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The degree of aluminum avoidance in aluminosilicate glasses
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ABSTRACT

For two series of aluminosilicate glasses on the Si0,-NaAlO, and SiO,-CaAl,O, joins, *Si magic-
angle-spinning (MAS) NMR spectra were measured. Systematic variations in peak positions and
widths with composition are closely related to the extent of ordering of Si and Al cations. A statistical
thermodynamic model based on the quasi-chemical approximation was formulated to calculate the
proportions of SiO, groups with varying numbers of Al neighbors and thus to quantify the extent of
ordering. Multiple spectra in each compositional series were fitted simultaneously with several peaks
representing each of these structural species and with area constraints generated by the model. The
extent of aluminum avoidance (Q), which was defined using the relative lattice energy differences
among the linkages Si-O-Si, Si-O-Al, and Al-O-Al, was optimized for each series. For the calcium
aluminosilicates, the best fit is with 0.8 < Q < 0.875, where Q = 1 represents perfect Al-avoidance.
For the sodium series, Q was found to be larger (0.93 < 0 <0.99), as expected from energetic consid-
erations and from known variations in ordering in minerals. The contributions to the overall configu-
rational entropy and heat capacity from Si-Al disorder can be calculated, and are significant fractions
of experimentally estimated values. However, major contributions must also come from other sources

of disorder, such as “topological” disorder of bond angles and length.

INTRODUCTION

The ordering behavior of framework cations in alumino-
silicate glasses has been studied for several decades, partly
because of its fundamental interest to petrologists and
geochemists and partly to its implications for macroscopic ther-
modynamic and transport properties of magma, such as heat
capacity and viscosity. One aspect of short-range order of
framework cations can be expressed as the Al avoidance or
Loewenstein’s rule, which postulates that the Al-O-Si linkage
is more favorable than the combination of Si-O-Si and Al-O-
Al (Loewenstein 1954). The extent of obedience of this prin-
ciple in aluminosilicate melts and glasses still remains a major
question (Cormack and Cao 1997). Based on the *Si MAS
NMR line widths in aluminosilicate glasses, a tendency to-
ward Al avoidance was inferred (Murdoch et al. 1985). Fur-
thermore, perfect Al avoidance has usually been assumed for
chemical modeling of aluminosilicate glasses (Engelhardt et
al. 1985; Engelhardt and Michel 1987). Several theoretical
calculations have also implied that the combination of Al-O-
Al and Si-O-Si linkages is energetically less favorable than
Al-O-Si (De Jong and Brown 1980).

On the other hand, calorimetric data suggest that the bond-
ordering energy is about 20-40 kJ/mol, which should allow
some Al-O-Al linkages (Navrotsky et al. 1982). Results of
molecular dynamic simulations in fully polymerized alumino-
silicate glasses also support the existence of Al-O-Al, at least
at the very high temperatures typical of such calculations (Zirl
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and Garofalini 1990; Stein and Spera 1995). Recently, the pres-
ence of small amounts of Si-O-Si in glasses of anorthite com-
position was observed with triple quantum MAS NMR
spectroscopy (Stebbins and Xu 1997), which suggested some
Al-O-Al linkages. Thus a certain amount of disordering is to
be expected and should increase at higher temperature.

One of the major factors that can affect the ordering behav-
ior of framework aluminosilicate glasses is the field strength
of charge balancing cations such as Na* and Ca** (De Jong and
Brown 1980; McMillan et al. 1982; Murdoch et al. 1985). Be-
cause high field strength cations favor increased negative charge
concentration, the probability of finding Al-O-Al linkages
should increase in Ca- over Na-containing glasses (Tossell and
Saghi-Szab6 1997).

In spite of these efforts at determining the ordering of net-
work cations in aluminosilicate glasses, the extent of Al avoid-
ance remains uncertain, in part because NMR spectra for many
compositions are entirely unresolved, making determination
of populations of Si sites with varying numbers of Al neigh-
bors very model-dependent. Most previous modeling efforts
thus were forced to assume perfect Al avoidance (Murdoch et
al. 1985; Engelhardt and Michel 1987; Merzbacher et al. 1991).
A more sophisticated model, based on simulation analysis of
higher-quality data from a range of compositions is required
to go beyond these assumptions.

In this study, the extent of ordering of framework cations
in aluminosilicate glasses along the 1:1 “charge compensated”
joins Si0,-NaAlO, and SiO,-CaAl,Q,, is investigated using *Si
MAS NMR spectroscopy. The degree of Al avoidance is quan-
tified using a simple statistical thermodynamic model based
on the quasi-chemical approximation. The effect of cation field
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strength on the ordering scheme is also evaluated. In addition,
calculated configurational thermodynamic properties of alu-
minosilicate glasses are compared with experimental data.

EXPERIMENTAL METHODS
Sample preparation

Glasses were prepared from pure oxide (SiO,, Al,Os) and
carbonate (Na,CO;, CaCO,) reagents with about 0.1 wt% CoO,
which was added to reduce the spin lattice relaxation time. Mix-
tures were decarbonated at 800 °C and then fused at 1600 °C for
one hour, quenched, reground, and fused again to insure the ho-
mogeneity. All glasses samples were analyzed by electron
micropobe (EPMA), using oxide and silicate mineral standards
and a 10 to 30 mm defocused beam. Samples on the SiO,-CaAl,O,
join appeared to be homogeneous and close to nominal compo-
sitions (within about 0.5%). Average analyses of glasses on the
Si0,-NaAlO, join were again close to nominal (within about 1%).
However, because of potential systematic errors caused by al-
kali migration during the analyses, we consider the nominal com-
positions to be more accurate and these are reported in Table 1.
The two glasses in this series with the highest silica contents (R
= Si/Al = 4 and 6) appeared to have minor, but real, composi-
tional heterogeneities (about 1 to 2%). To test the sensitivity of
our data analyses to this potential problem, we used the model
discussed below to simulate spectra for variations in composi-
tion larger than those observed. We found that combinations of
such spectra chosen to equal the average composition were in-
distinguishable from the simulated spectra at the average com-
position: for example, a 50-50 sum of spectra for R=5and R =
7 was essentially the same as that for R = 6. The reason for this
insensitivity in this compositional range is the fact that at high
silica contents, with a high degree of Al-avoidance (as deduced
below), spectra are dominated by only two species. We conclude
that such heterogeneities are not significant in the fitting and
analysis procedure.

TaBLE 1. Peak positions and integrated areas 2°Si MAS NMR

spectra
R = Si/Al Composition Peak maximum Normalized
(ppm) integral®
Calcium aluminosilicate glasses
0.5t Ca0-Al,05-Si0, -82.6 13.4
1 Ca0-Al,05-2Si0, -87.5 16.9
2t Ca0-Al,0;-4Si0, -95.4 21.0
3 Ca0-Al,05-6Si0, -101.1 21.3
4 Ca0-Al,05-8Si0, -103.7 21.9
61 Ca0-Al,05-12Si0, -107.9 19.1
Sodium aluminosilicate glasses
0.7% Na,0-Al,0,-1.4Si0, -83.7 13
0.9 Na,0-Al,05-1.8Si0, -85 13.8
1 Na,O -Al,0;-2SiO, -85.5 14.2
1.5% Na,O -Al,0;-3SiO, -89.8 15.8
2 Na,O -Al,0;-4SiO, -93.08 17.0
3 Na,O -Al,O;-6SiO0, -97.68 18.1
4 Na,O -Al,0;-8Si0, -101.11 19.5
6 Na,O -Al,03-12Si0, —104.22 18.6

Notes: Areas are normalized to constant peak height, and are scaled to
approximate peak width in parts per million.

* Measured in frequency range from —150 ppm to =50 ppm.

1 Glasses were made by remelting of previously prepared glasses of
Murdoch et al. (1985).

1 Not included in fitting procedure.

NMR spectroscopy

NMR spectra were obtained with a spectrometer (Varian
VXR 4008, 9.4 T) operating at a Larmor frequency of 79.45
MHz for ¥Si. Powdered samples were packed in 7 mm zirco-
nia rotors and spun at 6500 Hz in a Varian magic angle spin-
ning probe. Delay times between pulses were varied for several
glasses and were found not to affect the peak shape. A delay
time between pulses of 1 s and a radio frequency pulse of ap-
proximately 2 ms were used. Peak positions are reported rela-
tive to external tetramethysilane (TMS). Peaks were normalized
to the same height and integrals were calculated to derive a
shape-independent estimation of width, as was done in a previ-
ous study (Murdoch et al. 1985). A constant Gaussian
apodization was applied to increase signal-to-noise ratios but
was adjusted to ensure that final peak widths did not exceed
those of unapodized data by more than 0.3 ppm.

Fitting procedure

Based on extensive studies of crystalline aluminosilicates
(Engelhardt and Michel 1987), each spectrum, although unre-
solved, was assumed to be composed of five Gaussian peaks
representing the five possible Si species with zero through four
Al neighbors, which are denoted Q*(mAl). For each of two com-
positional series (Na- and Ca-aluminosilicates), the width and
position of each component peak was taken as fixed and thus
independent of composition. For varying series of O values
representing different degrees of aluminum avoidance, the
model described below was used to predict the relative propor-
tions of these five species for each experimental composition
in a series. Using these values to fix all component peak areas,
spectra for all the glasses in the series were then fitted simulta-
neously by a non-linear least square algorithm, with five peak
widths and five peak positions as the only adjustable param-
eters. Allowable ranges of these parameters were loosely con-
strained by ranges of chemical shifts for each species that have
been previously reported for aluminosilicate minerals
(Engelhardt and Michel 1987). At a specific Q value (degree of
Al avoidance), the same fit was obtained independent of the
initial guesses for parameters, indicating that a stable minimum
in residuals was found. The Q values that gave the best overall
fit were selected on the basis of maximum R? values (>0.99),
physically most sensible peak widths (<16 ppm FWHM or 7
ppm standard deviation of Gaussian distribution function) and
separations in chemical shifts from one species to the next
(about 3 to 7 ppm)

SPECIATION MODEL

Several simple statistical models have described the short
range ordering in framework aluminosilicates in terms of the
relative population of Q*(mAl) sites. Binomial distributions of
species subject to the restriction of perfect Al avoidance were
applied to crystalline aluminosilicates including zeolites, and
are often consistent with experimentally determined popula-
tions from NMR spectroscopy (Klinowski et al. 1982; Herrero
etal. 1985; Thomas and Klinowski 1985; Murdoch et al. 1988).
Few studies of the Q*(mAl) speciation in aluminosilicate glasses
explored the extent of Al avoidance, primarily because of diffi-
culties imposed by lack of spectral resolution. However, strict
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aluminum avoidance predicts a single species Q*(4Al) at a Si-
Al ratio R = 1 along the charge-compensated join. With the
usual assumption of Gaussian peak shapes, this implies a sym-
metrical peak shape, not the slightly asymmetrical peaks de-
scribed below for anorthite (CaAl,Si,05) and nepheline
(NaAlSiO,) glasses.

To obtain the analytical equation for the species distribu-
tion, allowing a non-zero fraction of Al-O-Al, the relative pro-
portions of Al-O-Si, Si-O-Si, and Al-O-Al linkages were first
calculated assuming that all Si and Al are in Q*sites (“fully
polymerized” tetrahedra) and that the number of each linkage
depends on their relative energy difference. The latter is the
quasi-chemical approximation (Fowler and Guggenheim 1956),
which has mainly been used to describe the local ordering be-
havior of alloys and polymers (Gogcen 1986; Gurman 1991).
The Q*(mAl) species distribution function was then obtained
from the expression for the probability of finding Al around Si
as a next nearest neighbor and the degree of Al avoidance was
also formulated. Variables used in the derivation include: N,
N, = number of Si and Al cations, respectively; X;, X, = mole
fractions of Si and Al, respectively (relative to total Si +Al); N
= total number of cations; R = N|/N,; m = number of Al first
cation neighbors for a given Si; N; = number of i-O-j bonds, i
and j are Si and Al respectively; z = number of tetrahedral neigh-
bors (4 for fully polymerized aluminosilicate); A,; = lattice en-
ergy of i-j pair (in this section, it is identical to the energy of
i-O-j); and k = Boltzman constant.

The ordering scheme of framework cations is assumed to
depend only on the following reaction:

(Si-O-Si) + (Al-O-Al) = 2(Al-O-Si). (1)

The lattice energy difference (W) of the above reaction can be
expressed as:

W= {a,z —%(/1” i, >] @)

The relations between the number of cations and number of
bonds are:

2N, =zN,—-N,, (3a)

2N, =zN,-N,,- (3b)

The number of Al-O-Si linkages in framework aluminosili-
cates can then be calculated from energy minimization of the
system:

_NN, 1 @
12
N B+l

where
B=yl1+4X,X,(n° -1

n=exp(2W/zKT).

T is taken as 1050 K, which approximates the average glass
transition temperature (7,) in these systems, assumed to the
best represent the temperature at which the Si-Al distribution
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was in equilibrium. Real compositional variations in 7, of 50
to 100 K have insignificant effects on our modeling. The prob-
ability of finding each linkage can be represented as

=t g = 5)
2N, +N,, 2B+

Therefore the proportions of each Q4(mAl) can be obtained
using the binomial distribution function:

2"(RB+R+B-1)"" ‘ ©)
(RB+R+B+1)*

P(m)=,C,

Finally for convenience, the degree of Al avoidance (Q) can be
defined as follows:

Q=1-n7. @)

A value of Q =1 thus refers to perfect obedience of Al avoid-
ance rule, and Q = 0 represents a fully random distribution of
Si and Al. The variation of Q*(mAl) species with respect to
composition and degree of Al avoidance (Q) is illustrated in
Figure 1.

RESULTS
»Si MAS NMR spectroscopy

Calcium aluminosilicate glasses. With increasing Si/Al ra-
tio in this system, NMR peak positions move to lower frequency
(more negative chemical shifts) primarily because of the well-
known effect of replacing Al first cation neighbors with Si,
each of which typically results in a shift of about 5 ppm
(Engelhardt and Michel 1987). Peaks are generally asymmetric,
most extremely so for compositions of R = 0.5 and 6 (Fig. 2).
The variations of peak positions and widths in this system are
consistent with previous results (Murdoch et al. 1985; Oestrike
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FIGURE 1. Calculated distributions of Q*(mAl) species with respect
to variation of composition and degree of Al avoidance (Q). mAl refers
to Q*(mAl). (a) random distribution of Si and Al (Q = 0), (b) Perfect
Al avoidance (Q = 1), (¢) 0 =0.85,(d) 0=0.99
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FIGURE 2. Various *Si MAS NMR spectra of calcium
aluminosilicate glasses with variable ratios (R) of Si/Al.
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FIGURE 3. Variation of peak width (normalized) with composition.

and Kirkpatrick 1988; Libourel et al. 1991; Merzbacher et al.
1991) (Table 1 and Fig. 3), but these studies did not attempt
quantitative peak shape modeling.

Sodium aluminosilicates. Similar variations of peak posi-
tions and asymmetry of spectra as a function of composition
can be observed in this series. The asymmetries of peaks in
sodium aluminosilicate glasses are less than those of the cal-
cium aluminosilicate glasses. In addition, the normalized area
(and thus peak widths) of each NMR spectrum is less than that
of the corresponding calcium aluminosilicate glass (Figs. 3 and
4 and Table 1).

Fitting results based on speciation model

The experimental spectra for the calcium aluminosilicate
glasses can be fitted well with calculated Q*(mAl) distributions

r T T T T T T T T T 1
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FIGURE 4. Various ¥Si MAS NMR spectra of sodium
aluminosilicate glasses with variable ratios of Si/Al.

in which the degree of Al avoidance (Q) ranges between 0.8—
0.875. The fitted results began to deviate obviously from the
experimental spectra when Q exceeds 0.9 or is less than 0.8. The
widths and positions of the five fitted component peaks are given
in Table 2 and fits are shown in Figure 5.

Similar data are also shown for the five sodium aluminosili-
cates in Table 2 and Figure 6. The best fit of the NMR spectra of
the sodium aluminosilicates was obtained for Q values ranging
from 0.93 to 0.99. In this series, the gaps in frequency between
each Q*mAl) species are smaller than those of calcium alumi-
nosilicate glasses. In order to test the validities of obtained peak
positions and widths with degree of Al avoidance (Q), we made
two other Na-aluminosilicate glasses with R (Si/Al) of 0.7 and
1.5, and compared the experimental spectra with simulated ones
calculated using the previously obtained parameters. The differ-
ences between the experimental spectra for these compositions
and simulated spectra are within the error range of the simula-
tion, suggesting again that the modeling is relatively robust.

DISCUSSION
Peak positions and widths of Q*(mAl) species

Murdoch et al. (1985), suggested that wider peaks in cal-
cium aluminosilicate glasses than in sodium aluminosilicates
resulted from the fact that high field strength cation may en-
hance the equilibrium constant of the following type of reac-
tion (McMillan et al. 1982), by analogy with better constrained
equilibrium in binary alkali silicates (Mysen et al. 1982):

2Q*mAl) = Q*[(m+DAI] + Q*[(m-1)Al] (8)

One of the assumptions of this argument is that the peak
position for each Q*(mAl) species in calcium and sodium alu-
minosilicates is nearly same. In the modeling described here,
we find instead that the shift in component peak positions as
the number of next nearest Al changes is greater in the Ca
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FIGURE 5. Fitting results for Si MAS NMR spectra of calcium
aluminosilicate glasses with Q = 0.875. Thick solids lines are the
experimental spectra and thin solid lines show the fitted curves and
each component.

glasses than in the Na series. This effect, combined with the
reduced Si-Al order in the former, seems to dominate overall
peak widths.

Although structural and chemical factors are coupled, cor-
relations among >Si chemical shifts and structural parameters
such as Si-O bond length and mean Si-O-T bond angle have
been reported (Smith and Blackwell 1983; Ramdas and
Klinowski 1984; Engelhardt and Michel 1987). The variation
of the component peak positions of each species with the charge
balancing cations may thus result from the difference in varia-
tion of bond distance and bond angle distributions in calcium
and sodium aluminosilicate glasses. In particular, the stronger
interaction of Ca** with Si-O-Al O atoms (when compared to
Na*) is likely to cause a greater decrease in mean Si-O-T bond

TABLE 2. Fitted peak positions and full width at half maximum for
each Q*(mAl) species in parts per million

QY4Al) Q43Al) Q*2Al) Q*(1Al) Q*(0Al)
Sodium aluminosilicate
Q = 0.99 Position -84.1 -885 —92.2 -100.1 -108.1
Width(FWHM) 13.28 15.14 11.04 1116 13.94
Q = 0.93 Position -81.7 -86.1 -92.7 -100.1 -108.4
Width(FWHM) 12.98 9.90 9.32 10.62 13.49
Calcium aluminosilicate
Q = 0.87 Position -81.9 -88.6 -944 -101.7 -110.8
Width(FWHM) 11.54 1250 14.60 13.63 13.54
Q = 0.80 Position -81.3 -87.0 -93.7 -101.9 -110.9
Width(FWHM) 11.18 11.42 11.88 12.40 13.19

-50 70 -90 -110 -130 -150 -50 70 -90 -110 -130 -150

Frequency (ppm) Frequency (ppm)

Frequency (ppm)

Frequency (ppm)

FIGURE 6. Fitting results for Si MAS NMR spectra of sodium
aluminosilicate glasses with Q = 0.99. Thick solids lines are the
experimental spectra and thin solid lines show the fitted curves and
each component.

angle as each Si neighbor is replaced with an Al. Known corre-
lations suggest that this leads to a greater increase (to less nega-
tive value) of chemical shifts.

The widths of individual component peaks in calcium alu-
minosilicate are also greater than those of the sodium alumino-
silicate glasses, which implies some other contribution to
disorder, such as ranges of bond angle. Models of ring distri-
butions in nepheline and anorthite glasses may be consistent
with this result (Taylor and Brown 1979; Seifert et al. 1982).

In our fitting procedure, we have assumed that the contri-
bution to the spectra from each Q*(mAl) species is a Gaussian
distribution of chemical shifts whose center frequency and width
are independent of composition (Si/Al). This approximation is
the only appropriate one, given current limitations on our knowl-
edge of the effects of local and intermediate range structure in
glasses on NMR parameters. Future improvements in this
knowledge could, of course, lead to more sophisticated model-
ing and refined results. The peak positions for Q*0Al) in our
simulations of NAS glass spectra (about —108 ppm) and of
CAS (about —111 ppm) are similar to those reported for pure
Si0, glass (-108.5 to —111.5, Oestrike et al. 1987; Xue et al.
1991). However, there is some evidence froin crystalline zeo-
lites that, for a given structure, increases in Si/Al cause slight (0
to 2 ppm), systematic changes to lower frequency of *Si isotro-
pic chemical shifts (Engelhardt and Michel 1987). We have not
built such trends into our modeling both because they are not






