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S T U D Y O F S O D I U M S I L I C A T E M E L T A N D G L A S S BY I N F R A R E D REFLECTANCE SPECTROSCOPY Florent DOMINE * and Bernard PIRIOU Laboratoire des Elbments de Transition dans les Solides, C.N.R.S., 92190 Meudon- Bellevue, France



Received 15 October 1982 Infrared reflectance spectra and the derived absorption spectra of a Na20-1.41 SiO2 glass and of the parent melt are reported. Polymers with 2 bridging oxygens per silicon (chains) and 3 bridging oxygens (sheets) are identified. Spectra of glass and melt are qualitatively similar. Melt absorption bands show a 10-30 cm- i shift to lower frequencies. They are broader and less intense than those of the glass which does not agree with Sweet and White's reflectance measurements on similar glass and melt. The small differences between glass and melt can be attributed to the thermal expansion of the medium.



1. Introduction I n f o r m a t i o n c o n c e r n i n g silicate melt structures has been difficult to acquire d u e to e x p e r i m e n t a l p r o b l e m s . As a result, melt structures have usually been e x t r a p o l a t e d from a k n o w l e d g e of glass structure. T h e p u r p o s e of this s t u d y is to c o m p a r e s p e c t r a of a silicate glass a n d of the p a r e n t melt in o r d e r to verify these e x t r a p o l a t i o n s . C o m p a r i s o n s of R a m a n spectra at r o o m t e m p e r a t u r e a n d high t e m p e r a t u r e have a l r e a d y b e e n p e r f o r m e d b y Piriou a n d A r a s h i [1] on S i O 2 - P b O glasses a n d melts, b y Seifert et al. [2] on N a 2 0 - A I 2 0 3 - S i O 2 glasses a n d melts. These a u t h o r s c o n c l u d e that the same structural units occur b o t h in glasses a n d melts. A c o m p a r i s o n of the infrared reflectance s p e c t r a of N a 2 0 - S i O 2 glasses a n d melts have also b e e n p e r f o r m e d b y Sweet a n d W h i t e [3], b u t the frequency r a n g e over which their studies were carried out is n a r r o w e r than in the p r e s e n t study, a n d their q u a n t i t a t i v e d a t a were different from those r e p o r t e d in this paper.



2. Experimental T h e s a m p l e s t u d i e d was p r e p a r e d f r o m high p u r i t y SiO 2 a n d N a 2 C O 3. T h e a p p r o x i m a t e s a m p l e c o m p o s i t i o n was m a d e b y weighing the d r i e d c o m p o n e n t s * Present address: Laboratoire de Ghologie, Ecole normale sup4rieure, 46 rue d'Ulm, 75230 Paris Cedex 05, France. 0022-3093/8"~/01300-0000/~na nn ~ i o~a ~ , ~ r , h _ ~ , , l l , , A
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before fusion. Analyses were carried out later on, showing a N a 2 0 - l . 4 1 SiO 2 composition. The components were mixed in a mortar and fused in a platinum crucible at 970°C for 3 h which was sufficient to obtain a clear melt. The measurements were performed with a Perkin-Elmer Model 12 C with CsBr and NaC1 prisms, which provided good reflectance measurements over the 350-4000 cm-~ range. The spectrum of the melt was recorded at 970°C in a heating chamber which was continuously purged with nitrogen gas. The melt was then allowed to cool to room temperature, rapidly enough to avoid any crystallization. The spectrum of the glass was then recorded in the crucible so that melt and glass surfaces were identical. The nitrogen gas flow prevented any adsorption of water on the glass surface. In order to obtain the true reflectance spectra, the influence of the meniscus shaped surface was minimized by measuring only the center 6 m m of the 24 m m crucible.



3. Results



The reflectance spectra are shown in fig. 1. The K r a m e r s - K r o n i g transform was used to compute we", the resonance function of the polar transverse modes, from the reflectance measurements. This method is especially valid to analyse glass and melt spectra, as they have no deep minima, which usually cause errors in the summation. The following formula was used to compute 0, the phase shift on reflectance: 1 fo°°Ln
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Fig. 1. Reflectance spectra of N a 2 0 - l . 4 1 SiO 2 glass and melt.
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However, R was measured only between 350 and 4000 c m - i , not over the whole spectrum. We extrapolated the curve from 0 to 350 cm 1, assuming that there were no other reflectance bands in this part of the spectrum. We neglected the terms from frequencies above 4000 c m - ] , since R tends asymptotically to Roo; and what is important is the variation of R. The integrations were carried out on a 3032 CBM microcomputer. Details of the calculations and those concerning the validity of this method are given elsewhere [4].



4. Band assignment Glass and melt derived absorption spectra are shown in fig. 2. They are qualitatively similar and show three intense absorption bands around 490, 920 and 1040 c m - i , and a weak one around 750 c m - t . The band width is slightly higher for the melt. The bands can be assigned by comparing our spectra with those of other glasses and crystals. Crystal absorption bands can be assigned to specific modes because the knowledge of their ordered structure makes calculations possible [5]. However, according to Brawer and White [6], a glass can be considered to be a disordered crystal where an unknown amount of short range order is conserved. Therefore the bands are wider and often composed of several narrower bands which cannot be resolved due to the disordered structure of the medium. As a result, no precise band assignment can be made and no calculation is possible unless we assume an arbitrary model for glass structure. Mysen et al. [7] performed a Raman investigation of N a 2 0 - S i O 2 and CaO-SiO 2 glasses. Verweij and Konijnendijk [8] studied K 2 0 - S i O 2 glasses by Raman spectroscopy. Piriou and Arashi [1] made infrared reflectance and Raman studies on PbO-SiO 2 glasses. All of these authors, following the
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128



F. Domine, B. Piriou / Study of sodium silicate melt and glass



changes in the high frequency bands with compositions, proposed a structural model for the polymeric units in silicate glasses and then identified different types of polymers, from SiO4 - monomers to SiO 2 three-dimensional units. The work done by Sanders, Person and Hench [9] on soda-silica glasses can also be interpreted this way. Therefore we assign the high frequency band around 1040 c m - 1 to the vibration of polymers with 3 bridging oxygens per silicon (sheets) and the 920 cm-1 band to the vibration of polymers with 2 bridging oxygens per silicon (chains). This is consistent with our Na20-1.41 SiO 2 composition, which lies between the disilicate and the metasilicate compositions. We notice here that the bands due to the vibration of polymers with 3 or 2 bridging oxygens are located at slightly different frequencies on the Raman spectra of similar glasses (1100 cm -1 instead of 1040 c m - l , 950 cm -1 instead of 920 c m - l). This only shows that the modes involved in Raman and infrared spectroscopy have a different symmetry. In order to verify these band assignments, we can for example consider the infrared spectra of layer silicate crystals [10]. We can see that most show a strong absorption band in the 1000-1050 c m - l range, assigned to the vibration of the sheet. However, the spectrum of Fe-celadonite ([9], p. 351) features two strong bands in the 900-1200 cm -1 range, which shows that a single polymer form can be characterized by a set of high frequency bands, which means that one has to remain careful when using the one band-one polymer interpretation. The bands near 730 and 490 cm-1 are present in most silicate crystals spectra (see for example [5,10,11]). In crystals, the 730 cm-1 band is assigned to ~s S i - O - S i and the 490 cm-1 band to 8 S i - O - S i [9]. Since these two bands are present in glasses that have the same composition as crystals in which they exist, they can also be assigned to the same type of vibration. But since in glasses and melts, each band cannot be assigned to a specific mode, the 730 c m - ~ band is assigned to symmetric stretching of the S i - O - S i band, involving mostly the Si cation, and the 490 cm-~ band is assigned to bending motions involving mostly the O anions, with some probable interaction with Na cations.



5. Comparison of glass and melt The spectra of glass and melt are qualitatively similar. The only differences are: (i) The melt bands show a 10 to 30 c m - J shift to lower frequencies, which is due to increased bond lengths due to the thermal expansion of the medium. (ii) The melt bands are broader than in the glass. This wider distribution of the modes in the melt bands shows that the disorder of the melt is greater than that of the glass. Let us now consider the integrated intensities of the bands, i.e. the area of the bands. For the high frequency bands, we added the area of both bands. If X is the ratio of the band intensities in the melt and in the glass ( X = intensity
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Fig. 3. Density of N a 2 0 - 1 . 4 1 SiO 2 glass or melt. Data from: • Morey {12], • Shelby [13], * Bottinga and Weill [14].



of band in the melt/intensity of band in the glass), then X = 0.875 for the low frequency band and X = 0.878 for the 2 high frequency bands taken together. We want to show that the lower intensity of the bands of the melt spectrum can be explained by considering only the number of vibrating elements per volume unit, which is proportional to the density of the medium. Density measurements or calculations have been performed for N a 2 0 - S i O 2 melts at various temperatures by several authors. Their results are reported in fig. 3. The density of the glass at 20°C is 2.537 and by interpolation we find for our melt a density of 2.277 at 970°C. Thus, the density ratio D = density at 970°C/density at 20°C = 0.898. Considering the accuracy of the reflectance measurements and the errors due to the K r a m e r s - K r o n i g method, the value of the density ratio, i.e. the value of number of vibrating elements per unit volume ratio D = 0.898 can explain the average value of band intensity ratio X = 0.877. This is contradictory to the results obtained by Sweet and White who find that the bands are more intense in the melt. It is probably because they did not use the same surface for melt and glass during their reflectance measurements, such as was carried out in the present study.



6. Conclusion



The small differences between glass and melt spectra can be attributed to thermal effects. The thermal expansion of the medium is responsible for the
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lower intensity values and the lower frequency of the bands. Besides the fact that the melt structure shows a greater disorder than that of the glass, we did not detect any major structural change between glass and melt, and it is thus reasonable to extrapolate our knowledge of silicate glasses to silicate melts. We thank the PIRPSEV (Programme interdisciplinaire de recherche sur la pr6vision et la surveillance des 6ruptions volcaniques) and the C.N.R.S. (Centre national de la recherche scientifique) for supporting this research.
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