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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 theddgerm performance of both everyday and
cuttingedge technological glass applications. Multicomponensgisontaining multiple
networkforming oxides (i.e. Si@ B203, Al203, P-Os) comprise the vast majority of
technologicallyrelevant glasses whosehaior in surrounding chemical environments
must be weHpredicted These glasses, howevgpically have significant compositi@h
and structuratomplexitywhich complicates the development of straightforward models
to understand their chemical duratyili Given the intricacy of thigopic and its
multifaceted importance for technological glass agapions it is vital to move from an
understanding based upa@mple compositiordependenimodelsto thosebased upon
compositiorstructurepropertyrelationshipsThenecessity foadeeper knowledgef this

topic has been propelled by the notion that understanding the relationships between the



glass chemistryand their structure ahe atomic levelwill help us in unearthing the
fundamentamechanims of glass corrosion. Based on this viewpdints research aims

to elucidate the fundamental science governing the aqueous corrosion of multicomponent
oxide glasses. With this goal in mind, this research focuses on understemipgsition
structurechemical durability relationshipsin simplified ternary and quaternary glass
systemsand addressingome of the remaining fundamental challengepgn questions
relatingto glass cowsion.Accordingly, glasses designed in thex8&B,03-Si0O,, NaO-
Al203-B203-Si0O;, and NaO-P.0s-B20s3-Si0O, systems have been the subject of this

research.

Dissolution studies of sodium borosilicate glasses indicatetlieamal history
dictatesthe glass structure and dissolutioate as the methodology used to quench the
glasswas shown to impact the dissolution rates byx1té 3x, depending on the
composition and molecular structure variations. Studies of the corttosi@viorof wide-
ranged sodium aluminoborosilicate glass compositions in acidic environments display that
stepwise BOsz substitutions into nepheline (NaAlSi[ylass, although causing ntinear
changes in glass structure network structural features, lead to strikingly linear increases in
the forward dissolution rate in acidic environmemgsulting from similaraqueous
corrosion mechanism3he strengths of MAS NMR and MD simulations converge to
develop an irdepth understanding of the shahd intermediateange stuctural features
in the sodium borosilicateand sodium phosphdorosilicateglasssystems Furthermore,
through careful compositional desigrthese systemg is shown that the structurdidivers
of glass dissolution can be uncovered, which can be applied to develop novel borosilicate

bioactive glasses with controlled ionic releaStudies o a sodium borosilicate glass



dissolved in multiple solution environments display that buffer solution chemistry impacts
dissolution behavior, where kinetics are controlled by acid/buffer compositidhe
solution. Future workrecommended fothis topic involves (i) the development of
guantitative structurproperty relationships (QSPRyom further explorationof the
chemical durability otomplexmixed networkformer glasses and (ii) understanding the
kinetics and fundamental mechanisms of glass camoBbm in situ studies or high

resolution examination of the reactive interface/gel layers.
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Chapter 1. Introduction

1.1 Significance of understanding the bemical 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 understarfor predictingthe long-term performance of botéverydayard
cuttingedge technologicalglass applications. Multicomponent glasses containing
multiple network forming oxideg.e. SiG, B20s, Al20s3, P.0Os) comprisethe vast majority
of technologicallyrelevant glasses whose behavior in surrounding chemical emarda
must be welpredicted, given theinse in a wide range abmmercal glasses which may
necessitate eithenherently high chemical durability ararefully controlled dissolution
behavior?’ These glasses, however, can hsigaificantcompositioral complexitydue to
their ability to incorporate many different components into their structure, vezate
component contribes its part to the glass structure ansbulting aqueouscorrosion
behavior For this reasom progression in thenderstanding faahe chemical dissolution
behavior of glasses in aqueous solutions hasegaedrom simplecompositiordependent
(analytical or geochemical) mod&l$ to those based orompositiorstructureproperty
relationshipg®!’ This evolution has beepropellal by the notion that understanding the
relationships betweethe 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 strenuousreiin this direction, our predominant reliance
on empirical data from literature does not culsermtut us in a position to develop
scientifically robust and statistically accurat@delsto predictthe chemical dissolution

behavior of glasse§.his maybe attributed to the fact that individual investigations have



approached these problems with specific atimst are best suited for their targeted
application and desiredoals (.e. biological for bioactive glasses and geochemical for
nuclear waste glassge This divergence in approach does facilitate the creation of a
holistic datasetn which predictive models of glass corrosion can be developed which
elucidate compagon-structurechemical durability relationships in multicomponent
oxide glassesThus, it is imperative to generate comprehengiass dissolutiomlatasets
across a wide compositispace which can provide the basis for predictive model
developmentand cann turn facilitate and sigficantly expedite the process of designing
novel ghsses and chendl treatments (i.echemical strendening and isochemical

etching)?

1.2 Current understanding of the basicmechanismscontrolling aqueous corrosion

of glasses

As glass is brought icontact wih aqueous solutionseveral physicahemical
processes occur simultaneously near the glagsinterface and in solutiorearly models
by Boksay® and Doremu¥ in the1960s and 970s respectivelywhich discussedilicate
glas$ water interactionsvere based on diffusiokinetics and focused on developing a
more quantitative description of alkali release and the elemental concentration profiles in
the hydrated layerss observed iaqueous corrosioaxperimentsAlthough these early
models described the intdiffusion pracess well forsimple 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 effbas been made to understand the kinetics and governing

mechanisms of glass corrosidpilicate glasseswhich areundoubtedlythe mostwell-
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Figure 1.1. Elemental release profile over time for typ
silicate glasses

studiedoxide glass systenare observed to exhibit tworsometimeshree) main stages

of dissolution(as displagd in Figure 1)(I) forward rate regimemarked by rapid linear
elemental releasand (I) residual rateegime,characterized by slow, steatBleasdrom

the glasg€%2! Stage Ill, which only occurs in rare scenarios/conditions, involves a sudden
resumption andacceleration in elemental release behavidrese kinetic trends are
observed in most glasses, howevere is stillno complete conssus on the basic
mechanism®f glass dissolutioexplaining the aforementioned trends, particularly those

which applyto a wide composition space

The most recent literature on this subject debate two basic mechanisitisdte
glass corrosion: (i) the classical midtep interdiffusion-based mechanism and (ii) the
interfacial dissolutionre-precipitation mechanism (IDPM¥. The former describes the
mechanism of corrosion as a midtep process that includdse release of mobile glass

modifying cations (such as Nathrough ion exchange with protons in solution to form



hydrated SIOH bonds (forming an intetiffusion layer), followed by the protonation and
hydrolysis of bridging bonds (i.e.,-8-Si or StO-Al) and restructuring of the hydrated

silica network into a gel layer via-molymerization reaction¥:292324The IDPM, on the

other hand, suggests that glass corrosion proceeds as an-mesnd) reaction front in

which all bonds at thglas$ fluid interface bbeak and are immediately-precipitated to

form an amorphous gel lay&The supersaturated water at the interface not only promotes
alkali/alkalineearth release from the glass but in fact releases all elements in the outermost
surface layer only to reorganize as a secondary phase of networkg@pecies such as

Si and Al?? Both models agrethatthefi r a t e frooh thergpidl forward rate regimeo

a pseudeequilibrium residual rateregime primarily occursas a result of gel layer
formation; however, their fundamental disagreentiestin the manner by whidhis layer
develops While the classical intediffusion-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 bamchanism describing silitsa glass
corrosion may be more complicated than assumed in either individual mechanisms, with
high dependence upon glass composition and surrounding leaching corfditfofisis
highlights the necessity to perform further studies using advanced techaiggie wide
compositionspace to elucidate and convergetioa fundamental mechanisms governing

aqueous corrosion of glasses.
1.3 Challengesand open questions in understanding thehemical durability of glass

In the preface to the technical details of th@poseddoctoralresearchyve must
emphasizehat 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



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 ccsudittoors,
chemistry, and flow ratd.o effectively studythechemical dissolution behavior of glasses,

each of the aforementioned variables must be carefully controlled and accounted for
throughoutcorrosion experiments. Howeverperiments in place thgirobe 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 concentratiohikewise, a majority ofthe literature attempting to
understand the chemical durability of glasses covers only a limited rasgeatebased
compositionsgn neutratto-alkaline mediawhich do not allow fothe development cd

unifying model of aqueous corrosion behaviornskhapplies to a large compositispace

and range of aqueous mediased on our experience arglevant literatureon these

topics we review inthe following at leastdur considerations amdr open questionthat

need to be carefully navigatemluneath the mechanisms governing chemical durability of

glasses and accurately understand composstiarctureproperty relationships.

(2) Thermal history: The thermal history of glass is known to hasggnificant influence

on the chemical reactivity itsurface?’ as dictated byhe impactthat changes in fictive
temperature have op bulk/surface atomic structure as weltlastendency towrds phase
separatiorf®?® Changes in glass structure and speciation as a function of thermal history
have been wkedocumented. For example, the cooling/quenching rate of melts through the
glass transition range has been shtewignificanty influencethe structural coordination

of borort® and alkali clusterint} in borosilicate glasses. Phase separation in glaftes



leads to unique and unpredictable macroscopic propétfigédnterestingly, arecent
literature review finds numerous studies where glastdgferent thermal histories have
been used to study glass corrosion, with the embedded assumptioncontpesition
dependentlissolution models that the solid being modeled comprises a single phase (i.e.
assumes no phase separatijn)

(2) Pushing the boundaries of glass corrosion literatureUpon a thoroughliterature
review, a large fractioof theaqueous corrosion studipsrformed havéocusdon silicate
glass chemistrieis neutralto-alkaline environmentgwing to their relevance in the fields
of nuclear wasteimmobilization and biomateriaf$:*® Significantly fewer studies,
however,have aimed to understandylasscorrosioneither (i) in acidic media of(ii) of
glasses rie in nonsilicate glasforming speciesThe handful of studieshat discuss
corrosion of silicate glasses in the acidic regime are mainly based uporow sat of
glass clemistrie$™® and, b our knowledgethe literature onthe corrosion ofborate or
phosphateich glasses in acidic media is reristentMoreover studies aiming to unearth
thefundamental science governing the dissolution behavior of glaskas nonsilicate
oxidesin aqueous media angarticularly 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 plisligieslast five
decade$’® Similarly, althoughphosphate glasses have been used successfallyiie
range oftechnological application¥;®?there are very few papers that have tried to unearth
the kinetics and mechanisms controlling the dissmiubehavior of phosphate glasses in
aqueous solutiorf$®” Accordingly, since there is still no complete consensus on the basic

mechanisms of glass dissolution which apply to a wide composition space and across



agueous medi a, it ap® V(iliecatérichotonnofishichterdtly e t h e
glasses an(?) fromneutral to acidic dissolution media providean overarching viewf
corrosion behaviowhich applies to technologicathelevant orpotentiallyrelevant (yet

unexploredpxide glassompositionsacross a full range of pH environments.

(3) Structural design of novel glassesSince glass chemistry and molecular structure are
sointimately tiedt@g | as s 6 s ¢ h e #itisavital talunderstand the strugtyral

drivers of aqueous dissolutioto design novel glasses with a controlled chemical
resistance. As an example, thgeneration bioactive glasses are designed such that, when

in contact with bodyfluids, the glass prades (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 anchngiieg

biological response¥.’®"1Thus,the design ofhovelglasses with tunable release behavior
requires a thorough understanding of strugtso&ubility relationships.However, the
predominant reliancen the literature on at r adi t i -and@d r ofirtor i, aghb pr oac
opposedto & mat eby-d @d isgno approach (as |l aid out i
Genome Initiativé?), has made it difficult tadesign novel glasses using a systematic
approach.Thus adopti ng -by-dematgeroi iaahpsgh tlkeastengths of

rigorous experimentadatasetcombinedwith computational methodsan facilitate the
generatonopr edi cti ve models in which a novel g
predicted from first principlesihereforeto design and predict the chemicatalility of

a novel glass based upon its chemistry,new degree of conceptual understandinipef

glass systems of interdastrequired, which involves comprehensive experimental data and

an understanding of trmmpositional and structural driversgiassdissolution



(4) Influence of olution chemistry i 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 reportethénliterature3427374To adequately
control pH during dissolution experimerd, buffered aqueous solutions comprising
mixtures of both organic and inorganic salts have been used in many such sitrdies

many glass applicatiod$737>76This hasa significant impact, however, othe
interpretation otorrosion 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 toform complexeswith aluminum ions and borate speciéermed either at the
glasssurface or irthe contact solution) has been well documenhtédiAccordingly, it has

been observed that glasses exposed to buffer solutions with the same pH but different
dissolved constituents undergoticeably distinct dissolution behavi$#* Similarly, the
presence of alkali ions in theontact solution (from NaOH or other alkali containing
saltsy*8® will not only affect its ionic strength but will also slow down the process of
chemicaldisselt i on by shifting the equiilOi Mar+i um of
HzO"t [ Sii OH + Na + H.0) towards the left in glasssharingthe commorcaion

(e.g Na-containing glasses, in this exampl&p understandhe influence of pH on the
dissolutionkinetics of glasses, it is essential to choose aqueous solutions in which solution

chemistry has aninimal impact on the chemical dissolution behavior.

1.4 Summary of contents

This doctoral thesidocuseson systematichl exploring ternary and qternary
mixed network former glass systems {8eB203-SiO;, NaO-Al203-B203-Si0Oz, NaO-

P.05-B203-Si0), such that for each system wan generate a comprehensive dataset



combining information on shertand mediurrange order gkss structure with their
dissolution behavior across a range of compositions and structural regimes. Along with the
pursuit of understandingpmpositiorstructurechemical durabilityrelationships in mixed
network former systemsith wide-ranged compositionsve consider and explore specific
experimental challenges previously observethaliterature, with specific emphasis on
unearthing the impact aflassthermal history, glass surfasgucture and chemistrand

the influerce of solutionpH andchemistry upon glass corrosion, as described for each

chapter below.

Chapter Zocuseson understanding the impact of thermal history upon molecular
structure and dissolution behavior of sodium borosiligisses. The choice of sfuds
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 diffdrermal histories
(i.e. water quenched vs. quenched and annealed) have been synthesized and studied for
dissolution experiments with similar aims. However, uncertainty still egstserningf
glasses with varied thermal history will behave similavlyen in catact with aqueous
environmentsTo address this topigglassesre synthesizedith varying BOs/SiO; ratio
in the NaO-B203-SiO; ternary system including two binary entenbers. Each glass i
synthesized using two separate routes: (1) splatdureg between two copper plates and
(2) quenching on a metallic plate, followed by annealing to rerathvesidual stress. The
aim isto synthesize glasses with the same compositions but different fictive temperatures.
The effect of thermal history upaglass structure and fictive temperatisequantified

using®Na, B, and?*Si magic angle spinnirignuclear magnetic resonance (MAS NMR)
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spectroscopy and differential scanning calorimetry (DSC) through our collaboration with
Corning, Inc. Rigorous diskdion experiments at constasample surface ardga-solution
volume (SA/V)are performed on these samples in DI water, in which glass structural
changes and liquid evoluti@retracked using Xay diffraction (XRD), Fourier transform
infrared spectroscopy (FIR), pH measurements, inductively coupled plagmaptical
emission spectroscopy (IGPES). We ind that the methodology of preparing the glass
significantly impacts the gbks structure and dissolution behavior, as the methodology used
to quench the glasgasshown to impact the dissolution rates byxit® 3x, depending on

the composition and molecular structure variatidime research work has been published

in Acta Biomderialia(StoneWeiss et al., Acta Biomater. 65 4369 (2018)).

Chapter 3focuses on understanding the corrosion of silicatesed glass
chemistries over a broad composition space in the acidiegirhe. This choice of study
is made since the majority dferature on glass corrosion is focused on silicate glass
chemistries in the neutrtd-alkaline aqueous regime owing to its relevance in the fields of
nuclear waste immobilization and biomateridd®wever, understanding the corrosion of
glassesn theacidic 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 deriyatnese inclde
only a narrow set of silicateased glass chemistriesccordingly, ths study focusesn
understanding the corrosion mechanisms governing metaluminous (Na/AN=2x@)
Al203-B20s-SiO; glasses in acidic environmer(sH = 0-4) across a wideomposition
space (ranging from Siich to B.Os-rich compositions), with particular emphasis on

understanding the reactions taking place near theidlaissinterface.Using stateof-the-
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art characterization techniques includidAS NMR spectroscopy(peformed in
collaboration with Corning, Inc.) Rutherford backscattering, -bay photoelectron
spectroscopy (XP$Sand elastic recoil detection analysis (ERDA)s ghown that stepwise
B20s substitutions into nepheline (NaAlSjOglass, although causing méinear changes
in glass structure network structural featureadddo strikingly linear increases in the
forward dissolution rateén acidic environments While the glasses undg congruent
dissolution in the forward rate regimdietresidual rate regie displaysevidence of
preferential extraction near the glass surface (i.e., enrichment in aluminum content upon
corrosion through AIQY A1 ( @&¥dlution) implying that dissolutidme-precipitation
processes may occur at the gidissd interface in both BOsz-rich and SiG-rich glass
compositiond albeit with vastly dissimilar reaction kinetic¥he research work has
recently been published in Figal Chemistry Chemical Physi(StoneWeiss et al. Phys

Chem. Chem. Phys. 22 188896 (2020).

Chaptes 4 and 5focuson the structural desigof borosilicate bioactive glasses
whichhave emerged as potential candidatghird generation bioactivglasses due to the
potential advantages they possess as compared to dilassetd composition3.o develop
novel borosilicate bioactive glasses, it is critical to understand compesiticture
degradation behavior relationships in this system, coverwgle range of compositions
and properties with significant structural complexitiis study focseson understanding
the structurgChapter 4)and degradation behavior (Chapterob)glasses in the N®-
P-0s-B203-SiO, system Specifically, we exploréhe effect of incremental additions of
P-Os into perboric (R = Na/B; R < 1), metaboric (R = 1), and-gkaline (R >1) glass

compositionsIn Chapter 4, the glasdructure before degradatios rigorously explored
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usingbothexperinental and computationaiethodsincludingadvanced single and double
resonanceMAS NMR techniques, MD simulations, and DFT calculations based on
advanced algorithm\MR experiments presentedeaperformed in collaboration with
Prof. Hellmut Eckert at the University of Sdo Raul S&do Carlos, Brazdnd Dr. Randall
Youngman at Corning, Inaneanwhile computational work performed in collaboration
with Prof. Alfonso Pedone at the University of Modena and Reggioi&milModena,
Italy. We observen these studies th&Os tendedto attract the network former species
preferentially, resulting in a fpolymerization of the silicate and a-s&ucturing of the
borate component3hese processes eventuallgdéo phase separation and crystallization
of sodium phosphate, at lesedbove 3 mol. % to 7 mol. %, respectively, in the peralkaline
and perboric glasses investigatédB{3!P} rotational echo double resonance results
indicate that the ability of glasses to incorporai®sRvithout phase separation is related
to the formation of FO-B(IV) linkages that are integrated into the borosilicate glass
network.In Chapter 5, selected glasses studied for their degradation behaviomodel
bodily environments (pH = 7.4; 37 °Gy tracking elemental release characteristics and in
depth structural detailduring dissolution using IGBRES and MAS NMR, among other
spectroscopiceichniquesThrough these studies, weaningfully attributehe effects that
specific structural featuresahie upondegradation behaviprgiving insight into the
structural featur® desired in glasses tuned particular biomedical applicatisn
Combining the studies performed in Chapters 4 gralcbmprehensive understanding of
compositional and structuraliders of glass degdation in the studied systesdeveloped

which can be utilized to facilitate the design of novel borosilicate bioactive glasses.
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Chapter &ocuseson understanding the impact that buffer solution chemistry has
uponglass dissolution lvior. In particularthe buffer solutions most commonly used in
nearneutral environmentscross many glass applications literature are Triased
(C403NH131, in combination with acids such as HCI or HNOTris buffer solutions are
commonly chosen aaqueous 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 C&*) which can convolute experimental results due to solution feedback effects
However, Tris has awell-known tendencyto complexwith boron, which results in a
significant impact on the dissolution kinetics of borosilicate glasgeigh are important
to a range of applications, including bioactive glasses and glasses for nuclear waste
containmeh Since the present consensus in the glass community is thababes
solutions are the best choice when studying this pH regime, our study focused on
understanding the impact of Tris solution chemistry upon dissolugibaubor of a sodium
borosilicateglass. Accordingly, the present study focuses on the dissolution behavior of a
sodium borosilicate glass in T#msed (pH @) solution environments with varied Tris
concentrations (0.00 0.5 M) and acid identities (HCI vs. HND Elemental reease and
structural evolution aretracked using ICEOES, liquid NMR, and MAS NMR
spectroscopies. MAS NMR dats collected at Corning, Inde determinen this study
that the identity of acidused in Trisbased solutions doesot significantly impact
dissolution lehavior, however, increased contents of Tris in solution were observed to
suppress glass dissolution tendendistably, we ae not able to determine the presence

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

impact borosilicate dissolution kinetics.

Chapter 7provides a summary of the key conclusions of thistatal research,

while Chapter &liscusses 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 undeistaathout the fundamental
science governing the aqueous corrosion of these glasses, most of the borate/borosilicate based
bi oactive glasses reported i iandehrer drid ea paptruo aec hh.
an evetincreasing demand for thi@pplication in treating a broad spectrum of 1séeletal health
problems, it is becoming increasingly difficult to design advanced glass formulations using the
same conventional approactherefore, a paradigm shiftr om t itamdefitr oir ®1 appr oac
fimat élyidaks$ gnd appr oac h néewgeneraions of bicadivglassesvithe v e | o p
controlled release of functional ions tailored for specific patients and disease states, whereby
material functions and properties can be predicted from pirsiciples. Realizingthis 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 goveriwhédmthere is
a considerable amountliterature published on chemical dissolution behavior and affatitgng
ability of potentially bioactive glassehie majority of this literature has been produced on silicate
glass chemistries using different experimental and measurement protofaollewls that inter
comparison of different datasets reveals inconsistencies between experimental dnetpsurd
also some major experimental challenges or choices that need to be carefully navigated to unearth
the mechanisms governing the chemical dégian behavior and kinetics of boronontaining
bioactive glasses, and to accurately determine the compaositiocturé property relationships. In
order to address these challenges, a simplified borosilicate based moeglienelied bioactive
glass systm 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 glassek.Byto 3x 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 sampleto 1 volume of solutionSA/V) approach instead of the currently followed
mass of samplé to 1 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 strctural 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 dngnab
imat ehyidakss gno, Whit ai HWataigieGesome Initiative (MGH
is highly promising from the viewpoint of developing third generation resorbable bioactive
glasses, especially considering the advancements made in using computational models to
predictglass structure and propertfesBoron-containing bioactive glassé¢borates and
borosilicates), which undergo faster degradation rates (than silicates) when in contact with
physiological fluids, are potential candidates for design and developmentrdf thi
generation bioactive glass&¥ However, there are two major dlemges that retard the
pace of development of resorbable borate/borosilicate based bioactive glggdask of
reliable computational models to predict the struétoreperty relationships in these
glassesover a wide compositional spate(2) lack o 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 tB most welknown 1393B3glas¥) have been diesi gne
anderror 0 approach, with parsbyB®sind5S5 t3o mpl et
93 or oher silicate glass compositiahs? While strenuous efforts are being made to
develop scientifically robust comptitanal models for predicting structlngroperty
relationshipsn borate/borosilicate glasse€s“there is a dearth of rigorous experimental
datasets on chemical dissolution (or biodegradation) of bavataining bioactive glasses
to validate these modsl

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 glassesmhas bee
studied for a long time, it is riddled with complexity that makes a holistic understanding
deceptively difficult. For examplée majority of data published to date has been produced
on silicate bioactive glass chemistries using a variety of experilrmiameasurement
protocols. As a result, inteomparison of different datasets reveals inconsistencies
between experimental groups. This issue has also been highlighted in a necdmblmn

study by Macon et at®> where the authors recommended thet tommunity adopt a
standardized experimental procedure to support the evaluation of dissolution mechanisms
andin vitro bioactivity. The presence of boron in glasses further complicates the situation,
as the experimental and measurement protocols deckldpr studying chemical
dissolution behavior of silicatikased bioactive glasses may not be directly extended to
study the dissolution behavior of boroantaining glass chemistries. Based aur
experience and relevant literature, in the following secive briefly describe the major
experimental challenges or choices that need to be carefully navigated to unearth the
mechanisms governing the aqueous corrosion of bowataining bioactive glasses and
accurately determine their composifigiructuré property relationships.

(1) Impact of methodology of glass synthesisalteration in composition and thermal

history: Most of the commercial bioactive glasses (including 45S5 Bioglass) are
synthesized using the mejtench technique. During the synthesis aksges, 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 lexemep in water

(see referencé%®). While rapid quenching of the glass Imis required to prevent

devitrification, the quenching of a bioactive glass melt in water results in significant
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changes in its surface chearal composition. Cerruti et &.demonstrated that the pH of
deionized water increases from 6 to 10 in 30 sesafter 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 clvadegradation and alteration in the glass
composition will be even more severe in the case of boootaining glass melts quenched

in water, for example, see referenéé$’ This unintentional error can result in significant
differences between batahand experimental glass compositidrfacts which are rarely
considered during analysis of results, translating to irreproducible results and potentially a
flawed interpretation. Accordingly, alternative routes for rapid quenching of glas®melts

for exampé splat quenching between two metallic plateged 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. Tihermal history of a glass is known to have significant
influence on the chemitaeactivity of a glass surfacdé3! as dictated by its impact on
bulk/surface atomic structure (vésvis, changes in fictive temperature), as well as the
tendency towards pise separatiori?3® In particular, boron coordination in glasses is
known to be highly sensitive to their chemicahgmosition and thermal historié&® A
thorough literature review reveals numerous studies where biogtasses with different
thermalhistories have been synthesized and studied, for examefekjing of glass melt
in wateft®2?® vs. splat ganching between metallic plat&d’ vs. quenching on a melial
plate followed by annealing-232>3%While quenching of melts (e.g. in water,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 Fgureer.

2.1 presents an image of a sodium aluminoborosilicate dlasder 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 tgi 50 °C (where, {is theglass transition temperature as
obtained from differential scanning calorimeter), as is usually done in most of the studies
reported in the literature. On the other haRdure 2.1b presents an image of the same
glass (under polarimeter) after complegenpval of residual stress by annealing a-50

°C for several hours and slewooling from this temperature, while also properly
accounting for sample thickne$sgure2.1c illustrates a borosilicate glass which has been
splatquenched between metallidapes; stresenduced birefringence bands of varying
magnitudes can be seen throughout the gldssse residual stresses in glasses have been
shown to have significant impact on their degtéamh rate in aqueous solutiofts®
Variations in annealing ptocol thus potentially introduce additional complexity when
comparing dissolution behavior of bioactive glasses, even with similar compositions
processed through different routes.

(2) Surface areai to i volume ratio (SA/V) vs. masg to i 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 specimef usegowder or monoliif

and wherein the majority of studiéscus on powdered glass sangie!®?34344\While
powdered specimens offer certain practical advantages and can provide useful information,
these experiments can be subjected to complicatiansead to significant errdf To date

there is still no complete consensus in the laisglcommunity 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 sanipte i volume (V) of simulated body fluid (SBF)

as a criterion to calculate the amounsample required to study the in vitro bioactivity, a
recent round robin study by TCO04 (International Commision on Glass Technical
Committee on biomedical glasses) members has suggested the mass of sarhfgé (M)
volume (V) of solution (M/V) ratio as thesbt practice to study the apatiteming ability

of bioactive glasses in vitr® 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, thisgproach 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 fronifiérent studies® As per our literature review, glass
powdes with particle sizes varying betweenra® i 700nm have been used for studying
dissolution behavior and in vitro bioactivit§??2325453 |n our opinion, designing
experimental protocols on the basis of SA/V ratio are more appropriate, as itfalicive

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 higblighted by Macon et &8 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 talasdogeometric SA of glass
powders based on the sieve size fraction provides an adequate estimate of the actual SA

within the range of typidatesting uncertainitie$*>® In this study, we have used an
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approach to measure the geometric SA of glass pewagng optical microscopy and
image processing software (ImageJ).

(3) Choice of dissolution solutionMost of the in vitro dissolution studies reported in the
literature use buffer solutions like SBF or THEI to study chemical degradation of
bioactiveglasses 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
hydroxyapatiteforming ability on glass surfacéseing the marker of bioactivifi/ 8 the
choice of other buffer solutions (for example, THEI) can have a pronounced impact on
the dissolution behavior of bioactive glasses. For exampleHEI8 a widely used buffer
solutiord does not exhibit a significant impact on dissolution behavfobayonfree
bioactive glass chemistries (for example, 45S53)3 However, it has been shown to form

a Trisboron complex (in the stoichiometry of 1:1) with boi@ntaining glass chemistries,
thus increasing the degradation rate of these glasseslégsa8 times (when compared
with glass degradatio in Trisfree buffer solutionj® Another problem with using
biological buffers likeSBF is that these solutions are already caleiand phosphatech.

The affinity of phosphate chains in SBF to cheblaith 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 carbonategpbaghe altered glass
surface®®®1 The deposition of cryalline phases acts as a barrier over the hydrated layer,
limiting the diffusion of moleular water into the bulk gla$$ Similarly, the presence of
alkali ions common to both the glass and the contact solution (from NaOH or other alkali
containing saltsyvill 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 biologicasimulant systems.
(4) Static tests vs. dynamic testsHistorically, the majority of dissolution studies on
bioactive glasses haveeen performed in static megdal®22436283yhile 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, aml mimic the in vivo chemicalegradation behavior of glas$€s°®545According
to a round robin study (coordinated by Argonne National Laboratory) comparing static
dissolution tests vs. SPFT tests for studying forward dissolution rate, the geneiaéprac
of neglecting solution feedback effects in SPFT tests (which are small but not insignificant)
can lead to sme uncertainty in this approaghAccording to this report, static tests, if
performed carefully, provide an easier and economical alternato@ntinuous flow tests
for measuring the forard dissolution rate of glasses 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 (optimized) SA/V ratios and short
test durationst) for a given glas® in other words, with customized experiments designed
to restrict the solution concentration of dissolved species to dltwneasurable range
far from saturation, where raseippressio 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
boroncontaining bioactive glasses from the fundamentaldasisgstructureAccordingly,

a borosilicatebased model bioactive glass series has been studied in the ternary system
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NaO-B203-SiO, (Figure S1) where glasses with varying thermal histories have been

synthesized to demonstrate their impact on the structure and dissolution beRagior.

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

bone regeeration and sisue engineeriny®®%%%’ The incorporation of sd a typical

component of bioactive glas$és the studied glass system has been avpgiedeCaG

B203-P20s-SiO; and NaO-B20s-P.0s-SiO, basedquaternarysystems have limited glass

forming region&’! Additionally, while most bioactive glasses contain CaO as a major

component, we have chosaglass system devoid of calcium due to the following reasons:

0] Glasses have not been designetheiNaO-CaOB203-SiO; system to avoid
competition between two network modifying cations {(biad C&*) for charge
balancing B& units, as this wouldntroduce additionatomplexity to the
structural and chemical interpretation of dissolution results.
(i) Glasses could haveeen designed ithe CaO-B20s-SiO; system, but this glass

system does not have egtensiveof a glass forming region dise NaoO-B2Os-
SiO; system (Figure S1). For example, it is difficult to obtain both the binary
endmember glasses the Ca0OB20s-SiO; system. Moreover, CaO, though an
important component (favors osteoblast proliferation, differentiation and
extracellular matrix mineralization), is nohacessargomponent of bioactive
glasses and other bioceramics. Cla&® bioactive glassés’* and
bioceramic$®>’have also been proposediie literature.

The dissolution experimentawe been performed in deioniz@l) 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 alisson experiments to study degeradation
behavior of phosphateased bioactive glasses in DI water at 98 °C have been reported in
literature.””"® The choice of dissolution medium was made considering that DI water does
not chelate or form complexes wijlass dissolution products to alter the degradation rates.
The importance of studying interactions between bioactive glasses and DI water has been
highlighted by sveral other researchef$® Further it is worth mentioning that although

the present studig focused on meljuenched 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 solgelbased bioactive glasses.
2.2 Experimental
2.2.1 Synthesis of the glasses
Glasses in theystem25 NaO - x B203z- (75-X) SiOz (x between Q 75 mol.%)
with constant NgO/(B-Os + SiQ;) = 0.33 were synthesized using the ngglench

technique. Higkpurity powders of Si@(Alfa Aesar; >99.5%), EBOs( Al f a Aesar ;

o)

NaSiOs; (Alfa Aesar; >99%) and N€Os ( Fi sher Scientific; 099

precursors. Batches corresponding to 50 g oxides were melte@Rimd?ucibles for 1 h in

air, at temperatures ranging from 120860 °C depending one83/SiO; ratio in the glass
composition. In order to elucidate the impact of thermal history, the glass melts were
guenched 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 oniaplegt|
followed by annealing to remove all residual st(@ssshown in Figur2.1). The procedure

for annealing is described in the next section. Samples have been labeled Asadd

Bi Xi Q, wherexrepresents the batched® concentration while Aand 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 X6 Per t Brraad i &Ctui oKn ;71902,d r ang
step size: 0.01313¢% ). The concentration of SKxand BOs in synthesized glasses was
determined by inductively coupled plasinaptical emission spectroscopy (ICFOES;
PerkinElmer Optima 7300V), while sodium concentration in experimental glasses was
determined by flame emission spectroscopy (PerkinElmerd=Emission Analyst 200).

The concentration of 83 in glasses was analyzed by digesting the glass samplesina 1:1
hydrofluoric acid to water matrix; meanwhile for Si@nalysis, samples were mixed with
known quantities of sodium tetraborate flux and digg®y stirring in a 1:1 hydrochloric

acid to water matrix. Each solution was analyzed via@ES against a matrix matched
blank and standard. With regard to sodium analysis, samples were digested in
perchloric/hydrofluoric acid mixtures using multipleatieg and drying cycles; samples

were ultimately mixed into hydrochloric acid and analyzed via flame emission
spectroscopy against matrix matched blanks and standaadide 2.1 presents the

experimental glass compositions.
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Figure 2.1. An image of a sodium aluminoborosilicate glass as seen under a polal
(a) after annealing atg 7 50 °C for 1 h, and (b) after annealing a$1T50 °C for sever:
hours. Figure 1c shows the imageacssplatquenched (between two copper plates) so
borosilicate glass under a polarimeter. The colored pattern observed in the glas:
view through polarized light) is created by stress and is divided into zero, first, <
and third order frings. This pattern is used to obtain approximate retardation value
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Table 2.1. Experimental compositions (mol.%) and density (§Javhglasses. Note: The
concentration of Si@was calculated by subtracting the sum of experimentally measured
concentration of N#gD and BOz from 100, i.e. Si@= 1007 (NaO + B203).

Annealed Quenched
Glass NaO B20s3 SiO2 Density Na2O B20s  SiO2 Density
B-0 24.0 -- 76.0 2.355+0.003 | 25.1 - 749 | 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-37.5 250 371 37.9 |2.4191+0.0009 25.1 37.2 37.7 | 2.386+0.003
B-56.25 25.2 553 194 | 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

2.2.2 Methodology of annealing the glasses

The Bx-A series of glass melts were quenched on a metallic plate, followed by
coarse annealing at temperatures correspondinggte BD) °C for 1 h, where g is the
predicted glass transitidamperature obiaed from the SciGlass datab&8&he annealed
glasses showed polariscopic evidence of residual stress, like that sHeigure2.1a The
glass transition temperature of these glasses was subsequently measured using differential
scanningcalorimetry (DSC; STA8000, PerkinElmer Inc.) at a heating rate of 20 °C per min
under a continuous flow of \gas (Pt pan, particle size of glass sample:i38@5 mm).
The glasses were then annealed again at temperatus@s’@below their respectivéags
transition temperatures for several hours and then-stmled to remove all the residual

stress and obtain glass samples as showigire2.1b.

2.2.3 Glass transition and fictive temperature measurements

The specific heat capacity gCof the glass sam@é 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 runsaresponding literature values. The
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enthalpic fictive temperature {)Tof the samples was calculatéy analysis of the
temperature dependent specific heat capacity using thigeds enthalpy matching
method®”® First, glasses were heated from room terafure to the supercooled liquid
region above the glass transition temperature, with a heating rate of 20 °C/min, to obtain
the original thermahistory-dependent gcurve. 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. Findy, 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 G curve dependent on the thermal history defined by the 20 °C/min cooling
rate. The seand G curve can be used to estimate the fictive temperature of the defined

t her mal history, a pigmpeyature galcibdion methddrnetasea f i ¢t i
between the two Ccurves 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 temperate, as described by Guo efal

2.2.4 Structural analysis

The structure of both splaquenched and annealed glasses has been studied using
multi-nuclear magic angle spinning nuclear magnetic resonance (MAS NMR)
spectroscopy. The MAS NMR spectra’d® and?*Na were acquired using commercial
spectrometers (VNMRs, Algnt) 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

1B MAS NMR and 22 kHz fof®Na MAS NMR.2Na MAS NMR data was collected at
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16.4 T (185.10 MHz resonance frequengy using a 0.6 Os (~"/12 t
uniform excitation of the resonances. A range of 400 to 1000 acquisitions wadeleod
and the recycle delay between scans was'‘BsSMAS NMR experiments were conducted
at 11.7 T (160.34 MHz resonanfrequency), incorporating a 4 s recycle delay, short rf
pulses (0.6 Os) corresponding to a /12 tirg
The acquired spectra were processed with minimal apodization and referenced to aqueous
boric acid (19.6 pm) and aqueous NaCl (0O ppm). Fitting of the MAS NMR spectra was
performed using DMFf and, accounting for distributions in the quadrupolar coupling
constant, the CzSimple model was utilizedfta MAS NMR spectra. The
and Gaus/Lor functionsere used to fit 3and 4fold coordinated boron resonances in the
1B MAS NMR data, respectively, adk was calculated from the relative areas of these
peaks, with a small correction due to the overlapping satellite transition otftiid 4
coordinaedboron peak?!

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, ysi@gulse widths of 1.4rs
and recycle delays of 90 §°Si 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 um. The powders were ultrasonicated in acetone to remove fines (i.e.

fine powder). This process was repeated three timesstoethat 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
acetonewashing using Fourier Transformfiared (FTIR) spectroscopyhe IR spectra

were acquired using a singb®unce diamond attenuated total reflectance (ATR) apparatus
(FTIR-UATR, Frontief™, Perkin Elmer Inc.; scanning resolution: 4tn32 scans for
background and samples). Geome®#canalysis of washed powders was performed using
ImageJ software after capturing microscope of images of ~1000 particles per sample via
an optical micrecope (Zeiss Axioskop 40) at 3% magnification.Figure S2shows an

optical microscope image of borosiliegglass particles used in this study for SA analysis.
The highcontrast brighfield 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 pmle edges. The twdimensional (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 dimensinal (3D) SA was calculated. These results were combined with experimental
density values (measured using Archi medes?®d
and in an organic solution; number of samples per composition = 5; standard deviation
<0.009 g cr) to determine the specific surface area of the washed powders (95%
confidence interval: 4018453 mn#/g). Finally, the mass of glass particles corresponding

to SA/V =5 m}, 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 experimer® based on the breadth of the particle distribution and density/mass
erord 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
acetonewashed glass particles in 50 mL of DI water, corresponding to a SA/VE.
The powdei 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 analfyseatqunused) and
blank (glasdree) control solutions, all of the experiments were performed in duplicate to
evaluate the uncertainty of final resuliie glass powders remaining after dissolution
experiments were dried for2days at 70 °C and theharacterized by XRD and FTIR
spectroscopy. The AR spectra were acquired using the same apparatus and procedure
previously mentionedThe pH evolution of deionized water during glass corrosion was
measuredising a pH meter (Mettler TolednLal®® Pro-ISM). The solutions obtained after
dissolution experiments were chemically analyzed by inductively coupled pilasptiaal
emission spectroscopy (IGPES, PerkinElmer Optima 7300 DV). The normalized loss
(NL) of sodium, boron and silicon ions from glassés the DI water was calculated using
equation (1),

00 — (1)

whereC; is the concentration of elemdrnht the solution as detected by ICHES, and is

the mass fraction of the elemant the glass. Normalized loss data was plotted against

time and was linearly fit to determine Stage | dissolution rate.
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Statistical significance of IGBES data was determined by performiriggts on
duplicate normalized loss and dissolution rategalth case, one tailed test was performed
to test a significance level gf< 0.05 (95 % confidence) in order to compare elemental
release values and assess the influence of thermal history upon Stage | dissolution kinetics

(p values can be seen in Tal2ld).
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 IGPES and flame emission spectroscopy, are in good agreement with
their batched analogs (within £1 mol. %) (Tal#el). The stress levels in annealed and
guenched 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 Rxgllsg Meanwhile, quenched
samples exhibited firsand higheforder fringes indicative of significant residual stresses,

as shown in Figurg.1c.

2.3.2 Impact of thermal history on structure of glasses

Regarding compositional dependence of the glass transition temperagyre (T
initial addition of BOs (18.75 mol.%) in these glasses resulted in a substantial increase
(~80 °C) in Ty values. However, further addition 0b@s at the expense of Si®esulted
in a monotonic decrease in thgdf glasses. The glass transition temperature as a function
of B2Oscontent is shown in Figure S4. It is preferred to display in terms of configurational

heat capacity (Gpniig) to show the pronounced differenoé the thermodynamics as a
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function of glass composition. Ggaig 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 eangs estimated by the extrapolation of

the MaierKelley fit% of the glass heat capacity.
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Figure 2.2. Fictive temperature ¢ as a function ¢
experimental BOs (mol.%) content in glasses.

Figure2.2 presents the variation in fictive temperature @ both splat quenched
and annealed glasses as a function of thefDsBcontent. The fictive temperature
corresponds to the temperature at which the structure of the equilibrium liquid freezes in
the nonequilibrium solid. As expected, the df all the quenched glasses was measured to
be higher than their annealed analogues. However, a peculiar trend was observed with
respect to variation ofslas a function of SiedB>Os ratio in glasses. While glassestire
silica-rich region of the N#Di B2Osi SiO; ternary system demonstrated a marked influence

of thermal history on their fivalues; this difference decreased with increasin@:B
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content. For example, NaiB20si SIO; glass with 18.75 mol.% s exhibited a
difference of ~46°C between thevilues of quenched and annealed glasses, while binary
NaO-B20Os3 glass had a difference of ~19 °C between its two versions. This behavior can
be correlated to the evolution of the fragility indeas a function of BOs content. The
fragility index of the glass, which is defined by the temperature dependence of viscosity in
the \icinity of the glass transitigf#®* is scaled linearly witithe ergodicity breaking
process® Upon quenching, fragile glass formers depaatratch faster ratthan the strong

glass former and show pronounced n@xponential relaxation behavidrHeat capacity
measurements can be used to make a comparison of thermodynamic¥tagiltjunction

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

to the fragility, while the nfdg imamderseg ed wi
proportional to the fragility® The Cponfig is an unscaled valt& and a rigorous
normalization procedure reqas 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 theofsgof the three ternary glasses vs.
temperature normalized blyeir 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 yaneidsnormalizechby theyTor aacheconipbsegiongp T
FQure S6 shows the | inear c gTyrleahdafictiveo n b et
temperature change during the sypannealing 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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Figure 2.3. (a) 1'B MAS NMR spectra of glassed8.75A and B18.75Q. Samples we
spun at 20 kHz and data was collected at 11.7 T4 [B€ak position (near 0 ppm) w
guantified for all glasses in order to linearly fit data (b) based upon the modéatign:s
and MullerWarmutht©4

Table 2.2. Borate speciation in glasses as calculated fro® MAS NMR (Standard
devation: £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 glassé¥\Ja, 'B, and?°Si MAS-NMR were employed. Figure
2.3a presents thEB MAS NMR spectra of glass-B8.75 (both annealed aggdienched).

The spectra show two main features, a broad doublet associated withhiBXTentered at

~12 ppm and a peak a0 ppm attributed to Beunits32°%1%The observed features in the
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118 spectra for the B8.75 glasses are representative of all the glass samples discussed in
this study. Tabl@.2 provides the results of B@nd BQ fraction for all the glasses with
varying SiQ/B20s ratio and thermal history (annealed vs. quenched).cbheentration
of BOs units (Ns) in these glasses varies betweei 38% (irrespective of thermal history),
wherein, the glass with lowestGz concentration (B18.75) exhibited the highestsN
value, while an increase in boron content resulted in a gradégatase in proportions of
BOs unit. The BQ peak position shows a slight positive shift with increasis@Bontent,
which, in glasses, is usually attributed to intermixing between &i@BQ units. Multiple
Quantum MAS NMR (MQMAS) and Raman data ardsilicate glasses have shownB0
units to have higher tendency to mix (in 28 or 3S+1B units) with silicate units than
BOs (either ring or norring variety)'°®19 Thus, for SiG-rich glasses, BOunits exist
more readily and chemical shift is maregative due to the increase in shielding as; SiO
replaces B@with regard to BQ@ linkages'® The chemical shift data was fit using the
mode by Martens and MulleWarmuth!® where molar fractions of Si&nd NaO were
used in equation 2 to predict B&hemical shift for any given composition.

1 60 /ppm =i 3.4xsi+2.8al 0.62 (2)
Figure 2.3b presents the comparison between experimental and HMBd0,) 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
B20O3/SiO; ratio increases, there are fewer silicate tetrahedra available to mix with BO
groups, and a concomitant increase in chemical shift as thaeardst neighbor cations

shift towards a higher fraction of trigonal B.
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Table 2.3. Slicate speciation in glasses as calculated from a coation of !B MAS

NMR, analyzed glass compositions, and the calculated fraction of sodium as a network
modifier. B56.25A was assumed to be 100 %dQe to complete Na consumption as a
charge compensator forsN

Annealed Quenched
Glass Q3 Q* Q3 Q*
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 t&Si MAS NMR spectra of glasses measured in this study.
Due to the complications fro®" (Q is the degree of polymerization in silicate network
andn is the number of bridging oxygen) resonances with differentmeatest neighbor
distributions, the?®Si MAS NMR spectra of these glasses could not beateoluted.
Therefore, theQ" speciation m the studied glasses was calculated by a combination of
experimental values of N(from !B MAS NMR), analyzed glass compositions, and
calculated Na fraatin acting as a network modifi€>1% Table2.3 presents the calculated
silicate speciation for #se glasses. In the binary sodium silicate glas8)(Bodium is
solely acting as a network modifier, thus creating-bodging oxygen (NBO) in the
silicate network. The silicate network of annealed gla€s/Bis dominated by 63.3%Q°
units with the reraining 36.7%Q" The introduction of BOs in the silicate glass network
(B-18.75) resulted in a significant increase in the fractio@“ddt the expense @? units,
while further increase in 3 concentration to 37.5 mol.% resulted in nearly full
polymerization of the silicate network (94.08"), and 56.25 mol.% resulted in complete
polymerization (100%0Q%. These results can be explained on the basis of the Dell, Yun
and Bray modéf>1% for structural speciation in borosilicate glasses, wherein the glass B

18.75 has R (N#/B0s) = 1.33, K (SiQ/B203) = 3, and R¥0.5 + K/16)= 0.69, while
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glass B37.5 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 MBOthe silicate glass
network!% On the other hand, f® O, wRich is true for glasses-86.25 and B75, the

alkali cations act as charge compensators for thedoordinated boron atoms. These
predictions can be validated by understanding the compositional dependéinz MAS

NMR spectra of annealed glasses as presentdéigime 2.4. The 2Na MAS NMR
spectrum of binary N®-SiO, glass exhibits a broad peak with a maximurina? ppm,

and it shifts towards lower frequenciesBa®s is substituted for Si© This shift implies

an increase in averad&i O bond length or coordination number (EN)}%and a change

in its structural role from netwonkodifier to charge compensatdt While sodium acts
either completely or partially as a silicate network modifreglasses with s content
varying between-37.5 mol.%, it exclusively acts as a charge compensator in glasses with
B-Os >37.5 mol.%, as is evident from the featureless broad peaks with maxirha. &t

ppm shift for both B56.25 and Br5 (see Figur@.4). This trend can also be observed in
the average coordination number of Na (as calculated wse formulas from Koller et
all*®and Tagg et ai*?, which varies from ~5.35.70 as BOs increases from 0 to 37.5
mol. % but holds constant at ~5.70 while sodium acts solely as a charge compensator in

B-Os-rich compositions.
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Figure 2.4. Na MAS NMR spectra
annealed glasses. Samples weparsat 2.
kHz and data was collected at 16.4 T.

In terms of impact of thermal history tme structure of glasses, the most noticeable
differences were observed in the borate speciation inrg8ibglasses (as shown in Table
2.2). While the N in glass B18.75 was higher in the annealed sampiel@75 A) vs. its
guenched (B18.75 Q) analogby ~8%, this difference gradually decreased with an
increase in BO3/SiO; ratio, resulting in almost equalshh the two B75 glasses. These
results may beexplained on the basis of higher melt viscosity of ;Sr@h glass
compositions in comparison to theip@® rich analog Therefore, rapid quenching of the
SiOp rich glass will result in more disordered structure (highgrtiius higher number of
BOs units The other plausible reason for the minimal impact of thermal history on boron
coordination in BOs rich glasses is the unavailability of oxygen atoms in the glass
structure, normally required for the transformation of3B® BOs units as shown in

equatim (3).113114
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%NaO + BZ = Na + B&s (3)

2.3.3 Chemical dissolution behavior of glasses

All dissolution experiments were monitored for pH and B, Na, and Si concentration
in reacted solutionsTable S1 and Saresents 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 experimentsOyiEilB.75,
B-37.5, and B56.25 were conduatefor 336 hours, whereas the experiments wHR5B
were conducted up to a maximum of 24 hours due to substantially faster dissolution rates.
In the case of B56.25 and Br5, the samples were completely dissolved at the end of the
14-day experiments, whicts 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 th experiment, complicating its interpretation. As a result, we focus our
discussion on dissolution behavior of theOBB-18.75, and B37.5 glasses. We have
separated this section into the following subsections: (1) pH and elemental release rates,
(2) reldionship 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 inTable S1 the pH increses for each sample, with the most rapid
increase observed for binary sodium silicateOjBglass samples. The pH for theOB
sample increased from 5.8 to ~10 after 1 hour of immersion in deionized water, and

continued to increase to ~10.7 after 12 hodiisnonersion. The observed pH increase for



a7

the B-0 samples occurs because of an increase in the dissolved Na concentration. Sodium
is being preferentially released in the annealéddddmples, evident by the greater than 3
increase in the normalized Naaase (80.7 +0.5 gfnin comparison to Si (26.6 +2.8 g/

after 6 hours of immersion in deionized water. The preferential release of Na is the result
of an iorexchange reaction mechanism, where Na ions are being exchanged by dissolved
hydrorium ions in the glass structuré®>!1® The aforementioned conclusion is also
supported by the absorption band at ~1226 amthe FTIR spectra of reacted®A and

B-0-Q glass samplef~igure 2.5a) suggesting the formation of ai®H-rich hydrdion

layer on the glas surface® The highetwavenumber regions of the same FTIR spectra
shared inFigure 25b and 2.5c also show the development of bands at ~1638 and

~3350 cmt, associated with ¥ bending modeand OH stretching, respectivefy/ This

is consistent wit the formation of hydrated silica gel like layed BO1 Na + HO" #

[ Sii OH + Nd + H.0) resulting from the exchange of hydronium ions for Na, typically
characterizé as Stage | of glass corrositi In comparison to the 8 samples, the
solution pH for B18.75 and B37.5 samples increased from 5.8 to ~7.5 after 1 hour and up
to 9.5 after 12 hour¢Table S1) The difference in the magnitude of the pH increase
between glass compositions with and withbaron 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, @nddarions are

being preferentially rekesed slower in these glass compositions relative to the sodium
silicate composition because Na ions that were originally present at-8ridgmg oxygen

sites in the glass structure are now serving to charge compensate for tl@iBOA

comparison ofhe average normalized loss for B (17.2 +3.9%yand Na (16.8 +2.6 g/fn
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for the annealed B8.75 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/n?) is being released xJaster than Na (155.6 +10.7 ginfrom the B37.5A

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. Similarsregerée
obtained for the splajuenched BL8.75 and B37.5 analogueéTable S2) These results
suggest that both processes may be occurring, and they are directly related to changes in

glass composition and structure.
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Figure 2.5. FTIR spectra of glass B-A before and aftt
immersion in deionized water for 1 h, and 14 days.
With regard to impact of thermal history on the dissolution behavior of glasses, in
the binary sodium silicate glass-(B, Si isbeing released 23faster from quenched (74.1
+11.5 g/n?) as compared to its annealed (3821 g/nf) analogue after 12 h, while Na
release occurs 1.1x faster in quenched than annealed @4i4.5s. 133.5+0.7 g/fh

during the same immersion time. Slanly, B-18.75 shows 16 (63.4+6.9 vs. 43.5 £3.9
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g/m?) and 1.& (73.8:5.9 vs. 41.4 +2.9 g/fnfaster Si and Na release from sglaenched

vs. annealed glasses after 12 h of immersion. However, thermal history had minimal impact
on the dissolution behawi of Si and B from glass-B7.5. The normalized mass loss of Si
from glass B37.5A was 73.6t 9.3 g/nf versus 99.1 + 12.4 gfor B-37.5-Q after 6 h of
immersion in water, thus, demonstrating the equivalent normalized loss for the quenched
sample. Howeer, with increasing immersion time to 12 h, the Si normalized mass loss
was measured to be 90.0 + 19.4 §amd 125.4 + 5.0 g/Afor B-37.5Q and B37.5A,
respectively, depicting slightly slower degradation of the quenched sample in comparison
to its annaled 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 + 023 g2nn: 200.8 + 3.8 g/fnfor

both quenched and annealed samples. For boron, both annealed and quenched samples
showved almost equal NL after 12 h of immersion in water, for example, 271.5 + 1.1 g/m
after 12 h, and 269.9 + 0.9 ¢fafter 24 h, thus, showing minimal impact of thermal history

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

for quenched vs. annealed glasses has been verified to be statistically dissimifak with
0.05.

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

To calculate the normalized dissolution rate, #veraged normalized loss data
were plotted as a function of tinfBigure 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 exangiléhe regression is displayedfigure2.6
for the glass B)-A and the corresponding rates are provideBable2 4. These fits should

only be considered estimates, since (many of) the curvedrigkee 2.6, showed some
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evidence of nonlinear releasad a norzero 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 ell-described in the literaturé®?°Similar to the normalized loss, the average
fitted rete of Na (4.1 g/[rhh]) is higher than Si (2.5 g/[hh]), indicative of preferential Na
extraction. Further, it igvell known that for borosilicate glasses dissolved under alkaline
conditions, oneaunit increase in pH can result in as much as one ordea@hiude increase

in the normalized dissolution rat&!22Due to this significant influence of pH on the rate

of glass dissolution, direct comparison of the annealed and quenched sanddfesult
because the pH evolution for the individual experitaemas differen{see Table S1 and
S2).Therefore, to evaluate the influence of structure on the normalized dissolution rates,

all rates were adjustad a pH of 9.0 using equationt31

logiorr = logiori + h(971 pHy) 3)
In equation 3rr is the pHadjusted rate in g/(fh), r, is the unadjusted rate in g/i), h

is the pH power law coefficient, and plit the measured pH of test solution. Here we
assumed a typical literature value for the pH pelaer coefficient 0of0.40 for all glass
compositiong??For example, the glass®A had an unadjusted Si normalized dissolution
rate of 2.5 g/(rhh) at an average pH of 10.6 0.3 and an adjusted dissolution rate (at pH
9.0) of 0.6 g/(Mh). Table2.4 presents thenadjusted and piddjusted rads for B, Na, and

Si. Briefly, the pH adjustment resulted in a change in normalized loss rate betwaefx1.2

in magnitude. These results have been discussed in detail in the discussion section.
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Table2.4. Average unadjusted and pitljusted release rate (g/frh]), 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.

Unadjusted Release Rate, g/(th) 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+x1.2 4.9+0.6 | 0.004 0.043 0.011
B-375 | 9.2+0.1 | 19.6+0.8 9.8+0.2 16.7+0.6| 20.1+0.6 6.6+2.2 13.740.3| 0.274 0.088 0.012

pH-Adjusted Release Rate, g/(fm) 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 27+0.1 2.3+01 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

Note: The valie ofp < 0.05 depicts that the change between dissolution rate of a particular
species from annealed vs. quenched glass is significant.

200

B-0-A
—~ Na A
g 150 -
< A
wn
o
—
- 1004
N i
= Si
£
o 50+
prd

0 T T T T T T T T
5 10 15 20 25

Time (hours)

Figure 2.6. Normalized loss of glass®A as a function «
immersion time in deionized water (up to 24 hours), f
linearly to determine initial dissolution rate of each elen
Each data point represents the average of two repli
experiments.



52

2.4 Discussion

The?°Si and*B 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 stictural 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 pHadjusted rates for B, B-18.75, and B37.5 for both the annealed and quenched
sample. Figure2.7 shows the pkadjusted normalized dissolution rate based on Na and Si
release as a function of experimentaDBcontent. The results show that the dissolution
of B-0-A and B0-Q glasses are nearly equivalent, wit®-8 being slightly lowertan B
0-Q. This is not surprising, given the slightly higher concentratia@*afnits in B0-A in
comparison to B-Q.

The degradation rate of Si from glassl8.75 (both annealed and quenched) is

considerably higher when compared with glas8 @espitesignificant increase in overall

15
®  Annealed -
® Quenched
a o
& 104
£
2
‘©
2,
)
T 5
o
°
|
2
0 ] ! ] ! ]
0.00 18.75 37.50

(a) B,O, (mol. %)



53

10
B Annealed
® Quenched
]
?
=
IS
= 54 o
n,
O
'.('_U‘ o
nd
[
[ ]
0 I ! I ! I
0.00 18.75 37.50
(b)

B,O, content (mol. %)

Figure 2.7. pH-adjusted dissolution rates of (a) Na release and (b) Si relea
guenched and annealed glasses as a function of their experime@tatdhtent.

polymerization of the borosilicate glass matrix. The increase in release rate for glass B
18.75 may be attributed to the formation af@iB linkages, which have lower resistance

to hydrolysis in comparison toiSDi Si bonds (resistance to hydrolysisi Gi Si > Si Oi

B > Bi Oi B).*?* With reference to impact of thermal history, the annealed glass corrodes
at a significantly slower rate than the quenched glask8(B5Q). The most significant
structural change that occurs between tREBEF5A and B18.75Q tha 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 €N77.6% for B18.75A) versus the
guenched sample ¢ 69.7% for B18.75Q). The increased fraction of tetrahedral boron
induced by annealing Aconsumeso swithlaal i t
accompanying decrease in the amount of alkali available to @rmith 1 NBO on Si

(equating to a measured increase of ~5 % iQSspeciation) The substantially more
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polymerized network in the annealedl1B.75A glass resulted in a 1x5decrease in the
normalized dissolution rate.

As discussed above, thermal tbiy had minimal impact on the dissolution
behavior of glass 87.5. It follows that the fitted dissolution rates of Na and B in this
composition were quite similar for both annealed and quenched ana{dgb&=.4). This
can be attributed to the rathsignificant change in the borate and silicate structural
speciation in this glass as a function of thermal higfdaple2.2 and Table.3). That said,
the fitted release rate of Si for glass3B.5A (8.0 g/(nf h)) was calculated to be k5
higher thanits quenched (5.8/(n? h)) counterpart. At this time, we cannot fully explain
the observed Si rate for the annealed sample Hebxghigher 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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2.5 Implications of understanding dissolution behavior on design of borosilicate
based bioactive glasses

First generation biomaterials were developed to be asnbib as possible to
minimize rejection by host tissues. Secaaheration 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 partsoaolyfHeeb
concept of thirdgeneratiorbiomaterials 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 requifedliving tissues regnerationt?> Resorbable
bioactive glasses are a subset of thgeheration 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 respes, such as geegpression of human
osteoblasts® promotion of angiogenesf® and inducing insulidike growth factor II
MRNA expressiofi?’ 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, gaogvating, bioactive glasses with controlled
release of fuctional 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
compositiong®40:63.64.18129qwever, 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
compositim-dependent models is still uncertal®”’ the models correlating the molecular
structure of glasses with their dissolution babaare still in their infancy3!

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 disatdution
of the studied glasses y5x to 3x 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 strusftgtesses by using
M/V ratio as proposed by Macon et*alTherefore, these parameters should be considered
in conjunction with those proposed by Macon et°and Fagerlund et &%:°* while
designing a unified approach for assessment of in vitroldisso behavior and bioactivity
of glasses.

From the perspective of structural design of bioactive glasses, most glasses have been
traditionally designed empirically using tHahd-error experimentation, the latest example
being a borate based glass;IB3, wherein all the Si©was replaced with £3 in a
silicate glass named 498.” However, with the advent of third generation biomaterials, it
is becoming difficult to design novel glass compositions using traditional empirical
experimental techniquest follows that a deeper level of conceptual understanding
regarding the compositibstructuréproperty relationships in these glass systems is
required. Successfully accomplishing this goal will represent a leap forward in the design
of glasses with conthed 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
potertial energy functions over a broad range of bioactive glass compositions. This
information can be used further in chemmformatics methods to develop Quantitative
Structure Property Relationship (®Pmodels for glass dissolutid@t
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 bororcontaining bioactive glasses. Accordingly, a series of model bioactive
glasses vth varying thermal histories in the 25p@&xB>03-(75-x) SiO» (x varies between
07 75 mol.%) system has been studied for its molecular structure (usingNW/A&g and
dissolution behavior in deionized water. It has been shown that the methodology of
guenching of the glass melt impacts the dissolution rate of the swidssks byl.5x to
3x 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 moleaittaicture 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 dissolutiooron-containing bioactive
glassed which includes maintaining consistent thermal history, uniform glass particle size
range, and following SA/V approaghallows us to gain a new level of conceptual
understanding about the compositistiucturé property réationships 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 ri¢oitedkaline aqueous regime
owing to its relevance in the fields of nuclear waste immobilization and biomaterials. However,
understanding the corrosion of silicdtased glass chemistries over a broad composition space in
the acidic pH regime is essential for glass packaging and towegmseglectronic display industries.

A thorough literature review on this topic reveals only a handful of studies that discuss acid
corrosion of silicate glasses and their derivativéisese include only a narrow set of silichgesed

glass chemistries. Althugh the current literature successfully explains the dissolution kinetics of
glasses based upon classically understood aqueous corrosion mechanisms, more recent
advancements in atomgcale characterization techniques, have enabled a better understdinding o
reactions taking place directly at the pristine glfe® 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 raisedadimg literature, the present study
focuses on understanding the corrosion mechanisms governing metaluminous (Na/Al = 1) sodium
aluminoborosilicate glasses in acidic environments across a wide compspiios (ranging from
SiOy-rich to BOs-rich compodions), with particular emphasis on understanding the reactions
taking place near the glasliid interface. Using the statef-the-art characterization techniques
including nuclear magnetic resonance (NMR) spectroscopy, Rutherford backscatterag, X
photoelectron spectroscopy (XPS) and elastic recoil detection analysis (ERDA), it has been shown
that stepwise EDs substitutions into nepheline (NaAlSiOglass, although causing ntéinear
changes in glass structure network structural features, leadskiogdy 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., enrichmeit aluminum content upon corrosion through AYQA | (- @eddlution)
implying that dissolutionre-precipitation processes may occur at the gfagsd interface in both

B-Os-rich and SiG-rich glass compositiodsalbeit with vastly dissimilar reaction kinesic

Keywords: corrosion; structure; composition
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3.1 Introduction

The chemical durability of gl asses ma
fundamental understanding is of great concern for indi/saryd academia in order to find
solutions to the problemslevant to the welbeing of humanity and environmetftWhile
the majority of literature on glass corrosion is focused on understanding dissolution
kinetics and mechanisms of silicate glass chemistries in the ri¢oitedkaline aqueous
regime owing tots relevance in the fields of nuclear waste immobilization (where the
conditions in geological repository are expected to vary between ri¢oitraghly
alkaliney and biomaterials (as the pH of the human body fluids varies between neutral to
slightly alkdine),® understanding the corrosion of silicdtased 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
packaing 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 caftmmolic (nor
dairy) drinks ranges from 2 to 7, with a significant portion (>90 %) being at pHSirce
many of these drinks are packed in glass bottles/containers, it becomes imperative to
understand the corrosion of silicate glasses in acidic environments. Sinwartow
glasses are often packed with acidic interleaf materials to buffer against ajidline
corrosion during storage, but this acidic material can also facilitate leaching interactions in
the presence of moistuf&Vhile the majority of the container amdndow glass industries
rely on conventional sodame 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-nentral pH duringlteir service lifetimé. Glasses for
display applications also require knowledge of dissolution behavior of glasses in acidic
environments. For example, cover glasses used as the outer contact surfacesufremich
electronic displays are designed primarily in®&K20)i Al2Osi B2Osi (P20s)i SiO2
systems, where they typically encounter pH varying between 2.5 and 6 (pH of human sweat
and skin secretions) during their normal service lifettfideanwnhile, alkalifree glasses

used as the substrates for electronic displays may encaaitéc 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
regimed these include only a narrow set of glass chemistries, with most of them being
vitrified analogues of Si@rich natural mineral$}?° a few being simplified basilicate
based nuclear waste glas$e€ and others being on aluminosilicdiased Eglass!?
Consequently, there is a lack of consensus in the literature on the fundamental mechanisms
of glass dissolution in acidic solutions that applies to a wideposition space. For
example, according to Gislason and OelR&rthe dissolution of basaltic glasses in
solutions (faffrom-equilibrium) with pH varying between 2 and 11 is controlled by a single
mechanism, which includes (i) release of monovalent andletiv metal cations, (ii)
exchange between'th solution and Al in the glass, and (iii) considerably slower removal
of silica from the glass. Berger et #@1gn the other hand, determined that solution affinity
effects play a major role in the dissolutibehavior 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 thaforementioned 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 @dow 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 &F!* looked intothe dissolution kinetics of
feldspathoidbased 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 accordiaghe glass compositidnsuch as the impact of
nonbridging oxygen (NBOs) and i8Di Si vs. SiOi Al bonding upon ion exchange /
hydrolysis rates near thggass fluid interface, etc. along a specific walk of compositions
in the ternary sodium aluminosilicasgstem. Similarly, Knauss et @lstudied 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 gsH rises from acid to neutral environments. Tsomaia ¥teadpanded
upon these findings by performing andapth structural study on the surface of sodium
aluminosilicate glasses at pH = 2, determining that silicate units are released only after
releaseof 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 AIO4Y A | 9 A | s@ransformation or (ii) a kprecipitation mechaism

from solution. More recent developments in understanding the kinetics and mechanisms
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governing glass corrosiénfor both acid and neutréb-alkaline conditiond have
attempted to use the latest advances in atsgate characterization techniques togyate

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 midtep interdiffusion-based mehanism and (ii) the
interfacial dissolutiori re-precipitation mechanism (IDPM¥.The former describes the
mechanism of corrosion as a mdtep process that includes release of mobile glass
modifying cations (such as Nathrough ion exchange with paots in solution to form
hydrated SIOH bonds (forming an intetiffusion layer), followed by the protonation and
hydrolysis of bridging bonds (i.e. 8)-Si or StO-Al) and restructuring of the hydrated
silica network into a gel layer via-molymerizatiorreactions®>2° The IDPM, on the other
hand, suggests that glass corrosion proceeds as animeandg reaction front in which
all bonds at thglas$ fluid interface break and are immediatelyprecipitated to form an
amorphous gel layef. The supersaturated water at the interface not only promotes
alkali/alkalineearth 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??>While the classical intediffusion-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 sibsate gl
corrosion may be more complicated than assumed in either individual mechanisms, with
high dependence upon glass composition and surrounding leaching corfdtiofiBased

on previous findings and questions raised in the aforementioned literairainwto
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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) DoeggalO

layer formation in acid occur by way of a structural transformatiae-precipitation? (3)

Will the established corrosion mechanisingnulti-step interdiffusion mechanism or

IDPM i accurately describe the dissolution behavior of glasses far from thei&O
regime, i.e., glasses withp®z 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@3/SiO; ratio) in acidic solutions (HCI; pH =
2). Accordingly,the glass compositions have been designed in the Z5i Ra Al>Osi X
B20Osi (50-X) SiO (wherex varies between 050 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 chacgenpensate tetrahedral aluminum in the
silicate network®l n t he ab s e n eCebeyorfd thé eguincokars1sl proprtion
to Al.Os, structural complexities such as BOB Q transformation or SNBO 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 stateof-the-art spectroscopic characterization techniques including inductively
coupled plasmd optical emission spectroscopy (I€FES), magic angle spinning
nuclear magnetic resonance (MAS NMR) spectroscopgy$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 structuisfghem
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 ahd Geisler et af2** alongside the
additional literaturg>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
chargebalance between Na and Al (i.e. 208Al.0z3 = 1) while replacing Si@with B20s
in the majority network, per the composition se@Bdla,O- 25 Al,Oz- x B2Os- (50-x) SiO»
(in mol. %, wherex variesbetween D50 in 5 mol% increments). The silicate endpoxt (
= 0) corresponds to the nepheline composition (250N Al.O3-50 SiQ), whose
dissolution rates have been previously vetlidied!!1232 Al glasses were synthesized
using the melguench technique, using higlurity powders of Si@(Alfa Aesar; >99.5
%), HsBOs( Al f a Ae s a03(AcrGs908gares; 99 %l NSIOs (Alfa Aesa; >99
%) and NaCOs ( Fi sher Scientific; 099.5 %) as pre
in 70 g batches and melted irfR crucibles for 42 h in air at temperatures ranging from
14001675 °C, depending on2B3/SiO; ratio in the glass composition. All glasses were
quenched on a metallic plate and cosasaealed at temperatures of T 50 °C, where
Ty is the estimated glass transition temperature obtained from the SciGlass database.
Glasses were labeled accordimgtt he nami n gx0¢ o wxrepmetentsthe i B
batched BOsz concentration (mol.%). The amorphous nature of the glass samples was

confirmed by Xray diffraction (XRD) (PANalyticali X6 Pe r t Bradi £wui Kn ;
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range: 1090°; step size: 0.01313%k The actual concentration of SiQAl,0s, and BOs
in the synthesized glasses was determined by @&S (PerkinElmer Optima 7300V),
while sodium concentration was determined by flame emission spectroscopy (Perkin EImer
Flame Emission Analyst 200)able 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 fronmtiéma of the ~3500 ctabsorption band
in the midinfrared (IR) regiontypical of molecular watet® The IR spectra were acquired
using a singlébounce diamond attenuated total reflectance (ATR) apparatus attached to a
Fourier Transform Infrared spectrometer (FAURA T R, FrontierE, Per ki
scanning resolution 4 ¢ 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 (<45um diameter) using a Simultaneous Thermal Analyzer (STA 8000;
PerknElmer) from room temperature to 1500 °C at a heating rate of 20 °C/min under a
constant flow of nitngen gas. The glass transiti@mperature (J) was deduced from the
inflection point of the endothermic dip in the DSC spectra. Tywealues reported ithis
paper represents an average of at least two thermal scans. After experimental measurement
of the Ty, each glass was-gnnealed at a temperature corresponding to tl@isl °C for
several hours and sleaooled to room temperature until most of thsidual stresses were
removed, as visualized under a polariscope. A detailed methodology used to anneal the

glasses has been described in our previous atticle.
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3.2.3 Bulk structural analysis of preand postcorroded glass samples

The structure of glass (both before and after chemical dissolution) has been studied
using MAS NMR spectroscopy. The MAS NMR spectrd’ad, 1B, and**Na for glasses
and select posalissolution samples were acquired using a commercial spectrometer
(VNMRs, Agilent) and a 3.2nm MAS NMR probe (Agilent). The samples were powdered
in an agate mortar, packed into 3.2 mm zirconia rotors, and spun at 22 kd¥ddand
2IAl MAS NMR, and 20 kHz fo'B MAS NMR. /Al MAS NMR data were acquired at
16.4T(18234Mz resonance frequency) using RF pu
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.>*Na MAS NMR data were collected at 16.4 T (185.10 MHz resonance
frequency) using a 0.6 Os (~"/12 tip angl
resonances. A range of 400 to 1000 acquisitions weiadded, and the recycle delay
between saas was 2 s. ThEB 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 ps)
corresponding to a /12 tip angl e, and si
experimenthconditions, but at 11.7 T (160.34 MHz resonance frequency), were used to
collectB MAS NMR spectra from poslissolution samples. The acquired spectra were
processed with minimal apodization and referenced to aqueous boric acid (19.6 ppm) and
aqueous MCI (0 ppm). Fitting of the MAS NMR spectra was performed using D¥Fit
and, accounting for distributions in the quadrupolar coupling constant, the CzSimple model
was utilized for®Na and?A | MAS NMR spectra. The AQ MA

functions were ugkto fit 3- and 4fold coordinated boron resonances intfBMAS NMR
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data, respectively, aridh was calculated from the relative areas of these peaks, with a small

correction due to the overlapping satellite transition of tfedicoordinated boron pedR.

3.2.4 Sample preparation for glass corrosion tests
3.2.4.1 Glass powder specimens

The glasses wercrushed and sieved to obtain powders with particle size varying
between 300 425 um. 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 ensureghe 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 avetshimgusing FTIR
spectroscopy (as has been described previously). Average-dihressional (3D)
geometric surface area of washed particles was determined using ImageJ software (as
explained in more detail iBtoneWeiss et af) after capturing images of ~10@articles
via an optical microscope (Zeiss Axioskop 40) at ~50X magnification. Experimental
density values (measured using Archi medes?®d
and in dlimonene solution; number of samples = 3, standard deviation <0.069*g
presented in Tabl®.1) were used together with 3D surface area calculations to determine
the specific surface area of the washed powders (4284 mn3/g). Finally, the mass of
glass particles resulting in the desired surface &ig@olume ratio (/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 composiions (B

5, B-25 and B45). Two coupons of ~Ifm x 15 mm dimensions were cut from each glass
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composition using a diamond blade. The polishing of the glass coupons was performed in
accordance with the procedure described in the ASTM G1220 wherein the glass
specimens were ground in acetone setjaynon 120i 600 grit sized SiC sheets, followed

by polishing in a 6 um neaqueous diamond suspension until a mirror finish was acquired.
The thickness of the polished samples was approximately betw&em@. The

dimensions of the polished samples @&vereasured 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 Aesa ACS grade) by immersing 27.0 mg of acetovesshed
glass particles in 50 mL solution, corresponding to SA/V = 25 Al powdeii solution
mixtures were immediately sealed into sterilized polypropylene flasks and placed in an
oven at 35 °C. Experimentanged from 5 minutes to 72 hours. In addition to analyses of
neat (unused) and blank (glefsse) control solutions, all experiments were performed in
triplicate to evaluate the uncertainty of final results. The pH evolution of the solutions was
measured taroom temperature from solution aliquots using a pH meter (Mettler Toledo
InLab® PreISM). Separate aliquots of the corrosion solutions were chemically analyzed
by ICP-OES (PerkinElmer Optima 8300). IESPES detection limits were <0.5 ppm for Na,
<0.2 ppmfor 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),

60 — (1)
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whereC;i is the mass concentration of elemeimnt the solution as detected by KCHES;f;
is the mass fraction of the elemen the glass; an@, is the background concentration
(as determined from blank solutions). Normalized loss data were plotted agassintl
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 preand postdissolution glass specimens was performed. The glass
powders remaining after dissolution experimefi®m section 2.5.1)were rinsed
thoroughly with vater thrice and dried overnight at 65 °C followed by characterization
using XRD and’Al and !B 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 lours, 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 perfeed on monolithic glass coupons in order to
understand the composition and chemical environment of elements within théQapd
of the sample surfacé&doth before and after corrosion processes. The XPS measurements
utilized a Thermo Scientific ¥Alpha equipment, which used a 1486.6 eV monochromated
Al Ky x-ray source to excite core level electrons from the sample. A low energy dual
electron/argoion beam flood gun was used for charge compensation during
measurements. The kinetic energy of the phetisdns was measured using a 180°

doublefocusing hemispherical analyzer with a i&&nnel 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 sutat@mental relative sensitivity factors,
and corrected for attenuation through an adventitious carbonaceous overlayer using a
calculation similar to the method described by Si#fithihe probe depth of XPS, taken to
be three times the inelastic mean fpa¢h 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 erapteposicorroded
glass coupons in order to further evaluate the-sedace compositiomnd hydrogen
content of the corroded samples, respectively. These measurements were carried out using
a General lonex Tandetron accelerator using a 2.0 MeV héam. For RBS, the beam
was oriented normal to the sample surface and the energy of backscéteerons was
measured using a solgtate charged particle detector mounted at 17° with respect to the
sample surface normal. For ERDA measurements, the beam was oriented in a grazing
geometry with an angle of 75° between the incident beam and theesndanal. The
detector was mounted 75° with respect to the surface normal in the specular direction, with
a 40 um mylar foil placed over the active area to block scattered He ions. Hence, only
forward-scattered H ions were able to penetrate the detedterpibe depth of these ion
scattering techniques was approximately 1 pum.
3.3 Results
3.3.1 Glass formation behavior and annealing

The meltquenched glasses were transparent in appearance and XRD amorphous

(as shown in Figure S1). The experimental compositions, as analyzed {38EPshow
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close agreement with batched compositi@is7 %) (see Tabld.1). The water content in
B.0s-containing glasses was estimated to be less than 10 ppm (##%. %).
In order to remove all residual stresses, glasses were anneaI@AeISQt"C for

several hours followed by slow cooling to room temperature (whénef'érs to the onset

point of the enddtermic dip)® 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-dndgr fringes under crogmlarized

inspection.

Table3 1. Experi ment al compositions (within

(Vm), and T of the studied glass series.

Sample Experimental (mol. %) J ] ( N[ vy (0.3 ]
ID SiOz %) %) Te(C)

Na20 Al203 B203 (g/Cm?’) (Cm3/m0|)

B-0 25.1 259 - 49.0 2.458 29.05 839+2
B-5 252 254 5.1 44.3 2.433 29.46 71945
B-10 24.8  26.0 9.1 40.0 2.415 29.94 679+11
B-15 246 266 140 348 2.391 30.54 635+4
B-20 25.0 26.1 192 297 2.369 30.95 591+2
B-25 25.1 260 243 246 2.339 31.54 549+3
B-30 248 260 286 205 2.318 32.00 532+1
B-35 248 257 33.8 157 2.296 32.47 513+1
B-40 25.0 256 38.7 10.7 2.261 33.15 502+1
B-45 24.8 253 447 5.2 2.246 33.58 491+1
B-50 25.2 255 493 -- 2.227 34.11 486+1

3.3.2 Structural analysis of glasses
The density of glasses decreases linearly as a functiof@attBntent, while molar
volume displays a linear increase, as shown in TalileThese trends may be attributed

to the introduction of lower bond density BOnits (as will be shown by MAS NMR
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results) into the glass network in place of higher bond density t8i@hedra. For this
reason, the density of vitreous Si€@mprising a tetrahedral silica network is 2.2 gicm
while thatfor vitreous BOs with cornershaing planar BQtriangles is 1.8 g/cAr®

Figure 3.1a and present thé'B and?’Al MAS NMR spectra of the annealed
glasses®Na MAS NMR spectra has been presented in Figure S2 and fitting parameters
can be seen in Table S1. Since all the glastelied 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 Al@Q or BOs network forming units, in preference to being used to form
NBOs in the silicate network (i.e., isiite units are expected to be entirefl). Gtudies

have shown that aluminum tends to preferentially consumedi&tive to boron in Si@

_/\ 8Os 50

1115 10 5 0 -5 -10
(a) B NMR shift (ppm)
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80 60 40 20 0 -20
(b)  27A1 NMR shift (ppm)

Figure 3.1. (a) 1B MAS NMR and (YAl MAS NMR spectral overla
of studied glasses. Trends according to increasingp®4Bontent) ca
be seen in each plot. The (*) symbol 3fAl spectra represents
background signal from th@tor.

rich alkali aluminoborosilicate glass&s24%4*However, it has also been shown tA&t
vs-B competition for sodium may shift away from Al in favor of B more significantly in
B20s-rich glasse4?*31B NMR spectra shown in FiguBsla display two main resonances:

a broad quadrupoldiroadened peak centered at 14 ppm associatbdB@H units, and a
minor, relatively narrow peak centered at 2 ppm associated wituBi@3. The BQ peak
does not show any significant change in shape with increasiingplying that ring vs.
nontring BOs species maintain similar ratios in the netwokkhile the BQ peak
mentioned is not clearly evident in Sich glasses, this peak becomes more prominent

asx increases beyond 20 mol.% depicting an increasing concentrationafi8®in the

glasses with increasing28s. Table3.2 presents the Nand N fractions in glasses as
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calculated from the fitting of'B MAS NMR spectra. The highestNraction of 6% was

observed in the sodium aluminoborate glass %0).

118 MAS NMR 27A1 MAS NMR % NBO In
Sample ID Network
N3 N4 AlO4 AlOs (Calculated)

B-0 = = 98.7 13 05
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 15
B-20 98.9 11 98.7 13 -0.9
B-25 98.0 2.0 98.5 15 1.0
B-30 97.6 2.4 98.6 14 13
B-35 96.5 3.5 97.5 25 1.2
B-40 95.3 4.7 97.3 2.7 15
B-45 94.6 5.4 95.6 4.4 15
B-50 94.0 6.0 94.1 5.9 1.4

“Note: Negative NBO values displayed occur as a result of lowgd Nantent in the glas

than that necessary to charge compensate &d@or BQ units

Table 3.2. B and Al % structuralspeciation in the glassy network (within £0.5 %), as
extracted from'B and?’Al MAS NMR. Calculated NBO fractions as derived from Al and

B speciation are also shown.

It is important to note that any BQnits shown (experimentally) to develop in the structure

of a metaluminous glass must consumé Maits need for charge compensation, which

consequently is expected to impact Al speciation in the network. In order to explore this,

we also examine@’Al MAS NMR spectra (shown in FiguBlb). At low BOs content,

these pectra display a main resonawentered near 60 ppm (associated with Aléhd a

very minor peak near O ppm associated with a background rotor signal. Th@ed
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shifts towards higheshielding with increased B3 content, which we attribute to a
systematic shift in nextearesineighbor identity as AD-B bonds begin to replace a
predominantly AIO-Si bonded network! In keeping with trends in thEB MAS NMR
spectra of BOs-rich glases, clear changes also occut’td MAS NMR spectra of BOs-

rich glasses, wherein, the development of a peak near 30 ppm associated with AlO
evident. Table3.2 presents the amount of dnd 5 coordinated Al present in the glass
networkas deduced ém the?’Al MAS NMR spectra. While glasses with up o= 30

show aluminum predominantly in tetrahedral coordinationr998%), increase in #3
concentration beyond 30 mol. % leads to a steady rise ig é&@tent up to 6 % in the
sodium aluminoborate gla & = 50), thus, deviating from its expected tetrahedral role in
metaluminous glasses. Although the existence of-do@dinated aluminum units in
metaluminous and p&luminous glasses or glasses with high ionic field strength cations
has been widelyeported?>4°#8 its role in the structugei.e. network former vs. network
modifierd and properties of these glasses is still disputed. While higher @fiveix-)
coordinated aluminum is conventionally considered to act as a network métfifidre
presence of AI® units in the glass structure has been shown to result in an increase in
their glass transition temperatures, melt viscosity, and hartfiw®s$Interestingly, in our
study, with increased®3 content, the fraction of higher coordinateldafd tetrahedral B
units both rise, deviating from the expectation that aluminum tends to preferentially
consume Nafor the charge compensation of Al®efore boron can use them to convert
BOs to BO4. It is evident that in BOs-rich (molar concentratiorof B>Os > SiQy)

met al umi nous gl asses, the t etwapflomdatwark bor o

forming Al units and cause higheoordinated Al species to form.
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I n order to assess sodiumdéds role around
slicate network, we used analyzed compositions and the MtBrmined AlQand BQO

fractions to calculate NBO fractions, per the formula:

WP 0w Ot 6060 O& 0 D a
Y

06 001 Odo Qe+ YR C
In this formda, we assume that one Narms either one B®or one AlQ unit, and that
any excess alkali will begin to form NBOs in the silicate network orf@r-1 basis®
Results of these calculations are given in Ta&hk It is important to note that, in this
assumption, we have not taken into account Al@its 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 networknsoless than

0.1% of NBOs, thus verifying sodiumbs prim

the anticipated high connectivity of these glasses marked bili€te structural units.
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In general an increase in the B3 concentration in the studied glasses, at the

expense of Sigresulted in a significant reduction in their glass transition temperatures, as

shown inTable3.1. However, the variation inglwith increasing B/(Al+Si) molar ratio is

nortlinear, as is eviddrfrom the close agreement between a fitted exponential function

and the experimental data (as shown in Fig.2a)
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Figure 3.2. (a) Tgandaverage Al and B coordination in teeudied glassess a functio
of B/(Al+Si) molar ratio.Tg is displayed on the left axis abdthB and Al coordinatior
are shown on the right axeBhe fit of [ displayed was performed using an expone
function to exhibit its noifinear behavior with compositionb) Fractional display ¢
networkforming species contained in the studied glass series according to B/
ratio, which have been normalized to 100 %.

Since Na/Al = 1 in all batched compositions, it is expected that a variatiofOsiSBO,

ratio will result in a decline inglsince tetrahedrally coordinated Qinits will be replaced

by lessconstrained B@units, leading to an overall reduction in network rigidity. However,
the nonlinear decrease inghown with increasing #3 content in glasses iatriguing

and may be explained based primarily on the following two viewpoints: (i) a gradual shift
in the network topology with varying -Bs/SiO, ratio as tetrahedrally coordinated
aluminosilicate glass network is being gradually converted to an alboraie network
where trigonal B@replaces tetrahedral Si@s the main network forming unit, and (ii) an
increasing average aluminurand boron coordination in the glass structure rO 2 5

compositions).
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The first viewpoint can be argued accordingFigure 3.2b which displays the
percentage breakdown of the glass network into its constituentfgtassg species
(normalized to 100 %). In the studied system, which we anticipate to have negligible NBO
content, this breakdown represents a comprehensive depafidime glass network
evolution in a series of fully polymerized glasses. It is shown that while tetrahedral Al and
Si are present in ne#@tentical quantities at = 0 (nepheline composition), substitution of
B-Os for SiO; leaves AlQ as the primary netwk component fronx = 5 tox = 20, beyond
which BG; units exist as the main network constituen®( 25) . The shift al
from networks rich in tetrahedral Al and Si species to those rich in trigonal B contributes
to a network with less consinés and higher degrees of freedom, thus contributing to
gradual decreases in.T® However, it can also be noted in Fig@2b that concentration
of SiOs and BQ units in the glass structure changes in alimogar fashion as a function
of B/(AI+Si) ratio, similar to what is seen fogin Figure3.2a. For instance, although SiO
fractions initially reduce with a steep negative slope, the magnitude of the negative slope
gradually decreases (as evidenced by ~30 % reductionsxfrottox = 25 and ~20 %
reductions betweex= 25 andk = 50). BQ 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 nonlinear trends in the variation of both Si@nd BQ network fractons may help to
explain the nodinear decrease ingWwith increasing BOs/SiO; ratio.

The second possible explanation for the-tinear trend observed ingTs the rise
in average Al and B coordination, especially in glassesxth 25 mol . %. As eV
the secondary -gxes of Figure3.2a, the average aluminum and boron coordination

(hereafter referred to as <Al> and <B>, respectively) varies betweert2and 3.00
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3.02, respectively in glasses wttO 25 mo | . %Al> ahod 4Bz naeenses from
4.01 to 4.06 and 3.02 to 3.06, respectively, with increasi Bontent in glasses with

O 25 mol.%. It has been wel | gdcontentheadstoe d
an increase in the glass network rigidity and a corresponding increagevaiu&s®>’
However, uncertainty with respect to the impact of <Al> upon network rigidity may be
addressedbased on the gland structural data of glasses in g@mposition systen20
NaOi y Al20si (80-y) B20s3 (y varies between b 25 mol.%) as reported in our previous
publication® The!B and?’Al MAS NMR results on sodium aluminoborate glasses in our
previous article had highlighted a decrease in th&ad¢tionfrom 24 % ¢ =5)t0 8 % ¥

= 25), and for AIQ fraction from 98% ¥ = 5) to 73% y = 25) as shown in Figure S3a.
Ideally, the decreasingsdind AlQ; fractions should suggest decreasing connectivity in the
glass network and thus, a reduced However,the Ty in these glasses was observed to
increase with an increasing concentration of24) as has been shown in Figure S3b. This
was explained to occur due to a rising fraction of-iteerdinated aluminum in the glasses
from 2 % f = 5) to 23 % ¥ = 25),thus, increasing <Al> from 4.0 to 4.3. Similar results
have been reported in the case of glasses in #@ Al.Osi B,Os systen?® and several
alkali and alkalinesarth aluminosilicate glass systetfiés discussed earlier, though the
role of five-coordinaed aluminum in the glass structure is still disputed, these findings
indicate that Al@ units has a reticulating effect on the glass network. Thus, based on our
previous results and the existing literature, the rise in <Al> in glassesWith2 5 mo |
(due to the formation of firveoordinated aluminum) in the present study may also be a
contributing factor (along with the ndmear variation in Si@and BQ units) to the non

linear variation in .
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3.3.4 Chemical dissolution behavior
3.3.4.1. Forward rate ragiei 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 F3g8ae displays NL vs.
time curves for compositios-0, B-5, B-25, B-45, and B50, respectivelyThe 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 attempib 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-excmange / hydrolysis,
and ha varying effects upon drift of solution pH from its initial value:*Keleased from
a glass tends to increase the alkalinity of solution, while alumina species (which exist as
AI®* or AI(OH)s in acidic environments) exhibit amphoteric behavior, dependinthe
acidity of solution and relative concentrations of Al speti@&Meanwhile, the release of
Bd a species which is also released at elevatedrdtas an opposite effect on the pH as
its extraction is tantamount to additions of boric acid to smlutBeyond the initial
buffering capacity of the pH = 2 solution imposed by the 0.01 M HCI 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 balanadiftédrent 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 Figure3.4, which plots measured solution pH as a function of glass

composition (via batched2Bs content); caresponding pH data are listed in Table S2.
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