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Abstract
Float glass-type SiO2-Na2O-CaO glasses with 0 – 10 mol% Sb2O3 were melted and their compositional, structural, thermal and optical properties characterised. All glasses were X-ray amorphous and increasing Sb2O3 content progressively decreased glass transition temperature (Tg) and dilatometric softening point (Td), despite increases in Al2O3 content from greater crucible corrosion. 121Sb Mössbauer spectroscopy confirmed that Sb was predominantly incorporated as Sb3+ (Sb3+/ΣSb ~ 0.9) and Raman spectroscopy showed that Sb substantially decreased average (Si, Al)-O Qn speciation. Both techniques confirmed that Sb3+ ions were incorporated in trigonal pyramidal [:SbO3] polyhedra. XRF and Raman spectroscopies confirmed that SO3 content decreased with increasing Sb2O3 content. TGA analysis showed, as a linear function of Sb2O3 content, mass gain commencing at 700°C, reaching a maximum at 1175°C, then mass loss above 1175°C, consistent with oxidation (Sb3+ → Sb5+) then reduction (Sb5+ → Sb3+). The TGA samples were shown to have attained or approached Sb redox equilibrium during measurement. Optical absorption spectroscopy (UV-Vis-nIR) showed red-shifts of the UV absorption edge with increasing Sb2O3 content, consistent with increasing intensity of far-UV absorption bands from Sb3+ and Sb5+ s→p transitions. UV-Vis-nIR fluorescence spectroscopy evidenced a broad luminescence band centred at ~25,000 cm-1, attributed to the 3P1→1S0 transition of Sb3+, which is Stokes shifted by ~15,000 cm-1 from the 1S0→3P1 absorption at ~40,000 cm-1. The most intense emission occurred at 0.5 mol% Sb2O3, with concentration quenching reducing luminescence intensities at higher Sb2O3 contents. Additions of Sb2O3 to float-type soda-lime-silica glasses could thus enable lower melting energies and/or new solar energy applications.
1. Introduction
Antimony and arsenic oxides are historically among the most efficient and widely-used fining agents for aiding the removal of bubbles during melting of commercial soda-lime-silica glasses and other types of glass [1-7]. More recently, both Sb- and As-based refining agents have been replaced (largely on the basis of their toxicity [1, 2]) by sulphur-containing refining agents such as Na2SO4 and blast-furnace slag [1-4]. The combination of Sb and As oxides with nitrates in the raw materials mixture (batch) in 0.1-1 wt% quantities lead to particularly effective two-stage refining [2-4], whereby decomposition of alkali nitrates at intermediate temperatures (i.e. at an earlier stage of glass melting) releases large quantities of NO and O2 gas, creating large bubbles which rapidly rise to the glass melt surface sweeping smaller bubbles with them; whilst also oxidising the Sb or As components as in (1), where R = alkali cation:
4RNO3 + 2Sb2O3 → 2R2O + 2Sb2O5 + 4NO↑ + O2↑		(1)
The reaction described by (1) is followed at higher temperatures (i.e. at later stages of glass melting) by reduction of the Sb2O5 or As2O5 according to (2), which releases further O2 bubbles and thus provides further refining action:
Sb2O5 → Sb2O3 + O2		(2)
A criterion for a metal oxide, such as Sb or As, with two different oxidation states that are available under conditions accessible in glass making, to be active and effective as a fining agent, is the ability to release oxygen at a temperature that is not too high and not too low, so as to occur in the appropriate stages of glass melting. Arsenic, antimony and sulphur oxides are among the few known oxides which fulfil this criterion without colouring the glass [1-5]. Indeed, in addition to its efficacy as a refining agent, Sb has also been used as a decolourising and oxidising agent in glasses, from Roman times to the modern day [5, 8-15]. Soda-lime-silica glasses are often coloured by impurities (< ~0.1 wt%) of Fe and other transition metals such as Ti and Mn, which chiefly arise from the raw materials used in glass production. Iron, which is the most problematic from the viewpoint of unwanted colour, occurs in both Fe2+ and Fe3+ oxidation states in soda-lime-silica glasses and such glasses melted in air and under mildly oxidising conditions exhibit typical Fe2+/ΣFe ratios of 0.1 – 0.4 [16, 17]. These Fe2+ and Fe3+ impurities can substantially affect optical absorption behaviour of the glass, with well-known oxygen-metal charge-transfer bands affecting UV absorption; and d-d absorption bands arising at visible and near-infrared wavelengths [5, 8, 17-19]. Antimony decolourises such glasses by oxidising Fe2+ to Fe3+ through mutual redox interactions during glass melting and cooling [5, 8-10, 15, 20, 21], whereby:
Sb5+ + 2Fe2+ → Sb3+ + 2Fe3+		(3)
In addition to the study of antimony as a refining and decolourising agent, other effects of antimony in oxide glass have also received attention. Antimony oxide is a conditional glass former and simple binary SiO2-Sb2O3 [22, 23], B2O3-Sb2O3 [24, 25] and P2O5-Sb2O3 [26] glasses, and more complex glasses [11, 13, 27-31], have all been studied to gain new and fundamental composition-structure-property understanding. Oxide glasses containing Sb2O3 as a major constituent exhibit novel optical properties [31-35], with high refractive indices [32, 34] and transparency to infrared radiation [32] making them potential candidate glasses for non-linear optical devices. There is also evidence that Sb2O3 can render oxide glasses more resistant to formation of high-energy radiation-induced defects [25, 29, 35] and thus Sb2O3 additions can provide enhanced shielding against γ-radiation [25].
Both Sb and As typically occur in multiple valence states in oxide glasses (Sb3+/Sb5+ and As3+/As5+), but unlike many other well-known multivalent cations (e.g. most transition metals and several lanthanides) they do not generate absorption bands centred at visible or near-infrared energies. Even antimonate and arsenate glasses, wherein the major constituent is SbxOy or AsxOy, are yellow-gold in colour but remain transparent [25, 31- 34]. This yellow-gold colouration is caused by far-UV absorption bands which produce tails that reach visible energies [36-42]. Following photon absorption, vibrational losses in the oxide glass host lead to Stokes Shifts and re-emission of a portion of the absorbed energy as photons with lower energies, some at visible wavenumbers. Enhanced UV absorption, coupled with re-emission of a proportion of the absorbed energy as lower-energy (visible) photons, is a combination that could have particular advantages in certain solar energy applications [43, 44].
The research presented here is part of a wider study with the joint aims of: (i) improving understanding of the composition-structure-property effects of antimony additions to soda-lime-silica glasses representative of current commercial glass compositions; and (ii) establishing whether additions of antimony to soda-lime-silica glasses can provide new functionalities and applications; and greater stability in extreme environments. The first part of this study, presented here, focuses on composition-structure-property effects. The second part will be presented in a forthcoming publication.

2. Experimental Procedures
Batches to provide 200 g of glass were produced using raw materials of ≥99·9% purity sand (SiO2), aluminium hydroxide (Al(OH)3), magnesium carbonate (MgCO3), calcium carbonate (CaCO3), sodium carbonate (Na2CO3), sodium sulphate (Na2SO4) and antimony oxide (Sb2O3). Raw materials were dried at 110°C for at least 24 h prior to weighing and mixing. Batches were weighed into sealed polymer bags using a calibrated 3 decimal place balance. Once weighing was complete, the bags were sealed and batches were thoroughly mixed in a figure-of-eight motion for at least 3 minutes to ensure good mixing of all raw materials. The antimony-free glass had a nominal composition representative of commercial float-type soda-lime-silica glass [1, 2]. Antimony was supplied to the batches as Sb2O3, which was added on a pro-rata molar basis at levels of 0.5, 1, 5 and 10 mol% Sb2O3. Consequently the glass samples with 0, 0.5, 1, 5, and 10 mol% Sb2O3 were labelled Sb0, Sb0.5, Sb1, Sb5 and Sb10 respectively. The mixed batches were placed in recrystallized Al2O3 crucibles, which were then placed in an electric furnace and heated at a rate of 5°C min-1 to 1450°C, then held at this temperature for 5 h. The crucibles were then removed from the furnace and the melts were poured into steel moulds on a steel plate and allowed to cool until sufficiently stiff to remove the moulds without flow of the cooling melt. The glasses were then immediately placed in an electric furnace at 530°C and held at this temperature for 1 h to relieve thermal stresses, then cooled slowly within the furnace to room temperature. The nominal compositions of all glasses (mol%) are given in Table 1.
For measurements by X-ray diffraction and X-ray fluorescence and 121Sb Mössbauer spectroscopies, powdered samples were prepared in a vibratory disc mill. X-ray diffraction (XRD) was carried out using an Empyrean PANalytical diffractometer in Bragg–Brentano geometry with Co Ka1 (1.78897 Å) radiation, operating at 40 kV and 40 mA on a spinner stage, with a step size of 0.001° 2θ. All obtained diffraction patterns are shown in Figure 1.
Chemical compositions of all glasses were analysed using a Philips Magix Pro X-ray fluorescence spectrometer. Fused beads were made by mixing the powdered sample and lithium tetraborate flux in a 1:10 ratio. Beads were melted in a Pt/5%Au crucible at 1065°C for 15 min before being air cooled. An in-house quantitative XRF Wide-Range Oxide analysis program, OXI, was used to analyse XRF data [45]. The analysed compositions of all glasses (mol%) are given in Table 1. The estimated uncertainties associated with the XRF OXI program-analysed compositions are ± 0.05 % for minor oxides (< 1 mol% abundance); ± 0.10 % for middle oxides (1 - 10 mol% abundance); and ± 0.20 % for major oxides (>10 mol% abundance).
Densities were measured on samples of ~10 g bulk glass using the Archimedes method in deionised water at 22.5 ± 1°C, assuming a density of water 0.9976 g cm-3. Density values were calculated using the expression ρ = (md/ md-mw) × ρwater, where md = weight of the dry sample and mw = weight of the immersed sample. Averages of three measurements were taken for each sample. All measured densities are given in Table 1. Uncertainties were conservatively estimated to be ±0.005 g cm-3 to incorporate any human, instrumental and sample errors / uncertainties. Molar volumes for each glass, also given in Table 1, were calculated using the analysed compositions and measured densities, according to (4):
Vm = mm / ρ		(4)
where Vm = molar volume / cm3 mol-1; mm = molar mass / g mol-1; and ρ = density / g cm-3. The estimated uncertainties incorporate density and XRF uncertainties, and consequently they increase with increasing Sb2O3 content of the glass.
121Sb Mössbauer spectroscopy was performed on powdered samples Sb5 and Sb10 using an MS4 spectrometer operating in constant acceleration mode in transmission geometry at room temperature (293K, 20°C) using a Ca121Sn source. All centre shifts, δ, were measured with respect to metallic α-Fe at room temperature. The velocity scale was determined by iron calibration, hence the absolute source velocity must be slightly adjusted because an Rh57Co source has an isomer shift relative to α-Fe. This correction requires subtraction of 0.1 mm s-1. Next, the centre shift values were converted to give values relative to InSb by adding 8.6 mm s-1, to enable direct comparisons with the literature. Hence the conversion was -0.1+8.6 = +8.5 mm s-1. Spectra were least-square fitted to extract the hyperfine parameters centre shift (δ), quadrupole interaction (e2Qq), Lorentzian linewidth (Γ), and intensities (I). Both spectra, which are best fitted with two sub-spectra, are illustrated in Figure 2. The velocity scale shown in Figure 2 is the as-measured velocity scale and does not incorporate the aforementioned velocity-scale conversions. The asymmetry in the larger component is due to the presence of eight lines in the 7/2+ to 5/2+ transition in 121Sb. The extracted Mössbauer parameters for both spectra, which include the converted centre shift (δ) values, are given in Table 2.
All Raman and UV-Vis-nIR optical absorption and fluorescence spectroscopy measurements were carried out on polished samples. Samples were cut, ground and polished to 3 - 4 mm thickness (also typical of commercial float glass) with SiC grinding papers in decreasing particle sizes from 125 μm to 15 μm, and then polished with a suspension of CeO2 polishing media to give a mirror-polished surface (< 1 μm).
UV-Vis-nIR absorption spectra were collected using a Varian Cary 50 Scan UV-visible spectrophotometer over the range 10,000 – 50,000 cm-1 (1000 – 200 nm) at a scan rate of 60 nm min-1, and with a data interval of 0.5 nm. Baseline and background scans were performed prior to sample runs to provide accurate data correction. Measured absorption data was corrected to a path length of 1 mm and all spectra are shown in Figure 3.
UV-Vis-nIR fluorescence spectroscopy was performed using a Varian Cary Eclipse fluorescence spectrophotometer. All samples of bulk glass were placed in the spectrometer at 30° to the excitation source and were excited at 40,000 cm-1 based on the known energy of the 1S0 → 3P1 transition of Sb3+ in similar oxide glasses [36-42]. Excitation and emission slits were both set at 5 nm and the detector voltage was 615 V. Excitation interference was minimised by an excitation bandpass filter (40,000 – 25,316 cm-1) and an emission bandpass filter (33,898 – 9,090 cm-1). All samples were measured in emission mode from 33,333 – 9,090 cm-1 with a scan rate of 120 nm min-1, a data interval of 1 nm and an averaging time of 0.5 s. All luminescence spectra are shown in Figure 4.
Raman spectroscopy was performed using a Thermo Scientific DXRTM2 spectrometer with a depolarised 10 mW 532 nm laser, on flat and polished bulk samples of all glasses, over a spectral range of 200 – 2000 cm−1. Calibrations and laser alignment with the proprietary Thermo auto-alignment tool using a polystyrene film were carried out prior to sample data collection. Background subtractions and baseline corrections were carried out using the Thermo software smart background removal tool, and a 5th polynomial baseline correction method, respectively. Data were then corrected for temperature and excitation line effects, following the widely-used methodology (see, for example, [47-49]) which is based on the approach developed by Long [50]. The corrected Raman spectra for all samples are presented in Figure 5, in which all corrected spectra were normalised to an intensity of 1 for the peak at ~1100 cm-1. Figure 6 shows difference spectra obtained by subtracting the corrected, normalised Raman spectrum for the Sb0 antimony-free glass from the other corrected, normalised sample spectra.
Dilatometric measurements were performed using a Netzsch Expedis Select DIL 402 dilatometer in air at a heating rate of 5°C min-1. Regular glass cuboids of dimensions 5 mm × 5 mm × 25 mm were prepared for dilatometry. The glass transition temperature (Tg), dilatometric softening temperature (Td) and coefficient of thermal expansion between 150°C and 400°C (α150-400°C) were determined for all glasses. Uncertainties associated with measured Tg and Td (±5°C each) were estimated from repeated measurements of the same sample and from temperature calibration of the instrument using an Al2O3 standard material. All corrected dilatometry traces are shown in Figure 7 and the extracted Tg, Td and α150-400°C are given in Table 3.
Simultaneous TGA and DSC analyses were carried out using a Netzsch STA 449 F3 Jupiter simultaneous thermal analyser. Powdered samples were loaded into Al2O3 sample pans and heated in air at 10°C min-1 from 20°C to 1250°C. DSC traces became progressively less detailed with increasing sample Sb2O3 content, and samples Sb5 and Sb10 did not provide measurable values of Tg. The obtained DSC Tg values and estimated uncertainties are given in Table 3. Note that the heating rate used for these measurements was different to that used for the dilatometric measurements. As discussed by Fluegel [46], it is well known that measured values of Tg depend on heating rate, however, Fluegel [46] also noted that the difference in heating rates that we have used here (dilatometry 5°C min-1 and DSC/TGA 10°C min-1) is appropriate, and enables direct comparison between Tg values extracted from dilatometry and DSC data. The Tg values from the two different techniques, given in Table 3, can thus be considered comparable. TGA data is shown in Figure 8, and mass gain between 700°C and 1175°C as a function of analysed Sb2O3 content of the glass is illustrated in Figure 9, which also shows molar volumes (Vm) as a function of analysed Sb2O3 content.


3. Results
3.1. Phase, Composition, Density and Molar Volume Analyses
Figure 1 shows the diffraction patterns for all glass samples. Only amorphous humps were obtained with no sharp peaks, confirming that all samples were X-ray amorphous. The angle (°2) corresponding to the maximum intensity of the amorphous hump shifted to larger angles (°2) with increasing Sb2O3 content of the glass, from 29.0±1°2 (Sb0) to 29.5±1°2 (Sb0.5), 30.0±1°2 (Sb1), 30.5±1°2 (Sb5) and 32.0±1°2 (Sb10).
The nominal composition, XRF analysed composition, measured density and molar volume of each sample are shown in Table 1. As expected on the basis of the high atomic mass of Sb, glass densities increase from ~2.5 to g cm-3 ~3.0 g cm-3 with increasing Sb2O3 concentration from 0 to 10 mol%. Analysed glass compositions are, in general, in close agreement with nominal compositions. However, increasing contents of Al2O3 (arising from increasing levels of crucible corrosion with increasing Sb2O3 contents) were detected, reaching high levels (~7 to ~12 mol%) in the Sb5 and Sb10 samples. Incorporation of this additional Al2O3 in the glass led to corresponding decreases in the analysed contents of the other constituents, with particular impact on the compositions of the Sb5 and Sb10 samples. Molar volume (Vm) remained approximately constant for Sb2O3 contents of up to 1 mol%, then Vm increased linearly from 1 to 10 mol% Sb2O3 content, suggesting possible changes in the structure of the glass and / or the local environment of Sb3+/Sb5+ at a point between 1 and 5 mol% Sb2O3. The shift, with increasing Sb2O3 content, in the diffraction angle (°2 at which the amorphous hump has its maximum (see above) is also qualitatively consistent with corresponding changes in the composition and / or structure of the glass. Impurity levels (≤0.01 mol%) of Fe2O3 were also detected in the glasses by XRF (Table 1). These impurities are believed to have originated from the raw materials, principally the silica sand, used to prepare the glasses.


Figure 1. X-ray diffraction (XRD) patterns for all glasses. Note shift in amorphous hump.
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Table 1. Nominal and analysed compositions (mol%) and measured densities and molar volumes of all glasses (Nom. nominal; An. Analysed).
	Glass
	Sb0
	Sb0.5
	Sb1
	Sb5
	Sb10

	Mol%
	Nom.
	An.
	Nom.
	An.
	Nom.
	An.
	Nom.
	An.
	Nom.
	An.

	Na2O
	13.76
	13.41
	13.69
	13.38
	13.62
	13.19
	13.07
	12.07
	12.38
	10.86

	MgO
	5.49
	3.94
	5.46
	3.85
	5.44
	3.85
	5.22
	3.37
	4.94
	2.94

	Al2O3
	0.59
	0.76
	0.59
	0.97
	0.58
	1.18
	0.56
	6.94
	0.53
	11.62

	Fe2O3
	0.00
	0.01
	0.00
	0.01
	0.00
	0.00
	0.00
	0.00
	0.00
	0.01

	SiO2
	70.67
	71.73
	70.32
	71.34
	69.96
	70.92
	67.13
	63.50
	63.60
	56.43

	SO3
	0.22
	0.18
	0.22
	0.13
	0.22
	0.11
	0.21
	0.03
	0.20
	0.00

	CaO
	9.27
	9.96
	9.22
	9.84
	9.18
	9.75
	8.81
	8.84
	8.35
	7.60

	Sb2O3
	0.00
	0.00
	0.50
	0.49
	1.00
	1.00
	5.00
	5.26
	10.00
	10.54

	Total
	100.00
	100.00
	100.00
	100.00
	100.00
	100.00
	100.00
	100.00
	100.00
	100.00

	ρ / 
g cm-3
	2.499 ± 0.005
	2.537 ± 0.005
	2.603 ± 0.005
	2.839 ± 0.005
	3.002 ± 0.005

	VM / 
cm3 mol-1
	23.8 ± 0.10
	23.98 ± 0.10
	23.85 ± 0.15
	26.22 ± 0.25
	29.49 ± 0.50




3.2. 121Sb Mössbauer Spectroscopy
Figure 2 shows the fitted 121Sb Mössbauer spectra obtained from the Sb5 and Sb10 glasses, and Table 2 shows all fitted parameters. The two fitted spectra are closely similar in profile, component areas and fitted parameters. Spectra exhibit two major components, characteristic of Sb3+ (broad asymmetric component) and Sb5+ (narrow symmetric component) [23, 24, 26, 30, 51, 52]. The Sb5+ has a Kr electron configuration with a filled d-shell (d10), i.e. it is spherical and therefore has no electric field gradient at the nucleus, so any quadrupole interaction observed for Sb5+ will be small compared to that for Sb3+; or it will be zero. In some of the previous 121Sb Mössbauer studies of oxide glasses the quadrupole interaction for Sb5+, e2Qq(Sb5+), was either constrained to a value of zero [51, 52], or no quadrupole interaction for Sb5+ was observed [26], with those authors noting that this component can be fitted with a singlet-line quadrupole model. Other researchers have fitted this component with a small quadrupole interaction of e2Qq(Sb5+) ≈ 3 to 6 mm s-1 [23, 24]. However, it was noted that “no reliable value could be obtained” [24] and that “this is difficult to separate from the linewidth contribution and is of doubtful accuracy” [23]. Similarly-mixed results were obtained by Stewart et al. [53] who studied several different antimony oxides and found that whilst α-Sb2O4 and Sb2O5.3.61H2O produced fitted spectra with e2Qq(Sb5+) = -6.1 mm s-1 and -4.3 mm s-1, respectively, β-Sb2O4, Sb2O5.3.56H2O and Sb6O13 all produced no visible asymmetry so those spectra were fitted with single lineshapes. In the present study we were able to successfully fit spectra with a single-line quadrupole model for Sb5+, however, given the signal-to-noise ratios for the measured spectra (Figure 2) a quadrupolar component with a small value of e2Qq(Sb5+) could also have been fitted whilst achieving equivalent values of χ2 for the fits.
This study has not directly established the recoil-free fractions, f, for Sb3+ and Sb5+ in the glasses studied, and consequently it cannot be stated with certainty that the ratio of recoil-free fractions, f(Sb3+) / f(Sb5+) = 1. However, there is some evidence to suggest that the value is close to 1. In their 121Sb Mössbauer study of several different oxides of antimony, Stewart et al. [53] noted that “while in general this assumption can by no means be taken for granted, there are grounds for believing that for the compounds investigated here it cannot be far wrong and leads to reasonably realistic independent estimates of the SbIII:SbV ratios”. Holland et al. [24] confirmed, through variable-temperature measurements of a 60 Sb2O3 – 40 B2O3 (mol %) glass, that the relative intensities of Sb3+ and Sb5+ remained approximately constant, i.e. f(Sb3+) / f(Sb5+) ≈ 1, between 10K and 77K. Mee et al. [23] reached a similar conclusion from measurements at 77K of cervantite (Sb2O4 ≡ Sb3+Sb5+O4). However, they also described unpublished research which indicated that Sb2O3-B2O3 glasses exhibited a ~20% increase in Sb3+ relative intensity on cooling from 77K to 10K. This appears to contradict the results of Holland et al. [24] and the two findings are not easy to reconcile. It is possible that there may have been significant differences in: (1) the compositions (i.e. Sb2O3/B2O3 ratio) of the glasses; and / or (2) the Sb3+ / Sb5+ redox ratios in the glasses; and / or other differences. However, our measurements were made at 293K, and this must be considered against the lower-temperature measurements from the literature. De Laune et al. [54] studied FeSb2O4 and noted a difference in relative Sb3+ and Sb5+ absorption areas at 90K and 293K, such that the apparent Sb5+ fraction increased from 18% to 22%. They stated that at 90K the recoil-free fractions, f, for Sb3+ and Sb5+ were similar but the difference in apparent Sb5+ fraction at ambient temperature was expected because of the significantly higher Debye-Waller factor for Sb3+ compared with Sb5+, and the resulting lower recoil-free fraction at ambient temperatures for Sb3+ compared with Sb5+. Hence, we can surmise that the published research for oxide glasses and Sb2O4 [23, 24, 53] support the view that the recoilless fraction ratio f(Sb3+) / f(Sb5+) ≈ 1 for those materials, measured between 10K and 77K. However, for the samples measured at 293K in this study, according to the literature f(Sb3+) / f(Sb5+) at 293K may vary slightly from a value of 1 (see, for example, [54]) and consequently the Sb3+/Sb ratios derived here from the Sb3+ and Sb5+ spectral component areas have greater uncertainties than the corresponding fitted spectral peak areas.


Figure 2. Fitted 121Sb Mössbauer spectra (293K) for samples Sb5 and Sb10, each showing two fitted components representing Sb3+ (blue line) and Sb5+ (red line).
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Table 2. Refined 121Sb Mössbauer parameters (293K): centre shift relative to InSb (δ), quadrupole interaction (e2Qq), Lorentzian linewidth (Γ), intensity (I). Bracketed numbers are uncertainties in the first decimal place. 
	Glass
	Sb5
	Sb10

	δ1 / mm s-1
e2Qq1 / mm s-1
Γ1 / mm s-1
I1 / %
	-3.6(2)
19.5(9)
4.0(4)
90(3)
	-3.2(3)
18.9(9)
3.5(4)
88(3)

	δ2 / mm s-1
Γ2 / mm s-1
I2 / %
	9.7(4)
2.6(7)
10(3)
	9.1(8)
3.5(6)
12(3)

	Peak absorption / %
	1.5
	2.0




3.3. Optical Absorption and Fluorescence Spectroscopies
All glass samples were optically transparent, with colours ranging from colourless (Sb0) to light yellow (Sb10), with increasing depth of the colour accompanying increasing Sb2O3 content. Figure 3 displays the UV-Vis-nIR absorption spectra of the five studied glasses. The most notable feature is a red-shift of the absorption edge, of the order of 4500 cm-1, which corresponds with increasing Sb2O3 content from sample Sb0 to Sb10. Also of note, and shown in the inset in Figure 3, very weak and narrow absorption bands (labelled Fe3+) are observed in the spectra for samples Sb0, Sb0.5 and Sb1 at ~ 26,500 cm-1, ~ 24,000 cm-1, ~ 23,000 cm-1 and a very weak, broad band (labelled Fe2+) is centred at ~ 10,500 cm-1 in the spectrum for sample Sb0. The band at ~ 10,500 cm-1 is only observed for sample Sb0 and disappears upon addition of Sb2O3 to the glass; whilst the bands at ~ 26,500 cm-1, ~ 24,000 cm-1 and ~ 23,000 cm-1 can be observed for samples Sb0, Sb0.5 and Sb1, i.e. up to Sb2O3 contents of 1 mol%. These bands have been attributed to the Fe2O3 impurities (≤ 0.01 mol%) detected in the glasses (Table 1).

Figure 3. UV-Vis-nIR absorption spectra corrected to 1 mm path length (inset: weak Fe3+ and Fe2+ absorption bands highlighted)
The UV-Vis-nIR luminescence spectra are shown in Figure 4. A broad luminescence band, centred at 25,200 – 25,600 cm-1, is present in spectra for all Sb-containing glasses, suggesting that all bands are due to the same transition. Intensity of this luminescence band decreases in the order Sb0.5 > (Sb1 ≈ Sb5) > Sb10.

Figure 4. UV-Vis-nIR luminescence spectra (excitation at 40,000 cm-1)
[image: ]

3.4. Raman Spectroscopy
A stacked plot of the corrected Raman spectra for all samples is given in Figure 5. A plot showing the difference in Raman intensity between corrected, normalised (to the peak near 1100 cm-1) spectra for each Sb-containing glass from the spectrum for the Sb0 antimony-free glass is given in Figure 6. The Raman spectra for all samples can be split into two major regions: the lower-frequency region (200 – 750 cm-1) and the higher-frequency region (750 – 1400 cm-1). The addition of Sb2O3 to the batches not only affected Sb2O3 contents of the glasses, it also affected Al2O3 and SO3 contents (Table 1) and these changes must also be taken into account when considering the effects of Sb2O3 additions on the Raman spectra. As shown in both Figures 5 and 6, increasing (Sb2O3 + Al2O3) content led to small spectral changes up to 1 mol% Sb2O3. These changes become more pronounced at 5 and 10 mol % Sb2O3. However, changes to the Raman spectra occur at all Sb2O3 contents and these changes show consistent trends for all Sb2O3 contents studied. The difference spectra in Figure 6 qualitatively illustrate these changes, which are summarised as follows:
i) 1075 – 1250 cm-1, decrease in intensity centred at ~1100 cm-1
ii) 850 – 1075 cm-1, increase in intensity centred at ~1020 cm-1; dip at 990 cm-1 and shoulder at ~920 cm-1
iii) 200 – 850 cm-1, two new bands arise at ~700 cm-1 and ~510 cm-1

Figure 5. Corrected Raman spectra, intensity-normalised to peak ~ 1100 cm-1
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Figure 6. Difference Raman spectra of corrected data, intensity-normalised to peak at ~1100 cm-1
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3.6. Thermal Analysis
Dilatometry data for all samples are shown in Figure 7. The extracted coefficient of thermal expansion between 150°C and 400°C (α150-400oC), onset glass transition temperatures obtained from both dilatometry and DSC (Tg), and the dilatometric softening temperature (Td) are shown in Table 3. Addition of (Sb2O3 + Al2O3) to the glass had no net effect on the coefficient of thermal expansion, which remained essentially constant for all samples studied. The additional Al2O3 presumably arose from enhanced crucible corrosion during glass melting, as confirmed by XRF analysis (Table 1). The onset glass transition temperature, Tg, decreased with increasing (Sb2O3 + Al2O3) content, from ~560°C for sample Sb0 to ~500°C for sample Sb10. Similarly, the dilatometric softening temperature (Td) decreased with increasing (Sb2O3 + Al2O3) content, from ~615°C for sample Sb0 to ~555°C for sample Sb10.


Figure 7. Dilatometry data for all glasses. Onset Tg and Td are marked.
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Table 3. Measured glass thermal properties: onset glass transition temperatures (Tg) obtained from dilatometry and DSC; dilatometric softening temperature (Td) and coefficient of thermal expansion (CTE, α150-400 °C).
	Glass
	Tg (Dil.) ± 5 / °C
	Tg (DSC) ± 10 / °C
	Td ± 5 / °C
	(α x 10-7) ± 2.0 / °C-1

	Sb0
	560
	563
	614
	96.6

	Sb0.5
	549
	558
	598
	96.8

	Sb1
	544
	543
	588
	96.7

	Sb5
	522
	-
	574
	95.7

	Sb10
	503
	-
	554
	96.0



TGA data for all samples, measured between 50°C and 1250°C, are shown in Figure 8. Weight gain occurs at temperatures above ~700°C for Sb2O3-containing samples, reaching a maximum weight at ~1175°C, followed by weight loss at temperatures above ~1175°C. As shown in Figure 9, the maximum weight gain demonstrates a linear relationship with the analysed Sb2O3 content of the glass, indicating a direct relationship.
Figure 8. TGA weight change of glasses as a function of temperature
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Figure 9. Molar volume (Vm) and TGA weight gain (700°C – 1175°C) as functions of analysed Sb2O3 content. Linear fit (solid line, R2 shown) and guide (dotted line) shown.
[image: ]
4. Discussion
4.1. Composition-Viscosity Relations
The addition of Sb2O3 to soda-lime-silica glasses representative of float glass compositions produces a myriad of changes to their chemical, structural, optical and thermal properties. Some of these changes are combined with the effects of increased Al2O3 content. As shown in Table 1, increasing Sb2O3 content of the glass was accompanied by increased Al2O3 content, particularly for the Sb5 and Sb10 samples, which had roughly comparable molar contents of Sb2O3 and Al2O3. This additional Al2O3 can only have arisen from increased corrosion of the recrystallized Al2O3 crucibles used to melt the glasses, and is consistent with Sb2O3 substantially decreasing the glass melt viscosity and / or surface tension during melting. Both of these can cause enhanced refractory corrosion [55]. For surface tension, Rubenstein [56] estimated that Sb2O3 modestly increases surface tension of soda-lime-silica type glass melts at 1200°C. This would suggest that surface tension effects are less likely to have caused the elevated Al2O3 contents in the glasses studied here.
Oxide glasses rich in Sb2O3 are known to exhibit low melting temperatures and low melt viscosities [57], consistent with the low melting temperature of pure Sb2O3 (656°C). The effects of Sb2O3 on the high-temperature viscosity of silicate glasses was studied by Fluegel et al. [58], who showed that Sb2O3 has a strong effect on decreasing television (TV) glass viscosity in the softening range (log (η / dPa s) = 7-10). This behaviour may reasonably be extrapolated to higher temperatures and other silicate glasses. It is also qualitatively consistent with the thermal analysis results for our glasses, which show substantial decreases in Tg and Td with increasing (Sb2O3 + Al2O3) contents (Figure 7 and Table 3). This effect of Sb2O3 is all the more remarkable because it is in opposition to the effects of the elevated Al2O3 contents accompanying the Sb2O3 additions. The effects of Al2O3 on the viscosity of soda-lime-silica glasses are well-known and can be accurately modelled [1, 46, 58-60]. We have used Fluegel’s model [46, 60] to predict the viscosity-temperature profiles for the analysed compositions of glasses Sb0 and Sb5, in order to understand the independent effect of Al2O3 and thus, indirectly, the effect of Sb2O3. For glass Sb5, the Sb2O3 content was neglected and other constituents increased on a pro-rata basis to total 100% for the purpose of modelling. Glass Sb10 could not be accurately modelled as the Al2O3 content for this glass lay outside the boundaries of model validity [46, 60]. The modelled results for our glasses show that addition of Al2O3 strongly increases melt viscosity, as expected. The melting temperature (at which log (η / dPa s) = 2) of glass Sb0 is 1450°C and by comparison (and neglecting Sb2O3), for glass Sb5 it is 1555°C, an increase of over 100°C. Correspondingly, the Littleton Softening Point (at which log (η / dPa s) = 7.6) is 727°C (glass Sb0) and 777°C (glass Sb5), a difference of 50oC; and differences remain considerable, even at higher viscosities. For example, (log (η / dPa s) = 10) is 630°C for glass Sb0 and 673°C for glass Sb5; (log (η / dPa s) = 11) is 600°C for glass Sb0 and 641°C for glass Sb5; and (log (η / dPa s) = 13) is 553°C for glass Sb0 and 591°C for glass Sb5. The modelled viscosities given above for glass Sb0 are closely consistent with the measured Td (614°C, corresponding to log (η / dPa s) ≈ 10 to 11) and measured onset Tg (560°C, corresponding to log (η / dPa s) = 13). However, the measured and modelled values for the Sb-containing glasses diverge greatly, owing to the model neglecting Sb2O3. Whilst the model indicates that for glass Sb5, Td and Tg should increase to ~660°C and ~590°C, respectively, on account of its higher Al2O3 content, the measured Td and Tg of 574°C and 522°C, respectively, are considerably lower than those for the Sb0 glass. This demonstrates the strong fluxing effects of Sb2O3 in these glasses, such that for a nominal 5 mol% addition, it effects net reductions in Td of (660 – 574 ≈ 85°C) and in Tg of (590 – 522 ≈ 70°C). This fluxing effect is evidenced by the measured and modelled thermal properties. It also helps to explain the significant enhancement of Al2O3 crucible corrosion during glass melting due to a substantially lowered melt viscosity (see [55]), leading to elevated Al2O3 contents in the resulting glasses. The Tg of pure Sb2O3 glass is 250°C [22] and even for a binary 80 SiO2 – 20 Sb2O3 (mol %) glass Tg remains very low, at ~335°C [22, 23]. The observed effect of Sb2O3 in strongly decreasing Tg (Table 3) is also consistent with a large body of literature for low-Tg glasses in a range of silicate [22, 23], borate [22, 24, 57], phosphate [26, 27], and antimonate [32, 34] glasses, all of which show consistently low Tg’s.

4.2. Glass Structure
The incorporation of Sb2O3 in silicate glasses, commensurately with its effects on thermal properties, has substantial effects on glass structure. This is illustrated by the changes observed in the X-ray diffraction amorphous hump position with increasing (Sb2O3 + Al2O3) content shown in Figure 1. Whilst it is not possible to separate the effects of Sb2O3 and Al2O3 on the amorphous hump position without further research, the shift of the hump position to higher angles (o2) is consistent with some combination of shorter average interatomic bond distances and changes in X-ray scattering intensities. Other composition-structural indicators are density and molar volume (Table 1, Figure 9). Both increase with increasing Sb2O3 content. However, these changes are not linear and, as above, the effects of elevated Al2O3 contents must also be taken into consideration. As shown in Figure 9, the molar volume of the glasses is largely unaffected by Sb2O3 additions up to Sb2O3 contents between 1 and 5 mol%. At levels above this, the molar volume increases approximately linearly with Sb2O3 addition (further research is required to establish the exact Sb2O3 content at which this change in behaviour occurs and its structural origins). Such changes in behaviour may be indicative of changes in coordination, local environment, local clustering of Sb cations in the glass, or other effects. In order to confirm that these changes in Vm arose from Sb2O3 additions, and not to the elevated Al2O3 contents that accompany them in our glasses, we have used a similar approach to that used for thermal properties in Section 4.1 above. We calculated molar volumes (Vm) for the glasses whilst neglecting their Sb2O3 contents, using analysed compositions (Table 1) and Fluegel’s robust and widely-used glass density model [46, 61]. This model shows that Vm would slightly decrease from its measured value of 23.8 cm3 mol-1 (note: the modelled value for glass Sb0 was 23.9 cm3 mol-1, validating the accuracy of the model), to a modelled Vm of 23.0 cm3 mol-1 for glass Sb10 (neglecting its Sb2O3 content). This modelled value takes account of the high Al2O3 content of this glass but ignores Sb2O3, and shows that Al2O3 incorporation in the glass has little effect on the molar volume of these glasses – the effect of Al2O3 is thus at least an order of magnitude smaller than that of Sb2O3 on a mole-for-mole basis. Given the large increases in Vm arising upon incorporation of (Sb2O3 + Al2O3), shown in Table 1 and Figure 9, the observed trends in Vm can thus be attributed predominantly to the incorporation of Sb2O3.
The Raman spectral region for oxide glasses between ~850 cm-1 and ~1200 cm-1 has been widely associated with T–O stretching modes (where T = Si, Al, Fe and others) of tetrahedrally-coordinated species [43, 47-49, 62-69]. The Qn notation is also widely used to indicate network connectivity, where n = number of bridging oxygens per tetrahedron. Hence if more than one type of tetrahedral species, for example both SiO4 and AlO4-, are present they will all contribute in this spectral region. Consequently the Qn notation and Raman peaks in this spectral region apply to both SiO4 and AlO4- units in the glasses studied here. Raman spectroscopy does not distinguish between Si- or Al- based tetrahedra in this regard [48]. Spectral contributions arising from different T-O (Qn) units have been widely associated with peaks at certain Raman shifts, from Q4 (~1150 cm-1) to Q3 (~1100 cm-1), Q2 (~950 cm-1), Q1 (~850 cm-1) and Q0 (~800 cm-1) [43, 47-49, 62-69]. Spectral deconvolutions have also been carried out in this region (see, for example, [47-49, 64, 65, 67-69]) with variations in the nature, number and characteristics of the peaks fitted. For example, additional peaks have been assigned at ~1050 cm-1 and 800 cm-1 in different interpretations and deconvolutions of silicate glass Raman spectra [48, 64, 65, 67-69]. Some have attributed them to the stretching T2s vibrational mode of TO2 units [48] and some to Si–O stretching vibrations of bridging oxygens (BO) in SiO4 tetrahedral units with at least one non-bridging oxygen (NBO) [65], respectively. Others have fitted two Q3 components: one each for NBO’s stabilised by alkali and alkaline earth cations [67]; and yet others have introduced a parameter Qab, where ‘a’ denotes a central tetrahedron type and ‘b’ denotes the nearest tetrahedron type, indicative of mid-range order [68]. Hence, whilst there is generally a degree of consensus in the literature regarding the deconvolution of Raman spectra in terms of Q0-4 units, there remain more subtle differences in the extracted information relating to spectral deconvolution in the Qn region. It is known from 29Si MAS-NMR studies of SiO2-Na2O-CaO glasses compositionally similar to our Sb0 glass that the only Si Qn species present in this glass should be Q3 and Q4 [65, 66, 70, 71]. Raman bands associated with Sb-O units in glass have been reported by a number of authors [22, 23, 30, 72-74], but there is no evidence of Sb-O bands overlapping with the T-O Qn region, making interpretation of the effects of Sb2O3 on glass structure slightly less challenging. The incorporation of Sb2O3 and the associated increase in Al2O3 content of our glasses, from Sb0 to Sb10, lead to several changes in their structure, illustrated in the Raman spectra (Figures 5 and 6). With increasing (Sb2O3 + Al2O3) content the Raman intensity centred at ~1100 cm-1 decreases, and the intensity at ~1020 cm-1 and ~920 cm-1 increases. This indicates decreases in the average Qn of T-O species (SiO4 and AlO4-) with increasing (Sb2O3 + Al2O3) content. Whilst the addition of Al2O3 to the glass on a pro rata basis (which approximates what occurred to the glasses studied here during melting) would be expected to result in a more polymerised network, i.e. an increase in average T-O Qn, the substantial decrease in Raman intensity (Figure 6) at 1100-1150 cm-1 indicates decreases in the abundance of both (Si + Al) Q4 and Q3 species. These changes are accompanied by substantial increases in Raman intensity (Figure 6) between 850 cm-1 and 1050 cm-1, with growth of peaks at ~920 cm-1 and ~1020 cm-1 which are consistent with increases in the abundance of (Si + Al) Q2 species; and increased intensity (abundance) of the stretching T2s vibrational mode of TO2 units [48]. These changes, upon additions of Al2O3, are qualitatively different from the results of Le Losq et al. [48], who studied the effects of increasing Al2O3 content in SiO2-Al2O3-Na2O glasses and concluded that increasing the Al / (Al + Na) ratio produces a decrease in the proportion of Q3 units but an overall increase in the proportion of Q4 units. However, our glasses also contain Sb2O3 which therefore clearly has a profound effect. Our results, which suggest decreases in both Q3 and Q4 intensity and an increase in Q2 intensity, therefore support the view that Sb2O3 plays a major role in (alumino)silicate network (de)polymerisation. It can thus be suggested that increasing (Sb2O3 + Al2O3) in our glasses led to substantial net (Si, Al) network depolymerisation. This is particularly illustrative of the strong depolymerising effect of Sb2O3 in silicate glasses, in light of the substantially increased Al2O3 content for samples Sb5 and Sb10 which would normally be expected to cause a re-polymerising effect on the network, with a resulting increase in the average Qn as illustrated by Le Losq et al. [48]. However, the opposite appears to occur here, with a substantial decrease in the average Qn. This result is consistent with the effects on thermal properties discussed in Section 4.1, which also confirm the effects of Sb2O3 in readily negating and overcoming the (re)polymerising effects of increased Al2O3. In order to further elucidate this behaviour, solid-state NMR experiments would prove beneficial.
The Raman band at 990 cm-1 can be unequivocally ascribed to the ν1 symmetric S-O stretching modes in SO42- units, as widely reported for silicate, aluminosilicate and borosilicate glasses [75-79]. This band gradually disappeared with increasing Sb2O3 additions, as shown in Figures 5 and 6. XRF analysis of the glasses (Table 1) confirmed increasing loss of SO3, presumably as SO2 gas, with increasing (Sb2O3 + Al2O3) content. This loss of sulphate is consistent with the disappearance of the SO42- Raman band at 990 cm-1 with increasing (Sb2O3 + Al2O3) content. The mechanism by which the (Sb2O3 + Al2O3) accelerates or enhances sulphate loss is not yet clear but may involve viscosity, solubility, mutual redox reaction and / or surface tension effects, which are also discussed in Section 4.3.
The lower-frequency Raman region (200-800 cm-1) contains many overlapping contributions associated with bending modes of SiO4 tetrahedra [65, 66]. This spectral region for the Sb0, Sb0.5 and Sb1 glasses comprise a relatively narrow band centred at ~800 cm-1, a broad asymmetric band with a peak at ~560 cm-1, and a weak shoulder at ~460 cm-1. This is consistent with Raman spectra obtained for other SiO2-Na2O-CaO glasses with closely similar compositions to those studied here [65, 66]. Limbach et al. [65] deconvoluted the full Raman spectrum for one such SiO2-Na2O-CaO glass, into several overlapping bands centred at 340, 460, 490, 540, 600, 630, 800, 950, 1080 and 1100 cm−1. The bands at 490 cm−1 and 600 cm−1 were assigned [65] to the defect bands, D1 and D2 [48, 65] which correspond to oxygen breathing vibrations in 4- and 3- membered silica rings, respectively. The band at 540 cm−1 was assigned to delocalized Si–O–Si bridging oxygen vibrations [65] and the broad band at 460 cm−1 to symmetric Si–O–Si bridging oxygen vibrations [65]. The bands at 460, 540 and 800 cm-1 are clearly observed in our spectra for glasses Sb0 to Sb5 (Figure 5) and similar glasses in literature [65, 66].
The Raman band at 800 cm-1 is fundamental to spectra for pure SiO2 glass and, as discussed earlier, and as summarised by Le Losq et al. [48], this band has been attributed to a number of origins. These include Si–O stretching involving oxygen motions in the Si–O–Si plane; the motion of the Si atom in its oxygen cage; and the threefold – degenerate “rigid cage” vibrational mode of TO2 units. In the Raman spectrum for pure glassy SiO2 this band can be fitted by two narrow, overlapping bands with energies corresponding to Si–O stretching vibrations [80, 81]. For the glasses studied here, the lack of spectral change at 800 cm-1 upon addition of (Sb2O3 + Al2O3), as shown in Figure 6, is perhaps more consistent with Si-O stretching modes / motion of the Si atom in its oxygen cage since (as discussed above) the (Si, Al)-O Qn distribution appears to change in these glasses. However, other possible explanations for the origin of the 800 cm-1 band in the glasses studied here cannot be discounted.
The Raman spectra of the glasses undergo substantial changes in the lower-frequency region (200 – 800 cm-1) upon incorporation of (Sb2O3 + Al2O3). As shown in Figures 5 and 6, these changes manifest as new bands at ~700 cm-1 and ~500 cm-1, which (i) increase roughly proportionately in intensity to one another, and (ii) move to slightly lower Raman shifts, with increasing (Sb2O3 + Al2O3) contents. To first consider whether Al-bearing units may contribute to these bands, previous Raman studies of aluminosilicate [48, 63, 69] and aluminate [82] glasses deserve attention. Raman bands at ~500 - 600 cm-1 (aluminosilicate glasses [63, 69]) and at ~550 cm-1 and ~800 cm-1 (aluminate glasses [82]) have previously been observed, but with positions and linewidths that do not match those observed. However, progressive increase of the Al/Si ratio in SiO2-Al2O3-Na2O glasses [48] showed no evidence of a new band at ~700 cm-1 although changes near 500 cm-1 were observed. On balance, this suggests that Al-bearing units are less likely to be the primary source of the two new observed bands at ~700 cm-1 and ~500 cm-1 although contributions from Al-bearing units cannot be ruled out.
Raman bands related to Sb-O vibrational modes have very high intensities, as discussed by Miller et al. [73], who attributed this to a combination of (i) the glass-forming tendency of Sb2O3; (ii) the highly nonlinear geometry of the Sb-O-T (and Sb-O-Sb) bonding structures, and (iii) the high polarizability of the Sb-O bonds. Raman studies of Sb in antimonate [22, 23, 30, 32, 72, 73], borate [22, 31, 72], silicate [23, 74], aluminosilicate [74], germanate [73] and phosphate [26, 83] glasses have previously been published. An intense, broad Raman band centred at ~400-500 cm-1 has been widely observed and is attributed by a number of researchers [22, 23, 26, 72] to bending of trigonal pyramidal or pseudo-tetrahedral [:SbO3] units. Terashima et al. [72] described this as an intense band near 450 cm-1 which can be divided into two peaks at 500 cm-1 and 440 cm-1, which they assigned to the ν2 (symmetrical bending) and ν4 (asymmetrical bending) vibrational modes of SbO3 units, respectively. Only a weak band near 700 cm-1 has been observed for pure v-Sb2O3 [73] as well as several other glasses [22, 24, 73, 74, 83]. This band has been attributed [26, 72] to symmetric stretching of [:SbO3] units, although Mee et al. [23] assigned it to non-bridging oxygens (NBO’s). Since here the intensity of these two bands increase roughly proportionately to each other (Figures 5 and 6), bending and stretching modes of [:SbO3] units provide a more consistent explanation.
The local structure of Sb in these glasses was also studied for samples Sb5 and Sb10 by 121Sb Mössbauer spectroscopy. The fitted parameters (Table 2) show that the large majority, approximately 90%, of the antimony is present in both glasses as Sb3+ [23, 24, 26, 30, 51-54] with the remainder as Sb5+ [23, 24, 51-54] As discussed in Section 3.2, there may be slight inaccuracy in the estimation of the relative proportions of Sb3+ and Sb5+ due to small differences between their recoil-free fractions, f. The large value of e2Qq for Sb3+ confirms the highly asymmetric electric field distribution around the [:SbO3] trigonal pyramids. Conversely, the second component, Sb5+ (present in SbO6 units) has an isotropic electron distribution around the nucleus and hence the absence of quadrupole interaction for Sb5+ in the fits (see Section 3.2). Fitted centre shifts, δ, here given relative to the InSb standard to enable comparison with literature values (Table 2) are comparable to values obtained for Sb3+ and Sb5+ in SiO2-Sb2O3 [23, 51], B2O3-Sb2O3 [24, 51], P2O5-Sb2O3 [26, 51] and Sb2O3-ZnCl2 [30] glasses. The fitted δ and e2Qq components for Sb3+, and δ for Sb5+, (Table 2) are consistent with the values for valentinite (Sb2O3) and crystalline Sb2O5 [23, 24, 52, 53]. As also noted previously [23, 24] this similarity in fitted parameters confirms the similarity in local environments of Sb3+ and Sb5+ in the glasses to their respective local environments in the corresponding crystalline materials. This conclusion is further supported by neutron diffraction of SiO2-Sb2O3 glasses [22] and X-ray absorption spectroscopy of a wide range of Sb2O3 - (SiO2,B2O3,GeO2,As2O3) glasses [84-86], which confirmed consistent Sb–O coordination numbers of ~3, with Sb–O bond distances of 1.94–1.97 Å that are largely independent of glass composition; with Sb3+ in trigonal pyramidal coordination and Sb5+ in octahedral coordination.
The strong fluxing effect of Sb2O3 during melting of the glasses studied (see Section 4.1), and the evidence from Raman spectroscopy discussed earlier in this Section, are internally consistent and indicate a strong depolymerising effect of Sb2O3 on the (alumino)silicate network. This, in turn, suggests the presence of (Si, Al)-O-Sb bonds, with Sb providing NBO’s. A number of workers have investigated structural effects of Sb on silicate and borate glass networks using 29Si MAS-NMR [23, 28], 11B MAS-NMR [24, 28, 72, 84], 27Al MAS-NMR [28] and X-ray absorption spectroscopy (XAS) [83, 84]. On the basis of XAS, Ellison and Sen [83] concluded that the geometry of the SbO3 coordination polyhedra is extremely well-constrained from one glass family to another, and Sb3+ behaves as a classic network former (NWF) cation in binary oxide glasses, creating a continuous random network of Sb-O-M bonds where M = Sb, As, Ge, Si, or B depending on the glass system. For silicate glasses, Mee et al. [23] showed a strong depolymerising effect of Sb2O3 on binary SiO2-Sb2O3 glasses using 29Si MAS-NMR, assuming that 2 NBO are formed for each Sb2O3 molecule, where NBO are Si–O–Sb oxygen links with significant covalence in the bonding. Terashima et al. [72], Holland et al. [24] and Youngman et al. [84] all found evidence for B-O-Sb linkages in binary B2O3-Sb2O3 glasses using 11B MAS-NMR. However, Wood et al. [28], who studied SiO2-B2O3-Al2O3-CaO-Sb2O3 glasses containing 0 to 5.5 mol% Sb2O3 (thereby more similar to those glasses studied here) using multiple MAS-NMR isotopes, found a more complex situation where, regardless of the deconvolution method they used, addition of Sb2O3 appeared to increase Si Qn for Sb2O3 contents of 0 to 1.5 mol%, above which the Q3/Q4 ratio remained approximately constant. From 27Al MAS-NMR, the Al remained consistently 4-coordinated for all glasses, and from 11B MAS-NMR the [4]B3+/[3]B3+ ratio increased from 0.45 in the Sb-free glass to 0.65 at 3 mol% Sb2O3, above which it remained approximately constant [28]. However, Wood et al. noted that from 0 to 1.5 mol% Sb2O3, the glasses exhibited visible opalization and, from a TEM study, attributed this to iron nanoparticles. They concluded that Sb3+ was most likely present in their glasses as a combination of trigonal pyramids forming Si-O-Sb bonds and tetrahedral (SbO4)- units requiring charge balance from the Ca2+ cations. In light of our evidence from thermal properties, and from Raman and 121Sb Mössbauer spectroscopies, results for the glasses studied here are more consistent with the majority view that Sb3+ exists as trigonal pyramid (:SbO3) units, introducing multiple NBO’s and forming Si-O-Sb linkages, thereby decreasing the average Si Qn.

4.3. Redox
The redox behaviour of Sb in oxide glasses has been widely studied, partly due to its efficacy and employment over many years as a refining agent in glass manufacturing (see Section 1). Here, the areas of the fitted components for Sb3+ and Sb5+ in glasses Sb5 and Sb10 have been confirmed by 121Sb Mössbauer spectroscopy to be approximately 90% Sb3+, with the balance Sb5+ (Table 2). However, as discussed in Section 3.2, it is possible that f(Sb3+) / f(Sb5+) deviates slightly from a value of 1 and hence the extracted Sb3+/Sb ratios may be slightly different than ~0.9. Within uncertainties, the area ratios and hence the Sb3+/Sb ratios are the same for both glasses. These measured redox ratios are remarkably consistent with measured redox ratios for Sb in other silicate glasses melted at similar temperatures, including TV glasses [10, 11], SiO2-Sb2O3 glasses [23], borosilicate glasses [87] and SiO2-Na2O-CaO glasses [6, 14]. Redox data for multiple silicate and borosilicate glasses melted in air at temperatures broadly similar to the melting temperature used here thus shows that Sb3+/Sb is consistently ~0.80 - 0.95, from low Sb2O3 contents of less than 1 mol% [6, 10, 11, 14] to high (>10 mol%) contents [23, 87], and this behaviour is consistent with measured Sb redox potentials in oxide glasses [20, 21]. It is established that glass composition can also play a significant role in determining redox ratios such as Sb3+/Sb [13, 14, 86, 88], and this behaviour can be described by accepted glass redox models for composition - structure – basicity relations [13, 14, 20, 21, 42, 86, 88-91].
The oxidising effects of the Sb2O3 batch additions are also manifested in UV-Vis-nIR optical absorption spectra (Figure 3). The Sb0 antimony-free glass manifested very weak absorption peaks (Figure 3, inset) attributed to Fe2+ and Fe3+. XRF (Table 1) confirmed the presence of impurity levels of Fe2O3 in these glasses, probably arising from impurities in the raw materials used. However, this provides a useful fingerprint for glass redox and for any mutual redox interactions involving Fe and Sb. The observed absorption bands for glass Sb0, marked in the Figure 3 inset, include a broad band centred at ~10,500 cm-1 which is widely attributed to octahedrally-coordinated Fe2+ [5, 8, 16-19] and narrower bands centred at 22,600 cm-1, 23,800 cm-1 and 26,500 cm-1, all attributed to tetrahedrally- and octahedrally- coordinated Fe3+ [5, 8, 17-19]. Addition of Sb2O3 to the glass, at all levels studied, oxidised the Fe2+ to Fe3+, according to equation (3), consistent with literature [5, 7-10, 15, 20, 21] and demonstrated by the disappearance of the Fe2+ absorption band centred at ~10,500 cm-1. Similar results were recently published for Sb2O3-doped borosilicate glasses with trace levels of impurity Fe2O3 by Singkiburin et al. [7], who showed the disappearance of the Fe2+ band and near-complete oxidation of Fe2+ to Fe3+ at Sb2O3 doping levels between 0.10 and 0.50 mol%.
The final redox-active element present in the glasses studied here is sulphur. As discussed in Section 4.2, the Raman band at ~990 cm-1 is due to ν1 symmetric S-O stretching modes in SO42- units. No other Raman bands were observed, including the weak O-S-O bending and stretching modes in SO42- units [78, 79] but given the low sulphate contents of all glasses this is not unexpected. No Raman bands that would indicate the presence of lower oxidation states of sulphur [75, 76] were observed, and redox potentials [20, 21] confirmed that the only expected oxidation state of sulphur in glasses prepared under oxidising melting conditions, such as those used here, is S(VI). The disappearance of SO3 from the glass with increasing (Sb2O3 + Al2O3) content (Table 1) may be related to accelerated transport properties due to the lower melt viscosities that the Sb2O3 additions enable, however, this does not explain the complete disappearance of sulphate with higher (Sb2O3 + Al2O3) additions and suggests (an)other mechanism(s). Sulphate is evolved as SO2 gas during glass melting, thereby decreasing the amount of dissolved SO42- species with increasing melting time [45, 78] yet such changes are slow and rarely lead to the complete loss of sulphate. Recent XRF analysis of sulphate content of fused beads of soda-lime-silica glass and feldspar Certified Reference Materials (CRM’s) using the same XRF equipment and program used here [45] confirms that the observed sulphate loss is real and quantified, and is not related to errors or uncertainties of measurement. Changes in sulphate solubility of the glass melt as a result of compositional change [76-79] may be one possible explanation, and such effects have been widely reported [76-79, 90]. As illustrated by Backnaes and Deubener [90] in their consideration of a wide body of literature, the solubility of sulphate in high-Al2O3 silicate glasses can be up to an order of magnitude lower than in SiO2-Na2O-CaO glasses. This may suggest that the increased Al2O3 that accompanies increasing Sb2O3 in our glasses may also contribute to the observed decreases in analysed SO3 content. Sulphate evolution from oxide glass melts can be accurately described by a simple diffusion-based model [4, 45]. However, from XRF data (Table 1) it is clear that even at 1 mol% Sb2O3 addition the SO3 content of glass Sb1 is barely over half that of the Sb0 antimony-free glass, with only a small increase in Al2O3 content from 0.76 to 1.18 mol%, suggesting rapid diffusion, perhaps facilitated by lower melt viscosities. Hence the increased Al2O3 content is unlikely to be solely responsible for the loss of SO3. The effects of Sb2O3 on SO3 retention are less clear, but evidence from archaeological studies [8, 92, 93] shows that many ancient soda-lime-silica type glasses exhibit SO3 and Sb2O3 contents of up to a few weight %. Moreover, a loose linear correlation between SO3 and Sb2O3 contents has been observed [92, 93] for up to ~1 weight % (approximately 0.75 mol%) SO3 and up to ~8 weight % (approximately 2 mol%) Sb2O3. Clearly, therefore, the behaviour of the glasses studied here differed from the behaviour observed in the ancient glasses [8, 92, 93] and this suggests that the Sb2O3 additions are not solely responsible for the loss of SO3. Other potential factors for consideration include mutual redox interactions between sulphur and antimony species. These are unlikely because any reduction of S6+ species to a lower oxidation state through a mutual redox reaction with Sb3+ is precluded by redox potentials [20, 21] wherein if any reaction between Sb and S did take place, it would be to reduce Sb5+ to Sb3+ and oxidise S2- to S6+. However, since we have established that the sulphur is present in all glasses solely in its fully-oxidised S6+ form (see above and Section 4.2) and little Sb5+ exists in these glasses, this reaction would not be possible. The observed oxidation of Fe2+ to Fe3+ (Figure 3 inset), consistent with equation (3), and the absence of any Raman bands characteristic of lower oxidation states of sulphur (Figures 5 and 6), as discussed above, support this conclusion. Finally, the previously discussed studies of ancient soda-lime-silica type glasses [8, 92, 93] show that Sb and S species can coexist in such glasses. The specific effects of (Sb2O3 + Al2O3) on SO3 solubility and retention, and their mutual interactions in silicate glasses have not, to our knowledge, been studied previously and further research is thus required to more fully understand the observed behaviour.
Thermogravimetric analysis (TGA), shown in Figure 8, illustrates a clear trend in weight gain from 700°C to 1175°C, with weight loss occurring at temperatures above 1175°C. This weight gain displays a linear relationship with analysed Sb2O3 content (Figure 9), enabling it to be attributed to oxidation of Sb3+ (Sb2O3) to Sb5+ (Sb2O5) through reaction with atmospheric oxygen (5).
Sb2O3 + O2 → Sb2O5		(5)
At temperatures above 1175°C this reaction reverses and Sb5+ begins to reduce to Sb3+, releasing O2 (2) as evidenced by the corresponding weight loss. This temperature is consistent with de Best [89] and Kim et al. [94], who showed that 1150-1200°C corresponds with the onset temperature for an increase in oxygen equilibrium pressure for TV glasses, which are alkali-alkaline earth silicate glasses and are thus broadly similar to the soda-lime-silica glasses studied here.
Krol and Rommers [10] studied the Sb3+/Sb redox ratio in TV glasses and compared glasses prepared from batch materials with those prepared from remelted cullet. For their remelted cullet samples (thus more comparable to our TGA samples), their Sb3+/Sb ratios remained > 0.9 for glasses melted at all temperatures studied (900°C to 1500°C). However, within this narrow redox range, the Sb3+/Sb redox ratio did slightly vary with melting temperature, decreasing from 900°C to 1200°C and then increasing again from 1200°C to 1500°C, with the minimum value of Sb3+/Sb occurring at 1200°C. This is again qualitatively consistent with our TGA results, i.e. maximum Sb oxidation occurring at ~ 1200°C. Krol and Rommers [10] concluded that Sb3+/Sb5+ equilibration is governed by two processes – one relatively fast, where equilibrium is attained with oxygen in the melt; and one relatively slow, where the melt reaches equilibrium with the surrounding atmosphere. They obtained a diffusion length of 0.04 cm after 200 hours’ melting at 1200°C, calculating the diffusion coefficient D = 2.7 x 10-9 cm2 s-1. Closely similar diffusion coefficients were also obtained by Kim and Lee [11]. Considering that Krol and Rommers [10] studied glass melts of 1 cm3 (~2.5 to 3 g glass) whilst our TGA samples were ~30 mg (thus having far greater surface area / volume ratios with a far smaller sample) the two sets of results are not inconsistent. Research by Lee et al. [12] using a Raman microprobe to study O2 dissolution from bubbles in doped SiO2-Na2O-CaO glasses when reheated to 1000°C, indicated that for the glasses doped with Sb2O3 the reaction shown here in equation (5) proceeded particularly rapidly, with most of the O2 within the bubbles dissolving within the glass after only 10 minutes. Those timescales are of the same order of magnitude as those observed here from TGA, and the origins of the apparent differences in oxidation rate with Krol and Rommers [10] are likely to derive from the large differences in sample surface area / volume ratios of the respective glass melts.
Our TGA experiments were conducted at a heating rate of 10°C min-1, hence the time to reach 1175°C from 700°C, when the weight gain began, was 47.5 minutes. This indicates rapid melt / atmospheric O2 reaction. Similarly rapid reactions, with even greater levels of O2 uptake, were reported by de Laune et al. [54] for FeSb2O4. From Figure 9 it was established that the observed behaviour is consistent with equation (5) above, and hence we can estimate the equilibrium Sb3+/Sb ratio for our glasses at any temperature between 700°C and 1200°C, if volatilisation and other interactions are neglected. Taking glass Sb10 as an example, and assuming that Sb3+/Sb in the TGA sample at 700°C is the same as at 20°C (293 K), we have established by 121Sb Mössbauer spectroscopy that Sb3+/Sb ~0.9. This corresponds to 33.35 weight % Sb2O3 and 3.71 weight % Sb2O5 equivalent in glass Sb10 at 700°C. Heating from 700°C to 1175°C produces a weight gain of 1.86 weight % (Figure 8). If all Sb3+ in the glass were fully oxidised to Sb5+, this would produce a weight gain of 3.66 weight %. Hence 1.86 / 3.66 ≈ 50 %, thus half of all Sb3+ has been oxidised to Sb5+ when 1175°C is reached in the TGA experiments, i.e. Sb3+/Sb ≈ (0.5 x 0.9) ≈ 0.45 at 1175°C. Since the established relationship applies to all studied Sb2O3 contents, is linear, and passes close to the origin (Figure 9), this estimation applies to all Sb2O3 contents studied. This behaviour is consistent with the results of voltammetric studies by Yoshida et al. [14] and Yamashita et al. [95], who showed, for SiO2-Na2O-CaO glasses that the equilibrium Sb3+/Sb ratio at 1200°C was ~0.5. In addition, Yamashita et al. [95] also showed that the rate of evolved and removed O2 gas quantities (i.e. when [Sb3+] = [Sb5+]) was at its maximum at 1200°C, again consistent with our TGA results which show this maximum at 1175°C. The glass melts of Yoshida et al. [14] and Yamashita et al. [95] were equilibrated in air for 11 hours at 1400°C and 95 hours at 1200°C, respectively, before they carried out their measurements in order to ensure that redox equilibrium had been achieved. They did not state the mass of glass melted, but given the experimental setups described [14, 95], it can be reasonably estimated that at least 10-100 g and possibly more glass (and thus high volumes with much lower surface area / volume ratios than our TGA samples) was melted, thus explaining the need for longer redox equilibration times. By comparison, 200 g of each of our glasses were melted in air for 5 hours at 1450°C then very small (~30 mg) samples of each glass were powdered and then heated at 10°C min-1 during the TGA experiments. In light of the results of Yoshida et al. [14] and Yamashita et al. [95], our TGA results are thus consistent with achieving, or at least approaching, Sb redox equilibrium dynamically during the TGA experiments. This is because the Sb3+/Sb redox ratio of ~0.9, achieved here during glass melting at 1450°C, was essentially frozen-in to the TGA samples prior to the TGA experiments and consequently the Sb3+/Sb redox ratio in the TGA samples that was not at equilibrium for temperatures lower than 1450°C. Thus, as the TGA samples were heated from 20°C upwards, the Sb3+/Sb ratio would have decreased at temperatures above Tg (capturing oxygen and thereby increasing sample weight), with the Sb3+/Sb ratio decreasing towards the equilibrium value for that temperature. However, the TGA experiments were dynamic processes, thus the Sb3+/Sb ratio continued to decrease until the sample reached a temperature (1175°C) where it had achieved the equilibrium Sb3+/Sb ratio for that temperature (~0.5, as discussed above), and as temperature increased further above 1175°C, the Sb3+/Sb ratio thus began to increase accordingly. This behaviour provides evidence that antimony redox equilibration during the TGA experiments was particularly rapid, and it illustrates that using TGA-sized crucibles and small (mg) sample sizes can provide a practical route for rapid access to redox equilibrium in glass melts containing Sb and, potentially, other multivalent cations.

4.4. Optical Properties
UV-Vis-nIR absorption spectra (Figure 3) show changes in the oxidation state of the Fe impurities according to equation (3), as discussed in Section 4.3. However, the UV-Vis-nIR spectra also show a characteristic red-shift of the UV absorption edge as a function of Sb2O3 content, of the order of 4500 cm-1 between sample Sb0 and Sb10. This is consistent with increasing yellow colouration of the glasses due to absorption of a proportion of violet and blue light by the tail of the UV edge. Comparable levels of visible colouration were also obtained by Singkiburin et al. [7], who added up to 2 mol% Sb2O3 to borosilicate glasses. Red-shift of the UV edge energy due to Sb incorporation has also been observed by many other researchers [7, 25, 31, 35, 37, 39, 41, 74, 96, 97]. This red-shift and the resulting yellow-gold colouration of the glass is caused by the presence of intense absorption bands centred in the far-UV which produce tails that absorb at visible energies. These absorption bands arise from the spin-forbidden 1S0 → 3P1 transition of Sb3+ (centred at 40,000 - 46,000 cm-1) [36-42, 97] and the Laporte-allowed electron-transfer band [42] of Sb5+ (centred at > 50,000 cm-1) [38, 39, 42]. Strong UV absorption bands causing visible yellow-gold colouration are typical of oxide glasses containing substantial levels of 5p- or 6p- ns2 outer electron configuration ions which exhibit s→p transitions (e.g. Pb2+, Bi3+, Sb3+) [25, 31-34, 36-42, 96, 97]. The red-shift of the UV edge here (Figure 3) between samples Sb0 and Sb10 is ~4,500 cm-1, with smaller shifts for lower Sb additions. This effect is accompanied by reduced visible colouration due to the oxidation of Fe2+ impurities to Fe3+, as discussion in Section 4.3. The iron impurities also contribute broad oxygen-metal charge transfer (OMCT) absorption bands centred in the far-UV [17, 19, 36, 38]. For soda-lime-silica and borosilicate glasses these broad bands are centred at ~39,500 cm-1 (Fe3+) and ~46,500 cm-1 (Fe2+) [19, 38] but given the low (≤ 0.01 mol%) measured Fe2O3 contents of our glasses (Table 1), the spectral contribution here, in the energy range of interest, from the tails of these OMCT bands is very small compared with the effects of the tails from the far-UV Sb3+ and Sb5+ bands.
Consideration of the electronic bandgaps for the corresponding antimony oxides, as obtained by Allen et al. [97], shows energies of ~22,000 to ~28,550 cm-1 for α-, β- and γ- forms of Sb2O3, and ~6,130 cm-1 for Sb2O5. This is consistent with the observed shifts in UV-edge position observed in this study with increasing Sb2O3 content, assuming no changes in the Sb3+/Sb ratio which is supported by our 121Sb Mössbauer spectroscopy measurements of the Sb5 and Sb10 glasses. These bandgap energies, particularly of Sb2O5, are also consistent with the nonlinear visible and near-IR absorption observed for the higher-Sb glasses studied here (Figure 3), and particularly glass Sb10. It would be interesting to study the effects on UV edge position in oxide glasses with considerably different Sb3+/Sb redox ratios, in the context of bandgap energies of the corresponding oxides, and further research on this topic is planned.
A single broadband luminescence band, centred at the edge of the visible-range energies (25,200 – 25,600 cm-1), was obtained at all Sb2O3 contents (Figure 4) when excited by 40,000 cm-1 UV radiation. The strongest luminescence was obtained at the lowest Sb2O3 content studied, 0.5 mol%, with lower intensities at 1 and 5 mol% Sb2O3, then yet lower intensity at 10 mol% Sb2O3. This behaviour indicates luminescence quenching, with the maximum achievable intensity in this glass system shown to be < 1 mol% Sb2O3. Further research is required to establish the optimal Sb2O3 content, and also to assess luminescence lifetimes. These have previously been measured in borate and phosphate glasses [40, 41]. Reisfeld et al. [40] observed two distinct lifetimes, of 67 ns and 2.0 μs (P2O5-Na2O glass) and 93 ns and 2.3 μs (B2O3-Na2O glass) and provided a detailed rationale that explained their observed deviation from an exponential function of the luminescence decay curve at room temperature. Masai et al. [41] studied B2O3-ZnO glasses and also observed two distinct lifetimes, with one in the nanosecond range and one of 3.6 μs. The single broad emission band is attributed to the spin-forbidden 3P1 → 1S0 transition of Sb3+ [40, 41, 98] and its width leads to emission across a range of visible energies, only reaching 10% of its peak intensity at 18,000 cm-1 (Figure 4).
As noted in Section 1, the combination of enhanced UV absorption and re-emission of absorbed energy as lower-energy (visible) photons could have particular advantages in some solar energy applications [43, 44, 99]. For example, such glass could simultaneously: (i) provide enhanced UV protection for polymeric and photovoltaic components of solar energy modules without doping the cover glass with transition metals, lanthanides or other constituents that would produce visible and / or near-IR absorption bands which would reduce the number of photons reaching the solar cell and thereby decreasing its efficiency [43, 44, 99]; and (ii) increase the efficiency of commercial solar cell materials by converting UV photons to visible photons, thereby providing additional photons with energies capable of being efficiently absorbed by the solar cell and converted to electrical current [43, 44, 99]. This performance-enhancing behaviour has recently been studied for several d0-configuration d-block cations [43] and for the ns2 cation, Bi3+ [44]; and for TiO2 and ZnO coated soda-lime-silica float glasses [99]. On a related theme, Xu et al. [98] noted that the main absorption of chlorophyll matches the blue Sb3+ emission, suggesting that glasses doped with Sb3+ ions could potentially be used to convert UV light into blue light to promote plant photosynthesis. Additions of Sb2O3 to low-cost commercial float-type soda-lime-silica glasses could thus enable new lower melting energy glasses, solar energy glasses, or novel glasses utilising the beneficial thermal or optical properties of Sb2O3 additions.

5. Conclusions
Float glass-type SiO2-Na2O-CaO glasses with Sb2O3 contents of 0 to 10 mol% were X-ray amorphous; and increasing additions of Sb2O3 resulted in progressive decreases in glass transition temperature (Tg) and dilatometric softening point (Td), despite increases in Al2O3 content from higher crucible corrosion during melting. These data, combined with viscosity modelling and Raman spectroscopy, confirmed the very strong fluxing action of Sb2O3 in silicate glasses, assisted by the decrease in average (Si, Al)-O Qn speciation that it enables, indicating that Sb2O3 additions could be a method of melting energy reduction in glasses where the toxicity of Sb is acceptable. Antimony was shown by 121Sb Mössbauer spectroscopy to be incorporated as Sb3+ (Sb3+/ΣSb ≈ 0.9) with Sb present as trigonal pyramidal [:SbO3] polyhedral and Sb5+ in octahedral coordination. Sulphate content decreased with increasing Sb2O3 content, reaching zero at 10 mol% Sb2O3, with the exact mechanism unclear, but which may be related to the strong decreases in melt viscosity enabled by Sb2O3 incorporation. TGA experiments showed oxidation then reduction of antimony, with oxidation (Sb3+ → Sb5+) at 700°C – 1175°C and reduction (Sb5+ → Sb3+) > 1175°C, with rapid redox equilibration enabled by the small TGA sample size. Optical absorption spectroscopy showed the UV absorption edge shifting to lower wavenumbers with increasing Sb2O3 content, consistent with increasing intensity of far-UV absorption bands arising from Sb3+ and Sb5+ s→p transitions. UV-Vis-nIR fluorescence spectroscopy evidenced a broad luminescence band due to the spin-forbidden 3P1 → 1S0 transition of Sb3+, centred at ~25,000 cm-1 and Stokes shifted from the 1S0 → 3P1 absorption transition of Sb3+ at ~40,000 cm-1. The strongest emission occurred for 0.5 mol% Sb2O3, with concentration quenching reducing intensities at higher Sb2O3 contents. Additions of Sb2O3 to low-cost commercial float-type soda-lime-silica glasses could thus prove beneficial in enabling lower melting energy glasses, new solar energy glasses or new glasses for other, related applications.
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