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Abstract. Molecular orbital calculations on a variety of sili-
cate and aluminosilicate molecules have been used to ex-
plore the bonding forces that govern tetrahedral bond
length variations, r(70), in framework silicates and alumi-
nosilicates. Not only do the calculations provide insight
into the variety of structural types and the substitution lim-
its of one tetrahedral atom for another, but they also pro-
vide an understanding of the interrelationships among
r(TO) and linkage factors, bond strength sum, coordination
* number, and angles within and between tetrahedra. A study
of these interrelationships for a theoretical data set shows
that r(SiO) and r(AlO) are linearly correlated with (1) p,,
the bond strength sum to a bridging oxygen, (2) f(O), the
fractional s-character of a bridging oxygen, and (3) f(T),
the fractional s-character of the T atom. In a multiple linear
regression analysis of the data, 92% of the variation of
r(Si0) and 99% of the variation of r(AlO) can be explained
in terms of a linear dependence on p,, f(0), and f (D).
Analogous regression analyses completed for observed r(Al,
SiO) boud length data from a number of silica polymorphs
and ordered aluminosilicates account for more than 75%
of the bond length variation. The lower percentage of bond
length variation explained is ascribed in part to the random
and systematic errors in the experimental data which have
a negligible effect on the theoretical data. The modeling
of more than 75% of the variation of r(Al, SiO) in the
framework silicates using the same model used for silicate
and aluminosilicate molecules strengthens the viewpoint
that the bonding forces that govern the shapes of such mole-
cules are quite similar to the forces that govern the shapes
of chemically similar groups in solids. The different regres-
sion coefficients calculated for f,(T) indicate that SiO and
AlO bond length variations in framework structures shouid
not be treated as a single population in estimating the aver-
age Al, Si content of a tetrahedral site.

Introduction

Omne of the most important and challenging problems in
silicate crystal chemistry is the study of the forces that bind
atoms into a complex framework of corner-sharing tetrahe-
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dra. In important steps toward understanding thé, effects
of these forces, earlier workers established trends éi"anng
bond lengths, angles, linkage factors, bond strength syms,
and coordination numbers which they related in one. way
or another to a variety of empirical and semi-empirical
bonding models (cf., Megaw et al. 1962; Jones and Taylor
1968: Brown et al. 1969; Baur 1970; Phillips et al. 1933;
Smith 1974; Ribbe et al. 1974). In an effort to gain an
understanding of the nature of these forces, a study of these
effects within the context of a non-empirical quantum
chemical model would be useful (Carsky and Urban 1980).
Currently there are no such computational methods that
can be used to study solids as complex as the framework
silicates (cf., Chang et al. 1983). On the other hand, if we
restrict our studies to local structural phenomena, molecular
orbital (MO) methods can be used to examine the energetics
of these complex structures. The ability of both semi- and
non-empirical MO calculations to model local geometries
in solid state materials is well-documented (e.g., Gibbs et al.
1972: Tossell and Gibbs 1977, 1978; Newton 1981; Gibbs
et al. 1981; Gibbs 1982). Furthermore, the success of these
methods strengthens the viewpoint that the bonding forces
that govern the shape of a molecule are quite similar to
those that govern the shape of a chemically similar group
within a solid (Almenningen et al. 1963; Barrow et al. 1979;
Gibbs et al. 1981; Gibbs 1982).

The objective of this study is to use the results of non-
empirical MO calculations on a variety of representative
molecules to explore and systematically analyze trends in
bond length and angle variations in studying the bonding
forces in framework structures. Since framework structures
exist for a variety of crystalline, glassy, and molten silicates
and aluminosilicates, these calculations have a wide range
of applications (Gibbs 1982; Geisinger 1983; Navrotsky
etal, 198 ). To achieve this objective, energy optimized
geometries and energetics of TOT (T=tetrahedral Si, Al,
B, Be, Mg) groups in molecules are examined. As a 7,0,
molecule is the simplest fragment of a framework structure
that possesses both four-coodinate T atoms and a bridging
oxygen, we have extracted this molecule from the structure
as conceptualized in Fig. 1. Protons were attached to its
nonbridging oxygens to mimic the local connectedness of
a framework and the net effect of the long range field of
a periodic array of atoms (Fig. 2a). In the first part of
this study, we examine the energetics of the TOT angle
in such H¢T,O- molecules in terms of the averages and
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Fig. 2a, b. ORTEP drawings of general conformations of the (a)
HgT,0, and (b) H,T,0-, molecules. The intermediate-sized spheres
represent the tetrahedrally coordinated T atoms (7'=Si, Al, Be,
B. Mg), the large spheres represent oxygen and the small spheres
represent hydrogen. No significance is attached to the relative sizes
of the spheres
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Fig. 1. An ORTEP drawing of a
feldspar structure with a representative
T,0, unit extracted from the
framework. The 7,0, unit is
representative of the bridging oxygen
link common to tetrahedral framework
structures. Results of MO calculations
on molecules containing the 7,0, unit
are used to analyze systematically bond
length and angle variations in solids

the ranges of angles observed for framework structures.
The resuits of this analysis provide insight into how chemi-
cal composition may place constraints on framework topo-
logies. In addition, the effect on the 707 angle of increased
coordination number of the bridging oxygen is examined.
Such an increase often occurs when tetrahedral aluminum
is charge-compensated by formally monovalent or divalent
cations in framework silicates such as feldspar, feldspath-
oid, cordierite, and stuffed silica derivatives, and in their
corresponding glasses.

The second part of the study is devoted to analyzing
trends in TO bond length variations as a function of the
local environment of the TOT group. Specifically, we assess
variations in SiO and AlO bond lengths inasmuch as the
majority of the theoretical data has been obtained for mole-
cules containing such bonds. The analysis consists of ex-
ploring bond-length perturbing factors (other than Si, Al
disorder) that together can provide a good description of
SiO and AlO bond length variation in the molecular systems
within the confines of linear models. The results of the
analysis of the molecular systems are tested against varia-
tions of these bond lengths in ordered silicate and alumino-
silicate framework structures. The application of these cal-
culations to glassy and molten silicate and aluminosilicate
systems will be the subject of a forthcoming paper (Nav-
rotsky et al. 1985).
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Computational Details

The majority of the MO calculations reported in this study
were undertaken with the Binkley et al. (1980) Gaussian
80 program which performs ab initio MO calculations with-
in the framework of a linear combination of atomic orbitals
(LCAOQ). As indicated by Carsky and Urban (1980), ab
initio implies that within the LCAO approximation, no fur-
ther approximations are adopted such as neglect or approx-
imation of integrals with spectroscopic data. It is in this
sense that the calculations are considered to be non-empiri-
cal. In this study, each calculation was implemented using
a minimal STO-3G basis set where each AO is represented
by a single Slater-type orbital (STO) which in turn is repre-
sented by a linear combination of three Gaussian (3G) func-
tions (Hehre et al. 1969, 1970). With a STO-3G basis, the
Slater exponents zeta (scale factors) for the core functions
such as the K-shell for the first-row atoms and the K- and
L-shells for the second row atoms are fixed at free atom
values. However, the valence-shell zeta values are fixed at
standard molecular (SM) values as valence-shell exponents
for atoms in molecules differ significantly from those for
free atoms (Hehre et al. 1969). SM exponents represent an
average of energy-optimized exponents determined for a
limited set of molecules. During exponent optimization,
these molecules were each clamped at a ““standard geome-
try” defined by Pople and Gordon (1967) and extended
by Hehre et al. (1970). For example, the SM value for Si
was found by averaging optimized values obtained for-mol-
ecules such as SiH,, Si,H;, and SiH;CH,, while the value
for O was obtained by averaging values obtained for mole-
cules such as H,0 and CH,0. SM exponents for first and
second row atoms are tabulated by Hehre et al. (1970).
Total molecular energies were calculated using the re-
stricted Hartree-Fock SCF procedure of Roothaan (1951).

Table 1. H¢T,0, and H,T,0, (T=S8i, Al, B. Be, Mg) molecules

Based on the principle that the molecular geometry that
exhibits the lowest calculated total energy is the equilibrium
geometry, bond lengths and angles of each molecule were
varied within certain geometry and symmetry constraints
until a minimum-energy geometry (referred to as the opti-
mized geometry) was obtained. Nonetheless, because of the
nature of the basis functions, the optimized geometries are
necessarily basis set dependent. For the minimum STO-3G
basis, errors in predicted molecular geometries average
about 0.02-0.03 A for bond lengths and 3—4° for bond an-
gles (Pople 1982; Carsky and Urban 1980). For those mole-
cules optimized using the Gaussian 80 program, a modified
conjugate gradient algorithm was employed (Schlegel 1982).
On the other hand, for a few H,T,0, molecules that were
optimized using the Pople et al. (1973) Gaussian 70 com-
puter program (QCPE 11 236), optimized geometries were
determined by completing closely-spaced single-point calcu-
lations for various geometries and least-squares-fitting po-
tential energy curves to the single point energies. Compari-
son of a molecular optimized geometry obtained using the
single-point technique to that obtained with gradient opti-
mization shows that careful application of the single-point
technique provides results that are essentially identical to
those provided by the gradient technique.

Tables 1-4 list the molecules and bond lengths and an-
gles that were optimized in this study. Of the five different
types of molecules, the first are the H; 7,05 molecules (Ta-
ble 1) which model bridging two-coordinate oxygen atoms
in TOT groups (Fig. 2a). Closely related to these are the
H,T,0, molecules (Table !) shown in Figure 2b which
have an additional proton attached to the bridging oxygen.
Table 2 contains molecules of the X(OH);-HgT,0, type
shown in Figure 3a which contain the basic TOT group
but have an additional tetrahedrally-coordinated atom (X' =
Li, Be, B, C, Na, Mg, Al, Si) attached to the bridging

Molecules HT,0)y, (T,0)ype r(T,0)y, r{(T50) 06r L. T,0T, [LOT,0]* [,OT,0° Eal
HSiBeO2~ 1.572A 1.685 A 1.593 A 1.623 A 131.0° 109.47° 109.47° - 820.18203 a.u.
H,SiBeO2™ 1.568 1.685° 1.623 1.623° 128.5 116.4 106.2 — 820.19786
H¢SiBOS ™ 1.601 1.699 1.436 1.477 125.2 109.47 109.47 — 830.47650
HgSiBO:~ 1.597 1.699° 1.451 1.477° 124.2 112.8 107.1 — 330.48084
H4SiCO, 1.650 1.657 1.381 1.432 120.8 109.47 109.47 — 843.47042
H,SiCO, 1.651 1.657° 1.390 1.432° 1214 107.9 107.1 — 843.47321
H,SiMgO2~ 1.569 1.688 1.859 1.843 1379 109.47 109.47 -1002.80719
H,SiMgO2~ 1.566 1.688° 1.862 1.843° 136.3 114.7 107.5 —-1002.78522
HSiAlOL 1.575 1.671 1.689 1.719 138.6 109.47 109.47 —1045.14313
H,SialO! 1.569 1.671° 1.695 1.719° 138.8 112.8 108.0 —1045.14623
HSiSi0o, 1.591 1.658 1.591 1.658 143.7 109.47 109.47 —1091.77364
H,SiSio, 1.594 1.658° 1.5%4 1.658° 142.9 108.2 108.2 —1091.77466
H,BBO?~ 1.405 1.495 1.405 1.495 134.2 109.47 109.47 -~ 568.99353
H,AIAIO% - 1.647 1.739 1.647 1.739 1513 109.47 109.47 — 998.32842
H AlAIOZ™ 1,643 1.739° 1.643 1.739°® 1511 113.2 113.2 — 998.33520
H,SiBeO} ™ ¢ 1.63 1.66 1.66 1.58 129.0 109.47 109.47 — 821.038
H,SiBO, 1.673 1.651 1.512 1.454 128.0 109.47 109.47 — 831.11549
H,SiMgO3~ 1.647 1.656 1.951 1.812 136.1 109.47 109.47 ~1003.65091
H,SiAlO, 1.67 1.65 1.80 1.69 132.0 109.47 109.47 ~1045.78316
H.SiSi04* 1.709 1.645 1.709 1.645 132.2 109.47 109.47 ~1092.18412
H,AIAIO} ™ 1.76 1.7 1.76 1N 140.0 109.47 109.47 — 999.22746
H,BBO}~ 1.49 1.46 1.49 1.46 137.0 109.47 109.47 — 569.87676

3 Represents average £ O70. Those £ OTO =109.47° were constrained during optimization

® Constrained
¢ Downs and Gibbs (1981)
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Table 2. X(OH),~H¢T,0, (X=Li, Be, B, C, Na, Mg, Si, Al; T=Si, Al) molecules

Molecules "T0) T Ose 1(T30), HT,0)p, (XO)y, LT,0T, [LOTOP [LOT,0* E,u
Li(OH), - SiSiO(OH)Z~ 1.634A 1660A 1.634A 1660A 19454 1232° 109.47° 109.47°  —1321.82508 a.u.
Be(OH), —~ SiSiO(OH); ~ 1.657 1.656 1.657 1.656 1.703 119.6 109.47 109.47 —1329.42615
B(OH),-SiSiO(OH), 1.690 1.650 1.690 1.650 1.528 119.0 109.47 109.47 -1339.50550
C(OH), —SiSiO(OH); * 1.740 1.646 1.740 1.646 1.438 118.8 109.47 109.47 —1352.26952
Na(OH), - SiSiO(OH)Z - 1.621 1.659 1.621 1.659 2.305 128.1 109.47 109.47 —1474.17504
Mg(OH), - SiSiO(OH), ~ 1.647 1.654 1.647 1.654 1.995 122.7 109.47 109.47 -1512.03772
Mg(OH), —~SiSiO(OH) ~ 1.650 1.654 1.650 1.654 1.992 122.4 109.7 109.7 —1512.05833
Al(OH),; ~SiSiO(OH), 1.676 1.650 1.676 1.650 1.820 119.4 109.47 109.47 —1554.17192
Al(OH), — SiSiO(OH), 1.683 1.650® 1.683 1.650° 1.827 118.7 107.8 107.8 —1554.18904
Si(OH); — SiSIO(OH)L 1.714 1.645 1.714 1.645 1.715 117.5 109.47 109.47 —1600.58572
Li(OH); —SiAIO(CH); ~ 1.619 1.672 1.750 1.722 1.945% 1157 109.57 109.47 —1274.97285
Li(OH); —SiAIO(OH); - 1.597 1.676 1.732 1.727 1.945° 1243 112.3 110.8 ~1274.99061
B(OH), —SiAIO(OH); ~ 1.659 1.657 1.794 1.706 1.492 116.1 109.47 109.47 —1292.93574
Na(OH), — SIAIO(OH)? " 1.617 1.672 1.741 1.720 2305 1168 109.47 109.47 —1427.34480
Mg(OH), - SiAIO(OH);Z~  1.626 1.664 1.752 1.713 1.964 117.0 109.47 109.47 —1512.03772

* Represents average £ OTO. Those £ OTO=109.47° were constrained during optimization
® Constrained

Fig. 3a, b. ORTEP drawings of the general
conformations of the (a) X(OH);-H4T,0,
and (b) X(H,0),-H4T,0, molecules. The X
atoms modifying the bridging TOT groups. are
positioned above the bridging oxygens in (a)
and (b). X atoms may include X=Li, Be, B,
C, Na, Mg, Al, Si while T atoms are either

Si or Al Intermediate-sized spheres represent
the X and T atoms, large spheres represent
oxygen, and small spheres represent hydrogen.
No significance is attached to the sizes of the
( b) spheres

Table 3. X(H,0); —H,T,0,(X=Li, Na, Mg, Al; T=Si, Al) molecules

Molecules "(T.0)e AT Onee HT20yp  MT;0)ny (XO)y  LT,0T, [LOT,01* [LOT0]*  Epy

Li(H,0),—SiSIO(OH)§*  1.645A 1.655A 1.645A 1.655A 2.12A° 1233°  109.47°  109.47° —1474.20547 a.u.

Na(H,0); —SiSiO(OH){*  1.629 1.655 1.629 1.655 2.38° 127.5 109.47 109.47 —1626.62216
Mg(H,0);—SiSIO(OH);*  1.661 1.652 1.660 1.652 2.10° 122.6 109.47 109.47 —1663.84150
Li(H,0); — SIAIO(OH), 1.618 1.664 1.729 1.715 2.12° 126.3 109.47 109.47 —1427.69836
Na(H,0); - SIAIO(OH), 1.592 1.664 1.712 1.710 2.35° 1352 110.2 107.0 ~1580.01241
Mg(H,0)s~SiAIO(OH).*  1.632 1.660 1.733 1.710 2.10° 128.2 109.47 109.47 ~1617.4730S
Mg(H,0); —SIAIO(OH):*  1.633 1.661 1.758 1.708 2.10° 125.4 108.9 104.8 —1617.47964
Al(H,0)4 ~SIAIO(OHZ* 1.671 1.658 1.808 1.706 1.91° 124.0 106.7 100.9 —1659.14588

* Represents average £ OTO. Those L OTO=109.47° were constrained during optimization
® Constrained

oxygen. Table 3 contains data for X(H,0);-HT,0, type  which the bridging oxygen is only two-coordinate. The con-

molecules (Fig. 3b) which also contain the basic 7TOT group
but have an octahedrally-coordinated atom (X=Li, Na,
Mg, Al) attached to the bridging oxygen. For the H.T,0,,
X(OH)3;~H¢T,0., and X(H,0)s~H4T,0- molecules, the at-
tachment of a proton or a four-or six-coordinate X atom
to the bridging oxygen models the effects of increased coor-
dination of the bridging oxygen atom. Table 4 lists data
for additional molecules which contain an SiOSi group in

formation of these molecules is very similar to that shown
for the HyT,0- molecules in Figure 2a except that the ter-
minal OH groups have been partly or completely replaced
by F or Cl atoms. or, in the case of the (LiO),(OH)
'SiOSi(OH)(LiO), and (NaO),(OH)SiOSi(OH)(NaO0),
molecules, the lower four hydrogen atoms shown in Fi-
gure 2a have been replaced by either Na or Li with opti-
mized SiONa and SiOLi angles of 180°.
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Table 4. Other SiOSi molecules containing a two-coordinate bridging oxygen atom

AT,0)y, AT 50V L. SiOSi r(Si...Si) Ep
F,SiOSiF, 1.577 A 15774 158.4° 3.098 A —1233.50314 a.u.
Cl1,Si08iCl, 1.577 1.577 177.7 3.153 ~3372.92785
F,SiOSi(OH), 1.585 1.587 148.1 3.050 —1162.63919
Cl1,SiOSi(OH), 1.569 1.597 154.9 3.090 —2232.35668
(LiO),(OH)SiOSi(OH) (LiO), 1.597 1.597 147.0 3.062 —1119.06903
(NaO),(OH)SIOSi(OH) (Na0), 1.614 1.614 156.2 3.159 —1728.71099

As we have chosen to study variation in TOT geometry
in terms of bridging bond length and angle variations, all
TO bridging bond lengths, »(TO),,, and bridging 707 an-
gles were optimized. For several molecules, nonbridging 7O
bond lengths, OTO angles, and XO bond lengths were also
optimized. Any bond length or angle reported in Tables 14
which was fixed during the course of a calculation is indi-
cated. All OH bond lengths were fixed at 0.96 A and all
OTH angles were fixed at 109.47°.

TOT Angle Variation

Analyis of TOT Groups with Two-C oordinate Oxygen

Tossell and Gibbs (1978) found that semi-empirical
CNDO/2 MO calculations on small molecules of the type
H,SiOTH; (T=Si, Al, Be, B) can be used to model SiOT
angle variations in silicates. As an extension of that study,
we have examined bridging TOT angles calculated using
non-empirical MO techniques for the H¢T,0, molecules
listed in Table 1. The optimized angles for several molecules
with two-coordinate bridging oxygens, compared in Table 5
to average observed bridging angles in solids, do a good
job in modeling average bridging angles in solids, providing
the molecular model is adequate. However, in the case of
the BOB, SiOMg, and AIOAL groups. the simple HgT,04
molecule as a model for solids may not be adequate as
will be discussed later.

Energy variation as a function of the TOT angles for
some of these H¢T,0, molecules has been generated by
fixing all bond lengths and remaining angles at their opti-
mized or constrained values and then performing single
point calculations at various TOT angles. Comparison of
the shapes of the potential energy curves (upper solid-line
curves, Fig. 4) to frequency distributions of observed angles
in solids (histogram inserts, Fig. 4) suggests that the shapes
of these curves for two-coordinate bridging oxygen atoms
in molecules may provide an indication of the range of
observable angles in solids. For example, the SiOSi and
SiOAl groups have relatively flat potential curves and corre-
spondingly wide distributions of observed angles. In con-
trast, the SiOB and SiOBe potential curves have deeper
potential wells in agreement with the smaller ranges of an-
gles as observed in solids (Tossell and Gibbs 1978).

We summarize these particular observations by plotting
the range of observed SiOT (T= Be, B, Al, Si) angles in
solids as a function of barrier to linearity calculated from
the molecular potential energy curves (Fig. 5). The barrier
to linearity is defined to be the difference between the total
energy of the molecule calculated at a bridging 7OT angle
of 180° and that calculated at the optimized TOT angle.
Thus, it is a measure of the depth of the potential well
for each curve (Fig. 4). Not only does the depth of the

Table 5. Comparison of calculated minimum energy TOT angles
in HgT,0, groups and average TOT angles in solids

TOT group Minimum energy angle Average angle
in H,T,0, molecules in solids

SiOSi 144° 145°

SiOAl 139 138

SiOB 125 129

SiOBe 131 127

SiOMg 138 118

BOB 134 119

AlOAl 151 133

well shed light on the energetics of the angle, but it also
sheds light on the flexibility of the angle, the shallower
the well, the more flexible the angle. In Figure 5, we see
that the greater the barrier to linearity (and therefore the
less flexible the SiOT angle), the smaller the range of ob-
served angles in solids. For the four data points in Figure 3,
a linear correlation of angular range with barrier to linearity
fits the data well.

It may be argued that this correlation is perhaps fortui-
tous because it does not hold for all the curves presented
in Figure 4. However, as observed by Gupta and Tossell
(1983), one cannot expect close correspondence between
non-empirical calculated “observations” and experimental
data if the experimental data are perturbed by factors exter-
nal to the molecular group used as a model. Particularly
in the case of the BOB, SiOMg, and AlOAI groups, the
H¢T,0, molecule may be an inadequate model for the local
environment in solids because it does not take into account
additional perturbing factors which commonly occur in the
solids. For example, the two-coordinate oxygen in each of
these TOT groups is underbonded in the sense that the
Pauling bond strength sum to the atom (p,) is only 1.5.
Also, the bridging oxygen of these groups in solids is usually
coordinated to one or more non-tetrahedral atoms. As will
be shown in the next section, additional atoms coordinated
to the bridging oxygen perturb the 7OT angle, which might
be relatively flexible when the oxygen is two-coordinate,
toward a narrower average angle and a more restricted
range of angles. Admittedly, the bridging oxygen of the
SiOBe group is equally underbonded in H,SiBeO, and usu-
ally coordinated to an additional atom or atoms in beryllo-
silicates, but we still see fair agreement between our non-
empirical results and the experimental data. However, the
two-coordinate SiOBe group contains a narrow minimum-
energy angle which is fairly inflexible to begin with. Thus.
it may not be overly affected by these ‘“external” atoms
(Downs and Gibbs 1981).

Factors other than the effect of a three-coordinate oxy-
gen must also be considered in the BOB and SiOMg groups
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Fig. 4a-g. Potential energy curves for
H¢T,0, and H,T,0, molecules
containing the TOT groups (a) SiOSi,
(b) SiOAl, (c) SiOB, (d) SiOBe, (e)
SiOMg, (f) AIOAL and (g) BOB
displayed as a function of TOT angles.
Each curve is referenced to 4E=0 at
180° for ease of comparison. The solid
and dashed curves were calculated for
the appropriate H 7.0, and H,7,0,
molecules, respectively. The histograms
inserted above each pair of curves is a
frequency distribution of experimental
TOT bridging angles observed in
various solids

narrow BOB angles resulting in strain and poor agreement
information provided from calculations on
H¢B,0, and what we observe in solids. Magnesiosilicates
present a more difficult problem because such solids with
four-coordinate Mg and Si are comparatively rare. The lack
of correspondence between calculated and observed data
may very well be partly due to a very restricted experimental
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Fig. 5. Observed ranges of experimental SiOT bridging angles (T=
Si, Al, Be, B) in various silicates plotted as a function of barrier
to linearity. Barrier to linearity is the difference in total energy
between the H¢Si70O, molecule at its optimized geometry and at
a geometry with an SiOT bridging angles of 180°

when comparing calculated to observed data. Not only is
the bridging oxygen in H¢B,0, underbonded, but corner-
sharing borate tetrahedra are often linked together into a
three-membered ring consisting of the two such tetrahedra
and a borate triangle. These three-membered rings require

Considering the correspondence between barriers to lin-
earity for two-coordinate oxygen molecules and observed
ranges of certain 7OT angles in solids (and the fact that
we can rationalize the lack of correspondence for other
TOT groups), the type of tetrahedral atom may place some
constraint.on the structure type and substitutional limits
of one tetrahedral atom for another simply in terms of
the range of energetically feasible TOT angles. In support
of this, we examine the observed distributions of some tetra-
hedral atoms in a few framework silicates. It is well known
that Al and Si substitute rather freely for one another in
framework aluminosilicates (as long as proper charge-bal-
ance occurs) and that there is a wide variety of aluminosili-
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cate structure types such as feldspar, paracelsian, feldspath-
oid, cordierite and zeolite. These observations are in agree-
ment with the very similar and flat potential energy curves
for the SiOSi, SiOAl, and AIOAI groups in the HT,04
molecules (Gibbs et al. 1981). On the other hand, there are
relatively few documented borosilicate framework structure
types (with B in tetrahedral coordination). These include
reedmergnerite (NaBSi;O,) (Eugster and Mclver 1959; Ap-
pleman and Clark 1965), the boron analogue of low albite;
KBSi;Og, the boron analogue of low microcline, and dan-
burite (CaB,Si,0g) (Phillips et al. 1974) which is structur-
ally similar to anorthite. Low albite exhibits a relatively
wide range of TOT angles from ~130 to 161° (31°) with
the SiOAl angles ranging only from ~ 130 to 142° (12°).
Low microcline exhibits a range of TOT angles from ~ 131
to 155° (24°) with the SiOAl angles ranging from ~131
to 151° (20°). The TOT angles in reedmergnerite range from
~125 to 158° (23°) with the SiOB angles ranging from
~125 to 143° (18°). No TOT data are available for
KBSi,Oq. In view of the rather more restricted range of
SiOAl angles in the alkali-feldspar structures when com-
pared to a possible range on the order of 65° (from Fig. 5),
it is not surprising to see boron analogues of these struc-
tures. They fit the requirements of the SiOB group having
a restricted angular range on the order of 22° (from Fig. 5).
In contrast, anorthite, which contains only SiOAl groups,
exhibits a wide range of angles from ~123° to ~ 170° (47°).
At first glance, the existence of a framework structure such
as danburite with composition CaB,Si,O4 seems contrary
to our interpretation of the theoretical potential energy
curves. However, danburite is structurally similar, but not
isostructural with anorthite. The range of SiOB angles in
danburite is from ~ 126 to 137° (11°), a small range with
a fairly narrow average angle (129°) in agreement with the
potential curve for H¢SiBO,. Furthermore, whereas an-
orthite consists entirely of SiOAI groups, danburite contains
an SiOSi and a BOB group as well as SiOB group. Interest-
ingly, the more flexible SiOSi group has the widest 70T
angle (137°) in the structure. We can infer that the B and
Si atoms in danburite are distributed in a fashion that con-
forms with the restrictions implied by the potential energy
curves for the Hy T,0, molecules. A borosilicate framework
topologically equivalent to anorthite is possibly unstable
relative to that of danburite because of the wide range of
SiOB angles required for the anorthite structure.

Another framework silicate whose structure is of interest
is low cordierite (Mg,Al,Si;O,4). The six membered ring
in this mineral has an average TOT angle of 173° (Gibbs
1966; Cohen et al. 1977) whereas the remaining 70T angles
of the four-membered rings average 129°. The Al and Si
are ordered into both the four- and six-membered rings
in agreement with the flat potential curves for H,Si,04
and H¢SiAlO,. One would predict the substitution of B
for Al in this structure to be limited to the four-membered
ring, giving a maximum substitution of two boron atoms
per formula unit. It is unlikely, in view of the wide angles
required, that B could substitute for Al in the six-membered
ring. In comparison, we can examine the distribution of
Be and Si in beryl (Al,Be;SigO,g), which is isostructural
with indialite, a highly disordered polymorph of Mg,Al,
-8i;0,5 (Meagher and Gibbs 1977). The potential curve
for H,SiBeO, suggests that like B, Be atoms should be
restricted in general to narrow TOT angles as observed
in beryl. Only Si participates in the six-membered ring with

an average SiOSi angle of 168° (Gibbs et al. 1968), whereas
Be is ordered into the four-membered rings that link the
six-membered rings into a framework with an average
SiOBe angle of 127°.

Based on Cruickshank’s (1961) d—p n-bonding model,
Brown and Gibbs (1970) made the proposal that Si should -
prefer those tetrahedral sites in a framework silicate that
are involved in the wider TOT angles and that Al, B, Be,
and Mg should prefer those involved in narrower average
TOT angles. It was argued that bonds of larger m-bond
order (i.e., SiO) should be shorter and comprise wider TO0T
angles. Although Si tends to be ordered into these tetrahe-
dra in the framework silicates, Brown and Gibbs (1970)
also found in the non-framework silicates contrary to their
proposal that Si was more than often ordered into the tetra-
hedra with smaller average TOT angles. This ordering
scheme is sensible if we view the ordering of tetrahedral
atoms in terms of our potential energy curves for two-coor-
dinate TOT groups. Since the potential curve for the SiOSi
curve is very flat, wider SiOSi angles are not much different
energetically than narrow SiOSi angles. If we attempt to
rationalize the broad range of silicate structures containing
SiOSi groups in terms of the d-p n-bonding model, we
would fail for the same reason that the Brown-Gibbs pro-
posal fails for non-framework silicates. It does not provide
for narrow SiOSi angles. In contrast, the flat potential curve
for SiOSi helps to rationalize the broad range of SiOSi
angles required to conform with a wide range of structure
types exhibited by silicates (Newton and Gibbs 1980; Gibbs
et al. 1981). Nonetheless, the potential energy curves for
the SiOT angles (T=Al, B, Mg, Be) dispiayed in Figure 4
show minima 5 to 20° narrower than that calculated for
the SiOSi angle in conformity with the proposal that Si
should prefer those tetrahedral sites involved in wider an-
gles.

Effects of Increasing the C oordination
of the Bridging Oxygen

The addition of a proton to the bridging oxygen in the
H,T,0, molecules (Table 1, Fig. 2b) roughly models the
effect of increasing the coordination of the bridging oxygen.
Comparison of the minimum energy TOT angles for the
H,T,0, groups to those in related H¢T,0, groups (Ta-
ble 1) does not show any consistent change for the TOT
groups examined. The flexible SiOSi, SiOAl and AIOAI
groups in the H¢7,0, molecules show a marked decrease
in the TOT angle with an increase in coordination. In con-
trast, the bridging angles for SiOB, SiOBe, BOB and SiOMg
show little change with increased coordination. Tossell
(1984) suggests that the optimized TOT angle in the proton-
ated (H,T,0,) molecules is determined by the more rigid
requirement of the TOH angle to have a fairly narrow angle
(110-115°).

Examination of the potential energy curves asa function
of the TOT angle generated for several of the H,T,0, mole-
cules (lower dashed-line curves, Fig. 4) does show a consis-
tent trend for all the TOT groups. In every case, the poten-
tial well for the H,7,0, molecule is deeper than for the
corresponding HgT,0- molecule. Thus, the barrier to lin-
earity is greater for the three-coordinate oxygen angles than
for the two-coordinate angles. suggesting that increased
coordination of the bridging oxygen in a given TOT group
will restrict the range of energetically feasible angles.
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Ranges in SiOSi and SiOAl angles in framework silicates
are in agreement with this interpretation. Two-coordinate
SiOSi angles range from 131 to 180° whereas three-coordi-
nate SiOSi angles only range between 129 and 152° In
SiOAl groups, two-coordinate angles range from 131 to
176°; three-coordinate angles range from 123 to 151°. Simi-
lar ranges have been observed for the disilicates (Gibbs
1982). The potential energy curves in Figure 4 also suggest
that the bending force constant of a TOT group with a
three-coordinate oxygen atom will be significantly larger
than that for a group with a two-coordinate oxygen.

The degree to which the angular range of a given 70T
group is restricted by increased coordination may depend
on the (chemical) type of the additional coordinating atom.
This is suggested by potential energy curves (Fig. 6) for
some of the X(OH),—HySi,O, molecules listed in Table 2.
The barrier to linearity for the SiOSi angle in these mole-
cules increases substantially in the sequence X=Na, Mg,
Al, Si; i.e. moving from left to right within one row of
the periodic table. Comparison of the potential curves for
X=Na and X'=Li also suggest that for atoms within one
column, coordinating an atom higher in the column to the
bridging oxygen will result in a larger barrier to linearity.
Whether these trends can be observed in solids is question-
able. When one compares X-AlOSi (X=Na, Mg, K, Ca,
Sr, Ba) groups in a variety of framework aluminosilicates,
the ranges in AlOSi angles do not exhibit any trend related
to the type of nonframework X atom. On the other hand,
one can restrict the comparison to AlOSi angles in topologi-
cally identical structures where one expects similar angles.
For example, the range of Na—AlOSi angles in low albite
is only ~12° whereas the range of corresponding K-AlOSi
angles in low microcline is ~ 20°. This is in agreement with
the interpretation of the potential energy curves that Na
should have a more restrictive effect on the 7OT angle
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than K. At this point, we recognize that the requirements
of strict periodicity in different crystalline materials must
impose additional constraints on local geometry that may
compete with the ““optimization” of that local geometry
within the solid.

TO(T=Si, Al) Bond Length Variation

Factors Related to SiO and AIO Bond Length Variation

The objective of this part of the study is to analyze those
factors in the local environment around a tetrahedral SiO
or AlO bond that can be related to bond length variation.
When itemizing such factors, the average Al-content of a
tetrahedron of a structure has the most pronounced effect
on the mean 70 bond length <r(70)> (Cole et al. 1949;
Smith 1954 ; Smith and Bailey 1963). The linear relationship
between average Al-content and <r(70)> established by
Smith (1954) and later revised by Smith and Bailey (1963),
Jones (1968), and Ribbe and Gibbs (1969) has proven useful
in estimating average Si/Al site populations. However, these
authors and others stress that such a model cannot be
strictly accurate in estimating average Al contents of indi-
vidual tetrahedra because the effects of local environment
(other than chemical content of the tetrahedron) are not
explicity included. In this study, we are primarily concerned
with evaluating these other local environmental effects on
SiO and AIO bond lengths as an understanding of these
is prerequisite to understanding the effects of Al/Si disorder.
Previous investigations have related r(70) variation in

| silicates to a variety of factors (parameterized in different
| fashions), many of which are described by Brown et al.
| (1969) and Ribbe et al. (1974). Broadly summarizing these
| bond-length perturbing factors, we have (1) coordination
| number of the bridging oxygen; (2) type of adjacent tetra-

| hedral atom, i.e. the “*linkage factor ; (3) type of nontetra-
] hedral atoms and their distances away from the bridging

l oxygen; (4) variation of bridging 7O T angles; and (5) varia-

| tion of tetrahedral OTO angles. These factors may be subdi-
vided into only two groups. The first reflects the local coor-
dinating environment around the 70O bond in terms of non-
tetrahedral and/or tetrahedral atoms. The second group re-
flects the angular environment.

Having summarized the general types of observable fac-
tors, the problem is to determine how to simply parameter-
ize these factors to provide a good model of AIO and SiO
bond length variation in framework structures as a general
group. In a previous study of this type, Swanson et al.
(1980) and Swanson (1980) successfully devised an empiri-
cal model of r(Si, AlO) varnation in framework silicates
using: (1) the sum of the Pauling bond strengths to the
bridging oxygen p,; (2) the fractional s-character of the
bridging oxygen £,(0)=1/(1-sec . TOT), and (3) the average
Al-content of the tetrahedon x, because they chose to treat
the different bond types as a single population. Referring
back to the different types of parameters which influence
bond length variation, we see that Swanson et al. (1980)
and Swanson (1980) have provided for most of the factors
in their model. The local coordinating environment is mo-
deled by p, which accounts not only for the coordination
number of bridging oxygen but also distinguishes among
different types of coordinating atoms to some extent in
terms of their formal valence and coordination number.
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Thus, p, implicitly accounts for the “linkage factor” noted
in alkali feldspars (Clark and Papike 1967; Ribbe et al.
1974) due to the differences in classical electrostatic bond
strengths contributed to oxygen by Al and Si. It also dis-
tinguishes between nontetrahedral atoms of different va-
lence, e.g., Na and Ca. However, it cannot distinguish be-
tween atoms of the same valence and coordination number,
e.g., Na and K. The dependence of r(SiO) on p, was first
noted in the melilite structure (Smith 1953). A strong linear
dependence on p, has since been quantified by Baur (1970;
1981) for r(SiO) and r(AlO) as well as a number of other
bond types. One might think that a parameter such as
2[1/r(X0)?] ((XO)=nontetrahedral bond length) as de-
vised by Phillips etal. (1973) in a study of bond length
variations in anorthite would be better than p, for charac-
terizing the effect of the nontetrahedral atoms . Z/rX0)3]
was found to be a very sensitive parameter for r (SiO) and
r(AlO) variation in that study. In a review of tetrahedral
bond length variations in feldspars, Ribbe et al. (1974) also
noted Z[1/r(X0)?] to be an important parameter in mono-
clinic K-rich feldspars and sodic plagioclases as well as an-
orthite. However, in our analyses of either feldspars as a
group or framework silicates in general, Zi 11/r(X0)?] is not
a significant parameter in the presence of p,.

In modeling the angular environment, Swanson (1980)
chose f, (O) which for the moment we will simply consider
as a convenient linearizing function of the TOT angle. How-
ever, he did not parameterize O7O angle variations. We
will demonstrate that the OTO angle variation is an impor-
tant parameter for r(SiO) and r(AlO) variations.

In view of the success of the Swanson et al. (1980) and
Swanson (1980) model and as an extension of these studies,
we will continue to model r(SiO) and r(AlO) variations
using the parameters p, and £,(O), and an additional param-
eter £,(7). f{T) is the fractional s-character of the tetrahe-
dral atom and is defined in the same fashion as f(O) such
that f(T)=1/(1-sec< L OTO>) where < L OTO> is the
average of the three OTO angles formed with the bridging
7O bond (Louisnathan and Gibbs 1972a; Louisnathan
et al. 1977). What is required at this point is some consistent
interpretation of the relationships these parameters have
with the 7O bond. Each of the parameters p,, £,(0), and
f(T) has a specific bonding model associated with it. For
example, p, is the sum of the strengths of electrostatic bonds
as defined by Pauling’s (1929) electrostatic valence rule.
In contrast to p,, fractional s-characters f,(O) and f(T)
are measures of the hybridization state of the O and T
atom, respectively. The negative secant of the angle defines
the degree of mixing of s- and p-type atomic orbitals on
the atom (Coulson 1961; Newton and Gibbs 1980; Newton
1981).

Rather than try to interpret p,, £,(O), and f{(7) in terms
of their original definitions, we can examine these parame-
ters using the results of MO calculations. MO methods pro-
vide electron population analyses which can be used to par-
tition the total number of electrons in a system into atomic
and bond contributions (Mulliken 1932; 1935; 1955). The
bond contribution, referred to as the Mulliken overlap pop-
ulation n(TO), provides some measure of the covalent
strength of a bond (Mulliken 1955). Larger positive values
of n(TO) suggest stronger covalent interactions and shorter
bonds whereas values of n(70) near zero suggest a more
ionic interaction and longer bonds (Newton 1981). Since
bond length can be correlated with bond strength (see

Brown and Shannon 1973), we should observe a correlation
between overlap population and bond length if overlap
populations represent some measure of bond strength. This
is exactly as has been observed in previous MO studies
(e.g. Gibbs et al. 1972; Lager and Gibbs 1973; Gibbs et al.
1974; Hill et al. 1977; Newton and Gibbs 1980; Gibbs et al.
1981; Burdett and McLarnan, 1984). With increasing over-
lap population, a decrease in bond length is observed. Using
the overlap population as a measure of covalent strength
of or of the quantity of electron density serving to bind
two nuclei together, one can interpret a larger overlap popu-
lation in a given 7O bond as an indication of a stronger
TO bond which manifests itself in a shorter 7O bond length.

Each of the factors we have chosen to model bond
length variation in SiO and AlO bonds has been examined
in one form or another in terms of Mulliken overlap popu-
lations in previous MO studies. For example, in a study
of geometries in minerals using extended Huckel MO tech-
niques, Tossell and Gibbs (1977) found that for an increase
in the average of the three OTO angles common 1o the
TO bond in nontransition metal tetrahedral oxyanions
TO ™ (T=Li, Be, B, Al, P, S, Ga, Ge, As, Se), n(TO)
increases as r(TO) decreases. Several studies demonstrated
correlations between 7OT angles and n(70) such that with
increasing angle the overlap population increases and r(70)
decreases (e.g., Gibbs et al. 1972; Gibbs et al. 1974; Tossell
and Gibbs 1977; Newton and Gibbs 1980; Gibbs et al.
1981). Recently, Gibbs (1982) demonstrated a strong linear
correlation between the Pauling bond strengths and Mul-
liken overlap populations such that with increasing overlap
population, there is an increase in the Pauling bond
strength. Thus, it is apparent (Gibbs etal. 1972; Gibbs
1982) that Pauling’s rules can be interpreted equally well
either in terms of a covalent parameter like bond overlap
population or in terms of an ionic parameter like the elec-
trostatic bond strength (Pauling 1960; Bent 1968). In con-
nection with this, Brown and Shannon (1973) recognize
that the concept of bond strength usually associated with
an ionic model works just as well in situations dealing with
primarily covalent bonding. Furthermore, they demonstrate
their empirical bond strengths to be related to oxide bond
covalency.

The correlation between Pauling bond strength and
n(TO) suggests that a correlation should exist between the
sum of the Pauling bond strengths p, and n(SiO) and
n(AlO). Louisnathan and Gibbs (1972b) and Cameron and
Gibbs (1973), for example, have published such correlations
for p, and n(SiO) calculated with semi-empirical methods.
We confirm the correlation by plotting n(TO) for SiO and
AlO bonds as a function of p, in Figure 7, using the calcu-
lated overlap populations and p,’s for the molecules listed
in Tables 1-3. Negative correlations are well-developed for
both the SiO (r*=0.91) and AlO (r*=0.87) bonds. Note
that the AlO bonds have smaller overlap populations than
the SiO bonds consonant with the belief that an AlO bond
possesses less covalent character than a SiO bond.

In light of the relationships between (1) n(70) and
r(TO), and (2) »(TO) and the parameters chosen to model
r(TO), we make the following observation. Mulliken over-
lap populations can provide a consistent method for inter-
preting the relationship between local environment and
bond length variation. In other words, the type and number
of atoms around the bridging oxygen (characterized by p,)
and the positioning of these atoms around the bond (char-
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Fig. 7. MO calculated Mulliken overlap populations of the bridging
T0 bonds n(TO) (T=Al, Si) vs. the sum of the Pauling bond
strengths to the bridging oxygen. Aluminate data are plotted as
open circles and silicate data as filled circles. These data were ob-
tained from the non-empirical MO calculations on the molecules
listed in Tables 1-3. Solid lines represent the regression lines for
these data

acterized by the angular environment, f,(O) and f,(T)) can
be related through overlap populations to regular variations
in the strength of the tetrahedral bond which manifest
“themselves as variations in the bond length.

In the remainder of this study, we will examine the rela-
tionships that obtain between p,, £,(0O) and f(T), and r(TO)
using simple and multiple linear regression techniques on
both theoretical and experimental bond length data. Re-
‘gression techniques are ideally suited to this kind of study
as they provide a systematic method for testing, with confi-
dence limits, whether the bond length data are consistent
with the hypothesis that they correlate with p,, £(O) and
S{T). In view of all the previous theoretical and empirical
studies on different molecular and mineral systems, there
is no doubt we will observe correlations. The point of this
examination is to bring various ideas together in one com-
prehensive examination of SiO and AIO bond length varia-
tion in framework structures. The regression analyses will
be used to compare the similarities and differences in the
responses of SiO and AlO bonds to their local environments
and to perhaps indicate where our parameters fail to accur-
ately model bond length variation.

Regression Analyses on SiO and AlO Bond Lengths from
Theoretical Data

The molecules listed in Tables 1--3 provide the theoretical
data base upon which we will test the dependence of r(SiO)
and r(AlO) variation on the parameters p,, f,(0), and f(7).
The advantage of first examining theoretical data is that
random and systematic measurement errors usually asso-
ciated with experimental data are absent. Moreover, as our
parameters model local environment, they must first pro-
vide a good model in a molecular system if they are expected
to hold for a complex crystal system. However, the theoreti-
cal data are biased to some extent because we have used
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Table 6. Results of regression analyses for r(SiO),,,. (1)-(3) are
linear regressions to test dependence on individual parameters p,,
/:(O) and £(7). (4) is multiple linear regression to model r(SiO),,,
and test significance of parameters in each others presence. Statis-
tics provided inlcude: (a) parameter estimates (intercepts and
slopes), (b) estimated standard deviations (esd), (¢) student’s ¢ sta-
tistic for rejecting the null hypothesis (+ for H,), (d) significance
level for rejecting H, (prob > t), and (e) coefficient of determination

(]

Variable Param- esd tfor H,: prob>|i| r*
eter parameter
estimate estimate=0
(1) intercept  1.415 0.011  119.690 0.0001 0.89
Do 0.098 0.005 19.467 0.0001
(2) intercept  1.388 0.048 39.053 0.0001 0.37
£(0) —0.670 0.132 -5.148 0.0001
(3) intercept  2.005 0.113 17.683 0.0001 0.17
KD —1.445 0.449 —3.216 0.0024
(4) intercept  1.560 0.054 29.098 0.0001 0.92
D, 0.087 0.006 15.378 0.0001
SO —-0.196 0.056 —3.501 0.0011
D -0.184 0159 —1.159 0.2530

a minimal basis set in the calculations and have often con-
strained local symmetry or geometry. At the very least,
the non-empirical method provides a consistent measure-
ment of the bond lengths and angles. The molecules provide
47 SiO bond lengths and 18 AIO bond lengths for linear
regression analysis. This is a larger data set than that used
by Swanson et al. (1980), Swanson (1980), and Meagher
et al. (1980) (14 SiO-data and 8 AlO data), so comparison
of slopes should be more realistic.

In the analyses of the optimized SiO bond lengths
7(8i0),,, and AlO bond lengths, r(AlO),,, linear regres-
sions were performed with each of these bond lengths ex-
pressed as a linear function of p,, £,(O), and f(T) (analyses
(1), (2) and (3), respectively) and, in multiple linear regres-
sions, as a linear combination of all three parameters (anal-
ysis (4)). Results of these regression analyses for r(SiO),,,
and r(AlO),,, are provided in Tables 6 and 7, respectively.
As expected, there are positive correlations of r(SiO) and
r(AlO) with p, and negative correlations with both f(O)
and f(7). In our interpretations of these parameters, the
correlations indicate an increase in the strengths of the indi-
vidual SiO and AlO bonds with smaller p, and with wider
angles.

The parameter p, provides the best single description
of the variation in bond length, describing over 85% of
the variation (as indicated by the coefficient of determina-
tion r?) in both r(SiO) and r(AlO) in terms of a linear
model. Each of the parameters p,, f,(0), and f,(7) is signifi-
cant at a 98% confidence level when individually modeling
variation in #(SiO) and r(AlO). The significance is indicated
by the probability > |¢| column in Tables 6 and 7.

When using all three parameters to model #(SiO) and
r(AlO) in multiple linear regression analyses (analysis (4)
in Tables 6 and 7), 92% of the variation in r(SiO) and
99% of the variation in r(AlO) can be described in terms
of a linear model. Both p, and f,(O) are significant in the
presence of all three parameters (at >99% level). However.
in the case of r(SiO), the null hypothesis that the slope
is equal to zero for f(7) can be rejected at the ~75%
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Table 7. Results of regression analyses for r(AlO),g,. (1»(3) are
linear regressions to test dependence on individual parameters p,,
£(O) and f(T). (4) is mulitiple linear regression to model r(AlO),,
and test significance of parameters in each others presence. Statis-
tics provided include: (a) parameter estimates (intercepts and
slopes), (b) estimated standard deviations (eds), (c) student’s ¢ sta-
tistic for rejecting the null hypothesis (¢ for H), (d) significance
level for rejecting H, (prob>¢), and (¢) coefficient of determination

(o]

Variable Param- esd tfor H,: prob>|f r*
eter parameter
estimate estimate =0
‘(1) intercept  1.464 0.027 53.860 0.0001 0.86
2o 0.130 0.013 9.790 0.0001
(2) intercept  1.978 0.065 30.365 0.0001 0.49
1O —0.639 0.163 —3.916 0.0012
(3) intercept  1.981 0.103 19.316 0.0001 0.28
D —1.044 0417 —2.504 0.0235
(4) intercept  1.739 0.024 71.678 0.0001 0.99
Dy 0.101 0.005 20.623 0.0001
O -0.247 0.032 -7.747 0.0001
£(D —0.489 0.062 —7.873 0.0001

confidence level. Also note when modeling both r(SiO) and
r(AlO) with one parameter alone, f(T) is the least signifi-
cant of the three parameters. We believe that this 1s due
to bias in our data set. Unfortunately, in optimizing the
various molecules, the majority of the OTO angles were
fixed at 109.47° due to the great time and expense associated
with a complete optimization of all the molecules. If we
calculate linear regression analyses of r(SiO)yp and
r{AlO),,, as a function of f(T) using only those molecules
where the OTO angles were optimized (15 SiO data and
7 AlO data), we find much better correlations. For these
limited data sets, f,(T) accounts for 60% of the variation
in r(Si0),, with F(Si0)yp = 1.95 = 1.3£(D). For r(AlO),p0
fT) accounts for 87% of the variation in r(AlO),, with
r(AlO),, =2.0—1.2/(D). In both of these analyses, the nuil
hypothesis that the slope is zero can be rejected only at
the 99% level.

Comparison of the slopes of p,, £.(0), and f(7) in analy-
ses (1) through (3) to the corresponding slopes in the multi-
ple linear regression analyses shows that the slopes in the
individual regression analyses have greater magnitudes than
the corresponding slopes in the multipie linear regression
analyses (analysis (4)). This is true for both the SiO and
AlO analyses in Tables 6 and 7. Thus, bond length variation
shows a greater dependence on a given parameter when
that parameter is entered into the regression analysis alone
than when it is entered in conjunction with the other param-
eters. Obviously, variations in the individual parameters
are not independent measures of bond fength variation.
Furthermore, the excellent correlations observed between
bond length and p,, for example, do not occur simply be-
cause p, is the most important factor determining bond
length but must also be related to the fact that the parame-
ters are not independent. This is indicated by the moderate
non-zero correlation coefficients between the independent
variables in the multiple linear regression analyses (Ta-
ble 8). In other words, when p, is used alone to model bond
length variation, p, must to some extent implicitly account
for the other factors associated with bond length variation.

Table 8. Correlation of independent parameters in multiple linear
regression analyses for: (a) r(SiO),p and (b) r(AlO), 5

Do fL0) (D
(@ p, 1.0000 0.4782 0.3726
J2(e)) 1.0000 0.0224
D 1.0000
®) p, 1.0000 0.4542 0.1735
£(0) 1.0000 ~0.1698
(D 1.0000

For example, from the analysis of TOT angles in the first
section of this study, we know that a TOT angle may de-
crease with an increase in coordination number of the bridg-
ing oxygen from two to three. This is particularly true for
two-coordinate 7OT groups with flat potential energy
curves such as SiOSi, SiOAl and AIOAL Both an increase
in bridging-oxygen coordination number (increase in p,)
and a decrease in TOT angle (decrease in f,(O)) are asso-
ciated with a longer 7O bond length. However, that p,
alone cannot implicitly account for all the variations in
the local environment of a TO bond is indicated by the
better coefficients of determination obtained when using
£.(0) and f(T) in addition to p, in modeling r(70) variation
with a multiple linear regression analysis. Moredver, varia-
tions in p, cannot account for variations in #(SiO) in the
olivines and the silica polymorphs where r(SiO) is correlated
inversely with f(7) and f,(O) and where p, is exactly 2.0
(Louisnathan and Gibbs 1972b; Gibbs et al. 1972).

In comparing the slopes of each of the parameters defin-
ing the r(SiO),, and r(AIO),,, (regression (4), Tables 6 and
7), one can see that the slopes for corresponding parameters
in both regressions are roughly similar. This may suggest
that the SiO and AlO bond lengths vary in a similar fashion
in the same local environment and might be treated as a
single population if the Al-content is taken into account.
We cannot realistically compare the slopes for f(T) due
to the bias in the data. However, from the simple linear
regressions described in the previous paragraph where only
optimized OTO angle data were employed, one can see that
the slope for f(T) is steeper for the SiO data than for the
AlO data as observed earlier by Tossell and Gibbs 1977).
This suggests that AlO bond lengths do vary in a different
fashion than SiO bond lengths in a similar environment.
The consequence of this difference will be discussed further
when examining observed bond lengths from experimental
data.

The dependence of r(SiO),, and r(AlO),, on each of
the parameters p,, f,(O), and f(T) is displayed in Figures 8a.
b, and c, respectively. Examination of the plotted points
in Figure 8c indicates the large number of data which were
fixed at f(T)=0.25 (OTO angle= 109.47°). Figure 8d is a
diagram of bond lengths calculated as a function of p,,
£(0), and f(T) (M(TO)carc) using the separate multiple re-
gression equations for r(SiO) and r(AlO),, plotted
against the actual optimized SiO and AlO bond lengths
(r(T0),q)- We stress that although the SiO and AlO data
are plotted on the same diagram, the calculated bond
lengths were determined using the separate multipie regres-
sion equations for the SiO and AlO data. In other words.
we have in no way attempted to treat the optimized data
as a single population by modeling for average Al content.
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Fig. 8a—d. Optimized tetrahedral TO (T=3i, Al) bond lengths, T0O),,,, displayed as a function of: (a) the Pauling bond strength
sum to the bridging oxygen atom, p,, (b) the fractional s-character of the bridging oxygen atom, £,(O), and (¢} the fractional s-character
of the tetrahedral atom, f,(7). The aluminate data are represented by open circles and silicate data by filled circles. In (a). (b), and
(¢), solid lines represent the regression lines (equations listed in Tables 6 and 7, analyses (1)<3)) calculated from these molecular data.
In (d), tetrahedral bond lengths r(7TO) calc, calculated as a linear combination of p,, f(O), and S{T) are plotted as a function of
the optimized bond lengths, r(7T0),,,. Separate multiple linear regression equations (analyses (4), Tables 6 and 7) were used to calculate
r(8i0),,, and r(AlO)om. The solid line represents a line of perfect agreement in (d)

Examination of Figure 8d indicates that using only the pa-
rameters p,, f(O), and f(7T) as a model for bond length
variation in molecular systems serves to rank the bond
lengths fairly well. The maximum deviation from the line
of perfect agreement for the SiO data is 0.03 A while that
for the AlO data is somewhat less than 0.01 A, well within
the error expected for such calculations.

Regardless of how well we have modeled bond length
variation using only p,, f(0), and f(7), it is important
to question where the model may be inadequate or how
it might be improved. For example, is a linear model appro-
priate? In the case of angular parameters, we have attempt-

ed to linearize the dependence of bond length on angle
by using functions of the angles, f,(O) and f,(7), as opposed
to the angles themselves. That bond length should vary
more or less linearly with fractional s-character, all other
things being equal, has been argued by Dewar and Schmei-
sing (1960) in a study of carbon compounds. Newton and
Gibbs (1980) have rigorously demonstrated a linear rela-
tionship between ~(SiO) and f,(O) in H¢Si,O, which is
obeyed by the bond length variations in the silica poly-
morphs (Hill and Gibbs 1979). On the other hand, we have
no prior knowledge that bond length must vary linearly
with p, except for the following three facts: (1) the linear
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relationship between overlap population and p, (Fig. 7);
(2) the linear relationship between n(70) and r(7TO) ob-
served by Tossell and Gibbs (1977); and (3) the linear rela-
tionships between p, and bond length provided by Baur
(1970, 1981). Indeed, the well-known bond strength-bond
length relationships determined by Brown and Shannon
(1973) indicate a curvilinear relationship between bond
length and bond strength. Brown and Shannon (1973) sug-
gest that Baur’s (1970) linear regressions are reasonable
approximations in the examples he studied because the av-
erage bond lengths for the structures studied are nearly
constant from one site to another. For example, Si and
Al in tetrahedral coordination only exhibit small distortions
of their coordination polyhedra. Thus, a linear approxima-
tion is sufficient to model the variation. This is supported
by the well-developed linear dependence of r(SiO),,, and
r(AlO),,, on p, in our molecular systems where Al and Si
are both four coordinate.

However, it is still worthwhile examining the effects of
p, on bond length, everything else being equal. The MO
calculations allow a separation of p, effects whereas, in
examination of experimental bond lengths, one does not
have this advantage. For an analysis of this type, we can
use some of the X(OH),-H4Si,0, molecules listed in Ta-
ble 2. Note that each of these molecules has the same TOT
(SiOSi) group. Also, if only those molecules with OTO an-
gles fixed at 109.47° are used. then the intrinsic effects of
the OTO variations are effectively eliminated. Also, the
TOT angles for these molecules are all very nearly equal
to 120° so the intrinsic effects of TOT variation are effec-
tively eliminated as well. Each of the coordinating X atoms
is four-coordinate and there is only one X atom coordinated
to bridging oxygen in each molecule. Therefore, variation
in coordination number is eliminated. The change in p,
in these molecules is only related to a change in the formal
valence of the X atom. These molecules actually provide
two series for examination Y=Li, Be, B, C and X'=Na,
Mg, Al, Si.

Figure 9 demonstrates the dependence of bond length
on p, in these molecules. Although the errors on the opti-
mized SiO bond lengths may be on the order of 0.03 A

(Pople 1982; Carsky and Urban 1980), the systematic varia-
tion of the bond lengths related to the position of the X
atom in the periodic table suggests that r(SiO) does not
vary linearty with p,. Bond length changes more rapidly
from left to right in the periodic table. Moreover, atoms
in the first row (Li, Be, B, C) lengthen the bond length
more than atoms in the second row (Na, Mg, Al, Si). The
limited available data also suggest that the same kinds of
trends obtain for SiO and AlO in SiOAl groups. Also, recall
from the discussion of TOT angle variation that the range
in SiOSi angle as indicated by potential energy curves is
more restricted for a second period atom than a third period
atom of the same valence and for atoms farther to the
right within the same period. From Figure 9, we suggest
that the parameter p, does not adequately account for the
intrinsic *“chemistry™ or electronic structure of different
types of atoms. Efforts to model for this effect by including
parameters such as electronegativity or ionization potentials
were unsuccessful or at least provided incousistent results
in regression analyses. For example, including an average
ionization potential of the additional atoms coordinated
to an SiO bond through the bridging oxygen provided a
slightly better model of r(SiO),, variation with the coeffi-
cient of determination increasing from r*=0.92 to 0.94.
However, the same parameter was no¢ significant in the
presence of p,, f,(O) and f(T) for r(AlO),,. Whether our
inability to consistently improve the model is due to the
types of ““chemical effect” parameters chosen, the manner
in which the parameters were included in the regression
analyses, or some limitation in the data itself is not clear.
Until we can determine some method which better quanti-
fies the effects of particular atomic types on bond length
variation, we suggest that a linear model including p,, /(O),
and £(7) is adequate. The reader is reminded that when
using only these three parameters to model for the local
environmental effects on bond length, the results of the
multiple linear regression analyses were quite good having
accounted for 92% of the variation in r(SiO),, and 99%
of the variation in r(AlO),,.

Regression Analyses on SiO and AlO Bond Lengths in
Framework Silicates

Having demonstrated that the parameters p,, f,(O), and
£.(T) provide a quantum chemical modeling of r(Si0O) and
r(AlO) variation in molecules, it remains to test the extent
to which these parameters can model bond length variations
in framework structures. The structures chosen for analysis
include low quartz (Wright and Lehmann 1981; Stewart
and Spackman, personal communication), low cristobalite
(Peacor 1973). coesite (Gibbs et al. 1977; Geisinger 1983).
low albite (Wainwright and Starkey, personal communica-
tion: Harlow and Brown 1980); low microcline (Brown and
Bailey 1964; Strob, personal communication), anorthite
(Wainwright and Starkey 1971), slawsonite (Griffen et al.
1977), and paracelsian (Craig et al. 1973). These structures
provide 144 SiO and 78 AlO data. In the case of the alumi-
nosilicates, only those structures that can be presumed to
have a completely ordered Si/Al distribution were used.
This is required in the analysis to eliminate any dependence
of the mean TO bond length variation on the average Al;Si
content of the tetrahedra. In the case of low microcline
and low albite. there has been some debate as to whether
or not these feldspars are completely ordered. with sug-
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gested values of up to 15 to 20% disorder (cf. Ferguson
et al. 1958; Gait et al. 1970; Ferguson 1979). However, neu-
tron diffraction results for low albite (Harlow and Brown
1980), which indicate the structure to be completely ordered
within experimental error, cannot be discounted. Further-
more, the average SiO bond length in framework aluminosi-
licates accepted as fully ordered is slightly less than 1.62 A.
With regard to this, 15 to 20% disorder should increase
the average SiO bond length in low microcline and low
albite to as high as ~1.64 A. The average SiO bond length
in both structures is less than 1.62 A. Therefore, we regard
low microcline and low albite as fully ordered within the
experimental error.

Another point which might be argued is that since we
are using silica polymorph structures as well as aluminosili-
cate structures to provide the SiO data, then perhaps alu-
minate structures should be included for the AlO data. An-
hydrous aluminate framework structures do exist. However
we have no evidence as to how accurate the crystallographic
data are. For example, in recent refinements of CaAl,O,
(Horkner and Muller-Buschbaum 1976), SrAl,Q, (Schulze
and Muller-Buschbaum 1981) and BaAl,O, (Horkner and
Mutler-Buschbaum 1979), no error estimates are provided.
Furthermore, in BaAl,O,, there is positional disorder of
the O3 oxygen in the subcell (Perrotta and Smith 1968)
while for SrAl,O, there is some question as to whether
different symmetry low- and high-temperature forms exist.
Rather than include data of unknown accuracy, we have
only used AlO data from aluminosilicates, perhaps resuiting
in a biased data set.

Regression analyses for the observed data from the
framework structures listed above were undertaken in the
same manner as for the theoretical molecular data. Linear
regressions were calculated for observed bond lengths
r(Si0),s and r(AlO),,, both as a linear function of p,, £,(0),
and f,(T) (analyses (1)-(3), respectively). Likewise, multiple
linear regression analyses were calculated for r(SiO),,, and
r(AlQ),,, as a linear combination of all three parameters
(analysis (4)). Results of the regression analyses are pro-
vided in Tables 9 (+(SiO),,,) and 10 (r(AlO),,).

In agreement with the results for the molecular data
and previous empirical analyses of bond length variation,
we observe a positive correlation of bond length variation
with p, and negative correlations with £,(O) and f(7). Each
of these parameters shows a significant correlation with
7(Si0),,, and r(AlO),,, variation. As in the previous section,
the parameter p, alone provides an important description
of both +(SiO) and r(AlO) variation accounting in both
cases for over 55% of the varation in terms of a linear
model. Note also that the parameter f,(T) is significantly
correlated with bond length varation. Indeed, in the case
of r(Si0),,, variation, f,(T) provides the best single descrip-
tion of ‘the bond length variation accounting for 60% of
the variation in terms of a linear model.

Using all three parameters in multiple linear regression
analyses (analysis (4) in Tables 9 and 10) accounts for 76%
and 79% of the varation in r(SiO),,, and r(AlO),,,, respec-
tively. Moreover. each of the parameters is highly signifi-
cant in the presence of the others. The null hypothesis that
the slopes are equal to zero can be rejected at better than
the 99% level. As was true in the analysis of the molecular
data, the slopes of p, and /; (O) for the SiO and AlO data
are statistically identical. Although only hinted at in the
molecular analysis, the slopes of f(T) for r(SiO),,, and
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Table 9. Results of regression analyses for r(SiO),,.. (1)}-(3) are
linear regressions to test dependence on individual parameters p,,
Ji(0) and f(T). (4) is multiple linear regression to model r(SiO),,,
and test significance of parameters in each others presence. Statis-
tics provided include: (a) parameter estimates (intercepts and
slopes), (b) estimated standard deviations (esd), (c) student’s t sta-
tistic for rejecting the null hypothesis (¢ for H,), (d) significance
level for rejecting A, (prob > 1), and (e) coefficient of determination

)

Variable Param- esd t for H,: prob> |t r*
eter parameter
estimate estimate =0

(1) intercept  1.407 0.015 92.063 0.0001 0.56
Do 0.102 0.008 13.510 0.0001 -

(2) intercept 1712 0.014 124.405 0.0001 0.27
O -0.229 0320 - 7.168 0.0001

(3) intercept  1.892  0.019  98.267  0.0001 0.60
AT =1117 0077 —14.500  0.0001

(4) intercept  1.727 0.036 48.466 0.0001 0.76
Do 0.050 0.008 6.108 0.0001
H0) -0.137 0.019 - 7.204 0.0001
HD —-0.620 0.086 -~ 7.191 0.0001

Table 10. Results of regression analyses for r(AlO),,,. (1)~(3) are
linear regressions to test dependence on individual parameters p,,
J(0) and f(7). (4) is multiple linear regression to model r(AlO),,,
and test significance of parameters in each others presence. Statis-
tics provided include: (a) parameter estimates (intercepts and
slopes), (b) estimated standard deviations (esd), (c) student’s t sta-
tistic for rejecting the nufl hypothesis (¢ for H,), (d) significance
level for rejecting H, (prob > ¢), and (e) coefficient of determination

r)

Variable Param- .esd tfor H,: prob> i r?
eter parameter
estimate estimate =0

(1) intercept ~ 1.562 0.017 92.688 0.0001 0.61

2. 0.091  0.008  10.863 0.0001
(2) intercept  1.874  0.019  98.014 0.0001  0.38
£O)  —0312 0046 —6.783 0.0001
(3) intercept  1.895  0.022  86.959 0.0001 0.37
£ —0604 0087 —6.921 0.0001

(4) intercept  1.796 0.032 56.245 0.0001 0.79

2, 0.054 0.008 6.8334 0.0001
JLO) —-0.183 0.030 —6.104 0.0001
S -0.332 0.059 —5.593 0.0001

r(AlO),,, in the multiple linear regression analyses are un-
deniably different, at least for the data we have employed.
This is an important result. In as much as f(7) contributes
significantly in modeling both r(SiO),,, and r(AlO),,,, this
type of parameter should not be ignored in modeling bond
length variation. Moreover, as the slopes for f,(T) are differ-
ent, it is inappropriate to treat SiO and AlO bond lengths
as a single population tied together by a parameter account-
ing for Al content. In other words, SiO bond lengths and
AlO bond lengths can vary differently in similar local envi-
ronments. This result corroborates the work of Tossell and
Gibbs (1977) who found the dependence of tetrahedral
bond length variation to be better developed as the electro-
negativity of the tetrahedral atom increases. These com-
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ments are directed primarily at preliminary empirical stu-
dies of r(Si, AlO) bond length variation undertaken by
Swanson et al. (1980), Meagher et al. (1980), and Swanson
(1980) and reported by Gibbs et al. (1981). In these studies,
tetrahedral Al/Si bond length variation was modeled as a
function of p,, f,(O) and x=the average Al content of the
bond or tetrahedron. The fact that large coefficients of de-
termination (r?=~0.99) are obtained in this type of study
is more a function of using two distinct populations of
bond lengths — one short (r(SiO)) and one relatively longer
(r(AlO)) ~ than resulting from accurate modeling of the
local environment.

The dependence of observed SiO and AlO bond lengths
on the parameters p,, f(O), and f,(T) are displayed in Fig-
ures 10a, b, and c, respectively. One can easily observe the
positive correlation with p, and the negative correlations
with f,(O) and f(T). The difference in slope for the SiO
data compared to the AlO data as a function of f,(T) is
also easily observabie. In Figure 11a, bond lengths calcu-
lated from the multiple linear regression equations from
the experimental data, 7(SiO).aic and r(AlO).,,., are plotted
as a function of the observed bond lengths. As with the
molecular data, we can see that a linear model for bond
length variation incorporating p,, £,(0), and f,(T) ranks the
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observed bond lengths fairly well. The maximum deviation
from the line of perfect agreement in Figure 11a is
~0.025 A for both the SiO data and the AlO data. More-
over, even when calculating #(SiO) and r(AlO) using the
multiple linear regression equations obtained for the theo-
retical data, we can order the experimentally observed bond
lengths reasonably well although the theoretical calcula-
tions systematically underestimate observed AlO bond
lengths in solids. This is demonstrated in Figure 11b where
the maximum deviation from a line of perfect agreement
is 0.025 A for the SiO data and 0.038 A for the AlO data.
In summarizing the results of this examination of ob-
served r(SiO) and r(AlO) variation, we can make a few
observations. Our ability to model over 75% of F(Si0),ps
and r(AlO),,, variation using the same type of linear model
employed fairly successfully in molecular systems corrobo-
rates the viewpoint that local forces determining these bond
lengths are similar in molecules and solids. However. there
are quantitative differences between the models for the mo-
lecular and solid data such as some differences in slope
for the same parameter and better accounting of molecular
bond length variation than bond length variation in solids.
These differences are probably related to variety of factors
some of which may be included in the following. First.
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we have only attempted to explicitly model for bond length
variation as a function of local environment. Certainly, the
overall linkage of a structure affects the observed bond
lengths (Smith and Bailey 1963). In addition, systematic
errors that may be incurred by employing the minimal STO-
3G basis set in the MO calculations will also contribute
to differences between the models. Finally, with the random
and systematic errors known to exist in experimental data,
it is unlikely that we could obtain as good a correlation
for the experimental data as we observed for the theoretical
data, particularly when it is realized that the variation of
r(SiO), for example, is less than an order of magnitude
larger than its estimated error.

Although we indicated in the previous section that the
parameter p, may be inadequate in modeling the chemistry
of the coordinating environment of the bridging oxygen,
we do not believe that this is contributing very much to
the smaller coefficients of determination in the observed
data analyses. Using only silica polymorphs and aluminosi-
licates for the observed data, there is very little composition-
al variation in the frameworks. The majority of the varia-
tion comes from the nontetrahedral atoms modifying the
aluminosilicate frameworks. These modifying atoms are
generally in six-fold or higher coordination and are either
alkali or earth-alkali elements. Thus, their effects on SiO
or AlO bond lengths should not be as pronounced as the
chemical effects demonstrated in the analysis of the theoret-
ical data. Recall in that analysis, the atoms coordinated
to the bridging oxygen of an SiOSi group were four-coordi-
nate and included atoms ranging from Li to C and Na
to Si. This serves to overemphasize the effects of changes
in p, on SiO bond lengths. In view of the good correlations
obtained using p, in the molecular system where the effects
of p, are emphasized, it is suggested that p, will be a good
model of the coordinating environment in the aluminosili-
cates which we have investigated.

Conclusions

Non-empirical MO calculations on molecules containing
TOT (T=Si, Al, B, Be, Mg) groups have been used in
this study to model and analyze variations in 7OT angles
and TO (T=S8i, Al) bond lengths in solids. Examination
of potential energy curves for two-coordinate oxygen 707
groups provides qualitative insight into the restrictions on
the topology of a structure given a certain composition
and the distribution of tetrahedral atoms into particular
sites in a structure in terms of the compliancy of the 70T
angle. Increased coordination of the bridging oxygen in
a particular TOT group apparently serves to limit the range
of energetically feasible angles. The degree to which angular
variation is restricted in a given 707 group may be deter-
mined by the type of additional coordinating atom. For
example, in the three-coordinate SiOSi groups examined,
the energetic barrier to bending induced by the additional
coordinating atom X is larger the more electronegative the
X atom. This is not meant to imply that greater electronega-
tivity of X causes the greater barrier. It is only used as
one possible parameter to identify the trend.

In an analysis of SiO and AIO bond length variation,
the parameters p,, f,(O), and f(7) have been demonstrated
to provide good representations of bond length variation
in molecules within the confines of linear models. These
parameters have been used to model the local environment
of the SiO and AIO bonds. Vanations in bond length can
be related through these parameters to variations in bond
strength. We hasten to point out that we are not using
the regression analyses to imply a direct cause and effect
relationship between variations in each of these parameters
and bond length variation. However, by using Mulliken
overlap populations, one can associate overall changes in
bond strength (and therefore bond length) with variations
in these parameters. Close inspection of the parameter p,
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suggests that variation of bond length may not necessarily
exhibit a linear dependence on p,. For example, given an
atom of the same valence and coordination number coor-
dinated to the bridging oxygen of an SiOSi group, the group
with the atom of greater electronegativity has longer bonds.
Moreover, as one moves from left to right within one period
of the periodic table, the dependence of SiO bond length
on p, is curvilinear in conformity with the Brown-Shannon
bond strength-bond length curves.

Our ability to model SiO and AlO bond lengths in solids
using the same parameters successfully tested in molecular
systems has been demonstrated, using data from several
silica polymorphs and framework aluminosilicates. The re-
sults indicate that in modeling bond length variations, all
three parameters, p,, f,(O) and f,(7), are important. The
different slopes for f,(T) between the SiO and AlO multiple
linear regression analyses suggest that SiO and AlO bond
lengths should not be treated as a single population. Within
the small compositional range of framework structures ex-
amined, we do not consider the possible nonlinear depen-
dence of bond length on p, to be a problem. However,
if we hope to extend this type of model to structures with
a larger variety of compositions, we must determine some
method of better quantifying the “composition” of the lo-
cal environment. This is particularly true for structures con-
taining second period atoms.
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