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Structure of Sodium Aluminosilicate Glasses

David M. Zir* and Stephen H. Garofdlini*

Department of Ceramics, Rutgers University, Piscataway, New Jersey 08855-0909

A series of sodium aluminosilicate glasses composed of vary-
ing ratios (R) of Al;0;/Na,0 (0.25 < R =< 2.0) has been
simulated with the molecular dynamics technique using a
tetrahedral form of a three-body interaction potential. Ex-
trema in the activation energies for sodium diffusion and in
the diffusion constants for all of the atomic species were ob-
served for glasses with equal concentrations of Al,O; and
Na,O (R = 1.0). These changes corresponded to the mini-
mum observed experimentally in the activation energy for
electrical conductivity and to the maximum observed in the
viscosity for glasses with compositions of R = 1.0. The coor-
dination of aluminum remained 4 over the entire composi-
tional range, negating the need to invoke a coordination
change of aluminum to explain the changes in the physical
properties. The changes to the simulated physical properties
as R passed through the equivalence point were attributed to
the elimination of nonbridging oxygen, to the introduction of
oxygen triclusters, and to changes in the distribution of ring
structures within the glass networks. [Key words: sodium,
aluminosilicates, molecular dynamics, glass, structure.]

I. Introduction

EXTREMA occur in the viscosity and electrical conductivity
of sodium aluminosilicate (NAS) glasses as the ratio of
aluminum to sodium (R = Al/Na) passes through the equiva-
lence point.'® The observed changes in the properties of the
series of glasses with compositions of R = 1 are believed to
be due to structural changes within the glass network. Several
structural models have been proposed to explain these physi-
cal changes. These models assume similar chemical environ-
ments and structural roles for the sodium. In glasses with
compositions of R < 1 sodium either coordinates nonbridging
oxygen (NBO) or charge compensates aluminate tetrahedra,
while in glasses with compositions of R = 1 the NBO disap-
pears and the sodium acts only as a charge compensator.
The proposed models are the following: (a) The coordina-
tion of Al changes from being tetrahedral to being both tetra-
hedral and octahedral as R passes through the equivalence
point.** In compositions with R < 1, the aluminum acts as
network formers and replaces the silicon in the network. The
aluminate tetrahedra [AlO,]” are charge compensated by the
sodium. In glasses with the composition of R > 1 there no
longer exists enough excess sodium to charge compensate the
aluminate tetrahedra, so some of the aluminum changes from
being tetrahedrally coordinated, like the network-forming
silicon, to being octahedrally coordinated, like the network-
modifying sodium. Riebling, using viscosity measurements
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and molar volume calculations, proposed that 1/4 of the alu-
minum in excess of the sodium becomes octahedrally coordi-
nated.’” The changes in the physical properties (viscosity,
electrical conductivity) could be associated with the change
in aluminum coordination and with the removal of the singly
bound oxygen.

(b) Alternatively, aluminum remains tetrahedrally coordi-
nated over the entire compositional range and changes to the
network topology (ring connectivity), to the bond angles
within the glasses (Si—O-Si or Si—O-Al), or the introduction
of triclusters could account for the physical property
changes.®"® Triclusters are composed of three tetrahedra
which meet at a common vertex to form a three-coordinated
oxygen.’

Raman spectroscopy,™ EXAFS (extended X-ray absorp-
tion fine structure) and XANES (X-ray absorption near edge
structure),™° and energy dispersive X-ray diffraction'®® per-
formed on a series of NAS glasses showed that Al remained
four-coordinated over the whole compositional range
(0 < R < 1.61) and that as the ratio of Al/Na was increased
there was an increase in the degree of polymerization of the
network. The property changes in glasses with compositions
of R = 1 were thought to be associated with the cross-linking
of rings within the network which would cause smaller rings
to occur and make the diffusivity of the sodium more diffi-
cult (i.e., Na conductivity decreased through channels in
glass). Changes to the bond angles could lead to a puckering
of the network which in turn-would also alter the sodium
diffusivity.

The argument for tricluster formation was based upon the
geometrical packing of oxygen around aluminum and on the
oxygen density necessary for octahedra to form.’ Triclusters
have been presumed in calcium aluminosilicate glasses when
there was excess aluminum present in the glass.™ Triclusters
are found in crystalline mullite (2A1,05; - 3S8i0,) which can be
considered an “end” member to the NAS glass composition
(R—> o, as concentration of Na goes to zero).

The competing models have received considerable atten-
tion both experimentally and theoretically. The traditional
view of a change in Al coordination is a convenient way to
explain the anomalies in the physical properties. However,
the only evidence for the change in Al coordination has been
inferred from AlK« X-ray emission.” Rindone and associates
used X-ray fluorescence (XRF) to compare structural units in
NAS glasses to those in Al,0, and Al metals. They found
slight shifts in the AlKa spectra away from four-coordination
in glasses with compositions of R = 1 and attributed these
shifts to the presence of aluminum in octahedral configura-
tions. These shifts, however, could be associated with the in-
stability in the glasses with compositions of R > 1 as these
glasses show tendencies toward phase separation. Infrared
spectroscopic evaluation of NAS by the same research group,
however, did not confirm the existence of the octahedrally
coordinated aluminum.*™* A more recent XRF study on NAS
glasses formed using rf sputtering techniques showed shifts
(<11%) away from the tetrahedrally coordinated aluminum,
in the AlKa emission spectra of the NAS glasses which could
have been caused by the existence of the over-coordinated
aluminum.”
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Octahedrally coordinated aluminum has been shown to
exist in glasses under extremely high pressures.* NMR
studies of albite glass (NaAlSi;Og) at pressures less than
30 kbar (3 GPa) found Al** to be tetrahedrally coordinated,
while at pressures around 80 kbar (8 GPa) Al°* was octahe-
drally coordinated. These changes in coordination with
pressure have also been studied in molecular dynamic (MD)
simulations of aluminosilicates.™

X-ray photoelectron spectroscopy (XPS) has also been used
to study a series of NAS glasses.> ™ The O 1s signals were
resolved into contributions from bridging and nonbridging
oxygen. It was proposed that six-coordinated Al formed at
R > 0.7 to 0.8 based upon the disappearance of the NBO
O 15 signal at R = 0.7 to 0.8.”*' However, Onorato et al.'*®
using a Au-calibration technique analyzed NAS fracture sur-
faces and found that the NBO signal vanished at R = 1.0.
The Au-calibration technique allowed for the XPS signals to
be referenced to the Fermi level of the insulator instead of to
some arbitrary peak (Si 2p) which may have been affected by
excessive charging. Additionally, T1* probe luminescence?-%
confirmed the existence of the NBO up to the equivalence
point and refuted the notion of octahedrally coordinated Al
below the equivalence point consuming NBO."®

The MD technique has been used to model silica and sili-
cate glasses.’*8 The resulting structures have compared fa-

, vorably with experimentally derived bond distances, bond

angle distributions, coordination numbers, concentration and
types of defects, static structure factors, and distribution of Q
species?’ for both the silica and sodium silicate glasses. MD
simulations allow for determination of coordination environ-
ments around specific atom types and can be used to study
diffusion at “high” temperatures.”** Recent simulations em-
ploying multibody potentials®*® have shown that bond direc-
tionality, which exists in the partially covalent silicate systems,
can be incorporated into the calculations. The multibody inter-
atomic potentials energetically penalized the systems for de-
viations from a given critical angle and the resultant structures
for silica and silicate glasses showed a nearly perfect tetra-
hedral coordination environment around the silicon, and
much narrower tetrahedral and siloxane bond angle distribu-
tions than had been determined for glasses created using only
pair potentials.

In this present study a tetrahedral form of the three-body
potential was applied to Si, O, and Al as the central atoms in
atomic triplets, in order to test the hypothesis that the
changes in the macroscopic properties of the NAS glasses can
occur without changes occurring to the aluminum coordina-
tion. Tetrahedral coordination of the aluminum was energeti-
cally more favorable in the simulations and so by determining
both the sodium diffusivity and the diffusivity of all of the
species comparisons were made to experimentally determined
activation energies for electrical conductivity and to viscosity
measurements.

II. Experimental Procedure

Constant-volume MD simulations were used with a Nord-
sieck—Gear™® type of algorithm to integrate Newton’s classical
equations of motion with a time step of integration of
0.001 ps. The total potential energy, V,, acting on each atom in
the system was composed of contributions from two- and
three-body interactions:

Vi=Ta+ W @)

The two-body potential was a modified Born-Mayer—Huggins
type of potential, acting between atoms i and j, which were
separated by distance r;. The potential had the functional
form

Vo = Ay exp(—ry/py) + (q:q;/ry) erfe (r5/By) )
The first term in Eq. (2) was due to short-range interactions
and the second term was due to Coulombic interactions. The
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Table I. Parameters for Two-Body Potentials

Atom pair Ay (X1072]) Bi (X107 cm)
Si-Si 0.1877 0.230
Si-O 0.2962 0.234
Si-Al 0.2523 0.233
Si-Na 0.2001 0.230
0-0 0.0750 0.230
O-Al 0.2750 0.234
O-Na 0.3195 0.234
Al-Al 0.3418 0.235
Al-Na 0.2178 0.230

Na-Na 0.2159 0.230

softness parameter, p;;, was set to 0.29 X 1078 cm for all inter-
action pairs and the parameters g;, g;, Ay, and B; are pre-
sented in Table 1.2%

The three-body contribution to the total potential energy
was a Stillinger-Weber™ type of potential developed by
Feuston and Garofalini®?* for use in silica and silicate sys-
tems. The three-body potential, 73, acted between atoms i, j,
and k which met at a common vertex, I, subtended by angle
0;x. The three-body contribution energetically penalized the
system for deviations from an angle 8¢, when atoms j and &
were within radial cutoff distances of »,°. The critical angle,
¢, corresponded to the tetrahedral angle of 109.48°. Three-
body contributions were imposed on all triplets involving Si,
O, and Al as the central atoms and took the following func-
tional form:

Vs = A; expl(yi/(ry — ri) + v/ (rac — )]
X (cos 0z — cos 6°)
(fry < rf,and ry < rf) (Ba)
or
V=0 (fry = riorry = ri) (3b)

The values for parameters A; and y; are presented in Table II.
The parameters were similar to those used in earlier simula-
tions of silica and silicate glasses,”* which had been deter-
mined by fit to experimental structural features such as radial
distribution functions, bond angle distributions, and static
structure factors. The three-body parameters on the Al were
set equal to those on Si in order to bias the Al to tetrahedral
coordination and evaluate the effect on physical properties.
The three-body contributed less than 1% to the total poten-
tial energy of the vitreous silica system® as well as the NAS
systems studied here, yet greatly improved the comparison be-
tween simulated and experimental structural features.

Four NAS glasses were simulated in the present study. The
silica concentration in the glasses was kept at approximately
63% while the ratio (R) of Al,O; to Na,O was 0.25,0.64,1.0,
and 2.0. The compositions and densities of the glasses studied
and ratios of Al/Na and Al/Si are presented in Table III. The
densities used here were taken from the experimental densi-
ties® (density at R = 2.0 extrapolated from experimental data
up to R = 1.7).

The NAS glasses were formed using a simulated melt-
quench technique which involved scaling the kinetic energy
of the systems of atoms from elevated temperatures to room
temperature. The quench sequence is presented in Table IV
and involved a total time of approximately 350 ps (corre-
sponding to 350000 iterations). Velocity rescaling was per-
formed every 10th move for approximately the first 8 to 10 ps

Table II. Parameters for Three-Body Potentials

X-0-X* 0-Si-0 O-Al-0O
ré (A) 2.6 3.0 3.0
A (X1078 J) 1.0 24.0 24.0
vi (A 2.0 2.8 2.8

*X = §i, Al
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Table III. Compositions and Initial Properties of NAS ‘Glasses

Density* Eropirical
R(Al/Na) M(AL/Si) (g/cm®) No. of atoms formula
0.25 0.25 2.489 369 4Na,0 -1A1,0; 8Si0;
0.64 0.46 2477 362 25Na,0-16A1,0; - 69Si0,
1.00 0.57 2.465 370 2Na,0-2A1,0; - 78i0,
2.00 0.84 2.452 327 4Na,0-8A1,0;-19Si0,

*Reference 8.

at each temperature. The length of equilibration for each tem-
perature is also shown in Table I'V.

Three glasses were made at each of the four compositions
through separate quench procedures. The first quench for
each composition was held at 8000 K for 12 ps; the second
series of quenches was started from the stored final configu-
rations at 8000 K from the first series of quenches and run for
an additional 15 ps before continuing with the quenching
cycle (see Table IV). The third series of quenches was contin-
ued from the stored final configurations from the second
quench series at 8000 K for an additional 20 ps prior to con-
tinuing with the quenching cycle (see Table IV). Statistics
were gathered on the glasses at 300 K for all three series of
quenches from additional 1-ps runs, where positions and ve-
locities were saved every 10th iteration. Local and medium-
range order in the glasses was determined as averages over
each of the three quenches for each of the glass compositions.

Diffusion coefficients were computed from the mean
squared displacement I*(r) between some position vector,
at some initial time (r = 0) and some later time (1 = 75 + Ar):

(N = (/N X (|rdr) — x:lro)]?) 1G]
where
D = (1/6)I*/r )

and N, is the number of diffusing atoms. Activation energies
were determined using the Arrhenius-type relationship
D = Dy exp(—Q/RT) (©)

where Q is the activation energy for diffusion, T is the tem-
perature, and R is the gas constant. Diffusion statistics were
gathered from additional 10-ps continuation runs at 6500,
6000, 5000, and 4000 X from two of the quench sequences.

The local atomic structure of the series of NAS glasses will
be discussed in Section III(1), network connectivity will be
discussed in Section ITI(2), and diffusivity and activation en-
ergies will be discussed in Section II(3).

III. Results and Discussion

() Local Structure

Local structure in glasses can be classified according to
the bond lengths between atomic pairs and the coordination

Table IV. Quench Sequence for Series of Sodium
Aluminoesilicate Glasses

Temperature (K) Time (ps) Equilibration time (ps)
8000 * 8
7500 12 8
7000 15 8
6500 15 8
6000 15 8
5500 20 10
5000 30 10
4500 30 10
4000 40 10
3500 40 10
3000 20 10
2500 20 8
2000 15 8
1500 15 8
1000 15 8

300 15 8

*See text.

environments around individual atoms. Pair distribution
functions (PDFs) for Si—O bonds for all four glasses are pre-
sented in Fig. 1{A). The PDFs are from one series of quenches
which are representative of the structures found from all three
quenches. The average Si-O bond lengths of 1.59 to 1.61 A
correspond favorably to bond lengths derived from EXAFS
and energy dispersive X-ray diffraction performed on NAS

*1 A =01nm.

L | -
g
1.4 1.5 1.6 1.7 1.8 1.9 2
DISTANCE (A)
(A)
R=A1/Na
0.25 e
B 0.54 — —
1.00 —
B 2.00 e
L
g L

! i 1
q.4 1.5 1.6 1.7 1.8 1.9 2 2
DISTANCE (A)

(B)

Fig. 1. Pair distribution functions plotted versus distance for
(A) Si-O and (B) Al-O.
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glasses and crystals.** Coordination numbers can be deter-
mined by integrating the area under the major peak in the
PDF (Fig. 1(A)). This can be facilitated by noting the plateau
in the graph of coordination versus distance. An example of
this type of plot is shown in Fig. 2(A) for the coordination
environment of oxygen around silicon. The average coordina-
tion around the silicon was 4 for the entire series of glasses.

The PDFs and coordination environments of oxygen
around Al are presented in Figs. 1(B) and 2(B). The average
Al-O bond lengths of 1.74 t0 1.75 A compare favorably with
Al-O bond lengths of 1.74 to 1.77 A derived from an EXAFS
study on NAS glasses,"™ with the Al-O bond lengths in low
albite, which is a crystalline analogue of the NAS glasses®
and with bond lengths determined from molecular orbital cal-
culations.’® The coordination versus distance curves in
Fig. 2(B) clearly show plateaus at four oxygens around alu-
minum for all of the compositions. The curve for R = 2.0
does not plateau at 4 until almost 2.1 A, which can be
attributed to the association of three-coordinated bridging
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Fig. 2. Coordination of oxygen plotted versus distance around
(A) Si and (B) Al.
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oxygen (triclusters) with aluminate tetrahedra, as will be dis-
cussed below. Thus the aluminum remained four-coordinated
over the entire compositional range.

Oxygen coordination plays an important role in the NAS
series of glasses. NBO is oxygen bound to only one silicon.
The concentration of NBO versus the glass composition is
presented in Fig. 3 (solid curve), along with the theoretical
concentration of NBO (dashed curve).?” The concentration of
NBO was reduced as aluminum was substituted for sodium.
For the glasses with compositions of R = 2 less than 1% of all
of the oxygen was singly bonded to silicon. The NBOs had
sodium associated with them at all compositions, as will be
discussed in the section on sodium coordination.

Increasing the concentration of aluminum also caused a
transition in the types of the bridging oxygen (BO) in the
glasses. BO was bonded to two cations which were either two
silicons, one silicon and one aluminum, or two aluminums.
The concentration of the type of BO versus the glass compo-
sition is presented in Fig. 4. The transition from a predomi-
nance of the Si-O-Si type of bond to a predominance of
the Si-O-Al type of bond occurred at approximately R = 1,
indicating that the aluminum was fully incorporated into
the network.

The presence of Al-O-Al bonds in this study seems to be
in violation of Lowenstein’s aluminum avoidance principle,®
which states that for two tetrahedrons joined by a BO, only
one of the cations in the center of the tetrahedra can be an
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Fig. 3. Concentration of nonbridging oxygen plotted versus com-
position: (solid curve) simulations, (dashed curve) theory (see
Ref. 37.)
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Al. Al-O-Al linkages are thought to be unlikely because of
their inherent electrostatic instability, since Paulings second
rule predicts a bond strength of 1.5 on the BO and thus the
BO is associated with too many electrons.®* MAS-NMR
(magic angle spinning nuclear magnetic resonance) has been
used to distinguish between occupancy of tetrahedral sites
based upon #°Si shifts. These shifts were attributed to the de-
gree of condensation of silicate tetrahedra and to the substi-
tution of aluminum for silicon in the tetrahedral sites. *Si
MAS-NMR performed on a Linde-A zeolite (aluminosilicate-
cage-like structure) contradicts Lowenstein’s principle since
the structure consists of a 3:1 ordering of Si:Al* The 3:1
ordering implies that every silicon tetrahedron was sur-
rounded by three aluminate tetrahedra and one silicate tetra-
hedron and every aluminate tetrahedron was surrounded by
three silicate tetrahedra and one aluminate tetrahedron.
Therefore, Al-O—Al bonds must have been present in the
zeolitic structure. The open structure of the zeolites absorbs
much of the strain associated with the Al-O-Al linkages.
Because of the open ringlike structure of the NAS glasses,
similar arguments may therefore be made for the presence of
Al-O-Al linkages in NAS glasses.

Triclusters were present in compositions with R = 1. These
were oxygens which were bonded to three cations (Si and/or
Al) as they sat at the vertex of three tetrahedra. The concen-
tration of triclusters versus glass composition (R) is shown in
Fig. 5. The total concentration compares favorably with
Lacy’s® proposition that triclusters are present in the glasses
based upon geometric and packing arguments. The specific
types of triclusters (number of different types of cations)
present are shown in Fig. 6. As the glass composition ap-
proached R = 2, higher concentrations of triclusters contain-
ing three aluminate and no silicate tetrabedra (3A1-0Si) and
two aluminate and one silicate tetrahedra (2A1-1Si) were
formed, indicating that the glasses may have begun to sepa-
rate into silica-rich and aluminate-trich regions.

The inverse relationship between the concentration of
NBO and triclusters has been shown in earlier simulations of
NAS glasses®® using only two-body interatomic potentials.
The concentration of NBO for glasses with R = 1 was fairly
constant at about 10% in the simulations using only pair po-
tentials, while the concentration of triclusters was about 10%
for glasses with R = 1.0 and 35% for glasses with R = 2.0
(compare to multibody results in Figs. 3 and 6).

The role of sodium in the NAS glasses was either to act as
a network modifier and coordinate the NBO or to act as a
charge compensator for the [AlO4]” tetrahedra and coordi-
nate the BO associated with the Al. The coordination of the
sodium at specific types of bridging and nonbridging oxygens
in the simulations is presented in Fig. 7. The coordination
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Fig. 5. Concentration of triclusters plotted versus composition.
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numbers were found from the area under the individual PDFs
and from coordination distance curves like those shown in
Fig. 2 for Si and Al. The Na-O bond length was approxi-
mately 2.4 to 2.6 A, which compares favorably with bond
lengths derived from EXAFS analysis'® and prior simula-
tions on silicate glasses.”®*

In glasses with compositions of R < 1, Na was associated in
high concentrations both at the NBO sites and at oxygen as-
sociated with aluminate tetrahedra (at Al-O-Al and Si-
O-Alssites). In compositions with R = 2 the sodium was found
at aluminate and silicate tetrahedra. Thus the role of sodium
changes from being both a network modifier and charge
compensator to being only a charge compensator. Note that
no sodium was associated with the triclusters. The simula-
tions, therefore, effectively reproduced the structural roles of
the sodium.*”

(2) Network Connectivity

Medium-range order in glasses was characterized by the
distribution of various-sized rings within the glass network. A
ring was considered to be the shortest set of (n) X~O bonds
over which a closed path exists, where X is any network-
forming cation (Si or Al) and n goes fromn = 2ton > 8. The
ring size distribution for the series of NAS glasses is pre-
sented in Fig. 8(A) and the average ring size for each glass is
shown in Fig. 8(B). Increasing the ratio of Al/Na caused a
decrease in the average ring size from about 5.8 for glasses
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with compositions of R = 0.25 to about 5 for glasses with
compositions of R = 2. The larger rings (>8) associated with
the glasses with compositions of R = 0.25 were due to the
high concentration of NBO which caused many rings not to
close and left the glass network consisting of large channels.
This type of structure has been observed for the sodium sili-
cate glasses, Na,;0-3S8i0, (N38S), where the “open” structure
leads to the high diffusivity of sodium through the sodium
trisilicate network.®*-**% Sodium silicates are precursor
glasses to the NAS series as they can be considered to be
NAS glasses with compositions of R = 0. The ring size distri-
bution and average ring size (=5.9) for the N3S glass are in-
cluded in Flgs 8(A) and (B).

The rmgs in the N3S glasses were composed of only Si
cations,” but rings in the NAS glasses contained Si and Al
cations. As Al was incorporated into the glass composition (R
was increased), some of the Si rings in N3S had to be replaced
with the Si—Al type of rings.

The number of each type of cation in the three-, four-, and
five-membered rings was determined as a function of the
glass composition in order to ascertain if there was preferen-
tial replacement of Si by Al in any of the rings. The probabil-
ity of Al being in a ring was compared to the actual percent of
Al in the ring to determine if there was preferential replace-
ment of the Si. Figure 9 presents the fraction of Si in each of
the three-, four-, and five-membered rings along with the
theoretical fraction of Si that should be in the ring if there

1.00

1.50 2.00

R=Al/Na

B)

(A) Ring size distribution and (B) average ring size for NAS and sodium trisilicate glasses.

was uniform replacement of the Si by AL* There is good
agreement between the theoretical and simulated curves,
such that Al was randomly incorporated into the four- and
five-membered rings (Figs. 9(B) and 9(C)); however, there
was preferential replacement of the Al in the three-membered
rings (Fig. 9(A)) since the simulated curve is substantially less
than the theoretical curve.

(3} Macroscopic Properties

Figure 10 shows an example of the mean squared displace-
ment of the sodium atoms plotted versus time (Eq. (4)) for a
composition with R = 0.25 at temperatures of 6500, 6000,
5000, and 4000 K. These temperatures correspond to approxi-
mately 2.27,, 2.0T,, 1.6T,, and 1.3T,, where T, is the glass tran-
sition temperature and had a value of approximately 3000 K
for the simulated glasses. The slopes of the curves in Fig. 10
(and similar curves for the other three compositions) were
used in determining the diffusion coefficients via Eq. (5),
from which the activation energies for diffusion for each com-
position were computed using Eq. (6). The activation energies
for sodium diffusivity plotted versus <omposition are pre-
sented in Fig. 11. Assuming that electrical conductivity oc-
curs in NAS glasses via Na diffusion, then the minimum
which occurred in the activation energy for the glasses with
compositions of R = 1.0 correspond to the minimum ob-
served in the measurements of activation energy for electrical
conductivity 1574546
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Fig. 10. Mean squared displacement plotted versus composition
for glass with composition of R = 0.25 at temperatures of 2.27,,
2T, 1.6T,, and 1.37,.

Diffusion of Na was a multistep process. The first step in-
volved breaking Na-O bonds and the second step involved
sodium diffusing to new energetically favorable binding sites.
In glasses with compositions of R < 1, sodium ions were pre-
dominantly bonded to NBO. Diffusion of the sodium oc-
curred as Na-NBO bonds were broken and sodium hopped
between NBO sites within the large open channels that were
discussed in Section III(2). The activation energy for diffu-
sion was high for compositions with R < 1 as it was difficult
to break the Na~-NBO bonds. In an earlier simulation of alkali
adsorption onto silica surfaces,”® the alkali-NBO bond was
shown to be “effectively” stronger because of greater con-
tributions from Coulombic interactions caused by a shorter
alkali-NBO bond length in comparison to the alkali-BO
bond length. Given sufficient kinetic energy to overcome a
Na-NBO bond in the glasses with R < 1, Na diffused to
other NBO sites within the large channels in the glasses. At
R = 1, the concentration of Al was increased, such that there
were fewer NBOs in the system and more Na were associated
with aluminate tetrahedra than with NBO. The activation
energy for diffusion decreased as it became easier to break
Na-BO bonds as opposed to Na-NBO bonds.
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Fig. 11. Sodium activation energy for diffusion versus glass
composition.
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In glasses with compositions of R = 2, the Na-BO bonds
were of the same strength as they were in glasses with compo-
sitions of R = 1. However, the activation energy for diffusion
increased because of the presence of triclusters and the elimi-
nation of the large NBO-lined channels. Given sufficient
thermal energy the Na-BO bond could be broken in the
glasses with compositions of R = 2, but the increased con-
centration of triclusters reduced the availability of energeti-
cally favorable binding sites such that there were large
activation barriers to Na diffusion. The reduction in the con-
centration of energetically favorable sites can be noted in
Fig. 7, where no Na was associated with either NBO or tri-
clusters in glasse’s with compositions of R = 2. The activation
barriers were associated with the increased distance that Na
had to diffuse in order to find more favorable bonding sites.

The diffusion coefficients for all of the species in the
glasses were determined in a similar manner as was used to
determine those for just sodium and are plotted in Fig. 12 at
temperatures of 27, and 1.67;. From the inverse relationship
between viscosity and diffusivity, the minimum in diffusivity
(at the composition with R = 1.0 in Fig 12) corresponds to
the experimentally measured maximum in the viscosity of the
glasses at R = 1.0.>™*" The decrease in the diffusivity of all of
the species (see Fig. 12) as aluminum was substituted for
sodium up to the equivalence point can be attributed to the
reduction in the NBO concentration as well as to the cross-
linking of Al-O bonds across channels. In glasses with com-
positions of R > 1, the diffusion rates increased and the
“viscosity” decreased because of the presence of the triclus-
ters. The triclusters were more easily rearranged in response
to the increased temperature than were the two-coordinated
bridging oxygen since the bonds associated with the triclus-
ters (three-coordinated bridging) were longer than those asso-
ciated with the two-coordinated bridging oxygen (see long tails
in Figs. 1(A) and (B) for R = 2.0 glasses). The longer Si—O or
Al-O bonds associated with the triclusters were easier to break
and thus created bond defects which were similar to the NBO
in the N3S glasses that allowed for atomic rearrangement.

IV. Summary

The relationships between atomic structure and physically
observable properties have been studied for a series of NAS
glasses. The MD technique was used to model NAS glasses
with a tetrahedral form of a multibody potential applied to Si,
O, and Al atoms. Local bonding environments within the
glass network compared favorably with experimentally
derived bond lengths, and coordination numbers. The result-
ing glasses exhibited extrema in the diffusion coefficients for
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Fig. 12. Diffusivity for all species versus composition at 27,
and 1.67,.

Structure of Sodium Aluminosilicate Glasses 2855

all of the species and in the activation energy for sodium
diffusion which corresponded with extrema observed in the
viscosity and in the activation energies for electrical conduc-
tivity. The changes in the physical properties were found to
correspond with (1) the reduction in the concentration of non-
bridging oxygen as the compositions of the glasses passed
through the equivalence point in the ratio (R) of Al,O; to
Na,O, (2) the introduction of oxygen triclusters as the ratio
(R) became greater than 1, and (3) the elimination of large
rings associated with glasses with low aluminum concentra-
tion which led to an overall reduction in the ring size distribu-
tion within the glass networks. Aluminum coordination
remained 4 over the entire compositional range; thus there
was no need to invoke a change in aluminum coordination as
an explanation for the changes in the physical properties.
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