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ABSTRACT 

 

The main objective of this research was to evaluate the properties and structures 

of glasses from the stannous (SnO) phosphate system for possible use in low temperature 

optical applications.  Glasses in the binary xSnO-(100-x)P2O5 system (50≤x≤70) were 

prepared and their thermal and optical properties were evaluated.  Differences in glass 

transition temperatures (Tg) measured here and reported in the literature were explained 

by differences in the residual water content in the glasses, as determined by infrared 

spectroscopy.  In general, increasing the SnO content of the binary glasses increased the 

refractive index and the glass transition temperature, and reduced the residual water 

content, producing glasses that are more chemically stable.  Raman spectroscopy showed 

that the chain-length of the average phosphate anion decreased with increasing SnO 

content.  The addition of B2O3 to a Sn(II)-pyrophosphate base glass (x= 67) improves the 

aqueous dissolution rate by an order of magnitude.  The impact of these compositional 

changes on the optical and thermal properties depends on how the borate is added.  

Raman and nuclear magnetic resonance spectroscopies reveal that boron is initially 

incorporated into the glass network in tetrahedral sites and the pyrophosphate anions are 

converted to orthophosphate anions.  The effects of the addition of Ga2O3 and Sb2O3 on 

the properties of the tin phosphate glasses were also determined.  In general, the addition 

of these modifying oxides increase the glass transition temperature from around 250°C to 

350°C, and the refractive index (nD) was in the range 1.75-1.85, depending on glass 

composition.  The chemical durability of these modified glasses was similar to those 

modified by B2O3-additions.  Raman spectroscopy revealed the formation of isolated 

orthophosphate anions in the formation of Ga (Sb)-O-P glass networks. 
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SECTION 

1. INTRODUCTION 

 

 Aspherical lenses are becoming increasingly popular for a wide variety of 

applications, including the digital optical systems found in camera cell phones, ultra-thin 

digital cameras, and medical devices.  An aspherical lens provides the solution for image 

distortion and spherical aberration and the use of glass aspherical elements has increased 

steadily in order to meet the demand of cheaper, better, lighter, and smaller optical 

devices.  A survey from the Industrial Technology Research Institute in 2007 indicates 

that over 300 million of these lenses were produced in 2006 [1].   

 In the past decade, spherical lenses have used for most lens devices.  These lenses 

are simple to produce using mass-manufacturing techniques, but are space consuming 

because it is necessary to use multiple lenses to eliminate the spherical aberration 

problem as shown in Figure 1.1 (a).  These limitations can be compensated by using the 

aspherical lens with ideal curved surface as shown in Figure 1.1 (b).  As shown in Figure 

1.2, aspherical elements can optimize the focus of edge and center light rays, but it is 

difficult to produce the delicate curved surface and time consuming for a skilled 

technician to manually polish lenses one by one.  The overall costs of polishing are very 

high for medium to high volume production of aspherical lenses [4-5].  In addition, there 

are environmental concerns due to the use of cutting fluids and health hazards associated 

with glass debris, particularly for glasses having high lead concentrations.  Precision 

molding of aspherical lens is an attractive approach [6-7] and this method can 

significantly reduce the processing difficulties associated with polishing glasses.   
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             (a)                 (b) 

Figure 1.1. (a) Distorted image from spherical lens. (b) Distortion free image with the  
  help of aspherical lens [2]. 

 

Researchers are now trying to develop glass systems with the requisite thermal and 

optical properties for use in the glass molding process.   

 For the precision molding technique, glass is reheated above the softening 

temperature in a press mold to form the final desired shape [8].  This press molding 

operation is currently done at 700°C but the mold materials deteriorate under these 

conditions.  Therefore, there is a desire for researchers to develop optical glasses with 

lower softening temperature (<500°C) that will extend the lifetimes of the very expensive 

precision optical molds.  In addition, the new low temperature glasses must exhibit good 

chemical stability because low melting glasses often have poor chemical stability and 

their hygroscopic characteristics make them impractical for commercial applications.   
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Figure 1.2. Aspherical lens by changing the shape of spherical lens can compensate for  
        the spherical aberration [3]. 
 

The optical properties of glasses which are used for aspherical lenses include 

transparency through the visible range with high refractive indices (nd>1.7), and 

relatively low dispersion (defined by an Abbe number, νd>20, where νd = (nd-1)/(nf-nc) 

and nd, nf, and nc are refractive indices measured at 486.1, 589.3, and 656.3nm, 

respectively).  These optical properties must be retained during the molding process of 

aspherical lenses.  

 Phosphate based glasses have been developed with the range of optical, thermal, 

and chemical properties for precision press molded optical lenses [9-11].  These glasses 

contain 20~40 mol% P2O5 and are modified by high index oxides such as Nb2O5, Ta2O5, 

Bi2O3, and La2O3 to produce the desired optical properties (nd > 1.7); however, their 

softening temperatures are typically over 500°C.  For example, P-SF67 glass developed 
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by Schott for press precision molding operations has a refractive index (nd) of 1.9068, an 

Abbe number of 21.40, and a glass transition temperature (Tg) of 539°C [12].  Thus, there 

is an opportunity to develop new compositions with lower softening temperatures that 

could be molded at lower temperatures and still have high chemical resistivity and good 

optical characteristics.  

 The purpose of this thesis is to evaluate the properties and structures of stannous 

phosphate glasses for their potential use as low temperature optical glasses. 
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ABSTRACT 

The properties and structure of binary xSnO*(100-x)P2O5 (50≤x≤70) glasses are 

reported.  The glasses were prepared in vitreous carbon crucibles by melting under argon 

at 1000°C.  The glass transition temperatures, determined by differential thermal analysis 

(DTA), range from 246 to 264°C.  The refractive index (nD) increases from 1.701 to 

1.833 as x increases from 50 to 70, and the Abbe number (νD) decreases from 29.1 to 

20.4 over the same range.  Infrared spectroscopy was used to estimate water contents in 

the glasses, which decreased with an increase in SnO content, from about 1570 ppm OH 

for x=50 to about 50 ppm OH for x=70.  Raman spectroscopy indicates that progressively 

shorter phosphate chains are present in the structures of the binary Sn-phosphate glasses 

with increasing SnO-contents. 
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1. INTRODUCTION 

 The Sn(II)O-P2O5 glass-forming system offers the possibility for the development 

of new low temperature glasses for packaging and optical applications.  Previous low 

melting glasses often have PbO as a major component but Pb-free glass systems are 

preferred to avoid the deleterious health and environmental effects of lead [1].  SnO has 

been used to decrease the melting temperature and glass transition temperature of 

phosphate glasses [2].  These glasses have unusually low characteristic temperatures 

(glass transition temperatures under 300°C) and high refractive indices (nD>1.7).   

Previously, Takebe, et al. [3] described a transparent glass with the nominal composition 

of 67SnO-33P2O5 (mole %), possessing a refractive index (nD) of 1.794 and a glass 

transition temperature of 268°C.  Ehrt [4] reports that a glass with the nominal 

composition 60SnO-40P2O5 (mole %) has a glass transition temperature of 300°C, an nd 

of 1.762 and an Abbe number (νd) of 26.7.  Recently, the properties of tin pyrophosphate 

glasses modified with B2O3 have been reported [5].  Chemically-durable stannous 

borophosphate (SBP) compositions with refractive indices >1.78 and glass transition 

temperatures <300ºC were identified.   

There are several recent reports on the properties and structure of binary Sn(II)O-

P2O5 glasses, but the data is inconsistent [3-4, 6-8], due in part to differences in raw 

materials and melting conditions used to prepare the glasses.  For example, Ehrt [4] has 

shown that the glass transition temperature of a glass with the nominal molar composition 

60SnO-40P2O5 can vary by 100°C depending on melting conditions, due to a difference 

in the amount of residual water that can be incorporated into the glass structure, and due 

to the possible oxidation of Sn(II) to Sn(IV).   
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In the present study, thermal and optical properties of binary SnO-phosphate glasses 

are reported.  Water contents are estimated from infrared absorption analyses and are 

used to account for differences in properties from similar glasses described in the 

literature.  Information about the nature of the phosphate anions that constitute the glass 

structure is provided by Raman spectroscopy.  

 

2. EXPERIMENTAL METHOD 

2.1 GLASS PREPARATION 

Binary glasses in the compositional range for xSnO*(100-x) P2O5 (50≤x≤70) 

were prepared from reagent grade Sn2P2O7 (Alfa Aesar), SnO (Alfa Aesar, 99.9%), and 

P2O5 (Alfa Aesar, 99.99%).  After thoroughly mixing the components in a nitrogen glove 

box, the batch was preheated at 600°C for 20 minutes and then melted for 15 minutes at 

1000oC in a vitreous carbon crucible in a silica tube furnace under flowing argon in order 

to avoid oxidation of Sn2+ to Sn4+.  The homogeneous melts were quenched on copper 

plates in air and annealed for 3 hours between 230 and 270°C, depending on composition.   

 

2.2 CHARACTERIZATION 

Differential thermal analysis (DTA 7, Perkin Elmer) was used to determine the 

glass transition temperature (Tg).  About 40 mg of sample powder (particle size 425~500 

µm) was heated at 10°C/min in an alumina crucible under nitrogen.  Onset temperatures 

were determined using the tangent method and the estimated uncertainty of these 

characteristic temperatures is + 3°C.  The density was measured by the Archimedes 

method with distilled water or kerosene as the buoyancy fluid.  Four samples of each 
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glass composition were measured and the standard deviation is used as the error 

(typically ±0.005 g/cm3).   

 Optical transmission measurements were made using a Cary 5 UV-Vis-NIR 

spectrophotometer, on samples that were 0.6-0.8 mm thick and polished to 1µm 

(diamond paste).  The UV edge was taken as the wavelength at which absorbance equals 

1 cm-1 [9].   The refractive indices of these polished samples were measured using a 

prism coupling technique (Metricon 2010) with laser sources at 405, 632.8, and 785 nm; 

the uncertainty of these measurements is ±0.0002.  An Abbe number, νD=(nD-1)/(nF-nC), 

was determined by calculating refractive indices at 656.3 nm (nC), 589.3 nm (nD) and 

486.1 nm (nF) after fitting the three measured refractive indices using the Cauchy 

dispersion equation: 

 

 n(λ) = a + b*λ -2 + c*λ-4 (where λ is wavelength) 

 

The infrared absorption measurements were recorded using a Fourier transform 

infrared spectrometer (Thermo Nicolet Nexus 670).  Polished samples with various 

thicknesses between ~ 0.5 to 1 mm were analyzed in the wavenumber range from 400 to 

4000 cm-1 and the absorption band in the range 2800-3200 cm-1 was used to estimate the 

residual water contents in the glasses.   

A chemical analysis of the glasses was obtained by X-ray fluorescence 

spectrometry.  About 0.5 g of powder from each sample was obtained by grinding the 

samples in a mortar and pestle; the powders were pressed into a disk about 32 mm in 

diameter and analyzed using a Spectro Xepos-EDXRF spectrometer.  The spectra were 
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analyzed using software provided by the spectrometer manufacturer and the 

compositional accuracy is ± 10~20% relative. 

Raman spectra were collected on each bulk glass using a Jobin-Yvon micro-

Raman spectrometer (LabRAM ARAMIS) with a 632.8 nm He-Ne laser as the excitation 

source.  The samples were scanned for 5 seconds and resolution was 50x magnifications. 

 

3. RESULTS 

3.1 GLASS FORMATION AND PROPERTIES 

 Homogeneous glasses from melts from the SnO-P2O5 (SP) glass system were 

quenched with nominal compositions from 50 mol% to 70 mol% SnO.  Samples typically 

lost less than 2% of their expected mass after melting, indicating that the final glass 

compositions do not differ significantly from the ‘as batched’ compositions.  With the 

addition of SnO, the glasses became noticeably less hydroscopic. 

Table 1 summarizes the XRF analyses and selected properties of the tin phosphate 

glasses.  In general, the analyzed SnO contents are in agreement with the batched 

compositions, within the uncertainties of the XRF analyses.  The systematic 

compositional dependence of properties, like the refractive index and density in Table 1, 

indicates that the glass compositions do not vary in the manner suggested by the XRF 

results.  For this reason, the batched compositions will be used to describe the 

compositional and structural trends.   

Figure 1 compares the glass transition temperature from the present study with 

values reported in the literatures [3-4, 6-8].  In the present study, Tg decreases with an 

increase in SnO-content from 50 to 55 mole%, then increases with further increases in 
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SnO-content.  A similar trend has been noted for the glass transition temperatures of 

binary ZnO-phosphate glasses over the same compositional range [10].  There is good 

agreement between the values of Tg determined here and reported by Cha, et al. [7] and 

Takebe et al. [3], whereas those reported by Moringa et al. [6] are 50-100°C lower than 

our data, and the value of Tg for a glass with 60 mole% SnO reported by Ehrt [4] is about 

50°C greater than the comparable glass in this study.  The refractive indices (at 589 nm) 

of the glasses determined in this study are in good agreement with those reported by 

others [3-4, 7], with a systematic increase in refractive index with increasing SnO-content 

(Figure 2).  Figure 3(a) shows a similar compositional dependence for the glass density, 

which was then used with the nominal glass composition to calculated the molar volumes 

shown in Figure 3(b); the latter decrease systematically with increasing SnO content.  

Figure 4 shows that the UV edge shifts to longer wavelengths with increasing SnO 

content.  The data in the present study are in good agreement with that reported by Cha et 

al. [7].         

  

3.2 SPECTROSCOPIC STUDIES 

 Figure 5 shows the infrared absorption spectra from the SnO-P2O5 glasses.  The 

absorption peak in the range 2800~3100 cm-1 is due to the symmetric stretching mode of 

O-H species incorporated in the glass structure [11].  The intensity of the peak decreases 

and the position of the peak shifts to higher frequency as the SnO content of the glass 

increases.  According to Efimov et al. [11], the band at 2837cm-1 can be related only to 

the asymmetric vibrational mode of the H2O molecule, whereas the bands at 3175 and 
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3410cm-1 can be related to either the stretching mode of the “free” P-O-H group or the 

symmetric vibrational mode f the H2O molecule. 

 The extinction coefficient for this band has been reported to be 90~100 ppm OH per cm-1 

[12-13], and these values were used to estimate the residual water content of the glasses, 

as summarized in Table 2.  For glasses melted at 1000°C and 15 minutes, the residual OH 

content decreases from about 1500 ppm for the 50SnO glass to about 50 ppm for the 

70SnO glass, with an uncertainty of about ±20%.  The OH content in the 50SnO glass is 

equivalent to about 1 mol% H2O.  50SnO glass and 60SnO glass have broad peaks in the 

range 2500~3500 cm-1.   

 Raman spectra from the SnO-P2O5 glasses are shown in Figure 6.  The bands near 

1170 cm-1 are assigned to the symmetric stretching modes associated with P-nonbridging 

oxygens on tetrahedra that link two neighboring tetrahedra through bridging oxygens 

(Q2) [10] and the bands at 1050cm-1 are due to the symmetric P-O stretch of nonbridging 

oxygens on tetrahedra that are linked to one other tetrahedron (Q1).  The bands at 950cm-1 

are assigned to the P-O symmetric stretch of nonbridging oxygens on isolated (Q0) 

tetrahedra.  The bands between 650 and 775 cm-1 are assigned to P-O-P stretching modes, 

and the shift to higher frequencies with greater SnO content has been noted for other 

series of phosphate glasses [14].   

 

4. DISCUSSION 

The properties of the binary SnO phosphate glasses change systematically with 

composition.  In particular, density (Figure 3(a)) and refractive index (Figure2) increase 

with increasing SnO content.  These trends are expected given the relative atomic mass of 
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Sn (118.71 amu) compared to P (30.97 amu).  In addition, the systematic decrease in the 

molar volumes of the glasses with increasing SnO content (Figure 3(b)) may also 

contribute to the positive trends in density and refractive index.  The reduction in the 

molar fraction of oxygen ions in a glass as SnO replaces P2O5 will contribute to the 

systematic decrease in glass molar volume since the size of an oxygen ion exceeds that of 

both Sn2+ and P5+. 

The shift of the UV edge to longer wavelengths with increasing SnO content 

(Figure 4) is the result of the electronic transitions associated with the 5s2 electronic 

configuration of the Sn2+ ions [4].  The higher concentrations of SnO increase the 

probability for the relevant S → P transitions, and the red-shift in the UV edge is 

consistent with the decrease in Abbe number (Table 1) with increasing SnO content. 

The compositional dependence of the glass transition temperature (Figure 1) is 

interesting.  First, the glass transition temperatures of the SnO phosphate glasses are low, 

about 100°C lower than comparable PbO phosphate glasses and about 200°C lower than 

comparable ZnO phosphate glasses [10].  The low processing temperatures for these 

glasses make them potential candidates for a variety of optical and sealing applications.  

Next, Tg generally increases with increasing SnO content, particularly above 60 mol% 

SnO.  This may reflect somewhat stronger Sn-O bonds replacing P-O bonds in the glass 

structure, and the denser packing (lower molar volume) of glass structures with 

increasing SnO content. 

Of the various properties measured in this study, there is the greatest variation in 

the values of Tg reported by different researchers (Figure 1), and this is most likely due to 

variations of the residual water content in the different glasses.  For example, Ehrt [4] 
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describes two glasses with the same nominal 60SnO·40P2O5 composition.  One glass, 

melted for 30 minutes at a 450°C had about 3.5 wt% OH and a Tg of 200°C, whereas a 

glass melted for 2 hours at a 1200°C had about 0.01 wt% OH and a Tg of 350°C.  As 

shown in Figure 1, Morinaga et al. [6] had 50~140°C lower Tg than other reported data.  

They did not report the OH content of their glasses but their glasses were melted at 

500°C for 5 min in air and so are expected to possess relatively large content of residual 

water, the incorporation of which will decrease the Tg of phosphate glasses [15].   

The Sn2+ ion possess an electron lone pair that affects the coordination 

environment of tin polyhedra.  For example, the tin lone pair has been proposed to form 

the apex of trigonal SnO3 pyramids in phosphate glasses [16-17].  The lack of strong 

bonding cross links through this corner of the Sn-polyhedron contributes to the relatively 

low glass transition temperatures associated with the SnO glasses. 

The nature of the phosphate anions that constitute the other part of the glass 

structure changes systematically with SnO content.  The Raman spectra in Figure 6 

indicate that the phosphate tetrahedral units systemically convert from Q2 to Q1 units as 

the SnO content increases from 50 mole% to 70 mole%.  The intensity of the 1170 cm-1 

bands become weaker as the SnO content increases and the intensity of the peak at 1050 

cm-1 increases.  Above about 60 mol% SnO, the intensity of the Q0 peak near 950 cm-1 

increases so that the spectrum of the 70SnO glass reveals a structure based on Q1 and Q0 

units.  The compositional dependence of the peak near 700 cm-1, due to P-O-P symmetric 

stretching modes, is consistent with the evolution of the phosphate network from one 

dominated by Q2 units that link neighboring phosphate tetrahedra in relatively large 

anions at 50SnO (693 cm-1), to one dominated by Q1 tetrahedra that terminate relatively 
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small phosphate anions at 70SnO (743 cm-1).  This interpretation is consistent with the 

conclusions of previous Raman [7-8] and NMR [14, 18-19] studies of SnO phosphate 

glasses. 

 

5. CONCLUSION 

Binary tin phosphate glasses with 50~ 70 SnO mol% were prepared and their 

structure and properties were investigated.  The addition of SnO to the binary system 

increased the glass transition temperature and refractive index.  Raman spectra indicate 

that the formation of covalent Sn-O-P bonds from P-O-P network produces a stronger, 

more packed network.  Further additions of SnO produce more complex phosphate (Q1 

and Q0) tetrahedra units.  The glass transition temperature is affected by the OH content 

in glass and OH content increases the number of weak bonds in the glass network, 

reducing Tg. 
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Table 1: Selected properties of the tin phosphate glasses. 

SnO  
XRF 

SnO 

Density 

(±0.002) 

Refrac. Index 

(±0.0003) 

Glass Trans. 

(± 5oC) 

UV-edge 

(± 1) 
Abbe # 

Mole% Mole % g/cm3 (589.3 nm) Tg (ºC) nm νD 

50.0 47 3.507 1.7008 246 299 29.08 

55.0 48 3.6313 1.722 234 303 27.33 

60.0 59 3.763 1.7486 241 310 24.66 

65.0 65 3.9044 1.7794 256 318 23.33 

70.0 63 4.1171 1.8332 265 331 20.40 
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Table 2: Observed OH infrared peak position and water content. 

SnO (Mole%) 
OH Peak  

Position (cm-1) 

Est. Water Content  

(ppm OH) 

50.0 2842 1569 

60.0 2848 754 

65.0 3074 146 

70.0 3089 50 
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Figure 1. Glass transition temperature of tin phosphate glasses measured here and  
                reported in the literatures. 
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Figure 2.  Refractive index of tin phosphate glasses measured here and reported in the  
                 literatures. 
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                                    (a) 

 

                         (b) 

Figure 3. (a) Density of SnO-P2O5 glass measured here and reported in the literatures,  
    (b) molar volume of the SnO-P2O5 glasses prepared in this study. 
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Figure 4. UV edge of tin phosphate glasses measured here and reported in the literature. 
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Figure 5. Infrared absorption spectra of the tin phosphate glasses. 
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ABSTRACT 

 The effects of B2O3-additions on the properties and structures of two series of 

Sn(II)-borophosphate glasses were determined.  The addition of up to 28 mole% B2O3 to 

a 66.7SnO·33.3P2O5 base glass (series I), and the substitution of up to 13 mole% B2O3 for 

P2O5 in the same base glass (series II) increase Tg from 265°C to 357°C and 306°C, 

respectively, while reducing the aqueous corrosion rates (at 40°C) by an order of 

magnitude.  The refractive index of the series I glasses decreases slightly, from 1.784 to 

1.725, and increase for series II, to 1.834, at 632.8 nm.  Raman spectroscopy reveals that 

borate additions to both series reduce the number of P-O-P linkages by converting 

pyrophosphate anions to orthophosphate anions.  11B NMR spectra indicate that 

tetrahedral borophosphate units, B(OP)4, are initially formed when B2O3 is added to the 

Sn-pyrophosphate base glass. More complex tetrahedral and trigonal borate sites form 

when B2O3 contents exceed about 10 mole%.   
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1. INTRODUCTION 

The Sn(II)O-P2O5 glass-forming system offers one possibility for developing new 

low temperature glasses for packaging and optical applications.  The glasses have 

unusually low characteristic temperatures; glasses modified by SnF2 have glass transition 

temperatures as low as 100°C [1-2].  The glasses are also characterized by good chemical 

durability.  The combination of low characteristic temperatures and good chemical 

durability appears to be a consequence of the relatively weak bonds between tin 

polyhedra that are capped by unbonded electrons and the phosphate anions that make up 

the glass structure [3-4].  Chemically-stable Sn(II)-phosphate glasses have been 

developed for low-temperature sealing applications [5-7].  More recently, the optical 

properties of binary tin phosphate glasses have been reported.  For example, Takebe, et al. 

[8] describe a transparent glass with the nominal composition of 67SnO-33P2O5 (mole%), 

possessing a refractive index (nd) of 1.794 and a glass transition temperature of 268°C.  

Ehrt [9] reports that a glass with the nominal composition 60SnO-40P2O5 (mole%) has a 

glass transition temperature of 300°C, an nd of 1.762 and an Abbe number (νd) of 26.7.  

Ehrt’s data is consistent with Takebe’s observation that nd increases, and Tg decreases, 

with increasing SnO-content.  SnO-phosphate and –borophosphate glasses have also been 

developed as anode materials for Li-batteries [10-11]. 

The addition of B2O3 to phosphate glasses is well-known to improve the chemical 

durability and affect other properties [12].  The thermal properties and chemical 

durabilities of Zn-borophosphate glasses have made them candidates for sealing 

applications and spectroscopic studies indicate that desirable properties result from the 

incorporation of tetrahedral borons in the glass network [13-15].  The replacement of 
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ZnO by SnO in simple phosphate glasses reduces the glass transition temperature, and the 

addition of B2O3 to SnO/ZnO-phosphate glasses improves their resistance to attack by 

water [16].  However, much less is known about the properties and structures of glasses 

in the ternary SnO-B2O3-P2O5 system.  In this study, the properties and structures of two 

series of 66.7SnO-33.3P2O5 glasses modified by B2O3 are reported. 

 

2. EXPERIMENTAL METHOD 

2.1 GLASS PREPARATION 

Two series of glass compositions were prepared from reagent grade SnO (Alfa 

Aesar, 99.9%), Sn2P2O7 (Alfa Aesar), and H3BO3 (Fisher Scientific, 98%).  In series I, 

B2O3 was added to a 66.7SnO·33.3P2O5 base glass according to xB2O3·(100-x) -

(66.7SnO·33.3P2O5), and in series II, B2O3 replaced P2O5 in the base glass, according 

xB2O3·66.7SnO·(33.3-x)P2O5.  Other compositions were prepared to determine the glass 

forming range.  Batches that yielded 10g of glass were thoroughly mixed and then melted 

for 30 minutes at 900oC in a vitreous carbon crucible in a silica tube furnace under 

flowing argon in order to avoid oxidation of Sn2+ to Sn4+.  The melts were quenched on 

copper plates in air and annealed between 260 and 360°C, depending on composition. 

 

2.2 CHARACTERIZATION 

Differential thermal analysis (DTA 7, Perkin Elmer) was used to determine glass 

transition (Tg) and crystallization temperatures (Tx).  About 40 mg of sample powder 

(size 425~500 µm) was heated at 10°C/min in an alumina crucible under nitrogen.  Onset 

temperatures were determined using the tangent method and the estimated uncertainties 
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of these characteristic temperatures is + 3°C.  The density was measured by the 

Archimedes method with distilled water as the buoyancy fluid.  Four samples of each 

glass were measured and the standard deviation is used as the error (typically ±0.006 

g/cm3).  Aqueous corrosion rates were determined from samples approximately 12mm x 

6.5mm x 1mm, polished to 1 micron with a diamond suspension.  The samples were 

suspended in 100 ml of distilled water (pH~6) in polypropylene containers held at 40°C.  

Samples were removed from the water at periodic intervals, dried in air for 20 minutes, 

and re-weighed to record weight losses.  Corrosion rates reported here were determined 

after 24 hours on test. 

Optical transmission measurements were made using a Cary 5 UV-Vis-NIR 

spectrophotometer, on samples that were 0.6-0.8 mm thick and polished to 1µm 

(diamond paste).  The refractive indices of these polished samples were measured using a 

Metricon Refractometer at 632.8 nm; the uncertainty of these measurements is ±0.0002. 

Raman spectra were collected from each glass using a Jobin-Yvon micro-Raman 

spectrometer with a 632.8 nm He-Ne laser as the excitation source.  Solid state 11B MAS-

NMR spectra were recorded at 128.51 MHz on a Tecmag NMR spectrometer.  A 

cylindrical silicon nitride (Si3N4) rotor with Torlon caps was rotated at a speed of 10 kHz 

and a recycle pulse delay of 1.0 s, and over 10,000 scans were collected for each 

spectrum. 
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3. RESULTS 

3.1 GLASS FORMATION AND PROPERTIES 

Clear, homogeneous glasses could be cast to thicknesses of 1 cm from series I 

melts at 900°C with up to 28 mole% B2O3 , whereas in series II, cast glasses with more 

than 10 mole% B2O3 were partially devitrified (Figure 1); clear glasses from series II 

with 13 and 16 mole% B2O3 were possible if the melt was quenched between copper 

blocks.  Samples typically lost less than 1% of their expected mass after melting, 

indicating that the final glass compositions do not differ significantly from the ‘as 

batched’ compositions; therefore, the latter compositions are used in this report. 

The DTA curves for series I and series II are shown in Figure 2(a) and 2(b), 

respectively.  In both series, the addition of B2O3 increases the glass transition 

temperature (Tg) and reduces, then eliminates, the crystallization exotherm near 450-

500°C that is apparent in the DTA curve from the 66.7SnO·33.3P2O5 base glass.  Figure 3 

summarizes the effects of composition on Tg.  

The effects of glass composition on density are shown in Figure 4 (bottom).  For 

series I, density decreases with B2O3-additions, whereas density increases with B2O3-

additions in series II.  The molar volumes, calculated from these densities and the 

respective nominal molecular weights, are also shown in Figure 4 (top); MV decreases 

systematically with increasing B2O3 contents for both series, but more significantly for 

series II.  For series I, there appears to be a break in the compositional dependence of MV 

near 13 mole% B2O3.  Figure 5 shows similar compositional dependencies for the 

refractive indices as were noted for density.  B2O3 additions decrease the refractive index 

(at 632.8 nm) of glasses in series I, but increase the refractive indices of glasses in series 
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II.  The refractive index of the 66.7SnO·33.3P2O5 base glass is in good agreement with 

the indices reported for similar compositions [8-9].  Figure 6 shows that the addition of 

10 mole% B2O3 reduces the aqueous corrosion rate of both series of glasses by a factor of 

~10. 

 Figure 7 shows optical transmission curves for several of the glasses, and the inset 

shows the compositional dependence of the UV edge.  The glasses transmit well through 

the visible and near-infrared regions, to about 2700 nm.  For series I, there is no obvious 

dependence of the UV-edge position on composition, whereas the wavelength of the edge 

increases systematically as B2O3 replaces P2O5 in series II.   

 

3.2 SPECTROSCOPIC STUDIES 

The Raman spectra from glasses in series I and II are shown in Figure 8(a) and 

8(b), respectively.  Peaks in the range of 600 to 1100 cm-1 can be assigned to vibrational 

modes associated with the phosphate network [17-18].  The spectrum from the 66.7SnO 

·33.3P2O5 base glass is comparable to what has been reported elsewhere for similar 

compositions [19], and is consistent with a glass structure dominated by pyrophosphate 

(Q1) units.  The intense band at 1050 cm-1 results from the symmetric P-O stretch of 

nonbridging oxygens on these Q1 tetrahedra, and the sharp band at 740 cm-1 is due to the 

symmetric stretching mode of bridging oxygens that link the phosphate tetrahedra [17].  

The base glass appears to have additional phosphate anions in the structure.  The shoulder 

on the high frequency side of the Q1 P-nonbridging oxygen stretching peak is likely due 

to nonbridging oxygens on Q2 tetrahedra, and the peak centered near 970 cm-1 can be 

assigned to nonbridging oxygens on Q0 tetrahedra.  The Raman spectrum of this base 
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glass, and its interpretation, is similar to that in a recent report on comparable binary 

SnO-phosphate glasses [20]. 

As B2O3 is added to the base glass in both series I and II, the peak at 1050 cm-1 

broadens and shifts to lower frequencies, to ~970 cm-1 for series II with ≥10 mole% B2O3.  

In addition, the peak at 740 cm-1 disappears from the spectra from both series, at ~13 

mole% in series I and ~7 mole% in series II.  These changes are consistent with the 

replacement of pyrophosphate units with isolated, orthophosphate units in the glass 

structure. 

Raman peaks exclusively associated with borate vibrational modes are less easy 

to resolve in these spectra.  Broad peaks in the 650-720 cm-1 range have been reported for 

Sn-borate [21] and Sn-borophosphate glasses [10] and assigned to metaborate units. 

However, there are peaks in the spectrum from the borate-free base glass in the same 

frequency range, making assignment of similar features to borate modes in the 

borophosphate spectra uncertain.  A broad peak centered near 1400 cm-1 appears in the 

spectra of rapidly-quenched series II glasses with B2O3 contents >10 mole%.  This peak 

has been associated with the B-O stretching modes from trigonal borons in metaborate 

structures [22-24]. 

The Raman peaks below about 500 cm-1 may be associated with other phosphate 

vibrational modes, as well as Sn(II)-O vibrational modes.  Gejke et al. [10] assigned 

strong features near 150 and 270 cm-1 to Sn-O vibrations in different borate and 

phosphate environments, respectively. 

The 11B NMR spectra of the glasses from series I and II are presented in Figure 

9(a) and 9(b), respectively.  In series I, a symmetric peak centered near -1.7 ppm 
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dominates the spectra from low B2O3 glasses (<10 mole%), and a second peak, centered 

at 0.8 ppm, increases in relative intensity with increasing B2O3-content.  A broad, 

asymmetric resonance, ranging from 5 to 20 ppm, is apparent in the spectra from series I 

glasses with ≥16% B2O3.  Similar spectral trends are apparent for series II glasses, 

although the relative intensities of the peak at 1.3 ppm and the broad resonance centered 

near 15 ppm are both greater in series II than in series I for comparable B2O3-contents. 

Similar 11B NMR spectral changes have been reported for xB2O3· 

(100-x)(66.7ZnO· 33.3P2O5) glasses [13-14], and for other borophosphate glasses [7,25], 

and the peak assignments made in those studies are used here.  The narrow, symmetric 

peak that forms on the initial addition of B2O3 to these glasses, centered around -1.8 ppm, 

is assigned to tetrahedral borons in a borophosphate structure (B(OP)4).  Other tetrahedral 

borons, with increasing numbers of boron next-nearest neighbors, B(OP)4-x(OB)x, 

account for the symmetric peaks that are evident in both sets of spectra between -1 and 

+2 ppm for glasses with greater B2O3-contents.  The broad, asymmetric peak in the range 

of 5 to 20 ppm is assigned to trigonal borate units, BO3. 

 

4. DISCUSSION 

Clear, colorless glasses can be prepared by modifying a 66.7SnO ·33.3P2O5 base 

glass with up to 28 mole% B2O3.  Small additions (1-4 mole%) of B2O3 have significant 

effects on the crystallization behavior of the glass, as indicated by the elimination of the 

crystallization exotherm in the DTA scans of glasses from both series I and II (Figure 2).  

Harada et al. [26] noted a similar effect of B2O3 on the crystallization tendency of a Ba-
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metaphosphate glass, and related it to the thermal stability of a relatively complex 

borophosphate glass structure, compared to a simpler, stoichiometric phosphate network. 

The Raman and NMR spectra provide information about the systematic changes 

in glass structure when B2O3 is added to the Sn-pyrophosphate base glass that helps 

explain the compositional dependencies of the glass properties.  The 11B NMR spectra in 

Figure 9 show that B2O3 is initially incorporated into the glass structure as tetrahedral 

borophosphate units, likely with four P-tetrahedra as next-nearest neighbors, B(OP)4.  

Additional tetrahedral sites, now with borons replacing phosphorus in the next-nearest-

neighbor positions, B(OP)4-x(OB)x, appear in glasses with greater B2O3-contents.  A 

similar conversion from tetrahedral borophosphate units to tetrahedral ‘borate’ units was 

noted by Koudelka et al [25] in their 11B NMR study of Zn-Ti-borophosphate glasses.  

Trigonal borons can be detected in the structures of series I glasses at ~16 mole% B2O3 

and in series II glasses at ~10 mole% B2O3.  The Raman spectra indicate that the 

pyrophosphate (Q1) species that dominate the structure of the 66.7SnO· 33.3P2O5 base 

glass are systematically replaced by isolated Q0 units as B2O3 is added to the composition.  

A greater number of Q0 sites are formed when an equivalent fraction of B2O3 is added to 

series II, consistent with the greater relative compositional O/P ratio. 

These spectral changes, and the effects of composition on the properties of these 

glasses, can be explained by a simple structural model that was developed in part to 

explain the composition-structure relationships for Zn-borophosphate glasses [13].  

Consider the following structural reactions: 

 

 



36 

 

 3Sn2P2O7 + B2O3 → 2BPO4 + 2Sn3(PO4)2 (1a) 

 6Q1 + 2B[3] → 2(B[4]P+Q0) + 4Q0 (1b) 

 

Here, with the addition of B2O3, the Q1 P-sites associated with the Sn-pyrophosphate base 

material are replaced by Q0 units associated with both the B[4]P units of the ‘BPO4’ 

product and with SnO.  This reaction accounts for the general spectral trends, particularly 

for the series I glasses, but not necessarily for the quantitative changes in glass structure. 

The complete transformation of the Q1 P-tetrahedra to Q0 tetrahedra, as indicated 

by reaction 1, should occur when the O/P ratio equals 4.0, assuming that no separate 

borate-rich network forms; in series I, this occurs when the B2O3-content is 25 mole%.  

For series II, where B2O3 replaces P2O5, the O/P ratio equals 4.0 when the B2O3 content 

is 8.33 mole%.  Glasses with greater B2O3-contents must incorporate borate species in 

different ways than are indicated by reaction 1.  The 11B NMR spectra from glasses with 

greater B2O3-contents, particularly in series II, indicate that trigonal borates and 

tetrahedral borates with borons replacing phosphorus as next-nearest-neighbors, are 

present in these structures, in addition to the sites indicated in reaction (1).  Trigonal 

borons in chains and rings are associated with metaborate crystals as well as smaller 

pyroborate and orthoborate units [22], and these units likely account for the high 

frequency (1400 cm-1) band seen in the Raman spectra from the series II glasses with 

B2O3-contents ≥10 mole% (Figure 8(b)). This assignment is supported by the observation 

that glasses with relatively large B[3]-components to their 11B NMR spectra have the 

greatest Raman intensity near 1400 cm-1.   
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The effects of composition on the properties of the Sn-borophosphate glasses are 

consistent with the general structural model.  The initial addition of B2O3 to the Sn-

pyrophosphate base glass increases the glass transition temperature (Figure 3) because of 

the formation of tetrahedral borons which link neighboring phosphate anions with 

relatively strong covalent B-O-P bonds.  Additions of B2O3 beyond ~7 mole% to series II 

have less effect on the glass transition temperature because of the incorporation of 

weaker, trigonal borons in borate-rich structural sites.  The systematic decrease in 

aqueous corrosion rate with B2O3-additions (Figure 6) is also consistent with the 

formation of chemically stable B[4]P units that link Sn-phosphate anions.  Ray [12] 

proposed a similar mechanism to explain the improvement in chemical durability of 

phosphate glasses with B2O3-additions.  Buhrmaster et al. [7] note that small additions of 

B2O3 greatly improve the durabilities of SnO-ZnO-P2O5 glasses, particularly when 

‘BPO4’ sites form in the glass structure. 

The density and refractive index (Figure 4 and Figure 5) depend principally on the 

SnO-concentrations, but the replacement of P2O5 by B2O3 in series II also systematically 

increases both properties.  The incorporation of B[4]P sites decreases the molar volume of 

both glass series, particularly series II, compared with the Sn-pyrophosphate base glass 

(Figure 4). A decrease in molar volume will contribute to increases in both density and 

refractive index.  Density and refractive index fall off with B2O3 additions beyond ~10 

mole% for both series.  This is the compositional range where the 11B NMR spectra 

indicate that a ‘borate-rich’ network begins to form with tetrahedral borons not 

exclusively bonded to phosphorus next-nearest-neighbors and by increasing 
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concentrations of trigonal borons.  The MV data for series I level out in this same 

compositional range. 

The compositional dependence of the position of the UV-edge (Figure 7) for the 

two series is interesting.  As noted by Ehrt [9], absorption at the UV-edge is due to 

electronic transitions associated with the Sn2+ ions.  The systematic red-shift in the edge 

position when B2O3 replaces P2O5 in series II may reflect the systematic changes in the 

average Sn2+ environment as the glass converts from first a pyrophosphate network, then 

an orthophosphate/borophosphate network, and finally to a ‘borate-rich’ network.  

Although similar structural changes are occurring in series I, these glasses also possess 

systematically lower SnO-contents with increasing B2O3-concentrations, and this might 

counter the effects of changing the average Sn2+ chemical environment. 

 

5. CONCLUSION 

The addition of B2O3 to a Sn-pyrophosphate base glass increases the glass 

transition temperature and decreases the aqueous corrosion rate because tetrahedral 

borophosphate (B[4]P) sites are incorporated into the glass structure.  The formation of 

covalent B-O-P bonds produces a stronger, more chemically-resistant network.  Further 

additions of B2O3 produce a more complex ‘borate-rich’ borophosphate network, with 

different tetrahedral and trigonal borate units.  The relative concentrations of 

‘borophosphate’ and ‘borate’ species depend on the O/P compositional ratio.  This work 

indicates that optically transparent, chemically-durable, low-Tg compositions are possible 

in the SnO-B2O3-P2O5 glass-forming system. 
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Figure 1. Molar compositions of samples prepared in this study. Open circles represent  
      compositions that form homogeneous glasses at 900°C; half-closed circles are  
    those compositions that were partially crystallized upon quenching. 
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Figure 2. DTA curves collected from the Sn-borophosphate glasses in (a) series I and (b)  
     series II. 
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Figure 3. The effect of B2O3 content on the glass transition temperature of Sn- 
     borophosphate glasses. 
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Figure 4. The effect of B2O3 content on the density and molar volume of Sn- 
     borophosphate glasses. 
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Figure 5. The effect of B2O3 content on the refractive index of Sn-borophosphate glasses. 
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Figure 6. The effect of B2O3 content on the weight loss of Sn-borophosphate glasses  
     after 24 hours in 40°C water. 
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Figure 7. Optical transmission spectra of representative Sn-borophosphate glasses; the  
     inset shows the effect of B2O3-content on the UV-edge for both glass series. 
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Figure 8. Raman spectra of Sn-borophosphate glasses, (a) series I, and (b) series II. 
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Figure 9. 11B NMR spectra of Sn-borophosphate glasses, (a) series I, and (b) series II. 
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ABSTRACT 

 The properties and structure of 66.7SnO*33.3P2O5(mol%) glasses modified with 

Ga2O3 and Sb2O3 are reported.  The glasses were melted in a vitreous carbon crucible 

under argon at 1000°C to avoid oxidation of Sn(II).  Differential thermal analysis (DTA) 

was used to determine glass transition temperature (Tg), which increased from 264°C to 

339°C with the addition of 13 mole% Ga2O3 and to 311°C with the addition of 7 mole% 

Sb2O3.  The dissolution rates in deionized water decrease by an order of magnitude with 

the addition of both oxides to the tin phosphate base glass.  A prism coupling technique 

was used to measure the refractive index at three different wavelengths.  When Ga2O3 is 

added to the base glass, the refractive index (at 632.8 nm) decreases slightly, from 1.7865 

to 1.7709 (13 mol%); when Ga2O3 replaces P2O5 in the base glass, the refractive index 

increases to 1.829 (7 mol%).  The addition of Sb2O3 to the base glass increases refractive 

index to 1.816 (7 mol%).  From the Raman spectra, the addition of Ga2O3 and Sb2O3 

leads to the formation of isolated phosphate tetrahedra (Q0 units) that link with Ga- and 

Sb-polyhedra to form the glass network.  
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1. INTRODUCTION 

 Glasses from the tin(II) phosphate system have high refractive indices and low 

glass transition temperatures, making them good candidate materials for producing 

precision molded optical components.  Previous studies report that the composition 

67SnO-33P2O5 (mol%) has a refractive index (nd) of 1.794 and a glass transition 

temperature of 268°C [1].  For the 60SnO-40P2O5 binary composition, the glass 

transition temperature is reported to be 300°C with the refractive index (nd) and Abbe 

number (νd) are 1.762 and 26.7, respectively [2].  However, phosphate glasses often have 

poor chemical durability, limiting their application.  Adding other oxides to tin phosphate 

base glasses will modify the glass network and alter glass properties, including chemical 

durability.  Recently, the properties of tin pyrophosphate (66.7SnO-33.3P2O5 (mol%))  

glasses modified with B2O3 were reported [3].  Chemically durable tin borophosphate 

(SBP) compositions with high refractive indices (>1.78) and low glass transition 

temperatures (<300ºC) were described.   

 Other oxides are candidates for modifying glass compositions designed for optical 

applications.  For example, gallium-based glasses have been developed for IR 

transmission and with large non-linear optical susceptibilities [4].  Binary gallium 

phosphate glasses with up to 40 mol% Ga2O3 have been studied by Raman and IR 

spectroscopy [5], which reveal networks of ortho-, pyro-, and polyphosphate anions 

interconnected by tetrahedral GaO4 units.  Glasses containing Sb2O3 also have low 

melting temperatures.  Koudelka et al. [6] reported that the incorporation of Sb2O3 into a 

zinc borophosphate network of 50ZnO-10B2O3-40P2O5 glasses modified its structure and 
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decreased the Tg.  However, the optical properties of tin phosphate glasses containing 

Ga2O3 and Sb2O3 have not been reported.   

 In this paper, the effects of the addition of Ga2O3 and Sb2O3 on the properties of 

tin phosphate glasses are reported.  Information about the compositional dependencies of 

the phosphate anions that constitute the glass structure is obtained by Raman 

spectroscopy.   

 

2. EXPERIMENTAL METHOD 

 Two series of tin phosphate glasses modified by Ga2O3 were prepared from 

reagent grade SnO (Alfa Aesar, 99.9%), Sn2P2O7 (Alfa Aesar), and Ga2O3 (Johnson 

Matthey Chemicals, 99.99%).  In series I, Ga2O3 was added to a 66.7SnO·33.3P2O5 base 

glass according to xGa2O3·(100-x)(66.7SnO·33.3P2O5), and in series II, Ga2O3 replaced 

P2O5 in the base glass, according to xGa2O3 ·66.7SnO·(33.3-x)P2O5.  Batches that 

produced 10g of glass were thoroughly mixed and then melted in a vitreous carbon 

crucible for 30 minutes at 1000oC under flowing argon to prevent to oxidation of Sn(II).  

Two similar compositional series were prepared using crystalline Sb2O3 (Baker & 

Adamson), instead of Ga2O3, with crystalline Sn2P2O7.  These tin antimony phosphate 

glasses were prepared under similar conditions as those used for the tin gallium 

phosphate glasses. 

 Differential thermal analyzer (Perkin Elmer DTA 7) was used to determine Tg.  

About 40mg of glass (size 425~500 µm) was placed in an alumina crucible and heated at 

10°C/min under nitrogen.  Glass density was measured by the Archimedes method using 

distilled water.  Aqueous corrosion rates were determined from samples approximately 
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10mm x 5.5mm x 1mm, polished to 1 µm a diamond suspension.  The samples were 

suspended in 100 ml of distilled water (pH~6) in polypropylene containers held at 40°C.  

Samples were removed from the water at periodic intervals, dried in air for 20 minutes, 

and re-weighed to record weight losses.  Corrosion rates reported here were determined 

after 24 hours of exposure. 

 The refractive indices of the glasses were measure by a prism coupling method 

(Metricon 2010) at wavelengths of 405, 632.8, and 785 nm.  An Abbe number, νD=(nD-

1)/(nF-nC), was determined by calculating refractive indices at 656.3 nm (nC), 589.3 nm 

(nD) and 486.1 nm (nF) after fitting the three measured refractive indices using the 

Cauchy dispersion equation: 

 

 n(λ) = a + b*λ -2 + c*λ-4 (where λ is wavelength) 

 

Transmission spectra were collected from bulk samples polished to 1µm by a Cary 5 UV-

Vis-NIR spectrophotometer.  The UV edge was defined by the wavelength at which the 

samples had an absorbance of 4 cm-1.  Raman spectra were measured from bulk glass 

samples with a Jobin-Yvon micro-Raman spectrometer (LabRAM ARAMIS) with a 

632.8 nm He-Ne laser.  

 

3. RESULTS 

 For the Ga2O3 modified Sn-phosphate system (SnO-Ga2O3-P2O5), clear, colorless 

glasses were obtained with up to 13 mol% Ga2O3 in series I.  In series II, clear and 

colorless glass could be cast from melts with up to 7 mol% Ga2O3.  Higher concentration 
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of Ga2O3 made the glass crystallized or unmelted powder was found in glass form.  Clear 

and colorless SnO-Sb2O3-P2O5 (SSbP) glasses could be prepared in series I with up to 7 

mole% Sb2O3.  These samples formed glass without any surface crystallization.  Adding 

1 mole % Sb2O3 to series II produced a partially crystallized sample when the 

conventional melt process conditions were used.  Greater concentrations of Sb2O3 

produced yellow glasses.  For each glass series, weight losses of about 2% occurred 

during melting and the nominal (batched) compositions will be used to describe trends in 

properties and structures. 

 Table 1 lists the properties for the Sn(II)- Ga(III)-phosphate glasses from series I 

and series II, and Table 2 summarizes the properties for the Sn(II)-Sb(III)-phosphate 

glasses from series I. 

The addition of both Ga2O3 and Sb2O3 to the Sn-pyrophosphate base glass 

increases the glass transition temperature (Tg).   The densities and molar volumes of both 

modified glass series are shown in Figure 1.  The densities of both glass systems increase 

with the addition of these modifying oxides (Figure 1(a)) whereas the molar volumes, 

calculated from these densities and the respective molecular weights of the nominal 

compositions, exhibit more complicated behavior.  Molar volume increases with the 

addition of both Ga2O3 and Sb2O3 in series I, but decreases when Ga2O3 replaces P2O5 in 

series II (Figure 1(b)).   

Figure 2 shows the compositional dependencies of the refractive index for the 

modified tin phosphate glasses.  Ga2O3 additions decrease the refractive index (at 632.8 

nm) of glasses in series I, but increase the refractive index of glasses in series II.  The 

refractive index increases with increasing Sb2O3 in series I.    
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 Figure 3 shows the weight loss of the modified tin phosphate glasses after 

immersion in water at 40°C for 24 hrs.  The weight loss decreases with the addition of 

both modifying oxides.  A similar improvement in chemical durability was noted with the 

addition of B2O3 to the SnO-pyrophosphate base glass [3].   

 Figure 4 shows the optical transmission curves, from the UV through the near 

infrared, for several of the modified glasses.  The inset to Figure 4 shows the 

compositional dependence of the UV edge.  For each glass series, the wavelength of the 

edge increases systematically with the addition of the modifying oxides. 

 The optical dispersion of the modified tin phosphate glasses is characterized by 

the Abbe number, νD (Table 1 and Table 2).  The Abbe number decreases with the 

addition of both Ga2O3 (both series) and Sb2O3.  These trends are consistent with the red-

shifts in the UV-edge with the addition of both Ga2O3 and Sb2O3, which measure 

refractive index of short wavelengths more than at long wavelength.  

 The Raman spectra from the SGaP glasses from series I and II are shown in 

Figure 5(a) and Figure 5(b), respectively.  Figure 6 shows Raman spectra from the SnO-

Sb2O3-P2O5 glasses.  In Figure 5 and Figure 6, peaks in the range of 700 to 1100  cm-1 

can be assigned to vibrational modes associated with the phosphate network and are 

consistent with a glass structure dominated by pyrophosphate units [7-8].  The intense 

band near 1050 cm-1 results from the symmetric P-O stretch of nonbridging oxygens on 

these Q1 tetrahedra associated with pyrophosphate anions (or chain-ending units), and the 

sharp band at 740 cm-1 is due to the symmetric stretching mode of bridging oxygens that 

link the Q1 phosphate tetrahedra [7].   
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 In Figure 5, the shoulder near 1150 cm-1, on the high frequency side of the Q1 P-

nonbridging oxygen stretching peak, is likely due to the asymmetric stretching modes of 

nonbridging oxygens on Q1 tetrahedra, and the peak centered near 970 cm-1 can be 

assigned to stretching modes associated with nonbridging oxygens on Q0 tetrahedra [9].  

As Ga2O3 is added to the base glass in both series I and II, the peak at 1050 cm-1 broadens 

and shifts to lower frequencies, approaching ~970 cm-1, in both series I and series II.  In 

addition, the relative intensity of the shoulder at 1150 cm-1 increases with increasing 

Ga2O3.  These changes are consistent with the replacement of pyrophosphate units with 

isolated, tetrahedral units (Q0) in the glass structure.  The band at 550~670 cm-1 can be 

assigned to the stretching vibrational modes of GaO4 tetrahedra [5,10].  The Raman 

bands at 370~500 cm-1 may be assigned to deformation modes associated with symmetric 

the Ga-O-P bonds between gallate and phosphate units [5].   

In Figure 6, the peak centered near 990 cm-1 can be assigned to stretching modes 

of nonbridging oxygens on Q0 tetrahedra.  As Sb2O3 is added to the base glass in series I, 

the peak at 1050 cm-1 broadens and shifts to lower frequencies, to ~990 cm-1 with > 4 

mole% Sb2O3.  In addition, the peak at 740 cm-1 disappears from the spectrum of glass 

with 7 mole% Sb2O3.  These changes are consistent with the replacement of 

pyrophosphate units with isolated orthophosphate units in the glass structure.  Broad 

peaks in the 350-680 cm-1 range have been reported for Sb–O vibrational modes [6] and 

the intensities of bands in this region increased with increasing Sb2O3 content.  These 

bands have been associated with isolated SbO3 units and with clusters of Sb-O-Sb bonds 

[6]. 
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4. DISCUSSION 

Clear and colorless glasses can be prepared by modifying a 66.7SnO ·33.3P2O5 

base glass with up to 13 mole% Ga2O3 (series I) and by replacing P2O5 with up to 7 

mol% Ga2O3 (series II).  Clear and colorless glasses can be also prepared by adding up to 

7 mol% Sb2O3 to the tin phosphate base glass.  The Raman spectra provide information 

about the systematic changes in glass structure when these modifying oxides are added to 

the Sn-pyrophosphate base glass.  The Raman spectra indicate that the pyrophosphate 

(Q1) anions that dominate the structure of the 66.7SnO· 33.3P2O5 base glass are 

systematically replaced by isolated Q0 units as Ga2O3 and Sb2O3 are added to the 

composition.   

 The effects of composition on the properties of the modified Sn-phosphate glasses 

are consistent with the general structural model.  The glass transition temperature of the 

modified Sn-pyrophosphate glass increases because of the formation of tetrahedral 

gallium that links neighboring phosphate anions to create the relatively strong covalent 

Ga-O-P bonds [8].  The Raman spectra indicate that the addition of Ga2O3 and Sb2O3 

break P-O-P bonds to form P-O-Ga (Sb) linkages. 

The density and refractive index depend on the SnO-concentrations, but the 

replacement of P2O5 by Ga2O3 in series II also systematically increases both properties.  

Decreases in the molar volume with Ga2O3 additions in series II will contribute to 

increases in both density and refractive index.  However, the molar volume increases 

with the addition of both Ga2O3 and Sb2O3 in series I and appears to expand the glass 

network.  This behavior may be related to the number of oxygen ions in a mole of glass.  

The atomic fraction of oxygen increases with the addition of Ga2O3 and Sb2O3 in series I, 
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but decreases in series II.  Since O2- is the largest ion in these glasses, it will have the 

greatest effect on molar volume. 

 Phosphate glasses are known, in general, to have poor chemical durability 

because most metal-oxygen-phosphorus bonds that link the phosphate anions that 

constitute the glass structure are readily hydrated, allowing the anions to dissolve into 

aqueous solutions [11].  However, these P-O-Ga (Sb) bonds improve the durability of the 

glass samples as shown in Figure 3 because Ga2O3 and Sb2O3 form strong covalent bonds 

with the phosphate tetrahedra [12].   

 

5. SUMMARY 

The glass forming region of 66.7SnO*33.3P2O5 glass modified with Ga2O3 and 

Sb2O3 is determined and their structure and properties are reported.  The addition of 

Ga2O3 to a Sn-pyrophosphate base glass increases the glass transition temperature and 

improves the durability in water because tetrahedral phosphate sites are linked with 

modified oxides to form covalent Ga-O-P bonds in the glass structure, as shown in the 

Raman spectra collected from the glasses.  The incorporation of Sb2O3 into the 

66.7SnO*33.3P2O5 glass modified their structures and properties in a similar way.  The 

increase in the glass transition temperature and chemical durability with the addition of 

Sb2O3 is due to the creation of isolated SbO3 units that are linked to the phosphate anions 

through Sb-O-P bonds.  The densities and refractive indices of the glasses with different 

modifier oxides are determined and the results are related to changes in the molar volume 

of the glasses.   
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Table 1: Selected properties of the SnO-Ga2O3-P2O5 glasses. 

Series I 
Density 

(± 0.002) 

Refrac. Index  

(± 0.0003) 

Glass Trans. 

(± 5°C) 

UV-edge 

(± 1) 
Abbe # 

Mole% g/cm3 (632.8 nm) Tg (ºC) nm νD 

0.0 3.745 1.7865 264 319 23.38 

1.0 3.802 1.7858 269 322 22.41 

4.0 3.827 1.7824 285 324 22.84 

7.0 3.858 1.7781 303 327 22.95 

10.0 3.874 1.7733 322 334 22.87 

13.0 3.879 1.7709 339 342 22.83 

Series II      

1.0 3.844 1.7932 269 324 22.02 

4.0 3.948 1.8110 289 333 21.17 

7.0 4.044 1.8292 311 354 20.21 
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Table 2: Selected properties of the SnO-Sb2O3-P2O5 glasses. 

Series I 
Density 

(± 0.002) 

Refrac. Index 

(± 0.0003) 

Glass Trans.  

(± 5°C) 

UV-edge  

(± 1) 
Abbe # 

Mole% g/cm3 (632.8 nm) Tg (ºC) nm νD 

0.0 3.745 1.7865 264 319 23.38 

1.0 3.784 1.7943 290 324 23.25 

4.0 3.868 1.8023 300 332 23.21 

7.0 3.920 1.8155 311 337 22.23 
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             (a) 

 

              (b)                        

Figure 1. Density (a) and molar volume (b) of SnO-Ga2O3-P2O5 series I and series II and  
    SnO-Sb2O3-P2O5 series I glasses. 
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Figure 2. The refractive index of glasses from SnO-Ga2O3-P2O5 series I and series II and      
    SnO-Sb2O3-P2O5 series I. 
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Figure 3. The effect of modified oxides content on the weight loss of tin pyrophosphate   
     glasses in 40ºC water after 24 hours. 
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Figure 4. Transmittance spectra of modified tin phosphate glasses.  Inset figure shows the 
     absorption UV edge of modified glass samples.   
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Figure 5.  Raman spectra of SnO-Ga2O3-P2O5 (SGaP) glasses (a) in series I (b) in series II. 
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Figure 6.  Raman spectra of SnO-Sb2O3-P2O5 (SSbP) glasses in series I. 
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SECTION 

2. FUTURE WORK 

 

 The development of new compositions of optical glasses requires the study of the 

glass forming regions of new compositional systems as well as the process of making 

glasses.  Requirements of this project are to develop the glasses which have low 

processing temperature, high nd and relatively high νd while maintaining a good chemical 

durability.  Sometimes, it is hard to find the right compositions for the right application 

and it always seems to happen in the laboratory that one property needs to be sacrificed to 

get the other property.  For example, the glasses which have high refractive index also 

have high dispersion.   

 In this thesis, tin phosphate base glasses were former was studied and these 

glasses were modified with different oxides (B2O3, Ga2O3, and Sb2O3) to obtain desirable 

optical, chemical, and thermal properties.  Other oxide glass formers, including the 

tellurite glasses, have high refractive index (larger than 2.0), wide band infrared 

transmittance (extending up to 6000nm), and large third order non-linear optical 

susceptibility [13-14].  Due to their strong nonlinear properties and an opportunity of 

doping with high concentrations of rare-earth elements, TeO2 could be a good candidate 

for this project.  However, the UV edge of tellurite glasses is about 350 nm wavelength 

and so it may be difficult to find colorless compositions with low dispersion.  La2O3 or 

Y2O3 could be good candidates because they both have great ionic refractivities but also 

have high melting temperatures.   
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 The studies of glass composition presented in this thesis provide a guide for future 

work.  A number of techniques are introduced to understand the relationship between the 

glass structures and their properties in this study.  However, the structure studies with 

Raman spectra are not enough to understand the phosphate glass system.  The peaks and 

bands in the short wavenumber (cm-1) regions of the Raman spectra need to be assigned 

to specific types of bonds.  It is also necessary to understand the change of the Sn-O 

environment from phosphate glass system more by using NMR and Mössbauer 

spectroscopy [15-16].  In addition, the viscosity of these glasses has not been studied.  It 

is important to characterize their thermo-mechanical properties due to the devitrification 

during the press molding operation. 

 

 

 

 

 

 

 

 

 

 

 

 

 



73 

 

 

 

 

 

 

 

 

 

 

 

APPENDIX A. 

THE PROPERTIES OF GLASSES IN THE ZnO-La2O3-B2O3 SYSTEM 
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 Glasses were prepared from the Zn-La-metaborate system, with nominal 

compositions: xZn(BO2)2-(100-x)La(BO2)3 (mol%) where x = 0, 10, 25, 37.5, 50.  The 

raw materials were ZnO (Sigma Aldrich, 99.9%), La2O3(Research Chemicals, 99.99%), 

and H3BO3 (Alfa-Aesar, 99.8%). 

 All glasses were melted in alumina crucibles.  Batches that produced 30g of glass 

were thoroughly mixed and then the crucibles were placed in a small furnace to preheat 

the alumina crucible at 700°C for 10 min.  After heating, the crucibles were moved to the 

furnace and the raw materials were melted at 1000 ~ 1200°C for an hour.  The crucible 

was removed and the melt was poured and quenched between two copper plates.  The 

glass samples were allowed to cool in air and were annealed at 580 ~ 650°C for three 

hours. Weight loss was impossible to calculate because of thermal shock and the loss of 

pieces of the samples.  Glasses were formed from each composition with no visible signs 

of crystallization. 

 Density measurements were made using the Archimedes method with de-ionized 

water as the suspension medium.  Four samples of each glass composition were measured 

and the average with value and standard deviations were reported. 

 DTA measurements were made using a Perkin Elmer Differential Thermal 

Analyzer DTA 7.  Bulk samples were ground and about 40mg were placed in alumina 

crucibles and measured in the DTA to a set point of 800 ~ 1000°C using a heating rate of 

10°C/min.  Onset measurements for Tg were made using the intercept method.  

 UV-Vis measurements were taken using a Cary 5 UV-Vis-NIR spectrophotometer.  

Bulk samples about 1mm thick were polished to 1µm (diamond paste).  After collecting 
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the UV–Vis absorption data, the UV edge was defined as the wavelength at which an 

absorbance of 4 cm-1 and Figure A.1 shows the transmission of glasses.  

 The refractive indices of these polished samples were measured using a Metricon 

Refractometer (2010) at 405, 632.8, and 785 nm and an Abbe number was determined by 

calculating refractive indices at 656.3 nm (nC), 589.3 nm (nD) and 486.1 nm (nF) after 

fitting the three measured refractive indices using the Cauchy dispersion equation.  Table 

1 lists the properties of the Zn-La-borate glasses. 

 

 

 

Table A.1: Selected properties of the ZnO-La2O3-B2O3 glasses (xZn(BO2)2-(100-x) 
       *La(BO2)3). 

Value Density Refrac. Index Glass Trans. UV-edge Abbe # 

x g/cm3 (632.8 nm) Tg (ºC) nm νD 

0 3.676 1.6857 653 191 51.76 

10 3.745 1.6935 644 201 50.93 

25 3.754 1.6977 631 204 51.80 

37.5 3.626 1.6772 578 208 50.49 

50 3.608 1.6739 608 211 50.03 
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Figure A.1.  Optical transmission spectra of the xZn(BO2)2-(100-x)La(BO2)3 glasses. 
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APPENDIX B. 

THE CORROSION STUDIES OF TIN PHOSPHATE GLASSES 
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 This appendix contains the data for the corrosion tests in aqueous environment at 

40oC from paper 2 and paper 3.  Shown in Table B.1 and Table B.2 are wt. loss rates and 

these data are shown in Figure B.1 for tin borophosphate glass system and Figure B.2 for 

tin gallium (antimony) phosphate glass system. 

 

Table B.1. Weight loss rate data of tin borophosphate glasses. 

Hrs 0%B 
(g/cm-2) 

4%B (I) 
(g/cm-2) 

7%B (I) 
(g/cm-2) 

10%B (I) 
(g/cm-2) 

16%B (I) 
(g/cm-2) 

20%B (I) 
(g/cm-2) 

25%B (I) 
(g/cm-2) 

0 0 0 0 0 0 0 0 

1 2E-05 2E-05 0 0 6.1E-06 0 0 

3 7E-05 2.7E-05 0 1.2E-05 1.2E-05 0 0 

6 0.0002 3.3E-05 1.4E-05 1.2E-05 3E-05 0 1.4E-05 

12 0.0004 7.4E-05 4.3E-05 3E-05 4.8E-05 1.4E-05 2.1E-05 

24 0.0006 0.00011 7.2E-05 4.2E-05 5.5E-05 3.5E-05 2.8E-05 

48 0.0008 0.00017 9.2E-05 4.8E-05 7.3E-05 5E-05 3.5E-05 

72 0.0011 0.00017 9.6E-05 5.4E-05 7.3E-05 7.8E-05 4.9E-05 

120 0.0017 0.00017 0.0001 5.4E-05 7.3E-05 9.2E-05 5.6E-05 

 

Hrs 4%B (II) 
(g/cm-2) 

7%B (II) 
(g/cm-2) 

10%B (II) 
(g/cm-2) 

0 0 0 0 

1 2E-05 7.6E-06 0 

3 4E-05 2.3E-05 1.8E-05 

6 7E-05 3.8E-05 3.7E-05 

12 8E-05 3.8E-05 3.7E-05 

24 8E-05 5.3E-05 3.7E-05 

48 7E-05 3.8E-05 3.7E-05 

72 7E-05 5.3E-05 3.7E-05 

120 8E-05 5.3E-05 3.7E-05 
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Figure B.1. The weight loss rates for tin borophosphate glasses during 120 hours  
          of reaction in aqueous environment at 40oC. 

 

 

Table B.2. Weight loss rate data of tin gallium (antimony) phosphate glasses. 

Hrs 0%B 
(g/cm-2) 

4%Ga (I) 
(g/cm-2) 

7% Ga (I) 
(g/cm-2) 

10%Ga (I) 
(g/cm-2) 

4%Ga (II) 
(g/cm-2) 

4%Sb (I) 
(g/cm-2) 

7%Sb (I) 
(g/cm-2) 

0 0 0 0 0 0 0 0 

12 0.000417 2.4E-05 2.24E-05 3.05E-05 3.76E-05 2.27E-05 2.11E-05 

24 0.000577 4.8E-05 2.99E-05 5.09E-05 6.77E-05 4.54E-05 3.16E-05 

48 0.000808 6E-05 3.36E-05 5.7E-05 7.52E-05 4.54E-05 5.27E-05 

216 
 

7.19E-05 3.73E-05 6.1E-05 8.27E-05 4.54E-05 7.38E-05 
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Figure B.2. The weight loss rates for tin gallium (antimony) phosphate glasses during  
        216 hours of reaction in aqueous environment at 40oC. 
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