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Magic angle spinning ^^Si nuclear magnetic resonance of χ Na20 · (100-x) Si02 glasses (10 < χ < 60) has been apphed to contribute to the 
controversial question of the Q" distribution. For all compositions more than two Q" Speeles have been identified. The random model 
provides a better description of the building group distribution than the binary model. Reasons for the contradictory experimental results 
are discussed. 

Eine weitere ^^Si-MAS-NMR-Untersuchung an binären Alkalisilicatgläsern 

Als Beitrag zu der kontrovers diskutierten Frage der Q"-Verteilung werden ^^Si-MAS-NMR-Untersuchungen an χ Na20 · (100-x) Si02-
Gläsern (10 < χ < 60) durchgeführt. Für alle Zusammensetzungen wurden mehr als zwei Q"-Spezies identifiziert. Das statistische ModeU 
beschreibt die Baugruppenverteilung besser als das binäre. Gründe für die unterschiedlichen experimentellen Ergebnisse werden 
diskutiert. 

1. Introduction 

The distribution of various Si04 structural units Q" in 
sihcate glasses (with η being the number of bridging 
oxygen atoms) is a fundamental problem in glass 
chemistry. Magic Angle Spinning (MAS) Nuclear 
Magnetic Resonance (NMR) has provided a powerful 
tool for determining the local environment of sihcon 
and the percentage of Speeles in various glasses. 
Because of their basic importance for the structure of 
glasses, binary alkah sihcate Systems have been 
extensively studied [1 to 6]. The progressive forma­
tion of nonbridging oxygens upon the introduction of 
increasing amounts of alkali oxide into the sihcate has 
been quantitatively verified. But in spite of many 
investigations including those of the authors' labor­
atory on related ternary Systems [7 and 8] there is still 
inconsistency as far as the distribution of is 
concerned. 

The mean number of bridging oxygen atoms and 
its dependence on the glass composition as derived 
from the NMR results is undisputed. Most authors [1 
to 3, and 6] claimed furthermore the vahdity of the 
"binary" Q" + 0"+^ model with at most two Q" 
groups present in the glass. Others observed the 
tendency to a more random distribution [4 and 5]. 
Because of this controversy and in view of the 
authors' previous results [7 and 8] on only a few 
selected binary alkah sihcate glasses it was decided to 
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carry out a systematic study of this problem using 
refined spectra Simulation techniques and employing 
precise chemical analyses of the glass sample. 

In the meantime two more studies being at 
variance were pubhshed [6 and 9]. In order to 
contribute to the problem and to compare the results 
of different laboratories the most important results 
are presented. Since the basic ideas of the method, 
the Performance and the importance of the 
distribution have been treated repeatedly in the 
literature this contribution is confined to a short 
communication. 

2. Experimental and results 

The samples were prepared from Si02 (Optipur, 
Merck, Darmstadt (FRG)) and Na2C03 (pure, 
Merck, Darmstadt (FRG)). To shorten the spin-lat-
tice relaxation times the samples were doped with 
0.2mol% MnO. To reduce the tendency of crystal­
lization 0.5 mol% AI2O3 was added to some of the 
alkali-rich glasses. The melting temperatures were 
between 1300 and 1500 °C. The melts were refined 
for 5 h and then quenched by pouring on steel plates. 
Twin-roller quenching was applied to glasses with 
more than 45 mol% Na20. Chemical analysis was 
carried out by X-ray fluorescence. Table 1 gives the 
compositions of the glass samples together with the 
experimental results. Since there were only smaU 
differences between synthesis and analysis no chem­
ical analysis was performed for the last four glasses 
containing aluminium. 



Table 1. Sample composition (in mol%) and NMR parameters for the binary sodium sihcate glasses. Compositions of glasses no . 1 to 10 
were obtained from analysis, those of glasses no. 11 to 14, containing 0.5 mol% aluminium, from synthesis only 

glass no. composition Q' 

Na20 Si02 ö îso W W W W 
in ppm in % in ppm in % in ppm in % in ppm in % 

1 10.3 89.7 - 1 0 8 . 8 71 - 9 1 . 6 29 0 
2 15.4 84.6 - 1 0 7 . 9 65 - 9 0 . 5 31 - 7 2 . 7 4 
3 20.5 79.5 - 1 0 3 . 8 56 - 8 9 . 3 38 - 7 6 . 1 6 
4 25.6 74.4 - 1 0 0 . 8 48 - 8 6 . 5 45 - 7 2 . 8 7 
5 30.6 69.4 - 99.0 35 - 8 5 . 9 56 - 7 0 . 9 8 
6 35.7 64.3 - 99.6 23 - 8 5 . 4 66 - 7 2 . 1 11 
7 45.8 54.2 - 1 0 2 . 4 8 - 8 5 . 3 63 - 6 7 . 1 29 
8 51.1 48.9 - 98.2 2 - 8 3 . 1 45 - 7 3 . 2 53 
9 55.3 44.7 0 - 8 2 . 7 24 - 7 1 . 6 60 - 6 2 . 9 15 

10 60.3 39.7 0 - 7 9 . 7 12 - 6 9 . 4 65 - 6 1 . 1 23 

11 45 54.5 - 1 0 0 . 2 5 - 8 6 . 0 83 - 7 4 . 8 12 
12 50 49.5 0 - 8 4 . 6 30 - 7 3 . 7 70 
13 55 44.5 0 - 8 8 . 0 23 - 7 1 . 1 60 - 6 1 . 9 17 
14 60 39.5 0 - 7 7 . 0 18 - 6 8 . 8 65 - 6 0 . 0 17 

100 0 
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Figure 1. ^^Si MAS NMR spectra of glasses no. 1 to 10. 

The ^̂ Si NMR spectra were recorded at room 
temperature using a Bruker FT-CXP 300 spectrom­
eter (Bruker GmbH., Rheinstetten (FRG)) at 59.6 
MHz. Magic angle spinning rates were 3 to 5 kHz and 
pulse durations 2 μs. The spectra were accumulated 
2500 times. Figure 1 shows the spectra of glasses no. 1 
to 10. The authors analyzed experimental spectra 
including sidebands by fitting them to a sum of an 
appropriate number of overlapping Gaussians. The 
best fit was searched for by varying the peak position 
(isotropic chemical shift, σ^^^, referenced to tetrame-
thylsilan), linewidth and peak area (percentage W of 
the respective group). The fits appeared to be 
rather univocal. Figure 2 shows an example. 

Glasses no. 11 to 14 containing 0.5 mol% AI2O3 
do not appear to be identical with those of similar 
composition without alumina (see table 1). ̂ ^Al MAS 
NMR spectra showed two resonances, one at 64, and 

σ.,ο^η ppm 

Figure 2. ^ Ŝi MAS N M R spectrum of glass no. 5. The dashed 
curves show the simulations for each of the three Q" Spezies (n = 2, 
3 , 4) , the solid curve shows their sum. · · · ·: experimental 
spectrum, : individual Gaussian spectra, : best 
fitting sum of individual Gaussian spectra. 

the other one at 4 ppm as compared with an aqueous 
Solution of AICI3. The first resonance (about twofold 
intensity) may be assigned to Al(OSi)4 groups and the 
second one to sixfold coordinated aluminium [1]. The 
coexistence of aluminium as glass former and modi-
fier ion in this low concentration ränge is at variance 
with the first NMR resuhs of this kind [10], but agrees 
with the conclusions of Hunold and Brückner [11]. It 
is, however, possible that the appearance of octa-
hedrally coordinated aluminium is correlated with the 
presence of Mn^+ ions in the network. Further studies 
are necessary. 

3. Discussion 

The mean number of bridging oxygen atoms per Si04 
Unit, T z g x p , obtained from the experimental Q" 
distributions is plotted versus the Na20 contents in 



Wilhelm-August Buckermann; Werner Müller-Warmuth; Günther Heinz Frischat: 

-Να2θ content in mo l%-

Figure 3. Mean number of bridging oxygen atoms per tetrahedral 
Silicon unit, n, plotted versus the Na20 contents: n^^p obtained 
from the experimental O" distribution, äz^h from the mole fraction 
N a 2 0 on the assumption that it acts quantitatively as modifier 
oxide. 

Να2θ content in mo l%-

Figure 4. Distribution of Q" units obtained from the experimental 
data as a function of the Na20 content. 

figure 3 and compared with the theoretical value, n̂ h-
This value Tẑh is calculated from the mole fraction 
•̂ Na20 assumption that Na20 acts quantitatively 
as a network modifier. Up to about 35 mol% Na20 
«exp and ÄZth are more or less equal. At higher contents 
there exists apparently free alkah oxide, perhaps in 
the form of Clusters. 

The results of table 1 reveal that there are three 
Q'̂  Speeles present over the whole concentration 
ränge (figure 4). Even if the accuracy of the W(Q") 
data may become as bad as 20 % in unfavourable 
cases, the Identification of for smaü Na20 
contents and that of Q"̂  for large concentrations is 
unambiguous. This may be realized, for example, 
from figure 2 for a glass with about 31 mol% 
Na20. 

Figure 4 shows that the observed dependence 
neither fohows the binary model, nor a random 
distribution, but it is closer to the latter. Among the 
more recent pubhcations the authors' conclusions are 
at variance with those of Grimmer et al. [6], but they 
agree with those of Emerson [5] and Maekawa et al. 
[9]. Dupree et al. [12] found deviations from the 
binary model only for heavy alkah ions. In spite of the 
general agreement with those authors there are 
certain differences in the details of the numerical 
data, which may depend on the thermal history of the 
particular sample. 

The detailed distribution of the structural units 
can probably be explained in terms of the foüowing 
equation [4 and 9]: 

2 Q'̂  ^ Q'^-i + Q"+i 

with η = 3 or 2, where the equilibrium shifts to the 
right hand side and towards a more random distribu­
tion if temperature is increased. Apphcation of the 
thermodynamic Solution model [13] is in agreement 
with all the data. Since the glass is assumed to keep 
more or less the thermodynamic equihbrium State of 

the hquid Solution at the glass transition temperature, 
the approach to the left hand side at room tempe­
rature (corresponding to the binary model) remains 
incomplete. In this way the thermal history and the 
cooling rate may become of influence on the Q'̂  
distribution. This may explain the different results of 
various authors. 

Such a conclusion is supported by more recent 
studies of the authors' laboratory on sol-gel Systems 
[14]. By proper heat treatment it was possible to 
change the distribution of the same glass from 
being more or less random to a perfect binary 
distribution. 

4. References 

[1] Engelhardt, G.; Michel, D . : High resolution solid State NMR 
of Silicates and zeolites. Chichester (et al.): Wiley 1988. 

[2] Grimmer, A.-R.; Mägi, M.; Hähnert, M. et al.: High-reso-
lution sohd-state ^̂ Si nuclear magnetic resonance spectro-
scopic studies of binary alkah Silicate glasses. Phys. Chem. 
Glasses 25 (1984) no. 4, p. 105-109. 

[3] Dupree, R.; Holland, D . ; McMillan, P. W. et al.: The 
structure of soda-sihca glasses: Α MAS NMR study. J. 
Non-Cryst. Solids 68 (1984) p. 399-410 . 

[4] Stebbins, J. F.: Effects of temperature and composition on 
Silicate glass structure and dynamics: Si-29 NMR results. J. 
Non-Cryst. Solids 106 (1988) no. 1 - 3 , p. 359 -369 . 

[5] Emerson, J. F.; Stallworth, P. E.; Bray, P. J.: High-field ^^Si 
NMR studies of alkah Silicate glasses. J. Non-Cryst. Sohds 113 
(1989) no. 2/3, p. 253 -259 . 

[6] Grimmer, A.-R.; Thomas, B.; Seifert., G. et al.: Silicon-29 
MAS NMR investigations of Na20 · Si02 glasses: Refinement 
of the binary distribution model. Magn. Reson. Chem. 28 
(1990) p. 9 7 - 1 0 3 . 

[7] Hater, W.; Müller-Warmuth, W.; Frischat, G. H.: ^^Si MAS 
NMR studies of alkah Silicate oxynitride glasses. Glastech. 
Ber. 62 (1989) no. 9, p. 328 -334 . 

[8] Hater, W.; Müller-Warmuth, W.; Meier, M. et al.: High-re-
solution sohd-state NMR studies of mixed-alkah Silicate 
glasses. J. Non-Cryst. Solids 113 (1989) no. 2/3, 
p. 2 1 0 - 2 1 2 . 

[9] Maekawa, H.; Maekawa, T.; Kawamura, K. et al.: The 
structural groups of alkali Silicate glasses determined from ^̂ Si 



MAS-NMR. J. Non-Cryst. Solids 127 (1991) no. 1, -schmelzen. Glastech. Ber. 53 (1980) no. 6, p. 1 4 9 - 1 6 1 . 
p. 5 3 - 6 4 . [12] Dupree, R.; Hohand, D . ; Williams, D . S.: The structure of 

[10] Hailas, E.; Haubenreißer, U.; Hähnert, M. et al.: NMR-Un- binary alkali Silicate glasses. J. Non-Cryst. Sohds 81 (1986) 
tersuchungen an Na20-Al203-Si02-Gläsern mit Hilfe der p. 185 -200 . 
chemischen Verschiebung von Al-Kernen. Glastech. Ber. 56 [13] Dorfeid, W. G.: Structural thermodynamics of alkah sihcates. 
(1983) no. 3, p. 6 3 - 7 0 . Phys. Chem. Glasses 29 (1988) no. 5, p. 1 7 9 - 1 8 6 . 

[11] Hunold, K.; Brückner, R.: Physikalische Eigenschaften und [14] Wüllen, L. van: Pers. commun. 1991. 
struktureller Feinbau von Natrium-Alumosihcatgläsern und 92R0002 


