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ABSTRACT 

The goal of this work was to connect the network structures of phosphate and 

borophosphate glasses to the compositional dependence of properties related to 

biomedical applications. The glasses were characterized by a variety of techniques, 

including phosphate ion chromatography, Raman spectroscopy, and 11B and 31P Magic 

Angle Spinning Nuclear Magnetic Resonance spectroscopy, which provide qualitative 

and quantitative information about the phosphate and borate moieties that constitute the 

network structures. The systematic addition of borate to a phosphate glass initially creates 

tetrahedral borate sites that replace P-O-P linkages with B-O-P linkages, and the 

properties of the resulting borophosphate glasses can be understood by modeling the 

number of bridging oxygen linkages between the borate and phosphate units; there are 

systematic increases in glass transition temperature with increases in the number of 

bridging oxygens per network former. The network structure also affects the dissolution 

rates of the glasses, but the nature of the crosslinking bonds is more important than their 

numbers. The substitution of SrO for CaO also decreases the dissolution rates of both Na-

Ca/Sr-metaphosphate glasses as well as the borophosphate glasses, which are of interest 

for the use in biomedical applications. Finally, the systematic substitution of P2O5 for 

B2O3 in a series of Na-Ca/Sr-borophosphate glasses affects the dissolution rates of the 

glass in simulated body fluid, the pH of the SBF, and the nature of the phosphate phases 

that precipitate on the glass surface. It remains to be seen if these bioactive responses 

could be used to design new biomedical devices. 
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1. INTRODUCTION 

The compositional-dependence of the properties of several different series of 

phosphate and borophosphate glasses, including properties relevant to biomedical 

applications, were related to the molecular-level structures of the glasses, determined by a 

variety of spectroscopic and chromatographic techniques.  Structural models developed 

by Hermansen, Hoppe, and others, were extended to explain the composition-property 

trends. In general, properties were dependent on the relative numbers of bridging oxygens 

that link the neighboring phosphate and borate polyhedra that constitute the glass-

forming network and on the type of metal cation that charge-balanced the anionic 

phosphate and borate sites.   

In the borophosphate compositional series, the initial replacement of P2O5 by 

B2O3 created tetrahedral borate units and reduced the average size of the P-anions that 

constituted the original phosphate-glass structure. Trigonal borate sites were created in 

glasses with greater B2O3 contents, generally near compositions where the O/P ratio 

exceeded 4 and the dominant structural motif changed from borophosphate to borate. The 

structures of the zinc borophosphate (ZBP) glasses described in the Paper section were 

analyzed using the Hoppe model, which considers the availability of terminal oxygens to 

coordinate isolated metal polyhedra in a phosphate network.1 Because boron is able to 

compete with phosphorus for oxygens, the model predictions for B-coordination in these 

ZBP glasses were not as good as they were for predictions of Al-coordination in an 

earlier study of zinc aluminophosphate glasses.2 The structures of the Na-Ca/Sr-

borophosphate glasses described in the Paper section were in general agreement with the 



 

 

2 

model of Hermansen, et al.3, 4 who predicted the transition from a borophosphate network 

to a borate network when the former was saturated with tetrahedral borate sites. This 

structural transition was correlated with a break in the molar volume of the glasses and a 

minimum in the dissolution rates of the glasses in water and in simulated body fluid 

(SBF).  The glass transition temperature (Tg) of these glasses was most dependent on the 

number of network cross-links, through bridging oxygens, between the P- and B-

polyhedra, with the relative fraction of fully coordinated B-tetrahedra having the greatest 

effect on Tg.  A similar explanation can be used for the effect of the B2O3-content on the 

Tg of a ZBP glass.  Replacing CaO with SrO in the Na-Ca/Sr-phosphate glasses described 

in the Paper section decreased Tg and the isokom temperatures, an effect best explained 

by the lower field strength of the Sr2+ ions producing weaker ionic bonds between 

neighboring metaphosphate chains.  There was no systematic effect of the type of 

alkaline earth on the Tg of an Na-Ca/Sr-borophosphate glass.  

The dissolution characteristics of the Na-Ca/Sr-metaphosphate and -

borophosphate glasses were studied in detail.  The metaphosphate glasses were developed 

to produce bio-soluble fiber waveguides that were intended for implanted therapeutic and 

diagnostic devices that could be eventually resorbed by the body. The replacement of 

CaO by SrO increased the refractive index of the glasses in ways suitable for creating 

core-clad optical waveguides.  Their dissolution rate in water decreased systematically 

when SrO replaced CaO and this was related to a decrease of the electronic asymmetry 

associated with the P-tetrahedra that constitute the metaphosphate chains, as indicted by 

the systematic changes in the infrared and Raman spectra of the glasses.  The linear 



 

 

3 

dissolution kinetics were used to model the optical transmission characteristics of a fiber 

waveguide in a phosphate buffer solution. 

For the Na-Ca/Sr-borophosphate glasses, the dissolution rates depended on 

several competing factors.  The initial replacement of P2O5 by B2O3 decreased dissolution 

rates by several orders of magnitude, and this was related to the creation of tetrahedral 

borate sites that connect phosphate anions into a borophosphate network.  The resulting 

smaller phosphate anions themselves are less soluble than long anions, like those from 

the metaphosphate glasses described in the Paper section.  At the transition from a 

borophosphate network to a borate network with the further replacement of P2O5 by 

B2O3, the dissolution rates increased significantly because of the rapid hydrolysis of the 

borate network. The replacement of P2O5 by B2O3 increased the solution pH when boric 

acid, a weaker acid than phosphoric acid, was released to solution, and the dissolution 

kinetics of both phosphate and borate glasses are slower in pH neutral and basic solutions 

than in acidic ones. Finally, the precipitation of phosphate phases on the surfaces of the 

borophosphate glasses, in reacted in both water and in SBF, affected the release rates of 

ions from the dissolving glasses.  The nature of the phosphate phases that formed on the 

surfaces of these reacting glasses, and their dependence on local pH, affects their use for 

biomedical applications.5–7  

  



 

 

4 

2. LITERATURE REVIEW 

This literature review is intended to provide a general description of simple 

phosphate, borate, and borophosphate glass structures. The use of borate and phosphate 

glasses in biomedical applications are discussed. The compositional dependence of 

structure and the resulting effects on material properties are also described, with 

particular emphasis on the dissolution properties of these glasses. 

2.1. GLASSES IN BIOMEDICAL APPLICATIONS 

Bioactive silicate-based glasses were first developed by Hench in the late 1960s.8 

Glass is ideal for use in biomedical applications due in part to the fact that it can be 

produced in several different forms, from spheres to powders to a cotton-wool-like 

scaffolds.9 Spheres are used in a product called TherasphereTM, which is a yttrium doped 

aluminosilicate composition that has been used to increase the median life expectancy 

from 244 to 649 days and 64 to 302 days for Okuda stage I and stage II patients, 

respectively.10 Additionally, glass spheres have also been reacted in a phosphate solution 

to produce hollow HAP microspheres, which have been shown to encourage bone 

regeneration.11 Glasses in powder form (NovaMin) are utilized in toothpaste as a way to 

repair teeth by creating a HAP-like layer across exposed dentine and have also been used 

in bio-inks for the 3D printing of scaffolds.12,13 Wound healing products made of cotton 

wool-like scaffolds like MIRRAGENTM Advanced Wound Matrix are used to promote 

vascularization, penetration of cells and transport of nutrients throughout the scaffold in 

order to heal chronic wounds.14  
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Glasses are considered bioactive if hydroxyapatite (HA), a component of tooth 

enamel and bone, forms upon the surface of the glass when it reacts in physiological 

environments (in vitro or in vivo).8,15-17 Borate-based glasses, like the 13-93B3 

composition, have faster reaction rates.16,18,19 and were found to be useful for drug release 

applications and promoted stem cell proliferation and differentiation in vitro and tissue 

infiltration in vivo.19,20 Phosphate glasses have also been developed for biomedical 

applications, due in part to their chemical similarity to bone composition. Additionally, 

the solubility and bio-compatibility of phosphate glasses can be controlled by 

composition, and phosphate glasses have a relatively large glass forming region, so 

materials specifically tailored for biological applications can be designed.21-24 

Particularly, phosphate glasses and other bioactive glasses are also being investigated for 

the delivery of antibacterial ions and for tissue engineering.15,16 

2.2. GLASS STRUCTURE 

2.2.1. Phosphate Glass. Phosphate glasses have structures based on networks of 

phosphate tetrahedra that link to form anions through bridging oxygens.25 These anions 

can be quantitatively described using the Pn notation, with n being the number of 

phosphate tetrahedra in the anion. These networks can also be classified by considering 

the types and relative concentrations of different P-tetrahedra using the Qi notation, 

where i is the number of bridging oxygens (i = 0, 1, 2, 3) associated with each 

tetrahedron. For example, a P3 anion has three P-tetrahedra, one Q2 tetrahedron that links 

two Q1 tetrahedra. The size of a phosphate anion decreases with increasing oxygen-to-

phosphorus (O/P) ratio. This ratio is conventionally used to compare and characterize 
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glasses over a wide compositional space and can be varied through the addition of other 

oxide components to the glass composition.25 All these notations are summarized in 

Figure 2.1. 

 

 

Figure 2.1. Demonstration of the notations used in describing phosphate glass structure.25 

 

Phosphate glasses can be organized into different classifications based on the O/P 

ratio (Figure 2.1): ultraphosphates (2.5<O/P<3), metaphosphates (O/P=3), 

polyphosphates (3.0<O/P<4.0), pyrophosphates (O/P=3.5), and orthophosphates 

(O/P=4.0).25 The categorization of phosphate glass compositions into sets based on 

structural units is one way to understand composition-property trends. When metal oxides 

are added to a phosphate glass, the additional oxygen is incorporated into the phosphate 

network as nonbridging oxygens, producing shorter anions with increasing O/P ratios. 

Because of this, phosphate glasses can have a wide variety of structures, from a fully 
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cross-linked network like vitreous P2O5 based on Q3 tetrahedra, the polymeric structure 

of long Pn-anions (n>50) found in metaphosphate glasses, to short (n≤2) pyrophosphate 

and monophosphate units in glasses with O/P≥3.5. 

 

 

Figure 2.2. Example HPLC chromatographs of zinc aluminophosphate glasses with 

different O/P ratios (a) and a similar O/P ratio (b).26 The labels in top right corner of each 

chromatograph identify the glass composition and the O/P ratio (ZnO-Al2O3-P2O5_O/P). 

 

Sales et al.27 established procedures for characterizing the structures of phosphate 

glasses using High Pressure Liquid Chromatography (HPLC). HPLC chromatographs 

provide information about the distribution of phosphate anions and the average phosphate 

anion size, for glasses with O/P>3. Glasses are dissolved in solutions that minimize the 

hydrolysis of the phosphate anions, and an assumption is made that the distribution of 
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anions analyzed in solution is representative of the anion distribution in the original glass. 

A typical set of chromatographs from glasses with a wide range of O/P ratios is shown in 

Figure 2.2. 

Peaks in the chromatographs from left to right represent phosphate anions with 

increasing numbers (n) of tetrahedra, P1, P2, P3, and on to Pn, released from the 

chromatography column after longer retention times.27 The broad hump near 20 minutes 

in the chromatograph from the O/P = 3.05 glass is due to the continuous release of longer 

anions (n>12) that cannot be resolved by the HPLC system used.19  HPLC cannot provide 

quantitative information about the structures of ultraphosphate glasses because the 

hydrolysis of Q3 tetrahedra during the preparation of the chromatographic samples 

changes the P-anion distributions in the solutions from those in the original glass. 

The properties of phosphate glasses also depend on the coordination environments 

of the metal cations that modify the glasses. Hoppe has shown that the number of 

terminal (nonbridging) oxygens per metal cation (NTO) is related to the coordination 

number of those metal cations (CNMe).28 For a binary phosphate glass with the molar 

composition x(Me2/vO) (1-x)P2O5, NTO can be calculated from:  

 

 𝑁𝑇𝑂 = 𝑣(𝑥 + 1)/𝑥 [2.1] 

 

In Equation [2.1,  is the valence of the Me+ cation. When NTO ≥ CNMe 

(structural range I), isolated metal polyhedra are incorporated into the phosphate glass 

structure. With increasing Me2/vO content, the average coordination number of these 

polyhedra can decrease with decreasing NTO to remain in isolated sites. When a minimum 
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value in CNMe is reached, and so NTO < CNMe, then there are insufficient TO for the metal 

polyhedra to remain isolated and so those polyhedra must form a Me-O-Me subnetwork 

by sharing TO on the phosphate anions (structural range II). For many phosphate 

systems, there are breaks in the composition-property trends at the onset of the formation 

of the metal polyhedral subnetwork, as seen, for example, by the minima in packing 

densities for different binary phosphate glasses shown in Figure 2.3.29 

 

 

Figure 2.3. The packing densities of binary zinc (open triangles), magnesium (closed 

triangles), calcium (closed circles) and barium (open squares) phosphate glasses (MeO-

P2O5) plotted against the molar ratio (n[MeO]/n[P2O5]).29 Dashed lines are a guide to the 

eye. The lines indicating the transition between structural ranges are included for the 

purposes of this review and indicate the expected minima positions at 0.33 (green), 0.5 

(blue), and 1.0 (red) for barium, calcium, and zinc and magnesium phosphate glasses, 

respectively. 
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Figure 2.4 demonstrates the effect of the changes in modifier coordination on 

density and glass transition temperature for lithium, sodium, and, less strongly, cesium 

ultraphosphate glasses.30 The average coordination in both metaphosphate and 

ultraphosphate glasses31,32 have been found to be tetrahedral and in the range of 4-5, 

respectively. For sodium, the coordination number is approximately 5.33,34 Using 

Equation 2.1 and these coordination numbers, the transition from structural region I to 

structural region II is estimated to occur around 20-25 mol% for Li and Na 

ultraphosphate glasses, which is where the density and glass transition temperature 

minima occur. The coordination environment of cesium is not as well known, but based 

on the trends in Figure 2.4, the Cs+ coordination number is estimated to be 6.35 

 

 

Figure 2.4. Density (left) and glass transition temperatures (right) of sodium, lithium, and 

cesium ultraphosphate glasses. The local minima in the properties indicate a transition 

from structural range I to structural range II in Hoppe’s structural theory.35 Yellow bars 

indicating the estimated transition between structural ranges based on 2.1 are used as 

emphasis for this review. 
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As the modifying metal oxide content is increased, the density and glass transition 

temperatures decrease due to the Q3 network expanding to longer, weaker bonds to 

accommodate the additional cations. Once the modifier content has surpassed 20 mol %, 

the transition from structural range I (NTO ≥ CNMe) to structural range II (NTO < CNMe) 

occurs, and therefore the alkali polyhedra must share TOs through corners and edges of 

Q2 and Q3 tetrahedra, increasing the density and glass transition temperatures through a 

tighter, stronger glass network. Through compositional modifications such as these, the 

solubility of phosphate glasses in aqueous solutions can be tailored to obtain a wide range 

of ion release rates, and will be discussed further on in this review.36  

2.2.2. Borate Glass. A local minima or maxima can be observed in several 

properties of borate glasses due to the increase and subsequent decrease in cross-linking 

with increasing modifier content, and is described as the borate anomaly.37 Figure 2.5 

demonstrates the these changes in borate structure, estimated by Shelby in 1983, and the 

effect on glass properties.38 Because of the borate anomaly, many alkali borate property 

trends are plotted as a function of the alkali content or quantity of BØ4
- units.  

The structure of vitreous boric oxide is based on trigonal borate units (BØ3) with 

bridging oxygens (Ø) that link to neighboring trigonal units. A large fraction of these 

trigonal units, 60-70%, form planar boroxol rings.39 With the addition of metal oxides to 

B2O3, the additional oxygens are initially incorporated into the borate network by 

converting borate triangles to borate tetrahedra, ((BØ4)-) which are charge-balanced by 

the metal cations. The associated changes in glass properties, including increasing glass 

transition temperatures, decreasing thermal expansion coefficients, and slower dissolution 

kinetics, are expected from the increasingly cross-linked borate glass structures.40-43 
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Figure 2.5. The borate anomaly as demonstrated by the formation of the different borate 

groups as modifying oxide is added (top left), and the resulting property trends in glass 

transition temperature (top right), dilatometric softening point (bottom left), and 

coefficient of thermal expansion (bottom right).40 

 

When the O/B ratio reaches about 1.75, viz., the diborate composition, further 

additions of metal oxide create B-triangle with nonbridging oxygens and these replace the 

tetrahedral sites, reducing the extent of cross-linking in the borate network, with 

associated reversals in the composition-property trends. Equations 2.2[2.2] and 2.3 are 

used to calculate the relative fractions of borate tetrahedra that constitute the structures of 

xR2O-(100-x)B2O3 glasses for x≤33.3 and for x≥33.3, respectively:44  
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 𝑁4 =
𝑥

100 − 𝑥
  [2.2] 

   

 𝑁4 =
300 − 4𝑥

500 − 5𝑥
 [2.3] 

 

 

Figure 2.6. 11B MAS NMR spectra of various alkaline borate glasses of the composition 

Me2O:B2O3 = 0.2.45 The blue and red boxes highlighting features attributed to the 

trigonal and borate species, respectively, are added for the purposes of this review. 

 

11B Magic Angle Spinning Nuclear Magnetic Resonance (MAS NMR) is a 

common tool used to quantify these borate anions that constitute glass structures. A 
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typical set of these spectra39 for several alkali borate compositions are shown in Figure 

2.6. Three coordinated boron sites—denoted by the blue highlighted area—typically have 

a substantial quadrupole coupling constant (CQ ≈ 2.6 MHz), which translates into the 

broad quadrupolar peak from 5 to 19ppm in the spectra.46-48 In contrast, the peaks from 

approximately -2 to 3ppm indicate the presence of tetrahedral borate structures,46,49 are 

narrow due to relatively high site symmetry, resulting in a significantly lower quadrupole 

coupling constant (CQ ≈ 200 kHz) as indicated by the red highlights, respectively. The 

doublets observed in the cesium and rubidium spectra are due to two distinct (BØ4)- 

species arising from medium-range order.50 

2.2.3. Borophosphate Glass. B2O3 has been added to phosphate glasses for 

various reasons, including the enhancement of chemical durability, increasing ionic 

conductivity, and improving non-linear optical properties.51-55 Christensen et al.52 used 

11B and 31P MAS NMR to investigate the effects of composition on the structures and 

properties of alkali borophosphate glasses. 

The 11B MAS NMR spectra of the glasses shown in Figure 2.7 demonstrate that 

tetrahedral borophosphate units, B(ØP)4, assigned to the symmetric peak near -5 ppm, 

form with the initial addition of B2O3. At greater concentrations, a second tetrahedral 

peak is evident at lower frequencies and assigned to borate sites with at least one borate 

polyhedron as a nearest neighbor.55-59 Trigonal borate species are assigned to the broad, 

asymmetric feature between 10 and 15 ppm in the spectra from glasses with borate 

fractions of x≥0.5, and in the phosphate-free glass (x=1). Trigonal units constitute about 

half of the borate network, along with the tetrahedral borates, B(ØB)4, as expected from 

Equation 2.3.   
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In the 31P MAS NMR spectra of the glasses shown in Figure 2.7, only phosphate 

structures having two (Q2) and three bonding oxygens (Q3) were identified by 

Christensen et al., except in the spectra for the x = 0.9 composition, in which the small 

peak at approximately 15 ppm denotes the presence of Q1 species. This indicates the 

propensity for large changes in shifts over compositional spaces. 

 

 

Figure 2.7. Representative borophosphate 11B MAS NMR spectra (left) and 31P MAS 

NMR spectra (right) from 0.35Na2O + 0.65[xB2O3 +(1 − x)P2O5] compositions.52 Peak 

demarcation is used as emphasis for this review. 

 

Christensen et al.52 noted the formation of a borophosphate tetrahedral network 

with the preferential association of alkali ions with the minority glass former. The 

formation of tetrahedral borate anions linked to the phosphate anions was consistent with 
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the theory that heteroatomic B-O-P bonds are more energetically favored59 and were 

responsible for increased glass transition temperatures and durability and decreased 

coefficient of thermal expansion (CTE), when B2O3 was added to a phosphate glass.51-55 

An increase in chemical durability has been observed in studies where borate has been 

added in amounts as small as 1.25 mole percent to phosphate compositions.60  

2.3. GLASS DISSOLUTION 

2.3.1. Phosphate Glass Dissolution. The dissolution of phosphate glasses can be 

divided into two mechanisms: hydration and hydrolysis.36,61 Hydration, the first step in 

dissolution, is an ion exchange process or diffusion of water into the network, in which 

the weakest bonds, between the NBO and metal cations, break first.36,62 Ion exchange 

across the hydration layer and water penetration is dependent on the surface 

concentration of the interdiffusing ion, multicomponent interdiffusion coefficient, and the 

exchange potential at the exchange site.63 The initial hydration rates are determined by 

the fraction of NBOs and the concentration of mobile ions (i.e. Na+, Ca2+, etc.).64 With 

the depletion of alkali ions, intact phosphate anions are released into solution.27  

Once the phosphate species have been hydrated and released into solution, 

hydrolysis—the cleavage of phosphorus to oxygen bonds—can occur (Equation 2.4). 

Phosphate chains have been found to be more stable in a basic pH environment, whereas 

phosphate rings are more stable in acidic conditions.36,65 Additionally, longer chains 

hydrolyze more rapidly, and the rate of hydrolysis is also increased by the presence of 

alkali ions in solution.66 In the former, the average charge on a NBO increases as a 

phosphate anion shortens, which results in an increase in average bond strength between 
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the metal cations and phosphate anions.67 The latter can be linked to the pH of the 

leachate solution, which decreases as the phosphate chains are broken down into 

orthophosphates. A reaction (Equation 2.5) occurs between the alkali species in solution 

and a NBO oxygen site on a phosphate tetrahedron, releasing more H+ ions into 

solution.68 

 

 𝑅 − 𝑃 − 𝑂 − 𝑃 − 𝑅 + 𝐻2𝑂 → 𝑅 − 𝑃 − 𝑂𝐻 +𝐻𝑂 − 𝑃 − 𝑅 [2.4] 

 

 𝑅 − 𝑃 − 𝑂𝐻 +𝑀 → 𝑅 − 𝑃 − 𝑂𝑀 +𝐻+ [2.5] 

 

Initial studies on alkali metaphosphate glasses by Bunker et al. established that 

the first stage of dissolution was controlled by surface hydration after observing a square 

root of time dependence (t1/2) for weight loss.36 The second stage is the hydration of 

intact polyphosphate chains from the glass surface and follows a linear time dependence. 

These stages can be observed in Figure 2.8. The dissolution rate in both stages is 

dependent on the solution pH and the concentration of other ions in the solution. In this 

case, with congruent dissolution, all the glass constituents are released from the glass at 

the same time, and the absorption and coprecipitation of the constituents is negligible, 

since solubility limits are not exceeded. Bunker concluded that the thickness of the 

hydrated layer would be controlled by the average chain length of the phosphate anions 

and remain constant with time.36 

After this square root of time dependence dissolution mechanic was not observed 

in a few other studies, it became clear that dissolution kinetics are affected by several 



 

 

18 

other factors, including the surface topology and layer formation, saturation effects, 

solution chemistry, and the ratio of glass surface area to solution volume.23,69 Delahaye et 

al. suggested that the t1/2 time law in Bunker’s model was due to a modification of the 

hydrated layer and increase in the electrostatic interactions between polyphosphate 

chains, resulting from an increase of the ionic strength of the solution and decrease in 

dissolution rate.69 Additionally, it was shown that the developed hydrated layer of 

metaphosphate glass in an acidic solution has the same composition and structure as the 

surface of a pristine glass, and the dissolution reactions of the hydrated layer are affected 

by the metal chelating structure of the phosphate anions.70 Moreover, work on alkali 

polyphosphate glasses by Lina et al. confirmed the dependence of dissolution kinetics on 

solution chemistry, as dissolution rates increased when leachate solution was 

replenished.71 

 

 

Figure 2.8. Log (weight loss) over log (time) for glass of the composition 30Na2O‒

20CaO‒50P2O5 at 20°C and pH = 3 (HCl).36 
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Orthophosphates in solution, the products of hydrolysis, react with alkali ions, 

particularly calcium, in the solution to produce various species, several of which 

precipitate. The pH environment has an effect on which of these form. For example, 

amorphous calcium phosphate (ACP) and hydroxyapatite (HAP) are the stable phases in 

basic environments (6 ≤ pH ≤ 12), whereas crystalline calcium orthophosphate species 

such as dicalcium phosphate dihydrate (brushite, CaHPO4·2H2O) and monocalcium 

phosphate monohydrate (Ca(H2PO4)2·H2O) form in more acidic conditions (pH > 6).72 

Amorphous calcium phosphate is a precursor to hydroxyapatite, and the rate of transition 

from ACP to HAP increases as the pH decreases from 12 to 6.73 It is worth noting that the 

calcium to phosphorus (Ca/P) ratio in HAP is higher (Ca/P = 1.67) than that of its 

precursor, ACP (Ca/P ~1.5).  

2.3.2. Borate Glass Dissolution. Although the dissolution of borate glasses also 

includes hydration and hydrolysis, these steps occur concurrently to one another, 

resulting in the hydration and release of the modifying metal cations. Goetschius et al. 

determined experimentally that while the overall dissolution rate (kdr) is dependent on the 

rate of hydration (khydration), hydrolysis (khydrolysis), and transport (ktrans), as shown in 

Equation 2.6, the effects on khydrolysis from the concentration of (BØ4)- units in the 

glass is stronger than those of alkali species on khydration.74 This is due to the proton-

catalyzed hydrolysis reactions (Equations 2.7 and 2.8) that involves the protonation of a 

bridging oxygen on a borate species by exchanging the proton for an alkali ion, 

destabilizing the bond and causing it to hydrolyze.75 Zapol et al. used first principle 

calculations to explain that the bonds in BØ3 units have an enhanced reactivity compared 

to those in (BØ4)-.75 Furthermore, Bunker et al. have used the reactions described in 
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Equations 2.7 and 2.8 (BØ3 and (BØ4)-, respectively) to demonstrate that these two 

steps—hydration and hydrolysis—occur simultaneously in borate glasses.76 

 

 1

𝑘𝑑𝑟
=

1

𝑘ℎ𝑦𝑑𝑟𝑎𝑡𝑖𝑜𝑛
+

1

𝑘ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑖𝑠
+

1

𝑘𝑡𝑟𝑎𝑛𝑠
 

[2.6] 

 

 Equations 2.7 and 2.8 describe the reactions of water with the modifying oxide 

(Rx+Ox/2) to neutralize BØ2O- (NBO on trigonal borate site) and (BØ4)- units, 

respectively.67 

 

(𝑅𝑥+[𝐵Ø4]𝑥
𝑥−)𝑔𝑙𝑎𝑠𝑠 + 𝑥𝐻2𝑂 → 𝑥(𝐻+[𝐵Ø4]

−)𝑔𝑙𝑎𝑠𝑠 + (𝑅
𝑥+ + 𝑥𝑂𝐻−)𝑠𝑜𝑙𝑛

→ 𝑥(𝐵Ø2𝑂𝐻)𝑔𝑙𝑎𝑠𝑠 + (𝑅
𝑥+ + 𝑥𝑂𝐻−)𝑠𝑜𝑙𝑛 

[2.7] 

 

(𝑅𝑥+(𝐵Ø2𝑂
−)𝑥)𝑔𝑙𝑎𝑠𝑠 + 𝑥𝐻2𝑂 → 𝑥(𝐵Ø2𝑂𝐻)𝑔𝑙𝑎𝑠𝑠 + (𝑅

𝑥 + 𝑥𝑂𝐻−)𝑠𝑜𝑙𝑛 [2.8] 

 

The dissolution behavior of binary lithium borate glasses were analyzed by Veléz 

et al., who found that stirring rate has no effect on dissolution, dissolution rates are linked 

to the number of four coordinated boron, and that weight loss was linear with time.42  

More notably in the context of the current studies, it was determined that dissolution rates 

decreased with increasing solution pH.42 This is consistent with Zapol’s first principle 

calculations, as the activation energy of a protonated attack on borate sites is lower than 

that of a neutral or deprotonated attack, and contrasts with dissolution behavior of silicate 

glasses.75  
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The dissolution behavior of ternary borate glasses in the compositional series 

xNa2O-xCaO-(100-2x)B2O3 glasses, where 5 ≤ x ≤ 20 mole percent, was studied in water 

and other buffered solutions.77 Through this study, it was confirmed that the sodium 

calcium borate glasses also dissolve congruently in deionized water and solutions 

buffered to a pH of 4, 7, and 10. A local minima in dissolution rate at glass modifier 

contents of 30 to 35 mole percent (x=15-17.5), which corresponds to the maxima in 

tetrahedral borate units in the glass structure, was also observed, similarly to what was 

seen by Veléz et al. Dissolution rate was also found to decrease with increasing pH, 

although it was noted that some compositions dissolved more slowly in deionized water 

than the solution buffered to a pH of 10.  

The trends observed in the lithium borate and calcium borate series—including 

the trends with (BØ4)- content (Figure 2.9), linear weight loss, and congruent 

dissolution—have also been confirmed across several ternary alkali-alkaline earth borate 

compositional series (Li, Na, Ca, K, Mg, Sr) by Goetschius et al. when dissolved in 

deionized water at 37°C.43 Additionally, the contracting volume model was used to 

describe the kinetics of dissolution, indicating a reaction controlled mechanism 

(Equations 2.7 and 2.8), and dissolution rates increased in the order Li < Na < K and Ca < 

Sr ≈ Mg. 

Although the dissolution rate is controlled by the fraction of tetrahedral borate 

species in the original glass, the borate species—H3BO3 and (B(OH)4)-—once in solution 

are dependent on the pH of the solution itself, and the ratio of these species can be used 

to accurately measure pH.78 When borate glasses containing calcium are dissolved in 
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phosphate solutions, HAP or a carbonate substituted apatite has been observed to 

precipitate on the surface of the glass.79,80 

 

 

Figure 2.9. The dissolution rate, based on B ion release measured by ICP-OES, in 

deionized water at 37°C, related to the fraction of tetrahedral boron in the glass network 

for glasses of the xR2O-xR'O-(100-2x)B2O3 compositional series, where R = Li (circles), 

Na (squares), or K (triangles), and R' = Mg (red), Ca (blue), or Sr (yellow) and x = 5, 10, 

15 or 20 mol%.  
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PAPER 

I. SPECTROSCOPIC AND CHROMATOGRAPHIC ANALYSES OF ZINC 

BOROPHOSPHATE GLASSES 

Parker Freudenberger1, Richard K. Brow1 

1Department of Materials Science & Engineering, Missouri University of Science & 

Technology, Straumanis-James Hall, 1400 N. Bishop Ave, Rolla, MO 65409, USA 

ABSTRACT 

Thirteen zinc borophosphate glasses with analyzed compositions defined by 

constant O/P ratios of 3.1, 3.4, and 3.7 were prepared, and their structures were 

characterized by Raman spectroscopy, high pressure liquid chromatography (HPLC), and 

11B magic angle spinning nuclear magnetic resonance (MAS NMR) spectroscopy. 11B 

MAS NMR spectra show that boron is predominantly incorporated into tetrahedral sites 

with four phosphate next-nearest neighbors, B(OP)4, although some of these tetrahedra 

appear to have another borate unit as its next nearest neighbor, B(OP)3(OB)1.  HPLC and 

Raman spectroscopy show that for glasses with an increasing O/P ratio, the phosphate 

anions that constitute the network structure become progressively smaller because of the 

formation of B-O-P bonds. The effects of composition on structure are discussed by 

considering the availability of oxygens on the phosphate anions to coordinate Zn- and B-

polyhedra, and these structures are compared to those reported for zinc aluminophosphate 

glasses. 
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1. INTRODUCTION 

Phosphate glasses are of interest for optical applications due to their large glass 

forming regions, transparency to ultraviolet (UV) light, and low thermo-optical 

coefficients, relative to silicate glasses.1–3 Krause and Kurkjian showed that the 

tetrahedral structures of zinc phosphate glasses produced unusual thermal and mechanical 

properties like those possessed by fused silica. 4 Fletcher et al. showed that focused 

pulses of a femtosecond (fs) laser could be used to write optical waveguides into zinc 

phosphate glasses, particularly compositions with an oxygen to phosphorus (O/P) ratio of 

3.25. When exposed to the fs-irradiation, the glass network is believed to densify, causing 

a local increase in refractive index.5  

Zinc phosphate glasses possess generally poor chemical durability,6 often limiting 

their applications. Smith et al. found that additions of alumina significantly improved the 

chemical durability of zinc phosphate glasses,7 and waveguides could still be written into 

these more durable zinc aluminophosphate (ZAP) compositions.8 The aluminum 

coordination number in the ZAP glasses depended on composition,7 and for many 

compositions, could be predicted from the number of available terminal oxygens (TO), as 

described by Hoppe.9  

Earlier studies have shown that the initial additions of B2O3 to Zn-metaphosphate 

and Zn-pyrophosphate glasses produce tetrahedral borate sites, although trigonal borons 

are present in glasses with greater B2O3 contents.10, 11 The crosslinked network that forms 

in zinc borophosphate (ZBP) glasses with the incorporation of tetrahedral borons affects 
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properties, including decreasing the aqueous dissolution rates and the thermal expansion 

coefficients, and increasing glass transition temperatures. 1, 2, 10–12  

The purpose of the present study is to characterize the effect that B2O3 has on the 

properties and structure of ZBP glasses with fixed O/P ratios, to consider the 

compositional dependence of the structures of zinc borophosphate using Hoppe’s 

terminal oxygen model,9 and then to compare the structures of these glasses to those of 

zinc aluminophosphate glasses. 

 

2. EXPERIMENTAL PROCEDURES 

Zinc borophosphate (ZBP) glasses were prepared by mixing ZnO (99.5+%, 

Acros), H3BO3 (cert. ACS, Fisher), and H3PO4 (85%, Fisher) in appropriate amounts to 

obtain 75 grams of glass with nominal compositions that have O/P ratios of 3.0, 3.25, and 

3.5 and that have a wide range of ZnO contents. Powders were gently ground for ten 

minutes using a mortar and pestle to break up clumps, and then phosphoric acid was 

added to the powder in a pure platinum crucible and calcined for 16-18 hours at 350°C. 

The calcined batch was then melted for two hours at 1000-1225°C, depending on the 

composition. The melt was stirred with a platinum stir rod at the half hour and hour 

marks to promote homogeneity, and then quenched in a pre-heated carbon mold.  The 

resulting glasses were annealed for one hour at a temperature 10°C below the glass 

transition temperature, Tg, before being cooled in the furnace to room temperature. 

Glasses were confirmed to be fully amorphous by x-ray diffraction (XRD), using a 
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PANalytical X’Pert Multipurpose diffractometer utilizing a Cu K- source and a PIXcel 

Detector. 

Magic Angle Spinning (MAS) Nuclear Magnetic Resonance (NMR) 

Spectroscopy was performed with a Bruker Avance II 600 MHz (14.1 T) spectrometer 

with 4 mm zirconia rotors spinning at 12 kHz. To collect the 11B spectra, the samples 

were scanned 512 times, with a pulse length of 2.5 s and a delay time of 3 s at 193 

MHz. The samples were indirectly referenced to a 1H nucleus as recommended by 

IUPAC 13. Peaks were fitted using the Multiple Peak Fit function in OriginPro 2017, 

using known assignments from literature; R2 values for these fitted spectra were at least 

0.999.  

High Pressure Liquid Chromatography (HPLC) was done with a Dionex GP50-2 

pump, an Ionpack AS7 4 × 250 mm Analytical Ion exchange column, and an AD25 

absorbance detector. Glass samples were ground to < 125 μm particle size, dissolved 

overnight in a solution of 5 mM EDTA and 0.22 M NaCl (pH = 10), and analyzed within 

24 h. At least two chromatographs per sample were collected over a linear solution 

gradient from 0.053 M NaCl to 0.5 M NaCl, both with 5 mM EDTA. The procedure was 

based on previously established processes to characterize phosphate anion chain lengths 

in glasses, described by Sales et al.14 

Raman spectra were collected using a Horiba Jobin Yvon LabRAM ARAMIS 

micro-Raman spectrometer using a HeNe (632.8 nm) 17 mW laser with a 1200 grating at 

10x magnification. Twenty 10 second scans were collected on each sample and the 

respective average spectra are reported. 
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Densities were measured using the Archimedes Method, with mineral oil as the 

buoyancy liquid. At least three samples from each composition were characterized. Molar 

volumes were calculated from the densities and the analyzed compositions, which were 

obtained using Inductively Coupled Plasma – Optical Emission Spectroscopy (ICP-OES), 

using a Perkin Elmer Avio 200 spectrometer. 50 mg of powdered samples (< 53 m 

particle size) were completely dissolved in 50mL of 1% HNO3, then diluted using 1% 

HNO3 to obtain solutions with ion concentrations in the 1-10 ppm range. Samples were 

run in triplicate and compositional averages are reported. 

Differential thermal analysis was performed with a Perkin Elmer Differential 

Thermal Analyzer 7 using Pyris Series - DTA 7 software. Samples were heated in a 

platinum crucible at a rate of 10°C/min to 900°C under nitrogen atmosphere, and at least 

two tests were performed on each sample to verify reproducibility.  

 

3. RESULTS 

Thirteen compositions batched with nominal O/P ratios of 3.0, 3.25, or 3.5 and 

with ZnO contents from 30 to 70 mol % were prepared, and the resulting glass 

compositions, obtained by ICP-OES are reported in Table 1. There was some phosphorus 

loss from many of the melts, and so the trends in properties and structure will be reported 

using the analyzed compositions which were organized to form three series of glasses 

with analyzed O/P ratios near 3.1, 3.4, and 3.7. 
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Table 1. As-batched compositions and analyzed compositions for the ZBP glasses, with 

standard deviations from triplicate ICP-OES measurements. The O/P ratios are calculated 

from the analyzed compositions. 

As Batched Analyzed (ICP-OES) 

O/P  
ZnO 

[mol %] 

B
2
O

3
 

[mol %] 

P
2
O

5
 

[mol %] 

ZnO  

[mol %] 

B
2
O

3
 

[mol %] 

P
2
O

5
 

[mol %] 
O/P  TO/[B] 

 70 0 30 
69.9 ± 0.49 0.0 39.1 ± 0.49 3.66 ± 0.04 -- 

3.5 

50 10 40 
55.2  ± 2.8 10.2 ± 0.36 34.6 ± 2.1 3.74 ± 0.07 0.98 

40 16 44 
42.5 ± 2.6 17.3 ± 1.3 40.2 ± 2.9 3.67 ± 0.08 2.87 

30 22 48 
32.4 ± 1.7 23.4 ± 0.96 44.1 ± 2.7 3.66 ± 0.07 3.50 

3.25 

60 0 40 
62.1 0.0 37.9 3.32 -- 

50 6 44 
54.2 ± 2.5 6.5 ± 1.7 39.3 ± 2.3 3.44 ± 0.07 0.71 

43 9 48 47.2 ± 2.8 10.8 ± 0.43 42.1 ± 3.8 3.44 ± 0.10 2.53 

41 10 49 40.5 ± 1.4 10.2 ± 0.34 49.3 ± 1.5 3.22  ± 0.04 3.86 

40 11 49 
42.4 ± 2.6 13.1 ± 0.57 44.5 ± 3.2 3.42 ± 0.08 3.16 

30 17 53 
32.9 ± 1.5 18.5 ± 0.92 48.6 ± 2.9 3.41 ± 0.07 3.85 

3.0 

50 0 50 
48.4  ± 1.0 0.93 ± 0.79 50.6 ± 1.3 3.00 ± 0.03 -- 

40 5 55 
43.6 ± 1.8 6.1 ± 0.65 50.3  ± 2.6 3.11 ± 0.06 4.10 

30 10 60 
31.7 ± 1.7 11.0 ± 0.79 57.3 ± 2.1 3.06 ± 0.04 5.33 

 

3.1. 11B MAS-NMR 

Two representative 11B MAS NMR spectra are shown in Figure 1. Every 11B 

MAS NMR spectrum is dominated by a peak at -3.8 ppm, indicating that tetrahedral 

boron is the preferred moiety.15 A slight asymmetry on the low frequency side of this 

peak reveals a second peak centered near -3 ppm, consistent with other studies of 
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borophosphate glasses.16–18 Based on those earlier studies, the peak near -3.8 ppm is 

assigned to tetrahedrally coordinated borons with four phosphate nearest neighbors 

(B(OP)4), and the peak near  -3 ppm is assigned to tetrahedral borons having at least one 

boron as a next nearest neighbor (B(OP)3(OB)1).19, 20 Rinke and Eckert17 have shown that, 

in alkali borophosphate glasses, heteroatomic bonds (such as B-O-P), are preferred over 

homoatomic bonds (like B-O-B), consistent with the preferential formation of B(OP)4 

units in these ZBP glasses.  The broad, low intensity peak centered near 10 ppm in Figure 

1 is assigned to trigonal borates.15  This latter peak could be detected in only a few of the 

glasses. 
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Figure 1. Representative 11B MAS NMR spectra with fitted curves for the O/P = 3.1, 

B2O3 = 11 mol % and O/P = 3.4, B2O3 = 18.5 mol % glass.  

 

Table 2 gives a summary of the compositional dependencies of the peak positions 

and relative areas of the two tetrahedral 11B peaks used to fit each spectrum. Trigonal 

boron sites could be detected in several of the O/P≈3.1 and O/P≈3.7 glasses, but not in 
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the O/P ≈ 3.4 glasses. Due to the low intensity of the trigonal peak, and uncertainty in 

fitting the background of these spectra, these peak areas were not quantitatively 

evaluated. In general, the fraction of B(OP)3(OB)1 units increases at the expense of 

B(OP)4 units with increasing B2O3 content. In addition, there is a general increase in 

shielding of the B-nuclei (more negative chemical shifts) as the boron content of the glass 

increases, similar to what has been observed in the 11B NMR spectra of alkali 

borophosphate glasses.19 

 

Table 2. Peak assignments for the 11B NMR spectra with relative peak area values of the 

fitted peaks and calculated error of the fit. Compositions in which the trigonal boron peak 

at 10 ppm was detected have been noted with an asterisk. 

Sample Peak Positions Relative Peak Area 

O/P 

ratio 

B content 

[mol %] 

B(OP)3(OB)1 

[ppm] 

B(OP)4 

[ppm] 

B(OP)3(OB)1 

[%] 

B(OP)4 

[%] 

3.67* 17.3 -2.8 -3.9 10.1 ± 4.1 89.9 ± 0.67 

3.66* 23.4 -3.5 -4.2 47.3 ± 1.3 52.7 ± 1.2 

3.44 6.5 -3.5 -4.1 64.2 ± 1.1 35.8 ± 1.5 

3.44 10.8 -3.5 -4.2 72.3 ± 0.69 27.7 ± 1.3 

3.22 10.2 -3.2 -4.1 34.3 ± 0.64 65.7 ± 0.41 

3.42 13.1 -3.6 -4.3 79.9 ± 0.48 20.1 ± 1.2 

3.41 18.5 -3.8 -4.4 88.5 ± 0.34 11.5 ± 1.5 

3.06 6.1 -3.2 -4.1 37.0 ± 1.1 63.0 ± 0.80 

3.11* 11.0 -3.1 -4.0 20.5 ± 0.51 79.5 ± 0.21 
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3.2. HIGH PRESSURE LIQUID CHROMATOGRAPHY 

Figure 2 shows two sets of chromatographs obtained from the high performance 

liquid chromatography experiments, for glasses with different O/P ratios (left) and 

different B2O3 contents (right). Peaks in the chromatographs from left to right represent 

phosphate anions with increasing numbers (n) of tetrahedra, P1, P2, P3, and on to Pn, 

released from the glass after longer retention times. The broad hump near 20 minutes in 

the chromatograph from the O/P≈3.1 glass is due to the continuous release of longer 

anions (n>12) that cannot be resolved by the chromatography system used here.14  
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Figure 2. HPLC chromatographs for glasses with similar B2O3-contents but different O/P 

ratios (left) and for glasses with similar O/P ratios but different B2O3 contents (right). The 

average phosphate anion becomes shorter with increasing O/P ratio. 

 

3.3. RAMAN SPECTROSCOPY 

Figure 3 shows the Raman spectra for the ZBP glasses with O/P ≈ 3.1 (left), O/P 

≈3.4 (center) and O/P ≈3.7 (right). The spectra are dominated by peaks in the ranges 
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between 900 and 1300 cm-1, and between 600 and 800 cm-1.  The peak assignments from 

the literature are summarized in Table 3.  
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Figure 3. Raman spectra from glasses with similar O/P ratios: 3.1 (top left), 3.4 (top 

right), and 3.7 (bottom). 
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Table 3. Raman assignments from the literature. 

Raman Shift (cm-1) Assignment Reference 

350, 550 Zn-O-P linkages 3, 12, 21 

650,720 P-O-Bsym stretch, P-O-Psym stretch 22, 23 

700 P-O-Psym stretch (BO), Q2 units 7, 10, 22, 24 

758 P-O-Psym stretch (BO), Q1 units 7, 10, 22, 24 

970 (PO4)sym stretch (NBO), Q0 units 3, 7, 10 

1010 P-O stretch, Q1 units 7 

1067 P-Oasym stretch (B(OP)4), Q0 units 25 

1116 P-Osym stretch (B(OP)4), Q0 units 25 

1140 (PO3)sym stretch (NBO), Q1 units 3, 7, 10 

1200 (PO2)sym stretch (NBO), Q2 units 7, 10, 22, 23 

1250 (PO2)asym stretch (NBO), Q2 units 7, 10, 22, 23 

1300 (PO)sym stretch (NBO), Q3 units 21, 26 

 

The most intense peaks in the Raman spectra are near 1200 cm-1 and these peaks 

broaden from glasses with increasing B2O3 contents, and broaden and shift to lower 

frequencies with increasing O/P ratio.  From earlier studies of binary Zn-phosphate 

glasses, the peak at 1200 cm-1 is assigned to the symmetric stretching modes of non-

bridging oxygens on Q2 tetrahedra and the smaller peak at 1250 cm-1 is due to the 

asymmetric stretching modes.7, 10, 22, 23 (Here, the Qx formalism refers to P-tetrahedra with 

‘x’ bridging oxygens to a neighboring P-tetrahedron.2) Symmetric stretching modes for 

nonbridging oxygens on Q1 and Q0 P-tetrahedra have been assigned to peaks near 1140 
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and 970 cm-1, respectively 3, 7, 10 and are the dominant features in the spectrum from the 

70ZnO-30P2O5 glass. A peak near 700 cm-1 in the Raman spectra from binary Zn-

phosphate glasses is due to symmetric stretching modes associated with the bridging 

oxygens between Q2 tetrahedra, and the one near 750 cm-1 is due to symmetric stretching 

modes associated with bridging oxygens that link at least one Q1 tetrahedron. 7, 21, 27 The 

increase in the intensity of the 750 cm-1 peak relative to the 700 cm-1 peak in the spectra 

of the B-free glasses in Figure 3 with increasing O/P ratio is consistent with the decrease 

in the average P-anion size, and so an increase in the relative numbers of chain-

terminating Q1 units. 

There are some systematic changes in the three sets of Raman spectra shown in 

Figure 3 from glasses with increasing B2O3-contents. In particular, there are increases in 

the relative intensities of peaks near 1300 cm-1 for all three sets of glasses, and these are 

assigned to the stretching modes associated with short P-O- bonds.24, 27  The narrow peaks 

(or shoulders) near 650-670 cm-1 have been seen in earlier studies of alkali 

borophosphate glasses and are assigned to bridging oxygen stretching modes associated 

with borophosphate units.28, 29  In addition, peaks in the range between about between 

1000 and 1200 cm-1 associated with the stretching modes assigned to nonbridging 

oxygens on P-tetrahedra become broader, although the broad peaks near 1000 cm-1 in the 

spectra from glasses in the O/P≈3.4 and 3.7 series decrease in intensity, and disappear, 

with increasing B2O3 contents. This is particularly notable for the O/P≈3.7 series where 

the peaks due to the  P-O stretching modes of Q0 (970 cm-1) and Q1 (1010 cm-1) 

phosphate units are replaced by higher frequency peaks near 1100 cm-1, associated with 
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borophosphate units. The development of the 1067 cm-1 peak is also notable in the 

O/P≈3.1, B2O3=11 mol % spectrum.3, 7, 10, 30  

The Raman peaks near 350 cm-1 in every spectrum are assigned to vibrational 

modes associated with Zn-O-P linkages,7, 27 as are the broad peaks near 550 cm-1 in the 

spectra from low (<10 mol %) B2O3 glasses.21 With increasing B2O3 contents, new peaks 

in the latter frequency range develop that are due to vibrational modes associated with 

various borate and borophosphate groups.22 

3.4. PROPERTIES 

The compositional dependence of the molar volume (left) and the glass transition 

temperature (right) for the ZnO-B2O3-P2O5 glasses are shown in Figure 4. 
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Figure 4. The molar volume (left) and glass transition temperatures (right). Both increase 

with increasing boron content when O/P ratio is maintained. However, the molar volume 

also has a dependence on O/P ratio, and lines are drawn to guide the eye for each O/P 

ratio. Symbols may be larger than error bars. 
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Molar volume increases with increasing boron content for each compositional 

series, and decreases in the order (O/P≈3.1) > (O/P≈3.4) > (O/P≈3.7). The glass transition 

temperature increases with increasing boron content with little dependence on the O/P 

ratio, with the exception of the B-free glass in the O/P≈3.1 series, which has a Tg greater 

than the two B-doped glasses in this series. 

 

4. DISCUSSION 

The more efficient packing of shorter P-anions in glasses with increasing O/P 

ratios explains the decrease in molar volume among the three series of glasses shown in 

Figure 4.  Within each series, the molar volumes increase with increasing B2O3-content, 

indicating that the creation of the B(OP)4 sites expands the glass structure. Koudelka and 

Mošner 20 showed that for ZBP glasses with constant ZnO contents, the replacement of 

P2O5 by B2O3 decreased molar volumes. However, their data is consistent with the molar 

volume trends shown in Figure 4 when the concomitant increase in O/P ratio in their 

series is considered. The development of the borophosphate network also increases Tg, as 

was reported by Koudelka and Mošner.20 

The spectroscopic results show that when B2O3 is added to the Zn-phosphate 

glasses, a borophosphate network is created.  For example, the 11B spectra (Figure 1 and 

Table 2) are consistent with the formation of B(OP)4 units and these units systematically 

reduce the average P-anion size with increasing concentration of B2O3, as indicated by 

the changes in the HPLC chromatographs (Figure 2) and the changes in the Raman 

spectra (Figure 3).  
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The structures of the ZBP glasses can be considered as phosphate anions, the 

average length of which depends on the O/P ratio, linked by individual B- and Zn-

polyhedra. Hoppe has described the effects of composition on the polyhedral 

arrangements that constitute such structures.  In particular, he has shown that the 

coordination number of metal cations (CNMe) incorporated into a phosphate glass can 

vary with the number of terminal (nonbridging) oxygens (NTO) associated with the P-

tetrahedra.9 For a binary phosphate glass with the molar composition x(Me2/vO) (1-

x)P2O5, NTO can be calculated from:  

 

 𝑁𝑇𝑂 = 𝑣(𝑥 + 1)/𝑥 [1] 

 

Here,  is the valence of the Me+ cation. When NTO ≥ CNMe (compositional range I), 

isolated metal polyhedra are incorporated into the phosphate glass structure, and the 

average coordination number of these polyhedra decreases with decreasing NTO to remain 

in isolated sites. When a minimum value in CNMe is reached and so NTO < CNMe, then 

there are insufficient TO for the metal polyhedra to remain isolated and so they begin 

forming a subnetwork by sharing TO on the phosphate anions (compositional range II). 

For many phosphate systems, including the binary ZnO-P2O5 system, there are breaks in 

the composition-property trends at the onset of the formation of the metal polyhedral 

subnetwork.  

Recently, Smith et al. showed that the Hoppe Model could be used to explain the 

systematic changes in CNAl when Al2O3 was added to zinc phosphate glasses.7 They 
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assumed that all zinc ions were incorporated into the glasses in tetrahedral sites, 

consistent with diffraction studies of Zn-phosphate glasses,30–32 and then they modified 

Equation 1 to calculate the number of terminal oxygens that remained after accounting 

for the isolated ZnO4 species, using the molar fractions of each oxide in the analyzed 

composition (Equation 2). They found that Equation 2, where M=Al, predicted values for 

CNAl for all compositions where 4 ≤ (TO/[Al]) ≤ 6 (compositional range I).  For glasses 

with relatively large Al2O3 or ZnO contents, the relationship no longer was valid and a 

subnetwork of Al- and Zn-polyhedra sharing TO was expected to form in the glass 

structure (compositional range II). 

 

 
𝑇𝑂

[𝑀]
=
[𝑃2𝑂5] + 3[𝑀2𝑂3] − [𝑍𝑛𝑂]

[𝑀2𝑂3]
 [2] 

 

Table 1 shows the calculated values for TO/[B] for the ZBP glasses, assuming all 

Zn-ions are incorporated in isolated tetrahedral sites. Several of the compositions in the 

O/P≈3.7 and O/P≈3.4 series have (TO/[B])<3 and tetrahedral borate units are the 

predominant site in these glasses (Table 3.2). Because of the paucity of “free” TO, these 

glasses must have structures that include two Zn-polyhedra sharing a common terminal 

oxygen on a phosphate tetrahedron (compositional range II). Most of the glasses in the 

O/P≈3.4 series have 3<(TO/[B])<4; however, the 11B NMR spectra from those glasses 

indicate that CNB is independent of composition and that tetrahedral borate sites are also 

preferred.  The two borate containing glasses in the O/P ≈3.1 series have (TO/[B])>4, 
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indicating that there are sufficient TO available to support isolated B- and Zn-tetrahedra 

in the glass structure (compositional range I).  

There is evidence that some oxygens in the ZBP glasses are not associated with 

phosphate units, and so are not accounted for by the Hoppe Model. For example, the peak 

near -3 ppm in the 11B spectra (Figure 1, Table 2) assigned to B(OP)3(OB)1 units 

indicates that some oxygens in the glass structure must not be linked to P-anions. The 

chromatographic data can be used to estimate the fraction of oxygens that are not 

associated with the phosphate anions. The areas under the chromatographic peaks, like 

those shown in Figure 2, can be used to quantify the P-anion distributions and calculate 

the average P-anion chain length (�̅�), which then can be compared to a predicted average 

P-anion size from the glass composition, using Equation 3,14 where [Mj], [P], and vj, are 

the relative atomic fractions of the metal ions and phosphorus, and the valence of the 

metal oxide, respectively.  

 

 
�̅� =  

2

∑
[𝑀𝑗][𝑣𝑗]
[𝑃]𝑗 − 1

 
[3] 

 

Figure 5 shows that the analyzed average P-anion size for glasses (solid symbols) 

with O/P > 3.2 follows the predicted compositional trend, but is typically greater than the 

predicted values. (This analysis was not done for the P-rich glasses when large (n>12) P-

anions could not be resolved by chromatography.) If the oxygens associated the with B-

O-B bonds in the B(OP)3(OB)1 units detected by NMR (Table 2) are removed from the 
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O/P ratio calculations, however, then there is a closer fit (open symbols) to the predicted 

average P-anion size for most of the compositions. 
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Figure 5. Solid symbols show the average P chain length analyzed by HPLC plotted 

against the analyzed O/P ratio (ICP-OES). The solid line is the expected relationship, 

from Equation 3. Open symbols assume that oxygens in B-O-B bonds do not contribute 

to the O/P ratio.  

 

B2O3 is a more acidic oxide than Al2O3 and so can more effectively compete with 

P2O5 for bonds with the available oxygens that then determine the polyhedral 

arrangements that constitute the glass structure.33 As a result, the types and relative 

fractions of the B-polyhedra in the ZBP glasses cannot be predicted from the bonding 

rules established by Hoppe in the way that the average Al-coordination could be for the 

ZAP glasses.7, 9 However, Hoppe’s model still provides some qualitative understanding 

for the compositional dependence of the ZBP glass structures.  For example, the greater 
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than predicted value of CNB and the removal of some oxygen from the phosphate anions 

will reduce the overall number of terminal oxygens available to coordinate the Zn-

polyhedra, meaning that more of these terminal oxygens must be shared by two Zn-

polyhedra which then form a Zn-O subnetwork.  The vibrational modes associated with 

the terminal oxygen on a Q1 P-tetrahedron that is linked to one Zn-polyhedron will 

produce a Raman peak at a different frequency than a terminal oxygen that is linked to 

two Zn-polyhedra, and those frequencies will be further affected if that P-tetrahedron is 

also bonded to a borate tetrahedron, or if the coordination number of the zinc changes to 

accommodate the number of available terminal oxygens. This variety of possible local 

polyhedral arrangements contributes to the complexity of the Raman spectra in the 1000-

1300 cm-1 range (Figure 3). 

 

5. CONCLUSION 

The structures and properties of thirteen zinc borophosphate glasses were 

described by considering their respective O/P ratios and B2O3-contents. 11B MAS NMR 

spectra show that boron was incorporated into the glass principally in tetrahedral 

borophosphate sites, B(OP)4 and B(OP)3(OB)1. The formation of B-O-P bonds reduces 

the average size of the phosphate anions, described qualitatively by changes in the Raman 

spectra and more quantitatively by HPLC chromatographs. These polyhedral 

arrangements can be understood using the structural model proposed by Hoppe that 

considers the availability of terminal oxygens to coordinate metal polyhedra in a 

phosphate network. However, the model predictions for B-coordination in these ZBP 
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glasses are not as good as they were for predictions of Al-coordination in an earlier study 

of zinc aluminophosphate glasses. The ability of boron to compete with phosphorus for 

oxygens helps explain those differences. 
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ABSTRACT 

Resorbable glasses with nominal molar compositions of 20Na2O∙30[(1-

x)CaO∙xSrO]∙50P2O5, where x = 0, 0.25, 0.50, 0.75, and 1, were prepared and 

characterized. With the replacement of CaO by SrO, the molar volume, refractive index, 

and CTE increased, and the glass transition temperature, crystallization temperature, and 

viscosity decreased. The replacement of CaO by SrO decreased the dissolution rate in 

37°C water by nearly an order of magnitude. Resorbable glass fibers drawn from melts of 

the 20Na2O∙30CaO∙50P2O5 glass exhibited decreasing transmission of laser light (632 

nm) in a predictable way as the fiber dissolved in a phosphate buffer solution. This 

demonstrated that these glasses  could be used to produce resorbable fibers for temporary 

biosensing or therapeutic applications. 
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1. INTRODUCTION 

Phosphate glasses have been used for different optical devices, including 

waveguides and optical amplifiers.1 However, phosphate glasses generally have poor 

chemical durability, compared to silicate glasses, and this has limited their use in many 

conventional applications.2 On the other hand, the reactivity of a glass in an aqueous 

environment can be viewed as an advantage in the development of resorbable materials. 

Phosphate glasses containing alkali and alkaline-earth oxides have been 

investigated as candidates for biomedical applications. Knowles et al. studied property 

and structure trends for a wide range of glasses from the Na-Ca-phosphate system, and 

reported that compositions with better chemical durability tended to contribute to bone 

cell growth.3–6 These findings were confirmed by Uo et al., who found that cytotoxicity 

and dissolution rates both decrease with increasing alkali and alkaline-earth contents.7 

Strontium additions to bioactive glasses have been shown to promote bone growth.8, 9 In 

addition to having a relatively large glass forming region, the solubility and 

biocompatibility of phosphate glasses can be controlled by composition so that materials 

specifically tailored for biological applications can be developed.3–6 

There are increasing demands for resorbable implanted devices for temporary, 

interventional medical procedures.10, 11 Previously, a resorbable solid-state electronic 

device based on a borate glass material was designed to be fully functional during an 

intended operational lifetime followed by rapid structural degradation, eliminating the 

need for the removal of the device in a subsequent surgery procedure.12 In parallel, the 

concept of resorbable optical waveguiding devices is also emerging for biosensing, 
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phototherapeutic and optogenetic tools, providing a means to deliver localized light to 

deep-seated areas otherwise impossible due to the light attenuation through tissue.13 

Although various resorbable polymers are available, these materials are less ideal 

than their inorganic counterparts particularly for optical application. Most polymers 

exhibit bulk hydration that gradually changes the optical properties after implantation. 

Inorganic glasses are superior in this respect since the hydrolysis starts at the surface, 

allowing the retention of bulk properties until the device is nearly consumed. The glass-

based optical technology is mature for communication and sensing applications. 

Accordingly, various sensor-integrated resorbable optical probes are feasible, which may 

provide an unprecedented advantage for such applications. Phosphate glasses have been 

proposed as candidates for resorbable optical fibers.14–16 The dissolution rate of optical 

fibers made with glasses from the Na-Ca-Sr-borophosphate system was shown to be 

dependant on the borate content and the change in transmission power could be used to 

track the dissolution of the fibers.14  

Glasses suitable for use as cores and claddings for optical fibers must have 

different refractive indices and compatible thermal properties, including viscosity and 

coefficient of thermal expansion. The compositions studied in the present paper were 

based on the Na-Ca-metaphosphate glasses developed for biomedical applications by 

Knowles et al.3–6 To modify the refractive index, SrO systematically replaces CaO and 

the effects of these changes on thermal properties and dissolution rates have been 

determined, with the goal of identifying compositions that could be used for resorbable 

optical fibers. 
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2. EXPERIMENTAL 

2.1.  GLASS FORMATION 

Na-Ca-Sr-metaphosphate glasses were prepared by batching appropriate amounts 

of NaPO3 (99.99% - Hakushin Kagaku), Ca(PO3)2 (99.99% - Hakushin Kagaku), and 

Sr(PO3)2 (99.99% - Hakushin Kagaku) to produce either 10 g, 20 g, or 200 g of glass with 

the nominal molar compositions 20Na2O∙30[(1-x)CaO∙xSrO]∙50P2O5, where x = 0, 0.25, 

0.50, 0.75, and 1. Batch materials were thoroughly mixed either by mortar and pestle or 

by a Turbula System Type T2F mixer for 10 minutes for the small-scale and the large-

scale samples, respectively. The batch materials were then held for one or four hours at 

350°C, depending on batch size, to evolve water from the raw materials. Small-scale (10 

g and 20 g) samples were melted in platinum crucibles at 1200°C for 60 and 80 min, 

respectively. The large-scale (200 g) samples were melted at 1000°C in platinum lined 

crucibles for two hours and were stirred twice at 30 min intervals during melting.  

Glasses were quenched by pouring melts into pre-heated carbon molds, and then 

annealed at 350°C for one hour. 

2.2. GLASS PROPERTIES AND STRUCTURE 

Densities were measured using the Archimedes Method, with kerosene as the 

buoyancy fluid for the small-scale samples and ethanol for the large-scale samples. At 

least three samples from every melt were characterized. Molar volume was calculated 

from the densities and the analyzed compositions.  Energy dispersive spectroscopy (EDS, 

JSM-6510 Jeol Scanning Electron Microscope) was used to determine the compositions 
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of the small-scale glasses, and the compositions of the large-scale glasses were 

determined using X-ray fluorescence spectrometry (XRF, Rigaku ZSX Primus II).   

Glass dissolution rates in deionized water were determined using procedures 

similar to the MCC-1 dissolution method.17 Samples with final dimensions of 10 mm x 

10 mm x 3 mm were polished with 800 and 1200 grit SiC paper, followed by a cerium 

oxide slurry to yield a mirror finish, and these were suspended by Teflon thread in 200 

mL of distilled water contained in covered Teflon beakers and placed in an oven at 37°C.  

Weight loss and solution pH measurements were made after 24, 48, 96, 192, 382, and 504 

hrs.  A covered Teflon beaker filled with only distilled water was used as a blank 

reference for the pH measurements. Weight losses are normalized to the initial sample 

surface areas and reported as averages for at least three samples from each composition. 

Thermal properties, including glass transition temperature (Tg), crystallization 

temperature (Tc), and crystal melting temperature (Tm) were obtained using a ThermoPlus 

Evo TG8120 Rigaku DTA for the small-scale glasses, and a ThermoPlus TMA 8310 was 

used to determine the coefficient of thermal expansion (CTE). The DTA tests for small-

scale samples were performed using 30 mg powdered samples with a heating rate of 

10°C/min up to 850°C in air, with alumina as a reference material. Each characteristic 

temperature was determined using the onset method for the respective transition. Low 

temperature viscosity measurements were collected by the penetration method, using a 

ThermoPlus TMA 8310 with a 1 mm silica pin. For the small-scale samples, TMA 

experiments were done on samples (4 mm x 4 mm x 15 mm) that were heated at a rate of 

10°C/min, and with an applied load of 98 mN.  CTE calculations were made over the 

100-300°C temperature range. 
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The CTE of large-scale glasses (20 mm x φ5 mm) were measured using a Netzsch 

TD 5000 SE at a heating rate of 3°C/min, and with applied load of 30gf. The DTA tests 

for large-scale samples were performed (Rigaku TG8110 DTA) using 350 mg powdered 

samples (< 75 μm particle size) with a heating rate of 10°C/min up to 1000°C in air, with 

alumina as a reference material. Low temperature viscosity measurements for the large-

scale glasses were acquired using the fiber elongation method.18 Fibers 0.65 ± 0.05 mm 

in diameter and either 230 ± 2 mm or 430 ± 2 mm in length were used to obtain the 

softening temperature or annealing temperature and strain point, respectively. For 

softening temperature measurements, the fiber was heated at 5°C/min until it deformed 

under its own weight. Fiber samples for annealing temperature and strain point 

measurements were cooled from 380 °C at a rate of 4°C/min with a 1 kg weight attached 

to the bottom of the fiber. Annealing temperature and strain point are defined at 

predetermined deformation rates.18 At least two measurements were taken at each 

viscosity, and the reported isokom temperatures were found to be within ±1°C.  High 

temperature viscosities of the large-scale samples were measured using the platinum 

sphere pull-up method.19, 20 

The refractive indices of both the small-scale and large-scale samples were obtained 

using the v-block method. Small-scale samples with mirror-polished surfaces were 

analyzed using a Precision Refractometer Model KPR – 30V II Shimadzu. Unpolished 

large-scale samples were analyzed with a Kalnew KPR-2000 Precision Refractometer. 

Reported values are averages of at least two measurements on every sample. Abbe numbers 

were calculated from analyzed refractive index values at standard wavelengths of 587.56 

nm (nd), 486.13nm (nF), and 656.27 nm (nC).21  
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Transmittance curves for large scale samples were obtained using a Jasco V-670 

Spectrophotometer over a range of 200-800 nm, at a resolution of 0.1 nm, and 200 nm/min 

scan speed. A background scan was recorded and subtracted from all recorded spectra.  

A PANalytical X’Pert Materials Research Diffractometer equipped with an x-ray 

mirror was used to identify the reaction layers after dissolution. The x-ray source was 

copper and had a weighted average wavelength of 0.15418 nm.  All scans were run with a 

fixed incident angle of 1 degree. XRD measurements were performed over the 2 angular 

range of 6-80 degrees with a step size of 0.03 degrees and a time per step of 2 seconds.  

Raman spectra for all samples were collected from polished glass samples (1± 

0.02 mm thickness) using an integrated near-field spectrometer (JASCO, NFS-230HKG) 

with a 532 nm laser as excitation source. A Perkin Elmer Spectrum GX FT-IR system 

was used to collect infrared reflectance spectra for large-scale samples over a 370-7800 

cm-1 range, using 1 ± 0.02 mm thick, polished samples. A background scan was recorded 

prior to sample measurement and was subtracted from all recorded spectra. 

2.3. FIBER CHARACTERIZATION 

For a proof-of-concept demonstration of resorbable fiber behavior, glass fibers 

about 200 microns in diameter were drawn by hand from melts of the 

20Na2O∙30CaO∙50P2O5 (mole%) glass held at about 1100 °C in a platinum crucible. Fiber 

sections about 15 cm long were used to determine the propagation loss (in dB/m).  Fibers 

were cut using an optical slicer and propagation losses were measured using a 632 nm laser 

source (0.5 mW He-Ne polarized, Edmund Optics) and a power meter (Model 2935C, 

Newport). This wavelength is used for common photosensitizers (e.g. porphyrin) for tumor 
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phototheraphy.22 Both ends of the fiber were interfaced with a free-space optical setup with 

lenses to receive light from the laser and deliver the light to the power meter, respectively. 

Afterward, about 25 mm of fiber from the power meter end was repeatedly cut and the 

transmitted power was measured to determine propagation loss.  

The change of power transmission along the fibers was also observed during 

dissolution experiments. Transmission measurements were made at various times through 

7 cm fiber segments that were enclosed in a dark chamber containing 300 mL of a room 

temperature phosphate buffer solution (PBS, pH 7.4, Sigma Aldrich). Two ends of the fiber 

(1.5 cm for each side) were outside the chamber to be interfaced with the same free-space 

optics as the transmission loss measurements. The PBS was kept at a temperature of 21°C. 

The dissolution experiments were repeated with three fiber samples and the power of the 

transmitted light as a function of submersion time is reported. 

 

3. RESULTS 

3.1. GLASS PROPERTIES 

Glass compositions, obtained by scanning electron microscopy with energy 

dispersive spectrometry (SEM-EDS, at Ehime University) or x-ray fluorescence (XRF, at 

NEG) are reported Table 1. The small-scale samples have systematically lower 

concentrations of Na2O (and greater P2O5 contents) than the large-scale glasses, and both 

sets of glasses retained the expected CaO-to-SrO ratios. Overall, the analyzed compositions 

are within 2 mol% of the as-batched compositions. Also included in Table 1 are the water 

contents of the samples, obtained from infrared absorption measurements using the 
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methods developed by Ebendorf-Heidepriem.23, 24 There is no systematic compositional 

dependence of the water contents, but the glasses prepared in smaller batches at Ehime 

University have about 30% more water than those prepared in larger batches at NEG.  

 

Table 1. The as-batched and analyzed compositions, and estimated water contents, of the 

glasses from large-scale and small-scale melts with the nominal molar composition 

20Na2O∙30[(1-x)CaO∙xSrO]∙50P2O5. 

Sample 

(x) 

Batch Composition  Analyzed Composition  

O/P 

OH Content 

(ppm) 

(mol %) (mol %) 

Na2O CaO SrO P2O5 Na2O CaO SrO P2O5 

L
a

rg
e-

sc
a

le
 

0 20 30 0 50 19.6 30.6 0 49.8 3.00 370 

0.25 20 22.5 7.5 50 19.9 23.8 6.9 49.3 3.01 500 

0.5 20 15 15 50 19.2 15.5 15.7 49.6 3.01 360 

0.75 20 7.5 22.5 50 19.7 7.9 22.5 50 3.00 540 

1 20 0 30 50 20.3 0 29.8 49.9 3.00 410 

S
m

a
ll

-s
ca

le
 

0 20 30 0 50 18.5 ± 0.2 30.2 ± 1.3 0 ± 0.0 51.2 ± 1.2 2.98 536 

0.25 20 22.5 7.5 50 18.5 ± 0.5 22.6 ± 0.6 7.2 ± 0.3 51.6 ± 0.5 2.97 505 

0.5 20 15 15 50 18.4 ± 0.2 15.6 ± 0.2 14.2 ± 0.2 51.7 ± 0.7 2.97 444 

0.75 20 7.5 22.5 50 18.2 ± 0.1 7.5 ± 0.3 22.5 ± 0.2 51.7 ± 0.0 2.97 677 

1 20 0 30 50 18.7 ± 0.3 0 ± 0.0 29.7 ± 0.4 51.6 ± 0.1 2.97 613 

 

The compositional dependences of the densities () and molar volumes (Vm) are 

given in Figure 1 and show that both properties increase systematically as CaO is 

replaced by SrO. The trend in density is consistent with the greater molar weight of SrO 

compared to CaO, and the trend in molar volume reflects the greater size and lower field 

strength of Sr2+ ions compared to Ca2+. The 1-2% differences in molar volume between 
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the two sets of samples are due to the small differences in their analyzed compositions 

(Table 1).  

 

 

Figure 1. Density (solid symbols) and molar volume (open symbols) for glasses with 

increasing SrO contents. Data for small-scale samples are represented by squares, and 

large-scale sample data is represented by triangles. Error bars may be smaller than the 

symbol. 

 

Table 2 shows the compositional dependences of the thermal properties for both 

sets of glasses.  In general, Tg decreases and CTE increases when SrO replaces CaO.  

Each sample was found to have one crystallization transition (Tx) in the DTA scans and 

two melting transitions (Tm), indicating the formation of two different crystalline phases 

within the same temperature range. The glass with equal concentrations of SrO and CaO 

had the greatest crystallization temperature, and the greatest difference between Tx and 

Tg. 

 



 

 

57 

Table 2. Thermal properties of the glasses from fits to the viscosity data (MYEGA 

model25) and from thermal transitions analyzed by DTA or DSC. Here, x is the 

SrO/(SrO+CaO) ratio of an as-batched composition.  The characteristic temperatures are 

reproducible to ± 6°C. 

 MYEGA Fit DTA/DSC/TMA 

S
a

m
p

le
 

Log 

Infinite 

Temp. 

Visc. 

Frag. 

Param. 

Glass 

Trans. 

Temp. 
Large-scale Samples Small-scale Samples 

 [°C] 

x η∞ m Tg 

Tg 

°C 

Tx 

°C 

Tm  

°C 

CTE 

10-7/°C 

Tg 

°C 

Tx 

°C 

Tm 

°C 

CTE  

10-7/°C 

0 -3.5 28.9 376 383 484 

735 

761 

151 380 502 

735 

758 

149 

0.25 -4.6 26.1 372 378 503 

728 

754 

154 370 509 

723 

747 

152 

0.5 -3.9 27.3 370 378 518 

718 

750 

158 369 516 

707 

739 

152 

0.75 -4.2 26.5 364 372 521 

691 

744 

162 370 500 

713 

746 

163 

1 -1.7 34.8 368 373 484 

-- 

762 

163 374 491 

698 

755 

164 

 

Figure 2 shows the temperature dependence of viscosity of the glass melts.  The 

symbols are the measured values of the large scale samples and the lines are fits of that 

data using the MYEGA model.25 The viscosity data gathered from the small scale 

samples are in good agreement with the large scale data. The inset shows the MYEGA 

fits for viscosity around the fiber working range.25, 26 For example, at a log viscosity of 
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6.5 dPa*s, there is a T of 15°C among all samples.  The fragility parameter (m) found 

using the MYEGA model increases from 28.9 to 34.8 with increasing SrO content (Table 

2), and these trends are consistent with those reported for other alkali/alkaline earth 

phosphate glasses.27, 28  

 

 

Figure 2. Viscosity data gathered from large-scale samples. The symbols are measured 

values and the lines are fits using the MYEGA model.25 The inset compares the 

viscosities around the working range temperatures. 

 

Figure 3 shows the refractive indices of the large-scale glasses (left) and the Abbe 

numbers of both sets of glasses (right). As was found for the densities, the refractive 

indices increase systematically when SrO replaces CaO in the glass composition. There 

are no significant changes in Abbe number with composition, and the values for 
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refractive index and Abbe number are similar to those reported for other alkaline earth 

metaphosphate glasses.28 

 

 

Figure 3. Refractive indices measured from the large-scale glasses (left) and Abbe 

numbers for both small-scale (square) and large-scale (triangle) glasses (right). 

 

UV-visible transmission spectra for the large scale samples are shown in Figure 4. 

The absorbance peaks near 250 nm are due to iron contamination in the Ca(PO3)2 raw 

materials;29 no such peaks were noted in the spectra from the small-scale samples (not 

shown). 

Aqueous dissolution rate information for the small-scale samples is expressed by 

the weight loss data reported in Figure 5. In general, weight loss increases linearly with 

time, and the slopes of these trends were used to calculate the dissolution rates shown in  

Table 3. These rates decreased significantly when SrO replaced CaO in the glass 

composition, and are similar to values found by Takebe et al.30 Also shown in Figure 5 is 

the dependence of solution pH on dissolution time. The solutions became slightly more 
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acidic, relative to the blank sample, with no significant differences between 

compositions. 

 

 

Figure 4. UV-Vis transmission spectra from large-scale glasses. 

 

 

Figure 5. Normalized weight losses of the small-scale samples in deionized water at 37°C 

(left), and changes in the solution pH with time (right). 
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Table 3. Dissolution rates in 37°C deionized water for the small-scale samples. 

 

Composition 

[SrO/(SrO+CaO)] 

Dissolution Rate 

[x 10-14 kg·mm-2·s-1] 

0 53 ± 4.2 

0.25 19 ± 0.7 

0.50 8.6 ± 0.5 

0.75 4.4 ± 0.0 

1 3.9 ± 0.2 

 

Figure 6 shows optical micrographs of different glass samples after different 

times in 37°C water. A visible reaction product has formed on the pure SrO glass after 24 

hrs of immersion, whereas the other glasses remain relatively clear at least through 96 hrs 

of immersion. Takebe described two types of reaction layers that form when phosphate 

glasses react in water.30, 31 Type I glasses, like the x=1 composition, develop an opaque 

white gel on the surface of the glass. The surfaces of Type II glasses, including the 

alkali/alkaline earth metaphosphate glasses, remain transparent even after 96 hrs in 70°C 

water. 
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Figure 6. Optical images of the surfaces of dissolution samples (10x10mm) taken after 

the indicated weight measurements. The formation of a reaction layer can be noted in the 

SrO-rich glasses after 24 hours and the CaO-rich samples after 192 hours. 

 

X-ray diffraction analyses of samples at the conclusion of the dissolution study, 

shown in Figure 7, indicate the formation of Sr(H2PO4)2·2H2O (ICCD # 00-044-0796) on 

the CaO free sample and CaHPO4·2H2O (ICCD # 01-071-0656) on the SrO-free sample.  

Mixtures of these two phases, along with the possible presence of SrHPO4 (ICCD # 00-

044-0797), were detected on the corroded surfaces of the glasses with both CaO and SrO. 

Massera et al. reported that a Ca-phosphate crystallite layer could be detected on the 

surfaces of Na-Ca-borophosphate glass fibers exposed to simulated body fluid at 37°C 

for 72 hours.14 
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Figure 7. Thin film XRD analyses of the surfaces of dissolution samples after immersion 

in deionized water at 37°C for 504 hours. Sr(H2PO4)2·2H2O (ICCD # 00-044-0796) is 

noted by open diamonds, CaHPO4·2H2O (ICCD # 01-071-0656) is marked by solid 

diamonds, and SrHPO4 (ICCD # 00-044-0797) peaks are indicated by asterisks. 

 

3.2. GLASS STRUCTURE 

Raman scattering and FT-IR reflectance spectra for the large-scale compositions 

are shown in Figure 8.  These spectra are consistent with spectra previously reported for 

metaphosphate glasses,32–36 and significant Raman and IR peak assignments are given in 

Table 4.  The Raman spectra are dominated by two peaks, one near 690 cm-1, assigned to 

symmetric stretching modes associated with bridging oxygens between neighboring Q2 

tetrahedra ((POP)sym), and one near 1170 cm-1, assigned to symmetric stretching modes 

for the nonbridging oxygens on a Q2 tetrahedron ((PO2)sym).  (The Qx terminology refers 
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to the number of bridging oxygens associated with a P-tetrahedron.2)  The low intensity 

peak near 1260 cm-1 is assigned to asymmetric stretching modes for the nonbridging 

oxygens on a Q2 tetrahedron ((PO2)asym).  There are small but systematic changes in the 

positions of the Raman peaks to lower frequencies as SrO replaces CaO.  Similar changes 

were observed when magnesium was replaced by calcium in another Raman study of 

metaphosphate glasses.37 

 

 

Figure 8. Raman (left) and FT-IR (right) spectra from the large-scale glasses; x is the 

ratio SrO/(SrO+CaO). 
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Figure 9. Expanded Raman (A,B) and IR (C) spectra from Figure 8. The Raman spectral 

intensities from each glass were normalized at the peak near 1170 cm-1 (A) to show the 

systematic decrease in the relative intensity of the peak near 680 cm-1 (B) with increasing 

SrO-content. The IR spectral intensities were normalized to the largest peak at 490 cm-1, 

and the decrease in relative intensity of the peak is observed at 1280 cm-1 (C). Arrows 

show shifts in frequencies for each set of peaks with increasing SrO content. 

 

For the IR spectra, the major absorption bands are located at 500 cm-1, 700-770 

cm-1, 880 cm-1, and 1260 cm-1, and these and their shoulders can all be attributed to the 

interactions between phosphorus and oxygen. The band around 500 cm-1 is assigned to 

general deformation of P-O bonds.38 The two peaks found between 700 and 770 cm-1 are 

the stretching modes of bridging oxygens in metaphosphate chains ((POP)sym).37–39 The 

asymmetric stretching modes of these bridging oxygens ((POP)asym) are characterized by 
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the peak at 880 cm-1 38-40. The peak at 1260 cm-1 and its shoulder at 1154 cm-1 are 

assigned to the asymmetric ((PO2)asym) and symmetric ((PO2)sym) stretching modes of 

the non-bonding oxygens on a Q2 tetrahedron, respectively. 37–39   

 

Table 4. Raman and IR spectral peak assignments. 

 

4. DISCUSSION 

4.1. OXYGEN BONDS AND REFRACTIVE INDEX 

The structures of glasses with metaphosphate compositions, like those in this 

study, are based on long chains (or rings) of Q2 phosphate tetrahedra, tetrahedra that link 

to their neighboring P-tetrahedra through two bridging oxygens.  The remaining two 

nonbridging oxygens (NBO) provide the coordination environments for the metal cations 

which then link neighboring P-anions through the more ionic NBO-metal-NBO bonds.2 

Compositional trends for the properties of the metaphosphate glasses prepared in the 

present study can be related to systematic changes in the nature of the phosphate bonds, 

Raman Shift  IR wavenumber  Assignment References 

(cm-1) (cm-1)   

1260 1260 (PO2)asym, NBO, Q2 26, 28, 30, 32 

1170 1150, shoulder (PO2)sym, NBO, Q2 26, 28, 30, 32 

1048 1085 (PO3)sym , NBO, Q1 29, 32 

1014 880 (POP)asym, BO, Q2 26, 30, 32 

680 700, 775 (POP)sym, BO, Q2 26, 28, 30, 32 
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including bond symmetry, bond length, and oxygen polarizability, as SrO replaces CaO.  

These structural changes are reflected in the compositional dependence of the positions 

and intensities of the Raman and IR peaks shown in Figure 8.  Specifically, the Raman 

frequencies of the PO2 symmetric stretching ((POP)sym, near 1170 cm-1) and P-O-P 

symmetric stretching modes ((POP)sym, near 690 cm-1), and the IR frequencies of the 

PO2 asymmetric stretching modes ((PO2)asym, near 1260 cm-1), all decrease 

systematically when SrO replaces CaO (Figure 9).  In addition, the Raman peak intensity 

ratio I((POP)asym)/I((PO2)sym) decreases when SrO replaces CaO. 

 

 

Figure 10. P-NBO bond lengths in Q2 units, determined from the frequency of the 

respective (PO2)sym Raman peaks of both sets of glasses, using Equation 1. The P-NBO 

bond length increases with increasing SrO content. 
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The field strength of the larger Sr2+ ion is less than that of the smaller Ca2+ ion 

and so the substitution of the former for the latter decreases the average force constant of 

the metal-NBO bonds that link neighboring P-anions.  In their Raman studies of 

metaphosphate glasses, Rouse et al.33 noted that metal cations (M) with lower field 

strengths (or lower electronegativities) produced more ionic NBO-M bonds and 

consequently, less ionic and generally longer P-NBO bonds. Lower P-NBO ionicity was 

associated with both a decrease in the frequency of the (POP)sym stretching modes and 

an increase in the peak intensity ratio I((POP)asym)/I((PO2)sym).30 Popovic et al.38 

proposed an empirical relationship between the Raman peak positions (𝑣, cm-1) and P-O 

bond lengths (𝑅, Å) for a wide range of crystalline phosphates:  

 

 𝑣 = 6.3 × 103 − (3.43 × 103)𝑅 [1] 

 

Figure 10 shows the effect of composition on the P-NBO bond length, calculated 

from Equation 1 using the (PO2)sym Raman peak frequencies for both series of glasses.  

The P-NBO bond lengths increase systematically when SrO replaces CaO.   

There have been many attempts to relate ion polarizability to the optical 

properties of glass,39–41 often through the Lorentz-Lorenz equation, which relates molar 

refractivity (𝑅𝑚) to the refractive index (𝑛) and molar volume (𝑉𝑚) of a glass.40, 41  
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 𝑅𝑚 =
(𝑛2 − 1)

(𝑛2 + 2)
𝑉𝑚 [2]  

 

In the present work, the refractive index at 656 nm and the molar volumes, based 

on the respective densities and analyzed compositions, were used to calculate 𝑅𝑚 for 

each glass.  Because glasses are isotropic, 𝑅𝑚 can then be related to the molar 

polarizability m (in Å3)  of an Avogadro’s Number (𝑁𝐴) of ions:42 

 

𝑅𝑚 =
4𝜋

3
𝑁𝐴𝛼𝑚 = 2.52𝛼𝑚 [3]  

 

Assuming that both 𝑅𝑚 and 𝛼𝑚 are additive quantities, the average oxygen 

polarizability can then be calculated from:42 

 

𝛼𝑂2− = 
(
𝑉𝑚
2.52

) (
𝑛2 − 1
𝑛2 + 2

) − ∑𝛼𝑖

𝑁𝑂2
 

[4]  

 

where ∑𝛼𝑖 is the total molar cation polarizability, calculated from the atom fraction of 

each cation and its individual ionic polarizability, and 𝑁𝑂2 is the fraction of oxygen ions 

in the glass.  Using values of i for Na+, Ca2+, Sr2+, and P5+ from Dimitrov and 

Komatsu43 along with their respective analyzed atom fractions (Table 1), values of 𝛼𝑂2− 
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were calculated for each composition and are reported in Table 5. The average oxygen 

polarizability was then used to calculate optical basicity (Λ)43 and the optical interaction 

parameter (A),44 according to: 

 

Λ = 1.67 (1 −
1

𝛼𝑂2−
) [5] 

 

𝐴 =∑
𝑋𝑀𝑝𝑂𝑞(𝛼𝑓

− − 𝛼𝑂2−)

2(𝛼𝑓(𝑀)
+ + 𝛼𝑓

−)(𝛼𝑓(𝑀)
+ + 𝛼𝑂2−)

 [6] 

 

In Equation 6, 𝛼𝑓
− is the electronic polarizability of the free oxide ion (Pauling’s 

value of 3.921 Å3 used here), and 𝛼𝑓(𝑀)
+  is the electronic polarizability of cation M. 

Values of 𝛼𝑓(𝑀)
+  for Na+, Ca2+, Sr2+, and P5+ were obtained from Dimitrov et al.45  Table 

also lists these optical parameters for each glass. 

Optical basicity is a measure of the average electron donor power of the oxygen 

species in a non-protonic, non-aqueous system such as glasses, oxides, alloys, slags, etc.43 

The interaction parameter is a way to express the average polarizability difference 

between an oxygen in a glass structure and an oxygen ion in free space.44, 45 The 

interaction parameter thus describes the electronic overlap between an oxygen and its 

neighboring cations, and as the interaction parameter decreases, the average ionic 

character of those bonds increases. 
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Table 5. Optical parameters of glasses, calculated from analyzed compositions and molar 

volumes, and using the refractive index at 656 nm; O2- is the average oxygen 

polarizability (Eq. 4),  is the optical basicity (Eq. 4.5), and A is the optical interaction 

parameter (Eq. 4.6). 

 SrO/(SrO+CaO) n656 −   

   (Å3)   

Large-

scale 

0 1.5169 1.469 0.533 0.183 

0.22 1.5204 1.469 0.534 0.180 

0.50 1.5234 1.476 0.539 0.176 

0.74 1.5252 1.476 0.538 0.175 

1 1.5275 1.478 0.540 0.172 

Small-

scale 

0 1.5176 1.465 0.529 0.184 

0.24 1.5206 1.460 0.526 0.183 

0.47 1.5233 1.459 0.525 0.181 

0.75 1.5259 1.466 0.531 0.177 

1 1.5282 1.468 0.532 0.174 

 

The glasses in this study are typical of what Dimitrov and Komatsu43 

characterized as Second Group compositions, glasses formed by acidic glass formers and 

basic oxide modifiers, with medium range refractive indices (1.5-1.9), low oxide 

polarizability (1.3-1.9), low optical basicity (0.4-0.85), and a large interaction parameter 

(0.24-0.10 Å), relative to other glasses. For the present series, when SrO replaces CaO, 

the oxide polarizability term generally increases, as does the optical basicity, whereas the 

interaction parameter decreases (Table). These trends are consistent with the formation of 
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a glass network with longer, more ionic bonds, indicated by the trends in the vibrational 

spectra described above. 

4.2. DISSOLUTION BEHAVIOR 

Understanding the aqueous dissolution behavior of the Na-Ca-Sr-metaphosphate 

glasses is a necessary first step for designing resorbable glass fibers.  As noted above, 

metaphosphate glasses consist of long P-anions that are linked together through more 

ionic bonds between the nonbridging oxygens on a P-tetrahedron and the metal cations.  

Under neutral conditions, like those in the present study, the hydration rates of the metal-

NBO bonds are significantly faster than the hydrolysis rates of the bridging oxygens 

between tetrahedra, so when the glasses react in water, the phosphate anions are released 

along with the metal cations, causing the glasses to dissolve congruently.46, 47  The weight 

losses shown in Figure 6 are linear with time, consistent with other dissolution studies of 

metaphosphate glasses,30, 36, 47 and the dissolution rates decrease with the substitution of 

SrO for CaO (Figure 5 and Table 3).48  

Takebe et al. have reported an interesting correlation between the symmetry of 

the electronic charge distributed on an average phosphate tetrahedron and the dissolution 

rate of a phosphate glass.31 They used the ratio of the Raman intensities of the 

asymmetric and symmetric PO2 stretching modes, I((PO2)asym)/I((PO2)sym) as a measure 

of the asymmetry of the electronic charge associated with an average Q2 tetrahedron, and 

found that glasses with greater asymmetry had faster dissolution rates.  As shown in 

Figure 11, this same relationship holds for the glasses in the present study.  Takebe et al. 

proposed in their work that greater electronic asymmetry makes the NBO-metal bonds 
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more reactive with water,30, 31 and that the faster hydration rates then lead to faster 

dissolution rates, consistent with an earlier proposal by Thilo and Wieker.49  In the 

present study, then, the replacement of CaO by SrO reduces the electronic asymmetry 

associated with the NBOs, making the glasses more resistant to hydration. 

 

 

Figure 11. Dissolution rates of the bulk glasses suspended in static deionized water at 

37°C plotted as a log function of the ratio of asymmetric to symmetric peak intensities. 

The dissolution rate increases with increasing asymmetry in the P-NBO in a Q2 unit. 

 

It should be noted that the development of the corrosion films on the surfaces of 

these glasses (Figure 6) did not change the linear weight loss rates over the course of 

these experiments, and the formation of these films may affect the overall change in 

sample weight shown in Figure 5.  
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4.3. PROOF-OF-CONCEPT FOR A RESORBABLE FIBER 

The Na-Ca-Sr-metaphosphate glasses prepared for this study have the thermal 

properties required to fabricate both the core and cladding materials for optical fibers. 

Glass transition temperatures gradually decrease and the CTE increases as SrO replaces 

CaO (Table 1). These property trends are consistent with weaker bonds between the 

larger Sr2+ ions and nonbridging oxygens on the P-anions.  The thermal expansion 

difference between the SrO-free (151 x 10-7/°C) and CaO-free (164 x 10-7/°C) glass is 

within acceptable limits for typical rod-in-tube optical fiber processing,50 as are the small 

changes in viscosity when CaO replaces SrO (Figure 3).  

In addition to having useful thermal properties, the range of refractive indices of 

the glasses from this compositional series are appropriate to produce optical fiber core 

and cladding materials.  Two important metrics for optical fibers are the numerical 

aperture and the critical angle that can be calculated from the refractive indices of the 

core and cladding materials to represent the range of angles at which light is received by 

a fiber and the angle for total internal reflection, respectively. For example, an optical 

fiber with a CaO-free core and an SrO-free cladding would have a critical angle of 83.2° 

and a numerical aperture value of 0.18 at a wavelength of 632 nm (estimated using a 

Sellmeier Fit); these values are comparable to current optical fibers.51 

The time-dependence of the transmitted power was simulated using the Finite 

Difference Eigenmode (FDE) solver function in the Mode Solution by Lumerical 

software [Vancouver, British Columbia], using the measured refractive indices of the 

glass and the PBS (1.3369 ± 0.0029) as constants, and the estimated fiber diameter over 

time. Equivalent time for decreasing fiber diameter was calculated from a separately 
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measured dissolution rate of the glass composition. The simulation setup assumed two 

ports placed at the two ends of the fiber and the transmitted power was calculated using 

the scattering parameter S21. Mode solution refers to available optical modes contained 

within a fiber by imposing the boundary conditions of total internal reflection. The 

optical mode is a solution of Maxwell’s equation satisfying the boundary condition. The 

Eigensolver finds these modes by solving Maxwell's equations on a cross-sectional mesh 

of the optical fiber wherein the finite difference algorithm is used for meshing the fiber 

geometry. The final solution from Eigensolver reports modal profiles, power loss and 

transmitted power.  

Average propagation loss measured with 10 cm fibers (n = 3) was 14.37 ± 0.36 

dB/m at 632 nm wavelength. This loss is significantly high compared to those of 

conventional silica-based fibers (typically less than 10 dB/km) used in 

telecommunication.52 Since the required length of biomedical implantation is, however, 

only approximately one foot at the deepest location, this loss is not a critical problem for 

biomedical applications. 

Figure 12 compares the measured and simulated power transmitted through a 

fiber as it dissolves in PBS. Also shown is the change in fiber diameter with dissolution 

time.  Assuming linear dissolution, the fiber dissolves at a rate of 22 x 10-14 kg·mm-2·s-1 

in 21°C PBS, in reasonable agreement with the dissolution rate of 53 x 10-14 kg·mm-2·s-1 

measured in 37°C deionized water (Table 3). 
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Figure 12.  Loss of transmitted power through a metaphosphate fiber exposed to 21°C 

phosphate buffer solution; closed squares are measured values and closed circles are the 

calculate values based on the decreasing fiber diameter (open squares). 

 

Both the simulation and experimental values in Figure 12 show the decrease in 

transmission power principally due to decreasing diameter of the fiber and increasing 

evanescent losses to the surrounding PBS as the fibers dissolve.  The experimental values 

shows lower transmitted power than the simulation. This can be due to the surface 

roughness of the fiber, which creates more evanescent loss compared to null surface 

roughness in simulation.53 Additionally, the local refractive index change of the PBS 

solution as the fiber dissolves is not accounted for in the simulation. If dissolution rates 

are known for a particular resorbable glass, then these losses can be compensated for, and 

a fiber with an intended operational lifetime can be fabricated for that specific biomedical 

application. 
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5. CONCLUSION  

Five compositions of glasses from the 20Na2O∙30[(1-x)CaO∙xSrO]∙50P2O5 system 

were characterized and the links between changes in structure and properties have been 

established.  As SrO replaces CaO in the glass, evidence for an increase in length of 

various phosphorus-oxygen bonds and a decrease in asymmetry of these bonds was 

obtained from the Raman and FT-IR spectra. These changes were consistent with the 

compositional trends in optical basicity, interaction parameter, and ion polarization, 

determined from trends in the refractive index.  Weaker bonds between nonbridging 

oxygens and the metal cations contribute to increases in the molar volume and CTE and 

decreases in the characteristic temperatures and viscosity, as SrO replaces CaO.  The 

linear dissolution rates in water decrease by over an order of magnitude when SrO 

replaces CaO and can be related to the electronic asymmetry of the P-O bonds. Fibers 

drawn from melts of the 20Na2O∙30CaO∙50P2O5 glass were used to transmit 632 nm light 

when submerged in phosphate buffer solution. The loss of transmission as a function of 

time was related to the systematic decrease in fiber diameter as predicted by a simulation 

study. These results demonstrate that theses glasses could be used for implantable, 

resorbable fibers designed with an intended operational lifetime. Such resorbable fibers 

are anticipated to enable a variety of temporary niche interventional sensing and 

therapeutic procedures. 
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ABSTRACT 

Borophosphate glasses were prepared with the nominal molar compositions 

16Na2O-(24-y)CaO-ySrO-xB2O3-(60-x)P2O5 (mol%), where 0<x<60 and y=0, 12, and 

24. Information about the compositional dependence of borate and phosphate site 

speciation and next nearest neighbor linkages was obtained by 11B and 31P MAS NMR 

and Raman spectroscopies, and by high pressure liquid chromatography (HPLC). With 

the initial replacement of P2O5 by B2O3, tetrahedral borate sites linked to four phosphate 

anions, B(ØP)4, are created in the glass structure, and the average phosphate anion 

becomes smaller as bridging PØP bonds are replaced by bridging PØB bonds. With 

further increases in the B2O3 content, borate units, including B-triangles, replace 

phosphate units linked to the B-tetrahedra. Compositional trends for the glass transition 

temperature (Tg) and molar volume are explained by considering the number and types of 

bridging oxygens per glass former, consistent with topological models reported 

elsewhere. 



 

 

84 

1. INTRODUCTION 

Borophosphate glasses have been developed for a wide variety of applications, 

including their use in biomedical, optical, and energy storage devices.1–7 Small additions 

of borate to phosphate glass increase thermal stability,3, 8, 9 reduce a tendency towards 

devitrification3, 5 and decrease dissolution rates in aqueous solutions.1, 2, 5 The ionic 

conductivity of alkali borophosphate glasses has a nonlinear dependence on composition 

when borate replaces phosphate, and this behavior has been called the “mixed glass-

former effect”.4, 10 

The structures of the borophosphate glasses have been studied by a variety of 

techniques, including several different nuclear magnetic resonance (NMR) experiments; 

e.g., magic angle spinning (MAS), multiple quantum magic angle spinning (MQMAS), 

heteronuclear correlation (HETCOR), and rotational echo double resonance (REDOR).4, 

10–13 These studies have shown that heteroatomic linkages are preferred in the structures 

of borophosphate glasses to maximize the number of B-O-P linkages per boron.9–13 

31P{11B} and 11B{31P} rotational echo double resonance (REDOR) curves collected from 

alkali borophosphate glasses indicate a preference for phosphate species linked to two 

borate groups and another phosphate group.12 Overall, these NMR studies reveal that for 

alkali borophosphate glasses, the anionic moieties that form with the systematic 

replacement of phosphate by borate occur in the order B4 > P2 > P1 > P0 > B2 > B1 > B0, 

where the superscript indicates the number of bridging oxygens associated with the 

respective B- and P-sites. 11, 14 
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Hermansen et al. 14, 15 used information from similar structural studies with 

assumptions including the borate avoidance principal16 to develop a topological model to 

predict the compositional dependences of the relative concentrations of the B- and P-sites 

that constitute the structures of phosphate and borophosphate glasses, and used this 

model to explain compositional trends in physical properties, including glass transition 

temperature (Tg), Vicker’s hardness, melt fragility, and the isobaric heat capacity jump at 

Tg. The model was evaluated using information collected on borophosphate glasses with 

a variety of modifying oxides, including sodium, lithium, potassium, cesium, and 

calcium. The model considered the effects of glass formers and modifiers on network 

topology, although some modifications were required to account for the compositional 

dependence of the thermal properties of calcium borophosphate glasses.14  

Sodium calcium phosphate and borophosphate glasses have been developed for 

biomedical applications.3, 7, 17–21 Strontium and calcium have similar physiological effects 

as they are both absorbed in the gastrointestinal tract, concentrated in bone, and excreted 

primarily in urine.22 In vivo studies have shown that the substitution of strontium for 

calcium in different bioactive silicate-based glasses and ceramics stimulated osteoblasts 

to generate new bone and osteoclasts were prevented from resorbing bone, responses 

similar to those induced by strontium ranelate, a drug approved for the treatment and 

prevention of osteoporosis.23–25 The substitution of strontium for calcium in sodium 

metaphosphate glasses decreased dissolution rates in water by over an order of magnitude 

and increased the refractive index while maintaining an acceptable difference in the 

coefficient of thermal expansion, properties designed to produce core-clad fibers with 

potential biomedical applications.26  
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Many studies of the compositional dependence of the properties and structures of 

borophosphate glasses have been done on series where variations in the modifier contents 

affected the borate and phosphate site speciation.8, 9, 11, 12, 27, 28 In the present study, the 

modifier to glass former ratio is kept constant so that the effects of the systematic 

substitution of borate for phosphate on the structures and properties of Na-Ca-Sr-

borophosphate glasses could be characterized using 11B and 31P MAS NMR, Raman 

spectroscopy, and high pressure liquid chromatography (HPLC). The structural 

information was analyzed using a modified version of the topological model proposed by 

Hermansen et al.14 to explain the compositional trends in glass transition temperature and 

density. The effects of the composition and structure on the dissolution behavior of these 

glasses in water and in simulated body fluids are described in a separate paper.29 

 

2. EXPERIMENTAL PROCEDURE 

Borophosphate glasses with the nominal molar compositions 16Na2O-(24-y)CaO-

ySrO-xB2O3-(60-x)P2O5, where 0<x<60 and y=0, 12, and 24, were prepared in 50g 

batches using NaPO3 (Shanghai Muhong Industrial Co., Ltd., Optical Grade), Ca(PO3)2 

(Shanghai Muhong Industrial Co., Ltd., Optical Grade), H3BO3 (Fisher, ≥99.5%), 

Na2CO3 (Alfa Aesar, 99.5%), CaCO3 (Fisher, >98.0%), SrCO3 (Alfa Aesar, 97.5%) and 

H3PO4, 85% (Fisher, ACS Cert.) as raw materials. Powders were combined in a 150 mL 

Nalgene bottle and thoroughly shaken by hand before adding to a platinum crucible. 

When phosphoric acid was used as a raw material, it was added to the well-mixed dry 

components in the platinum crucible. Each batch was calcined at 300°C for four to twelve 
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hours, depending on the composition, to evolve water from the batch materials. The batch 

was then melted at 1000-1200°C for one hour, stirred with a platinum rod after 30 

minutes to promote homogeneity, and then cast into preheated graphite molds. The 

resulting glasses were annealed for one hour at 350°C before cooling to room 

temperature and then stored in a vacuum desiccator. Glasses were confirmed to be fully 

amorphous by x-ray diffraction (XRD), using a PANalytical X’Pert Multipurpose 

diffractometer with a Cu Kα source and a PIXcel detector, and XRD was used to identify 

crystalline phases in melts that crystallized on quenching. 

To determine glass compositions, 50mg of powders (<250μm) were dissolved in 

50mL of 3% HNO3 for up to one week. These solutions were then diluted to obtain three 

separate solutions having 1-50 ppm of the target ion concentrations, and these solutions 

were analyzed using inductively coupled plasma optical emission spectrometry (Perkin-

Elmer Avio 200) to provide the average oxide compositions. Glasses are described 

throughout this manuscript using the analyzed B2O3-content. 

Densities were measured using Archimedes’ method, with deionized water as the 

buoyancy liquid. At least three bubble-free samples from each glass were characterized 

and those densities were used with the analyzed molar compositions to calculate the 

respective molar volumes. 

Differential thermal analysis was performed either with a Perkin Elmer 

Differential Thermal Analyzer 7 using the Pyris Series - DTA 7 software or with a TA 

Instruments Q600 SDT using the TA Instrument Explorer software. 50mg samples (250-

500m) were heated in a platinum crucible at a rate of 10°C/min to 900°C under a 



 

 

88 

nitrogen atmosphere, and at least two tests were performed on each sample to verify 

reproducibility. 

Raman spectra were collected using a Horiba Jobin Yvon LabRAM ARAMIS 

micro-Raman spectrometer with a HeNe (632.8 nm) 17 mW laser or a diode (785 nm) 

100 mW laser, depending on composition, and a 1200 grating at 10x magnification. 

Fluorescence in the spectra above 1000cm-1 required the use of the diode source for the x 

= 30, 35, and 40 compositions in all three series. At least twenty 10 s scans were 

collected on each sample, and the respective average spectra are reported. For those 

spectra taken with the diode source, the Smooth (Adjacent-Averaging, ≤25 Points of 

Window) function of OriginPro (Massachusetts, USA), was used to reduce noise. 

High pressure liquid chromatography (HPLC) was performed with a Dionex 

GP50-2 pump, an Ionpack AS7 4x250 mm analytical ion exchange column, and an AD25 

absorbance detector. Glass samples were ground to less than 125μm particle size, 

dissolved overnight in a solution of 5 mM EDTA and 0.22 M NaCl (pH=10), and 

analyzed within 24 h. Three chromatographs were collected for each sample, using a 

linear solution gradient from 0.053 M NaCl to 0.5 M NaCl, both with 5 mM EDTA. The 

procedure was based on methods described by Sales et al.30 to characterize the 

distributions of anion chain lengths in phosphate glasses.  

Both 11B and 31P magic angle spinning nuclear magnetic resonance (MAS NMR) 

spectroscopy was performed using an Agilent DD2 spectrometer and Agilent 700/54 

Premium Shielded superconducting magnet (16.4 T). Powdered glass was packed into 

3.2mm zirconia rotors and were spun at a rate of 20 kHz. For the 11B measurements, at a 

resonance frequency of 224.52 MHz, the radio-frequency pulse lengths were 0.6 s, 
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corresponding to a π/12 tip angle, and a 5 s recycle delay occurred between acquisitions. 

11B MAS NMR spectra were collected by signal averaging 160 to 2000 scans depending 

on boron content of the glass, and the data were processed without any additional line 

broadening (apodization) using commercial software. 11B MAS NMR spectra were 

referenced to a secondary shift standard of aqueous boric acid (19.6 ppm relative to BF3-

etherate).  Spectra were fitted using DMfit Software31, incorporating 2nd-order 

quadrupolar lineshapes for the trigonal boron resonances and a mixture of Gaussian and 

Lorentzian peaks for the tetrahedral boron resonances.  A small correction to the BO4 

peak intensity was made by fitting the first set of satellite transition spinning sidebands 

and incorporating a similar peak under the central transition resonances.32  

The radio-frequency pulse length for 31P experiments (283.27 MHz resonance 

frequency) was 1 s, corresponding to a π/6 tip angle, and a 180 sec recycle delay was 

used between acquisitions. 31P MAS NMR spectra were collected by signal averaging of 

54 to 400 scans, and the data were processed without any additional line broadening 

(apodization) using commercial software. 31P MAS NMR spectra were referenced to an 

85% H3PO4 solution at 0.0 ppm. All central peaks and their spinning sidebands were 

fitted with Gaussian lineshapes to determine peak areas. 

 

3. RESULTS 

X-ray amorphous, visually homogeneous glasses were produced from melts from 

the 16Na2O-(24-y)CaO-ySrO-xB2O3-(60-x)P2O5 series for all compositions in increments 

of 10B2O3 except at x=50.  
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Table 1. As-batched and analyzed molar compositions for glasses in the series 16Na2O-

(24-y)CaO-ySrO-xB2O3-(60-x)P2O5. ICP-OES analyses of glasses were done in triplicate 

and are reported as averages with one standard deviation. Asterisks indicate compositions 

that crystallized and were not measured in triplicate. 

Sample Analyzed by ICP-OES (mol %) 

x y Na2O CaO SrO B2O3 P2O5 

0 

0 

14.2±0.1 25.5±0.1 -- 0.0±0.3 60.4±0.5 

10 13.9±0.1 25.3±0.1 -- 10.8±0.1 50.0±0.2 

20 13.7±0.1 25.0±0.2 -- 20.3±0.1 41.0±0.3 

23.3 12.8±0.2 24.4±0.3 -- 23.7±0.3 39.0±0.1 

30 13.9±0.1 24.5±0.3 -- 30.0±0.4 31.6±0.2 

35 13.0±0.1 24.4±0.1 -- 35.9±0.5 26.7±0.3 

40 14.1±0.1 24.2±0.2 -- 40.6±0.2 21.2±0.1 

43* 15.0 25.8 -- 44.1 15.1 

50* 14.9 25.3 -- 52.3 7.5 

56* 14.6 23.2 -- 58.3 3.9 

60 15.2±0.1 24.3±0.2 -- 60.5±0.2 0.0±0.0 

0 

12 

13.4±0.7 12.6±0.6 12.7±0.5 0.0±0.1 61.4±1.8 

10 13.3±0.5 12.6±0.3 13.5±1.5 10.4±0.2 50.2±0.6 

20 13.2±0.3 12.6±0.2 12.2±0.2 20.6±0.2 41.4±0.3 

30 13.7±0.3 12.6±0.1 11.0±0.1 31.3±0.1 31.5±0.4 

40 13.3±0.3 12.1±0.1 12.5±0.0 41.6±0.6 20.5±0.2 

60 13.2±0.2 12.4±0.1 14.0±0.1 60.4±0.2 0.0±0.1 

0 

24 

15.0±0.2 -- 28.8±0.4 0.0±0.0 56.3±0.4 

10 13.0±0.1 -- 25.3±0.2 10.5±0.1 51.2±0.1 

20 12.8±0.1 -- 25.3±0.2 20.0±0.1 42.0±0.2 

30 12.8±0.2 -- 25.2±0.2 30.9±0.5 31.2±0.2 

40 13.0±0.0 -- 24.8±0.2 41.0±0.2 21.2±0.2 

60 13.7±0.1 -- 25.2±0.1 61.0±0.1 0.0±0.0 
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For the y = 0 series, several additional compositions were also produced and 

characterized, including ones to determine the crystallization range, which extended from 

x = 43 to x = 56. The crystalline phases identified by XRD include a calcium borate 

phosphate phase (Ca9.93(P5.84B0.16O24)(B0.67O1.79), ICCD # 01-080-0537) at x = 43 and a 

sodium calcium phosphate phase (Na3Ca6(PO4)5, ICCD # 00-011-0236) at x = 50 and 56. 

The compositions analyzed by ICP-OES are shown in Table 1. There are minor, non-

systematic deviations in the analyzed compositions (±2.0 mol %) from the as-batched 

compositions, including the crystallized samples. Throughout this paper, trends in 

structures and properties are reported in terms of the analyzed B2O3 content (Table 1). 

3.1. RAMAN SPECTROSCOPY 

Figure 1 shows representative Raman spectra collected from the SrO-free series 

(y=0) of the Na-(Ca,Sr)-borophosphate glasses; similar spectra were collected from the 

SrO-containing glasses and are shown in the appendix. It is worth noting that 

fluorescence in the spectra above 1000cm-1 required a change of excitation source for the 

x = 30, 35, and 40 compositions in all three series, as noted above.  

Table 2 lists the assignments for the dominant peaks, which fall into three ranges: 

1. Stretching modes for P-O nonbridging oxygens (NBO) are assigned to peaks in the 

1000-1300 cm-1 range, and nonbridging oxygens on B-triangles account for the broad 

peak near 1400-1500 cm-1; 2. Stretching modes associated with bridging oxygens 

between phosphate and/or borate sites are assigned to peaks in the 600-1000 cm-1 range; 

3. Bending modes associated with P- and B-polyhedra, and vibrational modes associated 

with alkali and alkaline earth ions, are assigned to peaks below about 500 cm-1. 
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Figure 1. Raman spectra from glasses in the SrO-free (y=0) nominal molar compositional 

series 16Na2O-24CaO-xB2O3-(60-x)P2O5. The intensity of each spectrum was normalized 

to the most intense peak in that spectrum for visual comparison. 

 

The spectrum from the borate-free (x=0) glass is similar to that reported for other 

ultraphosphate glasses with similar O/P ratios.39 The intense peak at 1160 cm-1 is due to 

the symmetric stretching modes of nonbridging oxygens on Q2 phosphate tetrahedra, and 

the broader, asymmetric peak centered near 1300 cm-1 is due to overlapping bands 

assigned to the asymmetric P-NBO stretching modes on Q2 tetrahedra and the symmetric 

stretching modes of terminal oxygens on Q3 tetrahedra. Here, the Qi terminology is used 

to describe P-tetrahedra with “i” bridging oxygens.40 The asymmetric peak centered near 
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700cm-1 is due to the symmetric stretching modes of bridging oxygens that link 

neighboring P-tetrahedra. 

 

Table 2. Assignments to the peaks in the Raman spectra collected from the 16Na2O-(24-

y)CaO-ySrO-xB2O3-(60-x)P2O5 glasses. 

Raman Shift  

(cm-1) 
Assignment Ref. 

300 alkali/alkaline earth vibrational modes 33 

520 B-O-B bending 11, 34–36 

550 P-O-P bending 21, 33 

630 P-O-Bsym stretch, 𝑃𝑗𝐵
2  4, 7, 12, 14, 34 

700 P-O-Psym stretch, 𝑃0𝐵
2  4, 7, 34 

720 
six-membered borate ring with at least two BO4

- 

units 
4, 12, 37 

750, 770 P-O-B stretching modes 34 

770 six-membered borate ring with at least one BO4
- unit 4, 12, 21, 34, 37 

1160 (PO2)sym stretch (NBO), 𝑃𝑗𝐵
2  units 4, 7, 12 

1050-1220 (PO3)sym stretch, 𝑃𝑗𝐵
1  units 12, 34, 38 

1250 (PO2)asym stretch (NBO), 𝑃𝑗𝐵
2  units 4, 7, 12 

1300 P=Osym stretch, 𝑃𝑗𝐵
3  units 4, 7, 12 

1300-1450 BO3 in various borate rings 34 

1450-1500 𝐵𝑗𝑃
2  vibrational modes 4 

 

The Raman spectrum of the phosphate-free (x=60) glass is similar to those 

reported for other alkali-rich borate glasses.35, 36 The intense peak at 770 cm-1 has been 

assigned to the symmetric breathing modes associated with six-membered rings (three 
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borons and three bridging oxygens) that include one or two B-tetrahedra.35 These rings 

have been associated with several different borate superstructural units, including 

pentaborates, tetraborates, and diborates. The lower intensity peak near 520 cm-1 has been 

assigned to the vibrational modes of B-tetrahedra that are not associated with one of the 

ring units. 11, 34–36  The broad peak that extends from about 1300 to 1550 cm-1 has been 

assigned to the vibrational modes associated with nonbridging oxygens on trigonal borate 

sites. 11, 34–36 

There are systematic changes in the Raman spectra as borate replaces phosphate 

in the glass composition. With the initial addition of borate (x=10), new peaks appear at 

630 cm-1, 750 cm-1, and 770 cm-1 and steadily increase in relative intensity with 

increasing borate content. All three of these peaks have been assigned to vibrational 

modes associated with various borophosphate linkages.4, 7, 12, 34 The peak at 720cm-1 in 

the spectrum of the x = 35 glass is assigned to a six membered borate ring, similar to 

what is found in the phosphate-free composition. 4, 7, 12, 34 The shift in the frequency of 

this peak to 770 cm-1 with increasing borate content may indicate that the dominant 

borate ring changes from one with one trigonal borate unit to one with two trigonal borate 

units.4, 12, 21, 34, 37 

The transition from a phosphate to a borophosphate to a distinctly borate network 

with increasing borate content is also reflected in the evolution of the Raman peaks in the 

1000-1300 cm-1 range. For example, the peak at 1160 cm-1, associated with the P-NBO 

stretching modes on Q2 tetrahedra, decreases in frequency and broadens with increasing 

borate contents.  Both trends indicate that one or both of the bridging P-O-P bonds on 

those Q2 tetrahedra are being replaced either by a bridging oxygen to a borate site or by 
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another nonbridging oxygen. 11, 34, 38 The spectra of glasses with B2O3 contents from 23 to 

40 have three distinct peaks centered roughly around 1000, 1100, and 1200 cm-1, with the 

intensity of the 1000 cm-1 peak becoming dominant in the borate-rich glass. Ducel et al.31 

explained similar compositionally-dependent changes in Raman spectra by the formation 

of isolated phosphate tetrahedra, ones that link to no other phosphate tetrahedra, in the 

structures of their borophosphate glasses.  

Broad bands centered near 1400 cm-1 appear in the spectra from glasses with x > 

30, indicating the presence of trigonal borate species in the glass structure. Some of these 

triangles may be associated with borate rings that produce the sharp peaks in the 600-

1000 cm-1 range of spectra from the same glasses.29-30 The spectra of the borophosphate 

glasses in this frequency range are much more complex than either the borate-free or 

phosphate free end members, indicating structures with a variety of phosphate, 

borophosphate, and borate linkages. With increasing borate content, the broad band 

around 1400 cm-1 shifts to a higher frequency, around 1450 cm-1, indicating the presence 

of B2 species in the borate compositions. 

3.2. HIGH PRESSURE LIQUID CHROMATOGRAPHY 

Figure 2 shows examples of chromatographs collected from the Na-(Ca,Sr)-

borophosphate glasses. Peaks in the chromatographs with increasing retention time 

represent phosphate anions with increasing numbers of phosphate tetrahedra. For 

example, peaks near three minutes represent isolated, monophosphate anions (PO4
3-), 

those near seven minutes represent diphosphate anions (P2O7
4-), those near ten minutes 

represent triphosphate anions (P3O10
5-), etc. A peak labeled 3m, near 17 minutes, is 
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assigned to a three-membered ring anion (P3O9
3-).41 The chromatographs collected from 

the x=0 glasses are not shown here because the networks of those ultraphosphate 

compositions are partially hydrolyzed during the preparation of the chromatographic 

solutions30, 42 and so the resulting anion distributions are not representative of the original 

glass structure. 

With the replacement of phosphate by borate, the dominant phosphate anions 

become increasingly smaller, until for the x = 40 composition, only isolated 

monophosphate anions remain. The replacement of CaO for SrO has no obvious effect on 

the phosphate anion distributions.  

 

 
Figure 2. Representative HPLC chromatographs from glasses with the nominal molar 

composition 16Na2O-(24-y)CaO-ySrO-xB2O3-(60-x)P2O5, where y=0 (solid), y=12 

(dashed), and y=24 (dotted). The intensity of each chromatograph is normalized to the 

most intense peak in that chromatograph for visual comparison. 
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3.3. NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY 

Figure 3A shows representative 11B MAS NMR spectra collected from the borate-

containing glasses. Based on previous NMR studies of borophosphate glasses,11, 12, 14, 43 

the peaks in the range 0 to -4 ppm are assigned to tetrahedral borate species, and the 

broader peak centered around approximately 15 ppm and exhibiting significant 2nd-order 

quadrupolar line broadening, is assigned to trigonal borate species. With increasing 

borate content, the tetrahedral peaks split to reveal new peaks at lower frequencies and a 

systematic decrease in the overall peak frequency.  The broad trigonal peak is first 

detected in the spectrum of the x=23 glass, then increases in relative intensity for glasses 

with greater borate contents. There are no significant differences in the spectra from the 

CaO-, CaO/SrO-, and SrO-glasses, in contrast to another study which showed that SrO-

containing borophosphate glasses have greater relative concentrations of tetrahedral 

borate sites than do CaO-containing glasses.27  

Figure 3B shows representative 31P MAS NMR spectra.  Two peaks are apparent 

in the spectra collected from the three borate-free glasses. The peaks near -28 ppm are 

assigned to the Q2 tetrahedra and the lower intensity peaks near -45 ppm are assigned to 

the Q3 tetrahedra that constitute the structures of these ultraphosphate glasses.44 With the 

addition of borate to each series, the 31P MAS NMR peaks become broader and shift 

towards lower frequencies, trends seen in the NMR spectra of other borophosphate 

glasses.4, 45 
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Figure 3. The 11B MAS NMR (A) and 31P MAS NMR (B) spectra from glasses with the 

nominal molar composition 16Na2O-(24-y)CaO-ySrO-xB2O3-(60-x)P2O5, where y=0 

(solid), y=12 (dashed), and y=24 (dotted).  The intensity of each spectrum was 

normalized to the most intense peak in that spectrum for visual comparison.  

 

3.4. GLASS PROPERTIES 

The compositional dependences of density (ρ) are shown in Figure 4A.  Density 

increases in the series CaO<(CaO+SrO)<SrO, a consequence of the greater average 

molar weight of the alkaline earth modifier. Density also goes through a maximum with 

increasing borate content for each series, near a B2O3 content of 23 mole%. 

Molar volume (Vm) was calculated from density and the analyzed molar weight of 

the glass, then normalized to the analyzed atom fraction of oxygen [O] using Equation 1.   
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𝑉𝑚
𝑂 =

𝑀𝑊𝑔𝑙𝑎𝑠𝑠
𝜌 ∙ [𝑂]

 [1] 

 

Figure 4B shows the effects of composition on the normalized molar volumes. In 

general, the molar volumes of the SrO-glasses are 1-2% greater than those of the 

respective CaO-glasses, consistent with the larger size of the Sr2+ ion, but the type of 

alkaline earth has a much smaller effect on 𝑉𝑚
𝑂 than does the replacement of P2O5 by 

B2O3. The break in the molar volume trend near x = 23 indicates some change in the way 

that the ions pack in the borate-rich glasses.  

 

 
Figure 4. The effects of analyzed borate contents on the density (A) and molar volume 

normalized to oxygen content (B) of glasses with the nominal molar composition 

16Na2O-(24-y)CaO-ySrO-xB2O3-(60-x)P2O5. The dotted vertical lines mark the range of 

compositions in the y=0 series (43 ≤ x ≤ 56) that crystallized upon quenching. Error bars 

represent one standard deviation and may be smaller than the symbol. 

 

The glass transition temperatures (Tg) for all three series of glasses are shown in 

Figure 5. The initial addition of borate to the phosphate base glass, up to x ~ 23, increases 



 

 

100 

Tg, whereas further additions of borate have less effect.  There appears to be no 

systematic effect of changing the alkaline earth modifier from CaO to SrO on Tg. 

 

 
Figure 5. The effects of analyzed borate contents on the glass transition temperatures for 

the glasses with the nominal molar composition 16Na2O-(24-y)CaO-ySrO-xB2O3-(60-

x)P2O5. The dotted vertical lines mark the range of compositions in the y=0 series that 

crystallized upon quenching.  

 

4. DISCUSSION 

The following nomenclature will be used to designate the P- and B-sites that 

constitute the glass structural networks. Phosphate sites are labeled as 𝑃𝑗𝐵
𝑖 , where the 

superscript “i” is the total number of bridging oxygens on a phosphate tetrahedron and 

the subscript “j” is the number of oxygens on that same phosphate tetrahedron that bridge 

to a borate anion.  Similarly, the borate sites that constitute the glass network are labeled 
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as 𝐵𝑗𝑃
𝑖 , where the superscript “i” is the total number of bridging oxygens on a borate 

polyhedron (tetrahedron or triangle) and the subscript “j” is the number of oxygens on 

that same borate polyhedron that bridge to a phosphate anion. For example, the quartz-

like structure of BPO4 is made up of linkages between 𝑃4𝐵
4  and 𝐵4𝑃

4  tetrahedra. A 

metaphosphate glass will have a network based on 𝑃0𝐵
2   tetrahedra40 and a diborate glass 

will be constituted from 𝐵0𝑃
4  and 𝐵0𝑃

3  polyhedra.16, 36 A borate triangle that has one 

nonbridging oxygen and two bridging oxygens to other borate polyhedra is designated 

𝐵0𝑃
2 .  

4.1. QUANTITATIVE MAS NMR ANALYSIS 

Representative fitted 11B MAS NMR and 31P MAS NMR spectra are shown in 

Figure 6A and B, respectively. Two peaks were used to fit the 11B MAS NMR spectral 

envelope assigned to trigonal borate, one for neutral 𝐵0𝑃
3  sites and a second for anionic 

𝐵0𝑃
2 ; the latter was identified by its relatively large electric field gradient asymmetry 

parameter (ηQ˃0.5).11 For the current fits, ηQ was fixed as 0.6 for these 𝐵0𝑃
2  peaks. Charge 

balance calculations shown in the appendix further support the need for these anionic 𝐵0𝑃
2  

units, but only for the borate (x = 60) compositions. Additionally, spectroscopic 

evidence, aside from high frequency bands in the Raman spectra, will require further 

analyses to confirm the presence of these units in the borophosphate compositions, and so 

the entire trigonal boron signal will be assigned to 𝐵0𝑃
3  sites for x = 30, 35, and 40.  

The tetrahedral boron satellite transition spinning sidebands under the central 

peak were accounted for by subtracting the average of the +/-1 sideband integrated 

intensities from the total integrated intensity of the tetrahedral peaks to obtain an accurate 
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measure of the tetrahedral borate fraction. This part of the spectral envelope was then 

decomposed into Gaussian peaks representing different 𝐵𝑗𝑃
𝑖  tetrahedra. The peak 

positions of the borate tetrahedra with respect to the borate content for all three series are 

summarized in Figure 7. The shaded horizontal areas in Figure 7 show the range of 

frequencies assigned to similar borate-species by Carta, et al.9 There is good agreement 

for the assignments in the present study with those by Carta, et al., although they did not 

identify B0𝑃
4  sites in their glasses.  

 

 
Figure 6. Fitting the (A) 11B MAS NMR spectrum and the (B) 31P MAS NMR spectrum 

collected from the glass with the nominal molar composition 16Na2O-24CaO-30B2O3-

30P2O5. 

 

The phosphate spectra, an example of which is shown in Figure 6B, were fit using 

Gaussian line-shapes and by constraining peak widths to 13-15ppm for 𝑃𝑗𝐵
3  tetrahedra, 8-

10ppm for 𝑃𝑗𝐵
2  tetrahedra and 5-7ppm for 𝑃𝑗𝐵

1  tetrahedra, following the methods of Carta 

et al.9  Similar 𝑃𝑗𝐵
2  and 𝑃𝑗𝐵

3  units have been assigned to the features of the 31P MAS NMR 
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spectra collected from other alkali borophosphate glasses.4, 43 Of note, BPO4 (𝑃4𝐵
4 ) units 

were identified in amounts less than 10% of the total phosphate sites for glasses with 

compositions in the range 10≤ x≤35, for all three series. The 31P NMR peak positions for 

each unit were averaged across each series (y = 0, 12, and 24) and are plotted in Figure 7, 

along with the peak positions of relevant phosphate and borophosphate crystals, listed in 

Table 3. The shaded boxes represent the respective ranges of similar assignments made 

by Carta, et al.9  

 

 
Figure 7. The 11B peak positions of the borate tetrahedra in glasses with the nominal 

molar composition 16Na2O-(24-y)CaO-ySrO-xB2O3-(60-x)P2O5. The shaded boxes 

represent the respective ranges for each species, reported by Carta et al.9 

 

Quantitative fits and peak assignments for the 11B MAS NMR and 31P MAS NMR 

spectra were made considering anion-to-cation charge balance, the structural information 
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obtained by both Raman spectroscopy and HPLC, and the assignments made in other 

NMR studies of borophosphate glasses.11, 12, 43 Notably, 𝑃2𝐵
3  structures were assumed to 

be the predominate moiety for 𝑃𝑗𝐵
3  units, and that 𝑃1𝐵

3  and 𝑃3𝐵
3  are not present, as noted by 

Raskar et al.12 Additionally, it was assumed that neutral B3 units would form before 

anionic trigonal species (B2).  

 

Table 3. The 31P MAS NMR peak shifts (iso) reported for the indicated structural units in 

crystalline phosphates, used to compare with the respective peak assignments for the Na-

Ca/Sr-borophosphate glasses in Figure 8. 

Structural Unit Compound iso (ppm) Reference 

P0 hydroxyapatite 2.9, 3.3 46, 47 

P0 CaHPO4·2H2O 2.0 47 

P0 -Ca3(PO4)2 0.5, 1.9, 5.0 48 

P0B
1  -Ca2P2O7 -8, -8.9, -10.8 47, 48 

P0B
2  -Ca(PO3)2 -26.8, -29.3, -31.0 47 

P2B
2  CaBPO5, SrBPO5 -9.1, -11.1 49 

P4B
4  BPO4 -29.2, -30.0 13, 47, 49 

 

The relative fractions of borate and phosphate sites were determined using the 

analyzed compositions (Table 1) and the relative areas of the peaks in the fitted 11B and 

31P MAS NMR spectra, and these are shown in Figures 9A and 9B, respectively.  Bj𝑃
4  

units are the first borate sites to form with the initial replacement of P2O5 by B2O3 and 

their relative fractions reach a maximum in compositions with 20-30 mole % B2O3, the 
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compositions at which borate triangles first appear. The relative fractions of these 

trigonal groups increase systematically with increasing B2O3-contents.  At the same time, 

the fraction of 𝑃𝑗𝐵
2  units in the network decrease systematically with increasing B2O3 

content, whereas the fraction of the 𝑃𝑗𝐵
3  units remains relatively constant up to about 

30mole% B2O3. (As noted above, borate units systematically replace the phosphate units 

as next-nearest neighbors for these 𝑃𝑗𝐵
3  moieties with increasing B2O3-content.) Small 

fractions of 𝑃4𝐵
4  are detected in the x=10 compositions, and small fractions of 𝑃𝑗𝐵

1  and P0 

sites are present in the x=40 glasses. 

 

 
Figure 8. 31P chemical shifts, averaged across each series, for the different phosphate 

tetrahedra identified in glasses with the nominal molar composition 16Na2O-(24-y)CaO-

ySrO-xB2O3-(60-x)P2O5. The shaded boxes represent respective chemical shift ranges, 

reported by Carta et al.9 The chemical shifts reported for crystalline phosphates (Table  3) 

are shown as the open stars. 
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Table 4. Summary of the equations used by Hermansen to determine structural units for 

the glass compositions shown in Figure 9.14 

Structural 

Unit 
Set of Equations 

[𝐵4] = {
𝑦, 𝑦 ≤ 𝑦∗

𝑦∗, 𝑦∗ < 𝑦
 

[𝐵3] =

{
 

 𝑦 − [𝐵4],
𝑥

1 − 𝑥
≤ 𝑦∗ + 3 × (1 − 𝑦) 

𝑦 − [𝐵4] − (
𝑥

1 − 𝑥
− 𝑦∗ − 3 × (1 − 𝑦)) , 𝑦∗ + 3 × (1 − 𝑦) <

𝑥

1 − 𝑥

 

[𝐵2] = {
0,

𝑥

1 − 𝑥
≤ 𝑦∗ + 3 × (1 − 𝑦)

𝑥

1 − 𝑥
− 𝑦∗ − 3 × (1 − 𝑦), 𝑦∗ + 3 × (1 − 𝑦) <

𝑥

1 − 𝑥

 

[𝑃3] = {
(1 − 𝑦) − (

𝑥

1 − 𝑥
− [𝐵4]) ,

𝑥

1 − 𝑥
≤ 𝑦∗ + (1 − 𝑦)

0, 𝑦∗ + (1 − 𝑦) <
𝑥

1 − 𝑥

 

[𝑃2] =

{
 
 

 
 

𝑥

1 − 𝑥
− [𝐵4],

𝑥

1 − 𝑥
≤ 𝑦∗ + (1 − 𝑦)

2 × (1 − 𝑦) − (
𝑥

1 − 𝑥
− [𝐵4]) , 𝑦∗ + (1 − 𝑦) <

𝑥

1 − 𝑥
≤ 𝑦∗ + 2 × (1 − 𝑦)

0, 𝑦∗ + 2 × (1 − 𝑦) <
𝑥

1 − 𝑥

 

[𝑃1] =

{
  
 

  
 0,

𝑥

1 − 𝑥
≤ 𝑦∗ + (1 − 𝑦)

(
𝑥

1 − 𝑥
− [𝐵4]) − (1 − 𝑦), 𝑦∗ + (1 − 𝑦) <

𝑥

1 − 𝑥
≤ 𝑦∗ + 2 × (1 − 𝑦)

3 × (1 − 𝑦) − (
𝑥

1 − 𝑥
− [𝐵4]) , 𝑦∗ + 2 × (1 − 𝑦) <

𝑥
1 − 𝑥

≤ 𝑦∗ + 3 × (1 − 𝑦)

0, 𝑦∗ + 3 × (1 − 𝑦) <
𝑥

1 − 𝑥

 

[𝑃0] =

{
 
 

 
 0,

𝑥

1 − 𝑥
≤ 𝑦∗ + 2 × (1 − 𝑦)

(
𝑥

1 − 𝑥
− [𝐵4]) − 2 × (1 − 𝑦), 𝑦∗ + 2 × (1 − 𝑦) <

𝑥

1 − 𝑥
≤ 𝑦∗ + 3 × (1 − 𝑦)

(1 − 𝑦), 𝑦∗ + 3 × (1 − 𝑦) <
𝑥

1 − 𝑥

 

 

Topological models of glass structures derived from constraint theories have 

proved useful for explaining composition-property trends for a variety of glass forming 

systems.28, 50–53 Hermansen assumed that borate was first incorporated into a phosphate 
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network as B4𝑃
4  units, and then beyond a critical B-to-P ratio, other anionic sites would 

emerge, in the order Bj𝑃
4 >PjB

2>PjB
1 >P0>B2.14 Hermansen also assumed that no more than 

two different phosphate sites (PjB
i ) would be present in a borophosphate network and that 

the anionic charges of the network sites are balanced by the modifying cation charges. 

Table  shows the equations used by Hermansen to describe the compositional 

dependences of B- and P-sites for glasses with the nominal molar compositions xR’O(1 − 

x)[yB2O3(1 − y)P2O5], where R’O represents both alkali and alkaline earth oxides, and 

these equations are plotted as the solid lines in Figures 9A and 9B.14 

 

 
Figure 9. The respective fractions of borate (A) and phosphate (B) sites obtained from the 

11B and 31P MAS NMR spectra from glasses with the nominal molar composition 

16Na2O-(24-y)CaO-ySrO-xB2O3-(60-x)P2O5, where y = 0 (solid symbols), 12 (half-filled 

symbols) and 24 (open symbols). The solid lines are the predicted distributions from the 

model proposed by Hermansen et al..14 

 

In general, the compositional dependences of the relative concentrations of the 

major B- and P-sites derived from the 11B and 31P MAS NMR spectra of the glasses in 
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the present study are consistent with the predictions of the Hermansen model. In 

particular, Hermansen predicted that only B𝑗𝑃
4  sites would be present in glasses with up to 

23mole% B2O3 and indeed, significant concentrations of trigonal borate units were 

detected only in glasses with greater borate concentrations (Figure 9A). Hermansen 

predicted similar breaks in the compositional dependences of the PjB
3  and PjB

2  unit 

concentrations at 23 mole% B2O3, although these changes are less obvious in the 

quantitative NMR data shown in Figure 9B. The disproportionation of 𝑃𝑗𝐵
2  sites to 𝑃𝑗𝐵

3  and 

𝑃𝑗𝐵
1  sites has been noted in previous studies of borophosphate glasses modified with 

higher field strength cations, like Ca2+,14, 54 and similar reactions may account for some of 

the site-concentration differences between the present measurements and Hermansen’s 

predictions. 

There are several other differences between the quantitative site analyses of the 

glasses in the present study and those predicted by Hermansen. First, the 31P MAS NMR 

spectra in the present study (Figure 3B) reveal small (<10%) fractions of 𝑃4𝐵
4   sites in 

glasses with up to 20 mole% B2O3; Hermansen assumed that these sites would not form 

in these glasses. And secondly, the 31P MAS NMR spectra reveal that these 

borophosphate glasses have more than two distinct P-sites, an interpretation consistent 

with the complexity of the Raman spectra in the 1000-1300 cm-1 range (Figure 1) and 

with the large number of P-anions detected by HPLC for glasses with a B2O3 content less 

than about 35 mole% (Figure 2).  

Despite these differences, the Hermansen model still provides useful insight into 

the evolution of the borophosphate network with increasing borate contents, insight that 

will be used below to explain the compositional dependence of the glass properties. 
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4.2. OXYGEN SPECIATION 

The equations in Table 5 summarize those used by Hermansen et al. to calculate 

oxygen speciation based on the borate and phosphate site concentration equations in Table 

4.2. In these equations, b is a measure of the allowable B4-O-B4 bonds per 𝐵𝑗𝑃
4  unit, and 

Hermansen et al. assumed that no tetrahedral borate units were connected to another 

tetrahedral boron (b = 0). 

 

Table 5. Equations used by Hermansen et al. to determine oxygen speciation in 

borophosphate glasses with nominal compositions of xR’O(1 − x)[yB2O3(1 − y)P2O5].14 

Oxygen 

Speciation Set of Equations 

[BØP] =

{
 
 

 
 

(4 − 𝑏) × [𝐵4]

(𝑥 + (1 − 𝑥) × (3𝑦 + 5(1 − 𝑦))) (2 × (1 − 𝑥))⁄
, 𝑦 ≤ 𝑦∗

4 × [𝑃4] + 3 × [𝑃3] + 2 × [𝑃2] + 1 × [𝑃1]

(𝑥 + (1 − 𝑥) × (3𝑦 + 5(1 − 𝑦))) (2 × (1 − 𝑥))⁄
,  𝑦∗ < 𝑦

 

[BØB] =

{
  
 

  
 

1
2
× (3 × [𝐵3] + 2 × [𝐵2] + 1 × [𝐵1])

(𝑥 + (1 − 𝑥) × (3𝑦 + 5(1 − 𝑦))) (2 × (1 − 𝑥))⁄
, 𝑦 ≤ 𝑦∗

1
2
× (4 × [𝐵4] + 3 × [𝐵3] + 2 × [𝐵2] + 1 × [𝐵1])

(𝑥 + (1 − 𝑥) × (3𝑦 + 5(1 − 𝑦))) (2 × (1 − 𝑥))⁄
−
1

2
× [𝐵Ø𝑃],  𝑦∗ < 𝑦

 

[PØP] =

{
 

 
1
2
× (4 × [𝑃4] + 3 × [𝑃3] + 2 × [𝑃2] + 1 × [𝑃1])

(𝑥 + (1 − 𝑥) × (3𝑦 + 5(1 − 𝑦))) (2 × (1 − 𝑥))⁄
−
1

2
× [𝐵Ø𝑃], 𝑦 ≤ 𝑦∗

0,  𝑦∗ < 𝑦

 

[NBO] =
1 × [𝐵2] + 2 × ([𝐵1] + [𝑃2]) + 3 × ([𝐵0] + [𝑃1]) + 4 × [𝑃0]

(𝑥 + (1 − 𝑥) × (3𝑦 + 5(1 − 𝑦))) (2 × (1 − 𝑥))⁄
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In the present study, the number of bridging oxygens per glass former and non-

bridging oxygens per glass former are calculated from the fractions of structural units, 

[𝐵𝑗𝑃
𝑖 ] and [𝑃𝑗𝐵

𝑖 ], obtained by MAS NMR using Equations 2 and 3: 

 

[Ø]

(𝐵 + 𝑃)
 =∑(

i

2
[BjP

i ]) +∑(
i

2
[PjB
i ]) [2] 

 

[NBO]

(𝐵 + 𝑃)
= [𝐵2] +∑((4 − 𝑖)[PjB

i ]) [3] 

 

For these calculations, the B3 units are assumed not to have links to phosphate 

tetrahedra, consistent with the 11B{31P} REDOR study of alkali borophosphate glasses by 

Rinke and Eckert.11 Additionally, the fraction of each type of bridging oxygen to total 

number of oxygens can also be calculated from the fraction of structural units, [𝐵𝑗𝑃
𝑖 ] and 

[𝑃𝑗𝐵
𝑖 ], obtained by MAS NMR (summarized in Appendix) using Equations 4, 5, and 6, 

respectively:  

 

[𝐵Ø𝑃] =
∑(

𝑗
2

 [𝐵𝑗𝑃
𝑖 ]) + ∑(

𝑗
2

 [𝑃𝑗𝐵
𝑖 ])

Ø + 𝑁𝐵𝑂
 [4] 
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[𝐵Ø𝐵] =
∑(
(𝑖 − 𝑗)
2 [𝐵𝑗𝑃

𝑖 ])

Ø + 𝑁𝐵𝑂
 

[5] 

 

[𝑃Ø𝑃] =
∑(

(𝑖 − 𝑗)
2 [𝑃𝑗𝐵

𝑖 ])

Ø + 𝑁𝐵𝑂
 

[6] 

 

The compositional dependences of the fractions of the three bridging oxygen 

species ([BØP], [BØB], and [PØP]), and non-bridging oxygens associated with borate 

and phosphate units ([NBO(B)] and [NBO(P)], respectively), are shown in Figure 10. 

The solid lines are the trends predicted by the Hermansen model. The trends in speciation 

can be divided into two regions with x = 23 as the pivotal composition. It is worth noting 

that this composition is the same at which the structural model by Hermansen predicts the 

maximum fraction of tetrahedral borate units and the onset of the formation of trigonal 

borate units.  

In the compositional range 0 ≤ x ≤ 23, an exchange of PØP for BØP linkages 

occurs as tetrahedral borate units replace phosphate units to form a borophosphate 

network. At the pivotal composition (x = 23), the maximum in [BØP] marks the point at 

which the glass structure is a fully interconnected borophosphate network. Above this 

composition (x>23), the additional borate units are incorporated into a distinctly borate 

network as BØP linkages are replaced by BØB linkages, including those that link 

increasing fractions of trigonal borate sites (Figure 9A). 

 

 



 

 

112 

 
Figure 10. Compositional dependence of the oxygen speciation for glasses with the 

nominal molar composition 16Na2O-(24-y)CaO-ySrO-xB2O3-(60-x)P2O5, where y=0, 

y=12, and y=24. Solid lines are the predictions from Hermansen’s structural model. The 

dotted lines mark the range where the compositions crystallize upon quenching.  

 

The primary assumption made by Hermansen et al. that differs from the results of 

this analysis is that the borate units first form heteroatomic linkages with phosphate units 

before they form homoatomic linkages to other borate units.  There is clear evidence in 

the 11B MAS NMR spectra for a greater fraction of homoatomic BØB bonds in the 

structures of glasses in the compositional range 20 ≤ B2O3 ≤ 40 (mol %), and in the 31P 

MAS NMR spectra and the chromatographs for the presence for greater fractions of 

homoatomic PØP linkages in in the same glasses leading to smaller fractions of 

heteroatomic BØP than are predicted by Hermansen’s structural model. There is good 

agreement between the compositional dependences of the nonbridging oxygens fractions, 

([NBO(B)] and [NBO(P)], and Hermansen’s predictions. 
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Figure 11 plots the compositional dependence of the number of bridging oxygens 

per glass former for the three series of CaO/SrO borophosphate glasses. This metric will 

be used below to explain the compositional dependence of the glass transition 

temperatures. 

 

  

Figure 11. Compositional dependence of the number of bridging oxygens per glass 

former (Ø/(B+P)) for glasses with the nominal molar composition 16Na2O-(24-y)CaO-

ySrO-xB2O3-(60-x)P2O5.  The vertical dotted lines mark the range where the 

compositions crystallize upon quenching. 

 

The Raman spectra in Figure 1 show an evolution in the network structures of 

these glasses from phosphate to borophosphate to borate as B2O3 replaces P2O5, 

consistent with the interpretations of the MAS NMR and HPLC data. The intense peak 

centered near 1160 cm-1 in the spectrum of the borate-free compositions broadens and 

shifts to lower frequencies with increasing B2O3 content. This peak is assigned to the 
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symmetric stretching modes of nonbridging oxygens on Q2 phosphate tetrahedra, and the 

shift to lower frequencies is an indication of the replacement of a phosphate by a borate 

as the next nearest neighbors; viz., the conversion of 𝑃0𝐵
2  to 𝑃1𝐵

2 .4, 14 The development of 

these PØB linkages is further indicated by the increase in the intensity of the Raman peak 

at 1050 cm-1 with increasing borate content.  The relative intensity of this peak is 

maximized for the glass where x = 30. In the Raman spectra from the high-borate 

compositions, where x > 35, peaks near 720 and 750cm-1 assigned to borate vibrational 

modes become apparent.  These features are consistent with the appearance of the 

trigonal borate sites in the 11B MAS NMR spectra (Figure 3). 

4.3. PHOSPHATE ANION DISTRIBUTIONS 

When phosphate glasses are dissolved under the conditions used to prepare the 

HPLC solutions, ionic bonds that link the phosphate anions through the modifying 

cations are hydrated, releasing those anions to be separated by the chromatography 

column and then analyzed. The hydrolysis of the bridging oxygen bonds (PØP) that link 

the neighboring P-tetrahedra that constitute those anions is relatively slow and so the 

distribution of anions recorded by HPLC is assumed to represent that found in the 

original glass.30 However, when ultraphosphate glasses react in aqueous solutions, the 

𝑃0𝐵
3  units hydrolyze to release smaller P-anions and so the distributions of those anions in 

solution are different from those in the original glass.42, 55, 56 Therefore, quantitative 

structural information for phosphate glasses  from HPLC is limited to the polyphosphate 

(O/P>3) compositions.57–60 
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In the preparation of the HPLC samples from the borophosphate glasses in the 

present study, the oxygens that bridge borate and phosphate units (BØP) are assumed to 

hydrolyze much faster than the bridging PØP bonds. Protonated tetrahedral borates which 

initially form when borates are hydrated are unstable and immediately convert to more 

stable protonated trigonal borates,61, 62 leading to the hydrolysis of the bridging BØB 

bonds and the release of borate species to solution.63 Similar reactions are assumed to 

occur with the borophosphate bonds, leading to the separate release of phosphate anions 

and boric acid. 

 

 

Figure 12. Fractions of P0, P1, and P2 units for glasses with the nominal molar 

composition 16Na2O-(24-y)CaO-ySrO-xB2O3-(60-x)P2O5 as measured by 31P MAS NMR 

(closed symbols) and HPLC (open symbols). The lines are meant as guides for the eye. 

 

Figure 12 compares the quantitative P-speciation results from the HPLC data with 

those from the 31P MAS NMR spectra.  Here, the different 𝑃𝑗𝐵
𝑖  units identified in the 
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NMR spectra are combined to their respective values of “i” and compared to the fractions 

of Pi sites obtained directly from the associated chromatographs. In this analysis, it was 

assumed that 42, 55, 56every 𝑃2𝐵
3  unit identified in the NMR data was hydrolyzed to form a 

P0 anion in the HPLC solutions, leading to reasonably good agreement between the two 

data sets.  

The average P-anion size (n̅) in a polyphosphate glass can be predicted from its 

composition using Equation 7:40, 64 

 

 n̅ =
1

([𝑂] [𝑃⁄ ]) − 3
 [7] 

 

 

Figure 13. Average phosphate chain length determined by 31P MAS NMR (�̅�mod) 

compared to what is expected from the modified O/P ratio (([Otot-OB∅B]/[P]), which 

excludes oxygens sequestered in BØB linkages. 
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Here, it is assumed that all oxygens in the glass structure are linked to a phosphate 

unit. In the present borophosphate glasses, some fraction of oxygens bridge neighboring 

borate units as BØB bonds and so do not modify the phosphate linkages. However, if 

these oxygens are subtracted from the total oxygen content, then, as shown in Figure 13, 

the average P-anion size measured by NMR is in good agreement with that predicted by 

the following modified version of Eq. 7: 

 

 
�̅�𝑚𝑜𝑑 =

1

(
([𝑂𝑡𝑜𝑡 − 𝑂𝐵∅𝐵])

[𝑃]
⁄ ) − 3

 
[8] 

 

4.4. GLASS PROPERTIES 

Topological structural models, like the one proposed by Hermansen, et al. for 

borophosphate glasses, have proved to be useful for predicting properties that are 

sensitive to the nature of the glass-forming network.14 In the present study, the similarity 

in the compositional dependence of the glass transition temperature (Figure 5) and the 

number of bridging oxygens per glass-forming cation (Figure 11) indicates that the 

former directly depends on the latter.  Indeed, Figure 14 shows a systematic increase in 

Tg with increasing numbers of Ø/(B+P). Rinke et al. observed a similar correlation 

between glass transformation temperatures and the network former connectivity for Na-

borophosphate glasses.11 
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Figure 14. The dependence of glass transition temperature on the number of bridging 

oxygens per glass former (Ø/(B+P)) for glasses with the nominal molar composition 

16Na2O-(24-y)CaO-ySrO-xB2O3-(60-x)P2O5.   

 

The dependence of Tg on average number of network crosslinks shown in Figure 

10 can be used to explain the compositional dependence of Tg (Figure 5) and to highlight 

the significance of the glasses with 23 mole% B2O3. The initial replacement of P2O5 by 

B2O3 creates highly cross-linked 𝐵4𝑃
4  network sites that replace less-crosslinked 𝑃0𝐵

3  and 

𝑃0𝐵
2  units that constitute the structure of the ultraphosphate (x=0) glasses. Indeed, the 

average Ø/(B+P) ratio increases from 1.22 to 1.55 when the B2O3 content increases from 

0 to 23 mole%. Further replacement of P2O5 by B2O3 (23 ≤ x ≤ 40) creates lower 

dimensional trigonal borates and depolymerized phosphate sites, causing Tg to decrease. 

The phosphate-free compositions (x=60) have the highest glass transition temperatures 

and the greatest Ø/(B+P) ratios.  This analysis indicates that the type of bridging oxygen 
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bond (PØP, BØP, BØB) has less influence on the glass transition temperature than the 

total number of bridging oxygens per network former. 

The effects of composition on molar volume (Figure 4B) are more subtle, but the 

break in the trend near 23 mole% B2O3 can also be explained by the transition in the 

structural motif at this composition. The initial replacement of P2O5 by B2O3 results in 

the replacement of PØP bonds by BØP bonds, with the relative fraction of the latter 

reaching a maximum at 23 mole% B2O3 (Figure 11). Above this composition, BØB 

bonds become increasingly dominant in the glass structures. Qiu et al. studied the 

structures of Na-borophosphate glasses using high-energy X-ray diffraction and found 

that the distances between network formers across bridging oxygens decreased in the 

order PØP (2.88Å)>BØP (2.73Å)>BØB (2.63Å).65 The trend towards shorter average 

bond distances is consistent with the overall decrease in 𝑉𝑚
𝑂 with increasing B2O3 content 

(Figure 4B), and the steeper slope in the 𝑉𝑚
𝑂 trend below 23 mole% is consistent with the 

greater difference between the PØP and BØP bond distances. At compositions above x > 

23, BØP linkages are exchanging for BØB linkages, which are closer in bond length, 

leading to a less negative change in molar volume per oxygen. 

 

5. SUMMARY 

Borate and phosphate site speciation in the structures of three series of glasses 

with the nominal molar composition 16Na2O-(24-y)CaO-ySrO-xB2O3-(60-x)P2O5 

(mol%), where 0<x<60 and y=0, 12, and 24, were quantified by 11B and 31P MAS NMR 

and found to be in good agreement with the structural information obtained by HPLC and 
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Raman spectroscopy. The initial addition of B2O3 creates tetrahedral borophosphate units 

(𝐵𝑗𝑃
4 ) that reduce the average size of the P-anions that constitute the glass structures. 

Trigonal borates are present in glasses with greater B2O3 contents, and become more 

significant as the overall compositions and structures evolve from borophosphates to 

borates. 

The evolution of these structures is in general agreement with the topological 

model proposed by Hermansen, et al., and indicate that a local maximum in network 

cross-link density is reached at 23 mole% B2O3, where a maximum in the fraction of 

BØP bonds is expected.  Above this composition BØB bonds associated with tetrahedral 

and trigonal B-sites become dominant. Changes in the compositional dependences of the 

glass transition temperature and the molar volume occur at 23 mole% B2O3, and are 

consistent with the changes in the molecular-level structures of these glasses. 
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ABSTRACT 

 

Particles of borophosphate glasses with the nominal molar compositions 16Na2O-

(24-y)CaO-ySrO-xB2O3-(60-x)P2O5 (mol%), where 0≤x≤60 and y=0, 12, and 24 were 

reacted in deionized water and in simulated body fluid (SBF) at 37°C. For the dissolution 

experiments in water, the pH of the solution at the conclusion of the experiments 

increased systematically, from 2.1 to 9.5, for y=0 glasses when ‘x’ increased from 0 to 

60. The reaction rates over the first 8-24 hours of dissolution in both SBF and deionized 

water followed linear kinetics, with reaction rates dependent on glass composition. For 

glass particles in SBF, replacing P2O5 with up to 20 mole% B2O3 decreased the 

dissolution rate (fraction dissolved) by two orders of magnitude, from 7.0x10-3 hr-1 for 

x=0 to 2.0x10-5 hr-1 for x=20. Further replacement of P2O5 by B2O3 increased dissolution 

rates by three orders of magnitude, to 2.3x10-2 hr-1 at x = 60. The compositional 

dependence of the dissolution rates is explained by changes in the glass structure, with 

the most durable glasses possessing the greatest fraction of tetrahedral borophosphate 

sites in the glass network. Crystalline brushite was detected on Ca-glasses with 35 and 40 

mole% B2O3, but the dominant material on both the Ca- and Sr-glasses is an amorphous 

combination of orthophosphate and pyrophosphate species.  
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1. INTRODUCTION 

 

Phosphate-based glasses have been developed for the delivery of antibacterial 

ions [1] and phosphate glass fibers have been used to promote muscle and nerve 

regeneration [2,3]. The dissolution of phosphate glasses in aqueous environments occurs 

by the penetration of water into the glass surface and then the hydration of the bonds 

between modifying cations and the nonbridging oxygens on the phosphate anions that 

constitute the phosphate glass structure [4]. Na-Ca-phosphate glasses form more acidic 

solutions when they dissolve, particularly glasses with greater phosphate contents [4-6]. 

Modifying cations with greater field strengths generally have slower hydration 

rates and so decrease the overall phosphate glass dissolution rates [4,7,8] but contribute 

to the hydrolysis of phosphate anions in solution by polarizing P-O bonds [9,10]. In 

addition, the hydration rates of the cation bonds to smaller, more negatively charged 

phosphate anions are generally slower [4,11,12]. SrO-containing glasses are of interest 

because they can promote bone formation and prevent osteoporosis [13,14]. Additionally, 

it has been shown that the systematic replacement of CaO by SrO decreased the 

dissolution rate by by nearly an order of magnitude in metaphosphate glasses [15]. 

Replacing silica with B2O3 generally increases the dissolution rate of bioactive 

silicate glasses, [16,17] and so borate-based glasses have been developed for potential 

soft-tissue medical applications [18-19,20]. Borate-based glasses generally dissolve 

congruently in aqueous solutions and the dissolution rates depend on the concomitant 

hydrolysis of the borate network and the hydration of modifying cations that charge 

balance the borate network anions [21]. Increasing the fraction of tetrahedral network 

borate sites decreases the glass dissolution rates [21-23]. When dissolved in aqueous 
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solutions, Na-Ca-borate glasses increase pH, with greater values of pH resulting from the 

dissolution of glasses with greater Na- and Ca-contents [21,22]. 

Calcium-containing borate glasses react in phosphate solutions to precipitate 

calcium phosphate phases, including hydroxyapatite (HA), on the glass surface [24,25]. 

Changes in the local pH affect the type of calcium phosphate (CP) materials that initially 

form on the surface of bioactive glasses and ceramics [26], including brushite (pH=2.0-

6.0), amorphous calcium phosphate (pH=5.0-12.0), and hydroxyapatite (pH=9.5-12). The 

form and stoichiometry of the CP phases affect how those materials react in the 

physiological environment. For example, hollow hydroxyapatite (HA) microspheres have 

been shown to encourage bone regeneration, and their properties can be tailored by 

reacting the borate glass spheres in phosphate solutions with different values of pH 

[27,39]. 

The addition of borate to a phosphate glass composition can stabilize the glass 

against crystallization and will decrease dissolution rates in aqueous solutions [28-30]. 

There have been many systematic studies of the substitution of borate for phosphate on 

the properties of borophosphate glasses [31-37], but few have considered how the 

composition of borophosphate glasses affect their dissolution rates in aqueous solutions 

or how those reactions alter local pH. The latter point is important because pH control is 

important for specific biomedical applications [38-40]. For example, endothelial cell 

viability increases in the presence of pH neutral borophosphate glasses, relative to more 

alkaline borate-based glasses [38], but antibacterial activity is generally increased in the 

presence of more alkaline glasses [19,39]. 
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The goal of this paper is to relate the dissolution properties of a series of Na-Ca-

Sr-borophosphate glasses, including ion release rates, changes in solution pH, and the 

nature of any precipitating phases, to the glass composition and network structure. In an 

earlier paper, we describe a quantitative composition-structure model that shows that 

physical properties depend on the number of network crosslinks between phosphate and 

borate polyhedral [40], and that model will be used in the present paper to explain the 

dependence of glass dissolution rates and resulting solution pH in water and in simulated 

body fluids on glass composition.  

 

2. EXPERIMENTAL PROCEDURE 

X-ray amorphous, visually homogeneous glasses with the nominal molar 

compositions 16Na2O-(24-y)CaO-ySrO-xB2O3-(60-x)P2O5 could be prepared for each 

alkaline earth series (y = 0, 12 and 24) in increments of 10B2O3 except at x=50, where 

melts from each series crystallized upon quenching. In the y = 0 series, two additional 

compositions at x = 23.3 and 35 were prepared. Details about glass formation and 

characterization are described elsewhere [41].  The analyzed components are within ±2.0 

mol % (absolute) of the as-batched compositions and those analyzed compositions will be 

used to describe the property trends in this paper. 

Two series of dissolution experiments were performed. In the first test, 150 mg of 

glass powder (75-150 m particle size) from the SrO-free (y=0) glasses were sealed in 

porous (45 m openings) nylon mesh bags which were then immersed into HDPE 

centrifuge tubes filled with 50 mL of 37°C deionized water, and these samples were then 
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reacted in a heated shaker bath for up to 192 hours. In the second test, 300mg of glass 

powder (250-500 m particle size, y= 0, 12, and 24) were added to similar mesh bags and 

then immersed in HDPE centrifuge tubes that were filled with 50 mL of 37°C simulated 

body fluid (SBF), prepared according to Kokubo et al. [41], then reacted in the shaker 

bath for up to 168 hours. The solution pH and sample weight losses were recorded at 

each time point, the latter after drying the samples in air for at least 8 hours at 90°C. After 

each time point, the glass particles and the respective solutions were retained for 

analyses. Every experiment was done in triplicate. 

Ion concentrations in the dissolution solutions were analyzed using Inductively 

Coupled Plasma – Optical Emission Spectroscopy (ICP-OES), using a Perkin-Elmer 

Avio 200. Solutions were diluted using 1% HNO3 to prepare samples with ion 

concentrations in the 1-50 ppm range. Due to the high concentrations of calcium, sodium, 

and phosphate in SBF, only boron concentrations were measured in the solutions from 

those experiments.  

Glass particles, before and after the dissolution experiments in SBF, were 

analyzed by x-ray diffraction using a PANalytical X’Pert Multipurpose diffractometer 

with a Cu Kα source and a PIXcel detector. Raman spectra were collected from reacted 

particles after rinsing with ethanol and drying using a Horiba Jobin Yvon LabRAM 

ARAMIS micro-Raman spectrometer with a HeNe (632.8 nm) 17 mW or a diode (785 

nm) 100 mW laser and a 1200 grating at 10x magnification. At least twenty 10 s scans 

were collected on each sample, and the respective average spectra are reported.  
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3. RESULTS 

3.1. GLASS DISSOLUTION IN DEIONIZED WATER 

The time-dependence of the solution pH values for the glass powders (y=0) 

reacted in 37°C deionized water are shown in Figure 1. There was an immediate increase 

in the pH, to a value of 9.5, for the solution containing the phosphate-free (x=60) glass 

and a slower decrease in the pH, to a value of 2.2, for the solution containing the borate-

free (x=0) glass.  For the other glasses, the solution pH after 192 hours on test increased 

systematically as borate replaced phosphate in the glass composition.  

 

 
Figure 1. Solution pH over time for the 150 mg samples (75-150 μm particles) in 

deionized water for the 16Na2O-24CaO-xB2O3-(60-x)P2O5 compositional series (y = 0). 

All experiments were carried out in a shaker bath set to 37°C. Error bars may be smaller 

than the symbol. 
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The normalized ion release (NIR) rates for the glass powders (y = 0) dissolved in 

deionized water are shown in Figure 2 and were determined using the equation:  

 

𝑁𝐼𝑅 =  
𝑐𝑖 × 𝑉

𝑓𝑖 ×𝑚
 [1] 

 

Where 𝑐𝑖 is the measured (ICP-OES) concentration (ppm) of element 𝑖 in 

solution, 𝑉 is the sample volume (L), 𝑓𝑖 is the mass fraction of element 𝑖 in the original 

glass, 𝑚 is the original mass of the powdered sample (mg). This normalizes the 

concentrations of the ions in solution to the respective concentrations of those ions in the 

glass. 

Similar NIR values for each ion, for example, for the x=0, 10, 20, and 60 glasses, 

indicate congruent dissolution.  For the x=30 and 40 glasses, B and Na are released at 

similar rates whereas the normalized Ca and P contents of the solution were significantly 

lower. The x=60 glass was completely dissolved and the x=0 glass was nearly completely 

dissolved (94% wt. loss) after 192 hours on test, and the Na and B contents of the x=40 

glass were completely released after about 48 hours.   

X-ray diffraction analyses (not shown) showed that the reacted x=40 particles had 

converted to crystalline brushite (CaHPO4·2H2O, ICCD # 01-071-0656), whereas the 

reacted x=10, 20 and 30 particles were x-ray amorphous. The x=0 and x=60 particles 

were completely dissolved after 192 hours on test. 
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Figure 2. Normalized ion release (NIR) of the 16Na2O-24CaO-xB2O3-(60-x)P2O5 

compositional series when 150mg of 75-150m particles are reacted in deionized water 

at 37°C in a shaker bath. The horizontal lines indicate full dissolution (NIR = 1.0). 

 

3.2. GLASS DISSOLUTION IN SIMULATED BODY FLUID 

Figure 3 shows weight loss data, presented as the fraction of the initial weight lost 

(), for all three series (y = 0, 12, 24) of glass particles reacted in 37°C SBF. Over the 

course of the experiments, the phosphate-free compositions were fully dissolved (=1.0) 

by 60 hours. The fraction of weight lost from the three versions of x=40 plateaued around 

=0.50-0.60. The remaining borate-free (x=0) and borophosphate glasses (x = 10, 20, 23, 

and 30) all dissolved more slowly. 
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Figure 3. The fraction weight loss (), over time for the 300mg samples (250-500m) 

reacted in SBF of the 16Na2O-(24-y)CaO-ySrO-xB2O3-(60-x)P2O5 compositional series, 

where y = 0 (A), 12 (B) and 24 (C). All experiments were carried out in a shaker bath set 

to 37°C.  

 

Figure 4 shows the normalized boron release rates from the glass particles in SBF 

(Equation 1).  As was found for the experiments done in water, boron was fully released 

from the x = 40 and 60 glasses after about 48 hours, whereas B-release from the x = 10, 

20, 23, and 30 glasses was much slower.  
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Figure 4. Normalized boron release (NBR) for the 300mg samples (250-500m particle 

size) with an insert to provide a view of the x = 10, 20, 23, and 30 compositions of the 

16Na2O-(24-y)CaO-ySrO-xB2O3-(60-x)P2O5 compositional series, where y = 0 (A), 12 

(B), and 24 (C), in SBF at 37°C in a shaker bath. The horizontal lines indicate full 

dissolution (NBR = 1.0). 

 

Figure 5 shows how the pH values of the SBF changed with time over the course 

of the dissolution experiments.  There was a significant increase in pH, from about 7.4 to 

8.7, with the dissolution of the three series of phosphate-free (x=60) glasses. The pH of 

the SBF solutions in which the three series of x=40 glasses were reacted dropped to 

values near 7.0 and the pH of the solution from the x=35/y=0 experiment dropped to 6.5. 

The pH values of the solutions from the other experiments generally varied between 7.4 
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and 7.7, although the borate-free (x=0) particles did reduce the solution pH values at 

longer times. 

 

 
Figure 5. The solution pH over time for the 300mg samples (250-500m) reacted in SBF 

of the 16Na2O-(24-y)CaO-ySrO-xB2O3-(60-x)P2O5 compositional series, where y = 0 

(A), 12 (B) and 24 (C). All experiments were carried out in a shaker bath set to 37°C. 

 

XRD analyses of particles recovered after 168 hours in SBF showed the presence 

of crystalline brushite for the x = 35 and 40/y=0 samples (Figure 6), but all other 

recovered particles, including the x=40/y=12 and x=40/y=24 samples, were x-ray 

amorphous.  
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Figure 6. XRD analyses of glass particles after immersion in SBF at 37°C for 168 hr. 

Primary peaks for brushite, Ca(HPO4)·2H2O (ICCD # 00‐001‐0395) are noted by 

asterisks.  

 

Figure 7 shows the Raman spectra collected from several different glasses, before 

(left) and after (right) 168 hours in SBF.  The broad peaks shown in the as-prepared 

glasses have been assigned to the vibrational modes of the phosphate and borate moieties 

that constitute the network structures of the glasses and are described in detail in 

reference [40]. The sharp peaks between about 900 and 1200 cm-1 in the spectra from the 
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reacted particles can be assigned to the vibrational modes of different phosphate species 

that constitute the calcium phosphate layer that formed on the surfaces of those particles.  

The Raman spectra from glasses that fully reacted in 168 hrs (x=35/y=0 and x=40/y=0, 

x=40/y=12, and x=40/y=24) have only sharp peaks associated with the reaction layer, 

whereas the spectra from the partially reacted glasses (x=30/y=0) have sharp peaks from 

the reaction product overlaid on the broader peaks from the unreacted glass. 

 

 

Figure 7. Raman spectra collected 16Na2O-(24-y)CaO-ySrO-xB2O3-(60-x)P2O5 glasses 

before (left, from [40]) and after (right) immersion in SBF at 37°C for 168 hrs.  

 

4. DISCUSSION 

4.1. DISSOLUTION RATES AND GLASS STRUCTURE 

The dissolution rate kinetics of the weight loss data in Figure 3 were analyzed 

using the contracting volume model (CVM) [42], which defines the linear dissolution 

kinetics for spherical particles as: 
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 𝑘𝐶𝑉𝑀𝑡 = 1 − (1 − 𝛼)
1
3 [1] 

 

where α is the mass fraction of a particle that has reacted in time t, and kCVM is the 

temperature-dependent reaction rate parameter.  One assumption of the contracting 

volume model is that the dissolution kinetics are linear, generally controlled by a reaction 

between the solvent and reactant.  Linear dissolution kinetics have been observed for 

borate glasses in water [22], but the initial dissolution kinetics of phosphate glasses in 

water have been reported to be parabolic, controlled by the initial diffusion of water into 

the glass surface [4]. Linear weight loss rates were noted for a Ca-borophosphate glass in 

solutions with pH values ranging from 2 to 14 [43]. 

Figure 8 shows the weight-loss data from the SrO-free (y=0) glasses with their 

respective fits to Equation 1.  Similar fits were done to the first 24 hours of weight-loss 

data from the y=12 and y=24 series and these are shown in the Appendix.  These analyses 

were limited to the first 24 hours of reaction to reduce the complications created by the 

precipitation of calcium phosphate phases on the x=40 samples. 

Figure 9 shows the reaction rate constants for the three series of glasses calculated 

from their respective weight loss measurements. For all three series, the initial 

replacement of P2O5 by B2O3 reduced the dissolution rate by an order of magnitude, with 

the slowest dissolving glasses having a nominal P2O5:B2O3 ratio of 40:20.  Further 

replacement of P2O5 by B2O3 increased the dissolution rates by over two orders of 

magnitude, with the x=60 composition the fastest dissolving glass in each series.  In 

general, the mixed alkaline earth series (y=12) had the slowest dissolution rates and the 
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SrO-free series (y=0) had the fastest dissolution rates across the compositional series. The 

sensitivity of dissolution rates to the choice of alkaline earth oxide may indicate that the 

cations preferentially neutralize the phosphate anions in the glass, as substituting 

strontium for calcium has been shown to decrease dissolution rates in phosphate glasses 

[43] and increase dissolution rates in borate glasses [10]. This preference has been 

observed in other studies of alkali borophosphate glasses [32]. 

 

 
Figure 8. Fraction weight loss () data for glass particles in 37°C SBF. The solid lines are 

fits of the first 24 hours of data to the contracting volume model (Equation 1). The data 

on the right has an expanded y-axis to better show the results from the slower dissolving 

glasses. 

 

To understand the different reactions that might control the overall glass 

dissolution rates, the compositional-dependence of the glass structures must be 

considered. The structures of these glasses are described in detail elsewhere [40] and can 

be summarized by considering the phosphate and borate sites that constitute the network 

structures.  Freudenberger et al. used the term 𝑃𝑗𝐵
𝑖  to describe phosphate tetrahedra 
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bonded to “i” total P- and B-polyhedra and to “j” B-polyhedra, and 𝐵𝑗𝑃
𝑖  to describe B-

polyhedra bonded to “i” total P- and B-polyhedra and to “j” P-tetrahedra. The compound 

BPO4, isostructural to silica, thus has a structure based on 𝑃4𝐵
4  and 𝐵4𝑃

4  tetrahedra. For the 

present series of glasses, the borate-free (x=0) ultraphosphate glasses have structures 

based on 𝑃0𝐵
3  and 𝑃0𝐵

2  tetrahedra, with the latter anionic sites charge-balanced by the 

alkali and alkaline earth cations. The phosphate-free (x=60) glasses have structures based 

principally on 𝐵0𝑝
3  triangles and 𝐵0𝑃

4  tetrahedra, with a small number of anionic 𝐵0𝑝
2  

triangles. Those triangles and the anion tetrahedral sites are charge-balanced by the alkali 

and alkaline earth cations. 

 

 
Figure 9. Reaction rate constants (𝑘𝐶𝑉𝑀) for the dissolution of particles from the three 

series of 16Na2O-(24-y)CaO-ySrO-xB2O3-(60-x)P2O5 (mol%) glasses in 37°C SBF.  
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With increasing B2O3 content in the glass series, the dominant network units 

change as indicated here [40]: 

 

𝑃0𝐵
3 ,(𝑃0𝐵

2 ) → (𝑃2𝐵
3 ),(𝑃𝑥𝐵

2 ), 𝐵4𝑃
4 → (𝑃2𝐵

3 ),(𝑃𝑥𝐵
2 ), (𝐵(4−𝑥)𝑃

4 ), 𝐵0𝑃
3 → (𝐵0𝑃

4 ), 𝐵0𝑃
3 , (𝐵0𝑃

2 ) 

 

The value of ‘x’ in the subscript increases with increasing B2O3 content, although 

it may be different for each unit. Units in parantheses are anionic and will be charge 

balanced by the alkali and alkaline earth ions. 

 Figure 10 summarizes some of the quantitative nuclear magnetic resonance 

(NMR) results from Freudenberger, et al. to show how the relative fractions of the 

bridging oxygens (Ø) that link the various network units change with composition. The 

initial replacement of P2O5 by B2O3 creates tetrahedral 𝐵4𝑃
4  sites in the phosphate glass 

network, replacing bridging P-Ø-P bonds with bridging P-Ø-B bonds. Because these 𝐵4𝑃
4  

sites are charge-neutral, the metal cations (Na+, Ca2+, Sr2+) must charge balance the 

nonbridging oxygens on anionic 𝑃𝑥𝐵
3 - and 𝑃𝑥𝐵

2 -tetrahedra.  The fraction of 𝐵4𝑃
4  units 

reaches a maximum near x=20 and further additions of B2O3 create trigonal 𝐵0𝑃
3  sites, 

including those that link to tetrahedral 𝐵(4−𝑥)𝑃
4  sites, producing increasing fractions of B-

Ø-B bonds. Anionic 𝐵0𝑃
4  sites also form in the borate-rich glasses and these are charge-

balanced by the metal cations as the relative fraction of anionic phosphate sites decreases.  
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Figure 10. Bridging oxygen (Ø) speciation for the three series of 16Na2O-(24-y)CaO-

ySrO-xB2O3-(60-x)P2O5 glasses calculated from borate and phosphate speciation reported 

in reference [40]. 

 

We can now consider different reactions between water and the different 

constituents of the glass structure.  Consider first the hydration of bonds between the 

alkali or alkaline earth ions and the phosphate and borate anions that they charge-balance.  

For example, alkali and alkaline earth cations link neighboring phosphate anions through 

bonds with the nonbridging oxygens on those cations. Ma et al. [6] summarized the 

general hydration reactions of two phosphate anions with n and n’ polyhedra charge-

balanced by (n+2) and (n’+2) metal cations (M+), respectively, as 

 

(𝑃𝑛𝑂3𝑛+1)(𝑀)(𝑛+𝑛′+4)(𝑃𝑛′𝑂3𝑛′+1) +
(𝑛 + 𝑛′ + 4)

2
𝐻2𝑂 → 

𝐻2+𝑛(𝑃𝑛𝑂3𝑛+1) + 𝐻2+𝑛′(𝑃𝑛𝑂3𝑛′+1) + (𝑛 + 𝑛
′ + 4)𝑀𝑂𝐻 [2] 
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where the resulting polyphosphoric acids and metal hydroxides are then released 

to solution after hydration.   

For borate glasses, one type of hydration reaction involves the metal cations that 

charge balance anionic tetrahedral units, as summarized by: 

 

 (𝐵∅4)
−𝑀+ + 𝐻2𝑂 → (𝐵∅4)

−𝐻+ +𝑀𝑂𝐻 [3] 

 

Here, Ø represents a bridging oxygen that links a neighboring borate anion. 

Protonated borate tetrahedra are unstable and convert to more stable protonated trigonal 

sites [44,45] so that the net hydration reaction of a metal cation bonded to a borate 

tetrahedron is:  

 

 (𝐵∅4)
−𝑀+ + 𝐻2𝑂 → (𝐵∅2𝑂𝐻) +𝑀𝑂𝐻 [4] 

 

A second type of reaction involves the hydrolysis of the bridging oxygens 

between network forming phosphate and borate polyhedra. Under pH-neutral conditions, 

like those associated with SBF-solutions, the hydrolysis of bridging P-Ø-P bonds in 

linear phosphate anions is relatively slow, compared to hydrolysis in more acidic 

solutions [46]. Hydrolysis reactions of the bridging oxygens that constitute the structures 

of a borate glass may involve the protonated trigonal species created after the hydration 
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of a metal cation-tetrahedral borate site (reactions 3 and 4), summarized by reaction 5, or 

the bridging oxygens associated with trigonal borate sites, as shown in reaction 6: 

 

 (𝐵∅2𝑂𝐻) + 𝐻2𝑂 → 𝐵(𝑂𝐻)3 [5] 

 

 2𝐵0𝑃
3 + 3H2O → 2B(OH)3 [6] 

 

In both of these reactions, soluble boric acid is released into the solution, along with 

the metal hydroxide from the original hydration reaction (Eq. 4). 

In the present study, the analyses of ions released from the phosphate glasses 

(x=0) into water (Figure 2) show similar ratios as those in the original glass, indicating 

that the network hydrolysis and subsequent hydration reactions lead to congruent glass 

dissolution. Similar results have been reported from dissolution studies of other alkali-

alkaline earth phosphate glasses [4,6,12]. The analyses of ions released to water from the 

borate (x=60) glass in Figure 2 also reveal congruent dissolution, implying that the 

hydration and hydrolysis reactions occur simultaneously, as reported elsewhere [22]. 

Similar hydration and hydrolysis reactions can be proposed for the borophosphate 

glasses studied here.  Figure 10 shows that for the x=10 and x=20 glasses, significant 

fractions of P-Ø-B bonds are present in the glass network and so their relative hydrolysis 

rate would affect the overall dissolution rates of these glasses. In water, these glasses also 

dissolve congruently (Figure 2), and in SBF, their dissolution rates are considerably 

lower than those for either the phosphate or borate end members. In fact, the 
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compositional dependence of the dissolution rates shown in Figure 9 are inversely 

proportional to the relative fractions of B-Ø-P bonds that constitute the glass network, as 

shown in Figure 10, implying that the incorporation of tetrahedral 𝐵4𝑃
4  sites in the glass 

network improves the chemical stability of these glasses in SBF. Similar observations 

have been made in other dissolution studies borophosphate glasses in aqueous solutions 

29,37,47,48]. 

Freudenberger et al. reported finding similar distributions of phosphate anions 

from quantitative chromatographic and 31P NMR analyses, after accounting for the 

hydrolysis of the 𝑃2𝐵
3  species [40]. Since those chromatographic samples were produced 

by dissolving the glasses in a slightly basic solution where P-Ø-P bond hydrolysis rates 

are very slow, the borophosphate glasses had to dissolve by the hydrolysis of the P-Ø-B 

bonds to release a polyphosphate anion and boric acid, along with the hydrated alkali and 

alkaline earth ions that were charge balancing the phosphate anion in the glass. 

Figure 11 shows the anion distributions calculated from the chromatography data 

reported by Freudenberger et al., including chromatographs collected by dissolving the 

x=0 glass [40]. This latter data could not be used to analyze the original structures of the 

x=0 glasses because of the hydrolysis of the 𝑃0𝐵
3  sites, which released into the 

chromatographic solution large concentrations of both orthophosphate anions (P1) and 

anions with more than three P-tetrahedra. Increasing the borate content of the 

borophosphate glasses decreased the relative concentrations of longer anions, and 

increased the relative concentrations of smaller anions until at x=40, >98% of the 

phosphate anions released to solution were orthophosphate anions.  



 

 

150 

 

Figure 11. P-anion distributions for the three series (y=0, 12, and 24) of glasses 

determined by ion chromatography  [41].  Hydrolysis of the ultraphosphate network of 

the x=0 glasses (0 B2O3) produced an anion distribution that is not representative of the 

original glass structure. 

 

The long-term weight loss data from glasses in SBF, shown in Figure 3.3, have 

plateaus near 40-60% after about 48 hours for the three x=40 (y=0, 12, 24) glasses, with 

the final weight loss fraction decreasing systematically when SrO replaces CaO in the 

glass composition. The plateau time corresponds to the full release of borate into the 

respective solutions (Figure 4). The total weight lost from the x=35 (y=0) glass at the 

completion of one week on test is also about 60% and, again, corresponds to the full 

release of borate from the glass to the solution. Similar plateaus exist in the Ca- and P-

release data from the x=40 (y=0) glass in water (Figure 2).  
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The plateaus in the weight loss and ion release data are associated with the 

development of precipitation phases on the respective glass surfaces.  For example, the 

formation of an insoluble partially crystalline brushite (CaHPO4∙2H2O) phase, identified 

by XRD, on the surfaces of the SrO-free x=40 glass particles reacted in both water and 

SBF, as well on the SrO-free x=35 particles in SBF, accounts for both the plateaus in the 

respective weight change data as well as the lower release rates of Ca and P to water. The 

development of other x-ray amorphous precipitation products likely explains the weight 

change plateaus for the x=40/y=12 and x=40/y=24 particles in SBF. In fact, the 

systematic decrease in total weight loss with the replacement of CaO by SrO in the x=40 

compositions is consistent with the development of a precipitation product with 

increasing concentrations of heavier Sr-ions. 

The Raman spectra in Figure 7 provide some additional information about the 

nature of the precipitation phases that form on these glasses after exposure to SBF. The 

sharp peaks near 960 cm-1 in the spectra of the reacted x=35/y=0 and x=40/(y=0,12,24) 

glasses can be assigned to the symmetric stretching mode of an orthophosphate anion. 

Amorphous calcium phosphates (ACP) and octocalcium phosphate (OCP, 

Ca8(HPO4)2(PO4)4·2H2O) have sharp Raman peaks near 960 cm-1 [49-51] whereas the 

peak frequency for crystalline brushite is near 985 cm-1 [52,53]. This indicates that the 

crystalline brushite detected by XRD is a small fraction of the precipitated material from 

the x=35/y=0 and x=40/y=0 samples, that most of precipitated phase is in the form of an 

amorphous phosphate, including the phases that form on the x=40/y=12 and x=40/y=24 

samples. Indeed, ACP and OCP are precursors to the precipitation of brushite and 
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hydroxyapatite in phosphate solutions [49], and the XRD results provide some indication 

of the progress of that transformation. 

There are potentially several overlapping contributions to the intensity of second 

sharp peak in the Raman spectra, near 1030 cm-1, including an asymmetric stretching 

mode of the orthophosphate anion [52,53] and stretching modes from carbonate species 

[54-56], which can be incorporated into phosphate phases that precipitate from SBF on 

the surfaces of bioactive glasses [57]. More likely, though, is that the 1030 cm-1 peak is 

due to symmetric stretching modes of pyrophosphate units incorporated into the 

phosphate precipitation layer [58,59].  The ratio of the intensities of the 1030 and 960 cm-

1 peaks increases for the y=0 glasses in the order (x=40)<(x=35)<(x=30) as does the 

relative intensity of the peak at 750 cm-1, assigned to the symmetric stretching modes of 

oxygens that bridge phosphate tetrahedra in a pyrophosphate anion [60]. The relative 

concentrations of pyrophosphate anions found in the network structures of the base 

glasses increases in the same compositional order [40]. For example, Figure 11 shows 

that the pyrophosphate (P2)-to-orthophosphate (P1) ratio increased from 2:98 for the 

(x=40/y=0) glass to 8:90 for the (x=30/y=0) glass. The presence of pyrophosphate anions 

in solution is known to inhibit the nucleation and crystallization of orthophosphate phases 

like brushite or hydroxyapatite [61,62] and this is consistent with the amorphous XRD 

patterns associated with samples with relatively greater pyrophosphate components, as 

revealed by the Raman spectra. 

There is a third peak, near 1000 cm-1, in the Raman spectra from the reacted Sr-

containing glasses (x=40/y-12 and x=40/y=24) that does not appear in the spectra of the 
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reacted Sr-free glasses. This peak might be due to the incorporation of Sr-ions into an 

calcium phosphate layer or to the presence of HPO4
2- anions in the layer [63]. 

In summary then, the compositional dependence of the initial reaction rate 

constant data shown in Figure 9 can be related to the systematic changes in the network 

structure of the glass. The initial replacement of P2O5 by B2O3 replaces reactive 𝑃0𝐵
3 -sites 

with chemically durable 𝐵4𝑃
4 -sites, the concentration of which is maximized near x=20.  

Further replacement of P2O5 by B2O3 reduces the relative fractions of more durable P-Ø-

B bonds with more reactive B-Ø-B bonds, particularly those associated with the readily 

hydrolysable borate trigonal sites. The fastest dissolving glasses are those with the lowest 

phosphate contents. The precipitation of insoluble phases on the surfaces of the reacting 

glasses does not appear to affect the rates of release of soluble species from the glass, but 

the nature of that insoluble phase does depend on the original glass composition. 

4.2. SOLUTION pH 

Equations 2-6 indicate some of the reactions that can occur when the alkali-

alkaline earth borophosphate glasses react with water. Those reactions can produce borate 

and phosphate acids and alkali and alkaline earth hydroxides, and the relative 

concentrations and acid dissociation constants (pKa) will determine the solution pH. 

Table 1 lists room temperature dissociation constants for some of the species expected to 

be present in solution when these borophosphate glasses dissolve in water. The base 

dissociation constants (pKb) for several of the metal cations were calculated by 

subtracting the acid dissociation constant from the dissociation constant of water (pKwater 

= 13.995) [64].  
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Table 1. Acid dissociation constants (pKa) for possible species in solution containing Na, 

Ca, B, and P ions. [64,65]  

Aqueous acid-base equilibria Step T (°C) pKa (pKb) 

𝐵(𝑂𝐻)3  +  𝐻2𝑂 ↔  𝐵(𝑂𝐻)4
−
+ 𝐻+ 1 20 9.27 

𝐵(𝑂𝐻)4
−
+ 𝐻2𝑂 ↔  𝐵(𝑂𝐻)5

2−
+ 𝐻+ 2 20 > 14 

𝐶𝑎2+ +  2𝐻2𝑂 ↔ 𝐶𝑎(𝑂𝐻)2 +  2𝐻
+  25 12.6 (1.4) 

𝐻2𝐶𝑂3 ↔ (𝐻𝐶𝑂3)
− + 𝐻+ 1 25 6.35 

(𝐻𝐶𝑂3)
− ↔ (𝐶𝑂3)

2− + 𝐻+ 2 25 10.33 

𝐻3𝑃𝑂4 ↔ (𝐻2𝑃𝑂4)
− + 𝐻+ 1 25 2.16 

(𝐻2𝑃𝑂4)
− ↔ (𝐻𝑃𝑂4)

2− + 𝐻+ 2 25 7.21 

(𝐻𝑃𝑂4)
2− ↔ (𝑃𝑂4)

3− + 𝐻+ 3 25 12.32 

𝐻4𝑃2𝑂7 ↔ (𝐻3𝑃2𝑂7)
− + 𝐻+ 1 25 0.91 

(𝐻3𝑃2𝑂7)
− ↔ (𝐻2𝑃2𝑂7)

2− + 𝐻+ 2 25 2.10 

(𝐻2𝑃2𝑂7)
2− ↔ (𝐻𝑃2𝑂7)

3− + 𝐻+ 3 25 6.70 

(𝐻𝑃2𝑂7)
3− ↔ (𝑃2𝑂7)

4− + 𝐻+ 4 25 9.32 

𝑁𝑎+ + 𝐻2𝑂 ↔ 𝑁𝑎𝑂𝐻 + 𝐻+  25 14.8 (-0.81) 

𝑆𝑟2+ +  2𝐻2𝑂 ↔ 𝑆𝑟(𝑂𝐻)2 +  2𝐻
+  25 13.2 (0.79) 

 

A smaller dissociation constant indicates a stronger acid or base.  Boric acid (pKa 

= 9.27) is a much weaker acid than the phosphoric acid (pKa1 = 2.16) and this explains 

why the phosphate-rich glasses produced much more acidic solutions when dissolved in 

water than did the borate-rich glasses (Figure 1). The pH of the solutions created by the 

dissolution of the borophosphate glasses in water increased with the borate-content of the 

glass. The final pH of the solution created by the dissolution of the x=40 was about 7.2, 

similar to the second dissociation constant of phosphoric acid and so indicating that this 

solution may be controlled by the following buffer reaction: 

 

 (𝐻2𝑃𝑂4)
− ↔ (𝐻𝑃𝑂4)

2− + 𝐻+ [7] 
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The dissolution of borophosphate glasses in SBF produced smaller changes in 

solution pH (Figure 6), reflecting the more complex solution chemistries and generally 

slower dissolution kinetics of the glasses. The dissolution of the x=60 borate glass 

increased the pH of the SBF solution to a value of about 8.7 after the first 24-48 hours, 

after which the glasses were completed dissolved (Figure 5). The SBF pH values from 

the fast-reacting x=40 glasses leveled off near 7.0 and most of the solutions from the 

slower reacting glasses remained in the range 7.2 to 7.7. One exception is the drop in 

SBF pH for the CaO-analog of the x=0 glass after about 60 hours on test. 

Chromatographic analyses of this glass (Figure 11) reveals that long phosphate anions are 

released to solution [40] and when these anions hydrolyze, they produce phosphoric acid, 

which then accelerates the hydrolysis reactions [12].  High field strength cations, like 

Ca2+, also catalyze the hydrolysis of phosphate anions in solution [7], and this may 

explain why the pH values of SBF at the conclusion of the one-week dissolution 

experiments increased in the order (y=0)<(y=12)<(y=24) for the x=0 glass (Figure 6), 

despite the slightly lower pKb of SrO compared to CaO (Table 1). 

 

5. CONCLUSION 

The dissolution kinetics of glasses from the 16Na2O-(24-y)CaO-ySrO-xB2O3-(60-

x)P2O5 (mol%) compositional series, where 0<x<60 and y=0, 12, and 24, were measured 

in 37°C water and in simulated body fluid (SBF). A minimum in dissolution rate (x = 20) 

can be related to a maximum in number of B-Ø-P linkages in the original glass, 

indicating a correlation between dissolution rate and tetrahedral B(ØP)4 sites. Above 
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about 20 mole% B2O3, trigonal borate sites begin to be incorporated in the borophosphate 

glass structure and an increase in the relative numbers of hydrolyzable B-Ø-B contributes 

to the increasing dissolution rates in both SBF and water. The release of Na-, Ca-, and Sr-

hydroxides from hydration of the metal ion sites and boric and phosphoric acid from 

hydrolysis of borate and phosphate bonds affects the solution pH, however it ultimately 

depends on buffering reactions between the soluble species. Insoluble phosphate phases 

precipitate on the surfaces of the faster reacting borophosphate glasses. Crystalline 

brushite was detected on Ca-glasses with 35 and 40 mole% B2O3, but the dominant 

material on both the Ca- and Sr-glasses is an amorphous combination of orthophosphate 

and pyrophosphate species.  

The dissolution rates can be controlled by several orders of magnitude by varying 

the phosphate-to-borate ratio of the glass, and this may be of value for biomedical 

applications that require controlled ion release rates. Likewise, control over the local pH 

created by the dissolution of the borophosphate glasses may prove useful for biomedical 

applications where the alkalinity of conventional bioactive glasses is a problem. 
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SECTION 

3. CONCLUSIONS AND RECOMMENDATIONS 

Because the intent of the characterization of zinc borophosphate (ZBP) glasses in 

the Paper section was to determine the effect that B2O3 has on the properties and structure 

of ZBP glasses with fixed oxygen to phosphorus (O/P) ratios, there were gaps in the 

terminal oxygen to boron ratio (TO/[B]) when performing the structural analysis with the 

structural model proposed by Hoppe. The interest in the O/P ratio of 3.25 was due to 

previous experiments in which wave-guiding structures were written into zinc phosphate 

(ZP) and zinc aluminophosphate (ZAP) glasses using fs laser writing.81-83 The prevailing 

notion is that this was due to structural similarities in the ZP and ZAP glasses to vitreous 

silica, i.e. a tetrahedrally connected structure.84 If this project were to be continued, a 

broader range of compositions based on TO/[B] is recommended to better understand the 

deviation of borophosphate compositions from Hoppe’s terminal oxygen model. The 

assumption that zinc remains in a tetrahedral coordination for these glasses should be 

confirmed for these compositions, along with developing a similar understanding of the 

evolution of borate species in transition metal borophosphate compositions as what is 

described by Hermansen’s structural model for alkali-alkaline earth borophosphate 

glasses. Furthermore, there has been no comprehensive analysis of the waveguide-

forming capabilities of the ZBP compositions. 

As a side note, the sample preparation techniques that were developed in the 

collaboration with colleagues from Nippon Electric Glass for the Na-Ca/Sr-
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borophosphate glasses described in the Paper section should be applied to the preparation 

of the ZBP glasses. Zinc metaphosphate can be used as a raw material to add phosphate 

to the composition rather than phosphoric acid, pure platinum crucibles should be used 

rather than platinum-rhodium alloys, and the melt can be stirred using a platinum stir rod 

to achieve a homogenous melt with less potential for discoloration from the crucible. 

In the Paper section, the metaphosphate glass compositions were designed and 

proven to have similar characteristic temperatures but different refractive indices to 

produce a core-clad fiber combination. Moreover, a fiber was demonstrated to transmit 

632 nm light when submerged in a phosphate buffer solution at 21°C for a demonstrable 

lifetime. Continuation of this project would involve designing and testing an actual 

device. 

In addition to comparing the data to literature, the 11B and 31P MAS NMR 

analysis for alkali-alkaline earth borophosphate glasses in the Paper section was related to 

results from High Pressure Liquid Chromatography and Raman Spectroscopy, and the 

charge balance for associated cation and anion species was calculated using the analyzed 

composition to confirm spectral fitting. While this generated a high confidence in the 

analysis, further investigation using other 2D NMR techniques would help clarify the 

nature of the trigonal borate species; e.g., identifying sites with non-bridging oxygens. 

With an understanding of how a direct substitution of borate for phosphate in the glass 

composition affects structure, there should be a shift in focus to observing the effects of 

varied alkali modifier content, both in comparison to one another and to glass forming 

oxides to further validate Hermansen’s Structural model and the connection between 

breaks in properties with the critical composition identified by the model. 
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 The current study on the dissolution of alkali borophosphate glasses focused on 

the effects of structure in the bulk glass on dissolution, resulting in a narrow analysis of 

short-term dissolution, particularly within the first 24 hours. Therefore, to continue the 

development of these glasses for biomedical applications, it is suggested that future 

efforts drive towards further understanding of the mechanisms of reaction layer 

formation, including both solution chemistry and glass surface analysis for long times (at 

least up to 2 weeks) to compare to industry standard compositions such as 1393-B3 and 

45S5.85  

In the study by Liu et al., the formation of crystalline species on 1393-B3 fibers was 

not identified until 7 days of predominately static (shaken once a day) dissolution, which 

was the longest time point for dissolution in the shaker bath experiment reported in the 

Paper section. Of note, the borophosphate composition (16Na2O-24CaO-40B2O3-20P2O5, 

mol%) analyzed in the Paper section demonstrated promising results in angiogenesis and 

muscle regeneration experiments. Residual fines in solution were observed qualitatively 

in Simulated Body Fluid (SBF) after 168 hours at 37°C in a shaker bath for only this 

composition, emphasizing that steps to characterize solution and surface chemistry of 

these glasses should be taken. This would include quantitative analyses of the calcium 

phosphate precipitation products, such as amorphous calcium phosphate, brushite, and 

hydroxyapatite. In doing so, however, it is recommended that the procedure for 

dissolution be modified away from glass particles in nylon satchels, as the surface of the 

particles can be disturbed during removal from the satchels; bulk glass samples or fibers, 

as in Liu et al., is suggested.85 
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Concurrently with experimental analyses, there should be some effort towards 

identifying useful solution chemistry predictions, as the calculations using FactSage 

(Appendix) provided some insight but were limited by assumptions used by the software. 

Once found, this tool could potentially be used to quantify the roles and contributions of 

phosphate anion hydration and borate network hydrolysis on the dissolution kinetics, as 

this work was only able to make qualitative observations of the link between these 

structures and dissolution rate. 
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Figure A.1. Raman spectra from glasses in the mixed alkali (y=12, A) and CaO-free 

(y=24, B) nominal molar compositional series 16Na2O-(24-y)CaO-ySrO-xB2O3-(60-

x)P2O5. The intensity of each spectrum was normalized to the most intense peak in that 

spectrum for visual comparison. 
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Table A.1. Summary of phosphate units determined by 31P MAS NMR analysis for 

glasses of the nominal compostion 16Na2O-(24-y)CaO-ySrO-xB2O3-(60-x)P2O5. 

 

Composition Fraction NFU 

y x P4,4B P3,0B P3,2B P2,0B P2,1B P2,2B P1,1B 

0 

0 0.0 39.6 0.0 60.4 0.0 0.0 0.0 

10 5.4 11.8 7.7 30.4 26.9 0.0 0.0 

20 4.1 0.0 26.0 14.2 22.7 0.0 0.0 

23.3 2.7 0.0 35.6 10.3 11.3 2.3 0.0 

30 0.4 0.0 35.3 2.6 0.2 11.9 0.8 

35 0.0 0.0 26.9 1.5 0.0 12.7 1.6 

40 0.0 0.0 20.8 0.0 0.0 11.2 2.3 

60 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

12 

0 0.0 36.6 0.0 63.4 0.0 0.0 0.0 

10 6.4 10.7 4.1 29.9 31.7 0.0 0.0 

20 3.3 0.0 30.7 12.7 20.1 0.0 0.0 

30 0.3 0.0 34.3 2.6 0.2 12.2 0.6 

40 0.0 0.0 17.9 0.0 0.0 12.5 2.6 

60 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

24 

0 0.0 35.7 0.0 64.3 0.0 0.0 0.0 

10 7.6 6.2 7.3 36.0 25.8 0.0 0.0 

20 3.6 0.0 28.0 13.5 22.5 0.0 0.0 

30 0.2 0.0 30.1 1.5 0.2 17.2 1.0 

40 0.0 0.0 21.4 0.0 0.0 11.1 1.6 

60 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
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Table A.2. Summary of borate units determined by 11B MAS NMR analysis for glasses of 

the nominal compostion 16Na2O-(24-y)CaO-ySrO-xB2O3-(60-x)P2O5. 

 

Composition Fraction NFU 

y x B4,0P B4,1P B4,2P B4,3P B4,4P B3 

0.0 

0 0.0 0.0 0.0 0.0 0.0 0.0 

10 0.0 0.0 0.0 9.3 8.5 0.0 

20 0.0 0.4 6.2 16.1 9.2 1.1 

23.3 0.0 1.9 10.5 22.3 0.0 3.2 

30 0.6 8.1 16.4 11.2 0.0 12.5 

35 1.1 16.8 11.6 5.9 0.0 22.0 

40 1.9 20.2 8.6 3.9 0.0 31.1 

60 44.9 0.0 0.0 0.0 0.0 55.1 

12.0 

0 0.0 0.0 0.0 0.0 0.0 0.0 

10 0.0 0.0 0.0 5.3 11.8 0.0 

20 0.0 0.0 6.7 13.4 12.0 1.1 

30 0.0 7.2 18.5 12.0 0.0 12.1 

40 2.0 21.0 9.3 3.8 0.0 31.0 

60 44.8 0.0 0.0 0.0 0.0 55.2 

24.0 

0 0.0 0.0 0.0 0.0 0.0 0.0 

10 0.0 0.0 0.0 5.1 11.9 0.0 

20 0.0 0.0 5.8 14.4 11.2 0.8 

30 0.0 7.4 18.9 11.0 0.0 12.5 

40 2.4 21.3 8.9 3.8 0.0 29.5 

60 45.7 0.0 0.0 0.0 0.0 54.3 
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1. CHARGE BALANCE 

The charge (qcomp) from the anionic (𝐵𝑗𝑃
𝑖  and 𝑃𝑗𝐵

𝑖 ) units for each composition 

necessary to balance the contribution from the cations (Na+ and Ca2+) was determined 

using Eqn. A.1: 

 

 𝑞𝑐𝑜𝑚𝑝 = −([𝑁𝑎
+] + 2[𝐶𝑎2+] + 2[𝑆𝑟2+]) A.1 

 

Where [𝑁𝑎+], [𝐶𝑎2+], and [𝑆𝑟2+] are the concentrations of the cations 

determined from the analyzed compositions by ICP-OES. The charge contribution from 

each type of anionic unit is listed in Table A.1. 

 

Table A.1. The charges associated with each borate (BjP
i ) and phosphate (PjB

i ) unit. 

Borate Unit Charge (q) Phosphate Unit Charge (q) 

𝐵4𝑃
4  0 𝑃4𝐵

4  0 

𝐵3𝑃
4  -0.25 𝑃0𝐵

3  0 

𝐵2𝑃
4  -0.5 𝑃2𝐵

3  -0.5 

𝐵1𝑃
4  -0.75 𝑃0𝐵

2  -1 

𝐵0𝑃
4  -1 𝑃1𝐵

2  -1.25 

B3 0 𝑃2𝐵
2  -1.5 

B2 -1 𝑃0𝐵
1  -2 

  𝑃1𝐵
1  -2.25 

  𝑃0𝐵
0  -3 
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The expected charge from compsition (𝑞𝑐𝑜𝑚𝑝) is plotted against what was 

determined using the fraction of anionic units identified by 11B and 31P MAS NMR 

(Table A.1) in Figure A.1. In an attempt to confirm the presence of anionic trigonal 

borate sites, two sets of calculations were carried out: 1) including anionic trigonal sites 

(include B2 units) and 2) assuming all trigonal sites are neutral (no B2 units). While the 

presence of anionic trigonal sites is confirmed using this method for the borate (x=60) 

composition, these calculations were unable to clearly confirm or deny the presence of 

anionic trigonal sites in borophosphate (x=30, 35, 40) compositions.  

 

 
Figure A.1. The anionic charge from glasses with the nominal molar composition 

16Na2O-(24-y)CaO-ySrO-xB2O3-(60-x)P2O5, where y=0, y=12, and y=24. The analyzed 

charges were determined using fractions of phosphate and borate units by 31P and 11B 

MAS NMR and the unit charges, including anionic B2 units (red circles) and excluding 

anionic B2 units (blue triangles).  
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Figure B.2. The Contracting Volume Model fitted to the first 24 hours of weight loss data 

for the the 150mg samples (75-150 mm) in deionized water for the 16Na2O-24CaO-

xB2O3-(60-x)P2O5 (SrO-free) compositional series. All experiments were carried out in a 

shaker bath set to 37°C. 

 

 

Figure B.3. The Contracting Volume Model fitted to the first 24 hours of weight loss data 

for the 300mg samples (250-500mm) in SBF for the 16Na2O-12CaO-12SrO-xB2O3-(60-

x)P2O5 (mixed alkali) compositional series (A). The insert (B) clarifies the fits for 

compositions that dissolve much more slowly. All experiments were carried out in a 

shaker bath set to 37°C. 
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Figure B.4. The Contracting Volume Model fitted to the first 24 hours of weight loss data 

for the 300mg samples (250-500mm) in SBF for the 16Na2O-24SrO-xB2O3-(60-x)P2O5 

(CaO free) compositional series (A). The insert (B) clarifies the fits for compositions that 

dissolve much more slowly. All experiments were carried out in a shaker bath set to 

37°C. 

 

1. FACTSAGE CALCULATIONS 

Solution speciation reactions were calculated using the Equilib module of 

FactSageTM 7.2, a thermochemical database and computing system. The ion 

concentrations from the ICP-OES measurements were used to predict the solution pH and 

precipitation products for both the deionized water and SBF experiments, the latter after 

including thermochemical information for tris(hydroxymethyl)aminomethane, a 

component in SBF. In the case of the SBF experiments, ion concentrations were 

estimated assuming the glasses dissolved congruently and using the boron release data by 

ICP-OES for glasses containing boron. For the borate-free glass, the weight loss data was 

used. The results are presented in Figure B.1 and Figure B.2.  
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Figure B.1. The calculated solution pH using FactSage (open symbols) compared to 

experimental data (solid symbols) for the SrO-free (y=0) 16Na2O-24CaO-xB2O3-(60-

x)P2O5 compositional series used in the 150mg (75-150 μm particles) deionized water 

experiment with respect to the fraction of glass reacted determined by weight loss (x=0) 

or B release (x≥10) data.  

 

 
Figure B.2. The calculated solution pH using FactSage (open symbols) compared to 

experimental data (solid symbols) for the SrO-free (y=0) 16Na2O-24CaO-xB2O3-(60-

x)P2O5 compositional series used in the 300mg (250-500μm particles) SBF experiment. 

The fraction of glass reacted determined by weight loss was used for x=0 and B release 

data was used for x≥10. The box in A denotes the expanded section in B. 
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Based on the estimated activities of possible species in solution, calculations 

using FactSageTM determined that disodium calcium pyrophosphate (Na2CaP2O7) was 

expected to form in acidic (<7.0) environments. In deionized water, the x = 60 glass was 

expected to fully dissolve with no reaction products, though hydroxyapatite was expected 

to form for glasses having higher B2O3 content (x =40) and in SBF. In contrast, the 

conversion to brushite on of the x = 40 composition and the formation of an amorphous 

Ca-phosphate layer on the x = 30 sample was observed, the latter of which is a non-

equilibrium phase and therefore not predicted by FactSageTM. Though the calculations 

using FactSageTM did not accurately depict the formation of reaction products during 

dissolution, there are some insights to be had in the way that the program estimates 

solution pH, particularly with regards to the phosphate species in solution. 

Simulated Body Fluid acts as a complexing agent in hydrolysis, and this effect is 

not accounted for by the Debye-Huckel equation, which is used by the FactSageTM 

software to calculate species’ activities and assumes that all solutes are fully dissociated. 

For the deionized water experiment in Figure B.1, however, there is an autocatalyzing 

effect on the hydrolysis due to the acidic pH, creating a similar ion environment to that 

which is assumed by the Debye-Huckel equation. This leads to a calculated pH value that 

is in good agreement with the measured pH (~2.2) for the x = 0 composition in deionized 

water. The borophosphate compositions (x = 20 and 30) in deionized water have 

significantly higher measured pH (3.6, 5.7) compared to the calculated pH (<3.0). In the 

case of the x = 40 composition in deionized water, there are more depolymerized 

phosphate species being released into solution, and therefore match the pH calculations 
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by FactSageTM. FactSageTM may be a useful tool in the consideration of phosphate glass 

dissolution in water or glasses having predominantly orthophosphate species. 

 

2. SEMI-QUANTITATIVE ANALYSIS 

An estimation of bond strengths can be made by evaluating the contribution of 

valence units (V.U.) of cations through bond valence analysis. Tetrahedral boron 

contributes 0.75 V.U. to the Ø, and 1 V.U. is contributed by trigonal boron. Phosphorus 

typically contributes 1 V.U. to the Ø between phosphate tetrahedra, and the remaining 

charge is redistributed between the NBO. While heteroatomic bonds to the Ø (1.75 V.U.) 

are not necessarily stronger than those between phosphate tetrahedra (2.0 V.U.) and 

mixed borate species (1.75 V.U.), the relationship between [BØP] and [BØB] is an 

indicator of the role of phosphate tetrahedra in balancing tetrahedral borate species, 

delaying the formation of trigonal borate units. 

With increasing [BØP], the phosphate chains are shortened and charge balanced 

by the modifying cations, increasing their resistance to hydration through stronger bonds 

to the NBOs. Furthermore, Ma et al. found that the dissolution rate in both the parabolic 

and linear stages of sodium and calcium polyphosphate glasses decreases by an order of 

magnitude as the phosphate chain length (n̅) decreases. Additionally, an increase in ratio 

of trigonal to tetrahedral borate species, signaled by increasing [BØB] above x = 20, has 

been directly related to increasing borate glass dissolution rates. 
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The dissolution rate can be related to these changes in glass structure by using the 

fraction of 𝑃𝑗𝐵
2  units to quantify chain length and the fraction of B3 units to empirically 

calculate a Network Structure Factor (NSF):  

 

 𝑁𝑒𝑡𝑤𝑜𝑟𝑘 𝑆𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒 𝐹𝑎𝑐𝑡𝑜𝑟 (𝑁𝑆𝐹) = 5[𝑃𝑗𝐵
2 ] + [𝐵3] B.1 

 

The log of the dissolution rates is plotted against this Network Structure Factor in 

Figure B.1, demonstrating a clear positive trend in dissolution rates and 𝑃𝑗𝐵
2  and B3 unit 

concentrations. Additional research is necessary to assign a physical meaning to the 

coefficient, though the increase in 𝑃𝑗𝐵
2  units appears to have a greater effect on this NSF, 

and the dissolution rate by proxy, as trigonal borate species.   

 

 

Figure B.1. The dependence of the dissolution rate (𝑘𝐶𝑉𝑀, CVM) on the Network 

Structure Factor established by Equation B.1 for glasses of the system 16Na2O-(24-

y)CaO-ySrO-xB2O3-(60-x)P2O5.  
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