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Introduction

When the molar quantity of modifying oxides (e.g. Na;O, K;O, Ca0) is larger
than the Al,O3 content in an aluminosilicate glass, aluminium is tetracoordinated with
oxygens. A charge compensation is then necessary to maintain the electrical neutrality
of the AlO4 tetrahedra. Several experiments have been carried out to show that the
charge balance is preferentially assumed by cations with low electrostatic field
strength: K*, then Na*, then Ca?*. These experiments are based on thermodynamic
calculations [1], thermodynamic measurements [2], molecular orbital calculation [3],
and recently confirmed by viscosimetry measurements [4]. To our knowledge, there is
no structural study which has confirmed this preferential charge balancing by alkali
ions.

%Na nuclear magnetic resonance is an efficient tool for characterising Na*
environments in crystals and glasses. Na MAS-NMR s sensitive to Na coordination
and second neigbours [5, 6]. Maekawa et al. [7] reported that 2Na chemical shifts are
correlated with Na-O distances (dnao=-0.0119.55,+2.5912). Since *Na is a
quadrupolar nucleus (1=3/2), its NMR spectra are broadened by second order
quadrupolar effects. However, the use of multiple quantum coherences enables to
obtain two-dimensional spectra which separate chemical shift from quadrupolar
induced shift. Further structural informations can then be obtained from these high-
resolution MQ-MAS NMR spectra. Angeli et al. [8] have shown that an inversion of a
MQ-MAS spectrum allows to distinghuish two types of sodium sites, near the non

bridging oxygen, or as aluminium charge compensator, and they confirm the
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correlation to Na-O distance with molecular dynamics. Lee et al. [9] used »*Na MAS
and MQ-MAS NMR to study the distribution of sodium ions in charge-balanced
alumino-silicate glasses, and could differenciate Na sites in Si-O-T sites (T=Si, Al).

In this paper, we present a study of xNayO-(36-x)CaO-12Al,05-52Si0O,
(5<x<36) glasses (mole %). 2Na chemical shift distributions were extracted from MQ-
MAS NMR spectra, and they will be discussed using the empirical relationship with
Na-O distances [7]. The aim is to obtain a structural argument for the preferential
charge compensation of AlO, tetrahedra by Na' than by Ca?* in peralkaline

aluminosilicate glasses.

Experimental procedures.

xNaz0-(36-x)Ca0-12Al1,05-52Si0, glasses (5<x<36) were prepared by melting
sodium and calcium carbonates, alumina and sand in a platinum crucible for 3 hours,
at a tempeture between 1300 and 1500°C depending on the sodium/calcium quantity.
Mechanical stirring assured the homogenity of the melts. The melts were then
quenched on a steel plate, and annealed at a temperature close to the Tg. ®Na MAS
NMR spectra were recorded at 9.4T, with a spinning rate of 12.5 kHz. 8 ps pulses
were used, with 2 s relaxation delay. Chemical shifts were referenced to 1M NaCl
solution. The 3Q-MAS spectra were recorded with the z filter method. 4, 2 and 8 ps
pulses were successively used, with 2 s recycling delay. Rotor synchronized
conditions were used (rotation frequency was 12.5 Hz), and 128 t1 steps were

recorded.
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Figure 1: Na MAS-NMR spectra of xNa,O-(36-x)Ca0-12A1,03-52Si0; glasses.
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Results and discussion.

Figure 1 shows the Na MAS-NMR spectra of the glasses. They are broad
and asymmetric, with a tail on the high field side of the spectra. This shape is very
common for 2Na NMR spectra in glasses, it is due to the distributions of chemical
shift and quadrupolar constant [10]. The substitution of Na,O by CaO in the glass
compositions leads to a shift of the resonances to high field, and a decrease of the
resonance width, as shown in Figures 2 and 3. This is attributed to a decrease of
the distributions of chemical shift and quadrupolar constants, which means that the
local order around sodium nuclei is less distributed. We notice that the increase of
CaO0 in glasses produces a broadening of the spectra of 2’Al and 2°Si spectra (not
shown here). Moreover, we observe on Figures 2 that the chemical shift do not
change for CaO/(CaO+Na,0) ratios larger than 0.6 (i.e. Na;O content larger than
13 %).
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Figure 2: %Na chemical shifts Figure 3: Width at half eigth of *Na
(measured on top of the spectra, spectra of xNayO-(36-x)CaO-12Al,03-
uncorrected for quadrupolar induced 52SiO, glasses

shift) of xNayO-(36-x)Ca0-12Al,05-

52Si0; glasses

It is difficult to extract informations on the local environment of sodium nuclei from
one dimensional MAS-NMR spectra since the lineshape is broadened by the
distributions of both chemical shift and quadrupolar constant, and it is not possible
to know the relative amplitude of each distribution. MQ-MAS spectra enable to
separate the chemical shift (CS) and quadrupolar induced shift (QIS), which are
aligned along two axes with slope 1 and —10/17, respectively. Figure 4 shows a
typical 3Q-MAS spectrum recorded on the x=36 sample.
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Figure 4: ®Na 3Q-MAS NMR spectrum (sheared) of the
36Na,0-12A1,03-52Si0, glass. The CS and QIS axes are
shown. The dotted line is the slice along CS axis at constant
Qils.

It shows a broad resonance, spread along the two CS and QIS axes, which confirms
that both chemical shift and quadrupolar constant distributions contribute to the one-
dimensional MAS spectra. One can then measure the chemical shift distribution for a
given quadrupolar constant by taking a slice of the 3Q-MAS spectrum parallel to the
CS axis (constant QIS). Assuming that the quadrupolar constant distributions are
similar for all glasses, we reported the chemical shift distributions for all the glasses in
Figure 5.
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Figure 5: Slices along CS axis on ©Na 3Q-MAS NMR spectra of xNa,0-(36-x)CaO-
12A1,03-52Si0,, glasses.
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The same high field shift as in one dimensional MAS spectra (Figure 1) is
observed when NayO is substituted by CaO. Since no quadrupolar effect is
expected, we can corellate this high field shift to an increase in sodium-oxygen
distance, as was established by Maekawa et al. [7]: dna.0=-0.01198is,+2.5912.
Longer Na-O distance is expected when sodium acts as a charge compensating ion
for AlO;4 tetrahedra than when it is located on non bridging oxygens (Si-O...Na) [8].
Figure 5 thus reflects that the relative population of Na® ions in charge
compensating sites (more negative chemical shift, longer Na-O distance) increases
when the quantity of CaO increases in the glasses. Furthermore, the shift of the
distributions is much smaller for glasses containing 13 % and less Na,O (Figure 5).
This explains the change in slope observed for CaO/(CaO+Na,O) ratios smaller
than ca. 0.6 (Figures 2 and 3). Since the glasses contain 12 mol.% Al,O3, the
absence of shift of 3Q slices below 13% Na,O (Figure 5) means that when the
quantity of Na* decreases below the Al,O3 content, all the Na* are located in charge
compensating sites. We conclude then the charge compensation of AlO4 sites is
preferentially assumed by Na® ions, otherwise a statistical site occupation would
have been observed.

Conclusion.

MQ-MAS spectra enable to extract the 2>Na chemical shift distributions. Sodium ions
in charge compensation sites of AlO, tetrahedra have larger Na-O distances than
sodium on non-bridging oxygens. When substitutting Na;O by CaO in the glasses,
the Na® ions are distributed non-uniformly when their quantity is lower than the
quantity of Al,Os in the glasses. Sodium in charge compensating sites are
preferentially observed. This is a structural evidence of the preferential charge
compensation of AlO,4 tetrahedra by alkali ions which was shown previously only

indirectly by the evolution of properties (e.g; viscosity).
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