with performing static dissolution experiments,38-40 we 

determine that release behavior shows close consistency regardless of the acid identity (i.e. 

HCl vs. HNO3) used in Tris buffer solutions. Similarly, comparing Figure 6.4a and b in pH 

= 8 solutions, nearly identical NL curves are seen in HCl- and HNO3-based solutions, with 

slight apparent variations occurring in low Tris concentration solutions (0.01 and 0.05 M). 

Comparisons of estimated forward rates of Tris-HCl and Tris-HNO3 solutions can be 

extracted from Figures 6.5 and 6.6d (and Table 6.1). In pH = 8 solutions with ≥0.1 M Tris, 

HCl- and HNO3-based solutions with equimolar concentrations show close overlap in Na, 

B, and Si rate (within ±10 %). Solutions of <0.1 M Tris, on the other hand, show up to 15-

20 % reduction in the Tris-HNO3 rate as compared to Tris-HCl. These disparities in both 

rate and NL of <0.1 M Tris solutions, which occur both in the forward and residual rate 

regimes and may result from experimental uncertainty, can likewise be explained by pH 

drift of the surrounding solution (i.e. differences in pH between identical Tris molarity 

Tris-HCl and Tris-HNO3 solutions) since the aforementioned solutions do not buffer as 

well as those with ≥0.1 M Tris concentrations. It is observed in Figure 6.6d that 0.1 M pH 

= 8 and 9 solutions display a direct overlap between Tris-HCl vs. Tris-HNO3 rates. 

However, pH = 7 exhibits 15-25 % reductions in Tris-HNO3 rates as compared to Tris-

HCl. Despite this disparity, the high uncertainties displayed in the Tris-HNO3 rates show 

near overlap with Tris-HCl fitted rates and their uncertainties (±1σ; 95 % confidence 
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interval), demonstrating close statistical similarities between estimated rates at pH = 7. 

Thus, we observe that regardless of pH (in the range 7-9), the identity of acid used in Tris-

based buffer solutions (i.e. HCl vs. HNO3)-based buffer solutions exhibit largely similar 

glass dissolution behavior.  
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The impact that the starting pH of Tris-based buffer solutions has upon dissolution 

behavior and kinetics is depicted in NL curves in Figure 6.6a-c, with the corresponding 

estimated forward rates shown in Figure 6.6d. In each solution pictured, the glass 

undergoes linear, forward rate behavior within the first 3-6 h, followed by a transition into 

the residual rate regime. After 24 h of dissolution for pH = 7 and 8 (and 12 h for pH = 9), 

the NL values for Na and B reach 240-250, 200-210, and 200-220 g/m2 for pH = 7, 8, and 

9, respectively. Forward rate comparisons presented in Figure 6.6d similarly show that Na 

and B dissolution rates remain significantly higher for pH = 7 than pH = 8 and 9, whose 

rates remain statistically similar. Si rates, however, generally show a minimum at pH = 8, 

where dissolution rates are higher in pH = 7 and 9 solutions. Although previous studies of 

glass dissolution in varied pH environments (in a wide range of compositions) have 

suggested that neutral pH exhibits the slowest dissolution rates in comparison to acidic and 

Figure 6.6. NL vs. time for 0.1 M Tris-based solutions at (a) pH = 7, (b) pH = 8, and (c) 

pH = 9. Direct comparisons between B and Si release from Tris-HCl and Tris-HNO3 

solutions are displayed. 
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alkaline media,41 our trends suggest that neutral pH does not necessarily imply slowest 

dissolution rate. Rather, our results can be explained by the concept that forward rates are 

largely dependent upon the glass structural details and mechanisms which dominate the 

network breakdown and elemental release at the studied pH—i.e. ion exchange vs. 

hydrolysis.  

As the starting solution pH rises from neutral, proposed silicate glass dissolution 

mechanisms involve deprotonation and hydrolysis of terminal Si sites42,43 and nucleophilic 

attack of Si sites by OH- to form a five-coordinated Si intermediate followed by Si 

hydrolysis.33 These mechanisms are facilitated by the presence of depolymerized NBO 

sites in the glass network; in the studied glass, roughly one out of every three Si tetrahedra 

has one NBO in which either mechanism can prevail following Na+ ↔ H+ ion exchange. It 

is possible that in higher pH solutions, lower proton presence promotes slower rates of ion 

exchange and B unit hydrolysis, thus delaying the OH- attack at NBO sites, explaining a 

dissolution rate minimum shifted from neutral towards pH = 8 or 9. 

6.3.3.3 Evolution of bulk and liquid structural characteristics 

Glassy grains recovered from dissolution experiments were analyzed via XRD and 

MAS NMR spectroscopy. XRD scans of all recovered samples after 12 or 24 hours were 

completely amorphous, thus ruling out the significant presence of crystalline secondary 

phases (not shown). To quantitatively understand structural changes taking place in the 

glass structure following dissolution, 11B MAS NMR was performed on selected samples 

which were subjected to the maximum time duration of aqueous submersion (spectra are 

shown in Figure 6.7). These spectra were used to track the structural changes in the boron 

network, particularly the changes in N4 fraction in the glass based on integrated areas of 

BO3 and BO4 associated peaks (as has been discussed more in-depth in Section 3.2). Table 
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6.1 presents the N4 fraction of recovered samples, as compared to that of the as-synthesized 

glass. It is seen that all samples underwent a statistically significant increase in N4 (by ~1-

3 %), considering the ±0.5 % N4 error typically associated with fitting 11B MAS NMR 

spectra. These results are consistent with recent literature on aluminoborate and 

boroaluminosilicate glass compositions,44,45 which observe that when the glass comes in 

contact with water (either from solution or from the atmosphere) increases in the fraction 

of tetrahedral B occurs near the glass surface. Generally, in the present study, samples that 

dissolved at faster rates exhibited larger increases in N4 than samples which dissolved more 

slowly; thus, more reaction progress leads to larger average B coordination changes. For 

instance, 0.01 M pH = 8 solutions showed nearly 3 % decreases in N4, while 0.01 M pH = 

8 solutions decreased by only 1.3 %. Furthermore, B coordination changes were relatively 

independent of acid identity used. This finding suggests either that: (i) BO3 units are 

preferentially hydrolyzed and released from the glass in comparison to BO4 or (ii) that 

amorphous tetrahedral boron units exist near the glass surface as either adsorbed or 

precipitated species. In addition to the changes in relative BO3/BO4 peak intensities upon 

glass dissolution, slight changes in the shape of the BO4 peak of recovered samples are 

observed, with trends indicating the rise in an upfield shoulder peak (of varying magnitude, 

depending on the solution environment). This shoulder likely indicates the existence of 

higher fractions of BO4 species with 4Si neighbors (near in comparison to species with 

3Si/1B neighbors.29 This may indicate that BO4 species that are “trapped” within a fully 

silicate network demonstrate a relative inability to be hydrolyzed and released into solution, 

as compared to either BO3 species or BO4 bonded to at least one other B. 
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In an attempt to understand the identity of dissolved boron species as a result of 

glass dissolution processes (i.e. H3BO3 vs. Tris-boron complexes), recovered solution 

aliquots were analyzed via 11B NMR. It should be noted that although the identity of 

dissolved B species is being probed in solution environments, these species may initially 

form either near the glass surface or merely after boron is released into the surrounding 

solution. The NMR experiments were performed at both room temperature and 65 °C; the 

latter temperature was selected to reproduce the glass submersion conditions and the 

evolving solution environment in the performed dissolution experiments, to identify the 

dissolved species resulting from glass dissolution processes.  

Figure 6.8a displays 11B spectra of selected solutions at 25 °C, which have been 

compared to a solution utilized as a reference medium: an equivalent mixture of a 0.1 M 

H3BO3 solution (adjusted to pH = 8 with NaOH) and a 0.1 M Tris-HCl (pH = 8) solution.22 

Figure 6.7. 11B MAS NMR spectra of powders recovered from 24 h of selected dissolution 

experiments. *Denotes that the powders were recovered from 12 h experiments. 
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This solution mixture, which has a Tris/B = 1 ratio, displays peaks in two main regions, (i) 

an intense sharp peak associated with H3BO3 (near 19.0 ppm) and (ii) two additional sharp 

peaks at in the range 0.6-1.2 ppm. The peaks observed in our reference medium notably 

show consistency with an identical solution mixture (pH = 7.5) in the study by Tournié et 

al.,22 where the upfield peaks depicted were attributed to Tris-boron complexes. While the 

attributed H3BO3 and Tris-boron complex peaks in our reference sample do not show direct 

chemical shift alignment with those in the previous study (~22 and ~4 ppm, respectively22), 

the ~18 ppm chemical shift difference between H3BO3 and the Tris-boron complex peaks 

is, however, observed in both studies. Thus, we attribute these peaks to the same aqueous 

species as discussed by Tournié et al.22 The solutions recovered from selected dissolution 

experiments are also pictured in Figure 6.8a. These solutions, interestingly, consist of either 

one or two sharp peaks at 0.5-0.6 and 1.1-1.2 ppm of varying intensities (typical of Tris-

boron complexes) and are marked by the absence of clear H3BO3 peaks (except for 0.1 M 

Tris-HNO3 at pH = 7). This finding signifies that, at room temperature, dissolved boron 

from the glass exists predominantly as Tris-boron complexes as opposed to boric acid 

species. 

Figure 6.8b, on the other hand, depicts 11B spectra of the same solutions at 65 °C 

(the temperature at which dissolution experiments were performed). These spectra have 

also been compared to the same 1:1 Tris/B mixture as described above. At 65 °C, the Tris/B 

mixture at pH = 8 solely displays a peak associated with H3BO3 centered near 19.7 ppm. 

However, this spectrum notably lacks any additional peaks associated with Tris-boron 

complexes, which were observed in all samples at room temperature. Similarly, the spectra 

of liquid aliquots recovered from 24 h of dissolution experiments (examined at 65 °C) also 
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lack Tris-boron complex peaks in the range 0.5-1.2, rather displaying only one peak 

associated with H3BO3 species (in the range 19.4-19.8 ppm). This key difference between 

11B NMR spectra acquired at room temperature and 65 °C implies that while Tris-boron 

complexes which were found to be stable at lower temperatures, dissolved boric acid 

species exist in place of Tris-boron complexes at higher temperatures. 

Figure 6.8. 11B liquid NMR of liquid aliquots recovered from 24 h of dissolution 

experiments. *Denotes that the solutions were recovered from 12 h experiments. 
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The absence of peaks associated with Tris-boron complexes from both 

experimentally recovered solutions and prepared mixtures at 65 °C is particularly 

intriguing since this temperature coincides with experimental dissolution conditions. This 

nonexistence may indicate that, in the studied conditions, zero or negligible concentrations 

of Tris-boron complexes are present in solution, even in samples with higher reaction 

progress (liquids recovered from dissolution experiments approaching the residual rate 

regime). Thus, even though the presence of Tris-boron complexes was determined to be 

extensive at room temperature, their absence in higher temperature conditions may indicate 

that the formation of Tris-boron complexes does not serve as the primary mechanism 

governing dissolution behavior of borosilicate glasses in Tris-based solutions in elevated 

temperatures. 

 It should also be noted that only spectra of selected solutions are shown in Figure 

6.8b since these spectra were able to display resolved boric acid peaks. Tris-HCl and Tris-

HNO3 solution aliquots from 0.1 M Tris (pH = 8 and 9) and 0.5 M Tris (pH = 8) dissolution 

experiments were similarly attempted; however, the low ppm concentrations of aqueous 

11B nuclei in these samples were below detection limits necessary to resolve and identify 

dissolved boron species. Therefore, at present, we cannot comment on the dissolved species 

removed from glass submerged in these solutions. 

6.4 Discussion 

 It is generally agreed in the glass community that Tris-based buffer solutions 

adversely affect the dissolution of boron-containing glasses due to Tris-boron 

complexation, which is hypothesized to accelerate the release of glassy products from the 
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sample surface. However, this consensus is largely attributed to a single study that observed 

(i) Tris-boron complexes in 1:1 Tris/B solution mixtures and (ii) significant forward rate 

acceleration for a sodium borosilicate glass in Tris-based solutions vs. Tris-free solutions.22 

However, many aspects of Tris–glass interactions are still uncertain, for instance, how does 

the concentration of the Tris/acid mixture impact dissolution behavior? Furthermore, does 

the acid identity play a role in the altered dissolution kinetics? 

 The present study aims to address these questions by investigating the dissolution 

behavior of a sodium borosilicate composition in a range of aqueous environments, in 

which the impacts of acid identity, Tris molarity, and solution pH were each examined. 

Contrary to the findings by Tournié et al.,22 which displayed 2× quicker elemental release 

in Tris-HCl as compared to Tris-HNO3, the present contribution does not illustrate 

significant differences in dissolution behavior based on acid identity. This is evidenced by 

the close overlap in elemental release behavior between 0.1 M Tris-HCl and 0.1 M Tris-

HNO3 solutions, as displayed at pH = 7 – 9 in Figure 6.6. Furthermore, all estimated 

forward rates (Tris-HCl vs. Tris-HNO3) displayed close agreement, well within the 

generally accepted error limits while assessing dissolution behavior.38-40 Thus, our findings 

indicate that the acid identity does not greatly impact borosilicate dissolution behavior in 

Tris buffer solutions. 

 Further, glass dissolution kinetics were investigated at pH = 8 in Tris molarities 

varying from 0.01 – 0.5 M. As anticipated, higher Tris molarities were more effective in 

buffering the solution pH, as ≥0.1 M Tris-based solutions maintained pH within ±0.1 after 

24 h of dissolution experiments. Conversely, it is observed that increasing the Tris molarity 

from 0.01 to 0.5 M results in reductions in the extent of elemental release, as is particularly 
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evident from the contrast between 0.01-0.1 M Tris solutions and 0.3-0.5 M solutions (see 

Figure 6.5). It is inferred from these results that the substantial presence of dissolved 

species in 0.3 and 0.5 M solutions provokes solution feedback effects, suppressing the 

extent of glass dissolution. According to these results, it is deduced that the ideal Tris 

concentration required to provide a balance between (i) optimal buffering ability and (ii) 

minimally impacting dissolution kinetics is ~0.1 M Tris, independent of acid identity (Tris-

HCl vs. Tris-HNO3). This value corresponds well with the recommended Tris 

concentration as discussed in ISO 10993-14 for studying biomaterials. 

 In addition to examining the impact of Tris solution chemistry upon dissolution 

behavior, 11B liquid NMR is investigated for recovered solution aliquots in an attempt to 

understand the mechanism of Tris–glass interaction and confirm the presence of Tris-B 

complexes. In accordance with the findings by Tournié et al.,22 Tris-B complex presence 

is confirmed in the examined solution aliquots. Interestingly, these species are observed to 

demonstrate clear temperature-dependence, marked by omnipresence in aliquots at room 

temperature and complete absence in the same aliquots at 65 ºC. Rather, NMR experiments 

at elevated temperatures indicate that Tris-B complexes are unstable due to the lone 

presence of boric acid species. This unanticipated temperature-dependence of Tris-boron 

complexation requires further examination using in situ NMR spectroscopy to further 

examine the mechanisms by which Tris-based solutions impact borosilicate glass 

dissolution behavior and kinetics.  

6.5 Conclusions 

 In the present study, a sodium borosilicate glass was examined for its dissolution 

behavior in a wide range of Tris-based solutions. The results have been discussed with 
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reference to previous studies on this topic and the conclusions from this study were 

threefold: (i) acid identity does not greatly impact dissolution behavior in Tris-based 

solutions, (ii) ~0.1 M Tris-based solutions are ideal for sustaining solution pH in the 

absence of clear adverse solution chemistry effects, and (iii) Tris-boron complexes form as 

a result of glass dissolution processes, however, these species exhibit a clear temperature-

dependence and require further study to unearth the mechanisms by which Tris-based 

solutions impact dissolution behavior of borosilicate glasses. 

 

Supplementary Information 

The supplementary information of this manuscript contains XRD patterns of the as-

synthesized glass, in addition to the full set of raw elemental release data. 
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Chapter 7. Conclusions 

The chemical durability of glass is a topic that, while being actively important for 

identifiable applications such as nuclear waste containment and bioactive glasses, is 

imperative to understand for predicting the long-term performance of both everyday and 

cutting-edge technological glass applications. These glasses, however, typically have 

significant compositional and structural complexity which complicates the development of 

straightforward models to understand their chemical durability. Given the intricacy of this 

topic, it is of vital importance to develop an understanding of composition-structure-

chemical durability relationships in multicomponent oxide glass systems, since chemical 

durability is highly dependent upon both glass chemistry and its structure at the atomic 

level. The focus of this research has been to understand these relationships in ternary and 

quaternary glass systems and addressing some of the remaining fundamental challenges / 

open questions relating to glass corrosion. Accordingly, glasses designed in the Na2O-

B2O3-SiO2, Na2O-Al2O3-B2O3-SiO2, and Na2O-P2O5-B2O3-SiO2 systems have been the 

subject of these studies. 

In the first study presented in this thesis on Na2O-B2O3-SiO2 glasses, an attempt 

has been made to discuss the experimental challenges that need to be carefully navigated 

to unearth the mechanisms governing the dissolution behavior and kinetics of boron-

containing bioactive glasses. It has been shown that the methodology of quenching of the 

glass melt impacts the dissolution rate of the studied glasses by 1.5× to 3× times (in the 

studied glass system) in water depending on the changes induced in their molecular 

structure due to variation in thermal history. The approach proposed to study the 

dissolution of boron-containing bioactive glasses—which includes maintaining consistent 
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thermal history, uniform glass particle size range, and following SA/V approach—allows 

us to gain a new level of conceptual understanding about the composition–structure–

property relationships in these glass systems which can be applied to attain a significant 

leap in designing bioactive glasses with controlled dissolution rates tailored for specific 

patient and disease states. 

The studies of the Na2O-Al2O3-B2O3-SiO2 glass system presented in this thesis has 

attempted to understand the mechanisms governing corrosion of glasses in acidic 

environments. Accordingly, it has been shown in pH = 2 environments that, although 

stepwise addition of B2O3 into the glass causes non-linear changes in network structural 

characteristics—i.e. Tg and fractions of AlO5/BO4 in the glass—noticeably linear increases 

in forward dissolution rates are observed. The results imply that dissolution–re-

precipitation processes occur at the glass–fluid interface in both B2O3-rich and SiO2-rich 

glass compositions, notwithstanding vastly different reaction kinetics. This investigation 

forms the basis for further study of the glass–fluid interface in wide-ranged glass 

compositions. 

The studies of the Na2O-P2O5-B2O3-SiO2 system in this thesis combine the 

strengths of MAS NMR and MD studies to provides a comprehensive structural 

understanding of the short- and intermediate-range order in this system, and its evolution 

upon successive incorporation of P2O5, which effects a significant re-polymerization of the 

silicon species and a re-structuring of the borate component in the network, driven by the 

additional demand of phosphate for charge compensation. The detailed analysis of 31P-11B 

dipole-dipole and 31P-31P indirect spin-spin couplings on selected samples suggests a 

general picture of the NFU connectivities, which stands in excellent agreement with those 
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drawn from the MD simulations and expands significantly on previous findings on 

bioactive P2O5-containing silicate and borosilicate glasses.  

A comprehensive study of the dissolution behavior of the above glasses has led to 

the conclusions that glass degradation behavior is predominantly driven by the R (Na/B) 

and K (Si/B) ratios, however, specific structural features (i.e. B3/B4, Si3/Si4, etc.) were 

determined to have marked impacts upon ionic release behavior. Ultimately, our extensive 

knowledge of this system will not only facilitate the prediction of structural details and 

degradation behavior for bioactive glass applications but will also help in identifying novel 

borosilicate glasses tuned to particular biomedical applications. 

In the final study presented in this thesis on a Na2O-B2O3-SiO2 glass, the impact of 

Tris-buffer solution was examined across a wide range of Tris-based solutions. It was 

concluded that: (i) acid identity does not greatly impact dissolution behavior in Tris-based 

solutions, (ii) ~0.1 M Tris-based solutions are ideal for sustaining solution pH in the 

absence of clear adverse solution chemistry effects, and (iii) Tris-boron complexes form as 

a result of glass dissolution processes, however, these species demonstrate a clear 

temperature-dependence which necessities further study to unearth the mechanisms by 

which Tris-based solutions interact with borosilicate glasses and impact dissolution 

behavior and kinetics. 
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Chapter 8. Recommendations for future work 

 Future work recommended which relates to this topic involves the expansion of our 

understanding of composition-structure-chemical durability relationships to a wider range 

of systems and composition-spaces. For instance, building upon the knowledge generated 

in this thesis research from the Na2O-Al2O3-B2O3-SiO2 and Na2O-P2O5-B2O3-SiO2 systems 

to expand to the Na2O-Al2O3-P2O5-B2O3-SiO2 systems or extending our understanding to 

B2O3-rich Na2O-P2O5-B2O3-SiO2 glasses can significantly the enlarge the composition-

space in which chemical dissolution behavior is well-understood for developing novel 

applications. Furthermore, developing a comprehensive knowledge of the chemical 

durability of common mixed network-former systems can provide the dataset necessary for 

generating quantitative structure-property relationships (QSPR) in which chemical 

dissolution behavior can be predicted based upon the glass composition. Additional 

recommendations for future work include developing a deeper understanding of the 

fundamental mechanisms of glass corrosion using in situ and/or high resolution studies of 

the reactive interface and gel layer. Techniques which can supplement our current 

knowledge are Raman spectroscopy, X-ray absorption near edge structure (XANES) 

spectroscopy, low energy ion scattering (LEIS) spectroscopy, time-of-flight secondary ion 

mass spectrometry (ToF-SIMS), atomic force microscopy (AFM), and liquid-state NMR. 


