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It has long been recognized that the29Si and27Al NMR chemical shifts for aluminosilicate crystals and glasses
correlate to some extent with the T-O-T bond angle (where T is the tetrahedral atom Si or Al). With increasing
T-O-T bond angle, the29Si and27Al NMR shieldings increase and the shifts thus become more negative.
This result has been demonstrated both experimentally and through quantum computations. However, no
simple qualitative explanation has ever been given for what appears to be a simple qualitative trend. We here
provide such an explanation based upon quantum calculations. We have used high level ab initio NMR shielding
calculations, natural bonding orbital (NBO) analysis, and natural chemical shielding (NCS) analysis, performed
on model clusters with different T-O-T angles, to obtain an explanation for this trend from an electronic
structure point of view. On the basis of both NBO populations and the NCS analysis, the following factors
account for the correlation of shift with T-O-T angle: (1) a slight increase in population of the Al-O and
Si-O bond orbital electrons and a dramatic change in bond orbital shapes and hybridization (with more s
character and less bond bending as the T-O-T angle increases), (2) a movement of one of the lone pairs on
O toward the vicinity of the Si or Al as the T-O-T angle increases, and (3) a change in the shielding
contribution from the core 2p electrons of Al or Si. The changes in the17O NMR shift with T-O-T angle
are more complex, and the shifts are also more strongly influenced by distant atoms, but some systematic
changes in O lone pair contributions can be identified.

I. Introduction

It is a well-known fact that the T-O-T bond angle (here, T
is the tetrahedral atom Si or Al) in aluminosilicates can affect
the NMR chemical shifts of the T atoms. The effect of the
T-O-T angle on NMR shifts has been demonstrated both
experimentally and theoretically, by a number of researchers.1-12

Understanding the nature of the relationship between the
chemical shift and the distribution of T-O-T bond angles could
potentially lead to important structural information both for
crystalline materials with complicated chemical environments
and for glasses by providing insights into properties such as
the Si/Al ratio, Si/Al ordering, and possible Al-O-Al
linkages.9-11 However, the electronic structure details of the
chemical shift/bridging bond angle relationship have remained
elusive.

A fundamental difficulty encountered in the interpretation of
observed27Al or 29Si chemical shift/bond angle correlation is
the fact that the measured chemical shift reflects the composite
effect of four T-O-T bond angles in aluminosilicate materi-
als.12 However, our previous ab initio calculations on the27Al
NMR properties of Al in tetrahedral coordination have indicated
that there is little difference between the calculated isotropic
chemical shift if an average T-O-T angle is used or if
individual T-O-T bond angles are used provided that the
average of each is the same.13 It appears simply that enlarging

one T-O-T angle and reducing another to the same extent in
aluminosilicates will increase and decrease the shielding seen
by T such that the net effect is no different than if a per
tetrahedron average T-O-T angle were used. Hence, the27Al
and 29Si NMR properties correlate at least with the average
T-O-T bond angle.

17O NMR parameters could be expected to provide more
direct information on the individual T-O-T bond angles. Many
early studies on these17O NMR properties and T-O-T
correlation were from ab initio quantum calculations, such as
the work from Tossell and his colleagues.8,14-15 The 17O
chemical shift appears to correlate more strongly with param-
eters such asCq (quadrupolar coupling constant) of the bridging
O, parameters which can also be easily obtained from experi-
ments.16 Experimental studies also give more and more evidence
for this correlation especially after the17O MQMAS techniques
has been widely used.17-21 Although some people still raised
questions about whether the17O chemical shift can be directly
correlated with the T-O-T bond angle,22-25 recently, from both
ab initio calculations and experiments (such as the work from
Grandinetti and his collaborators), this correlation has been
confirmed very well.26-28

However, the question that remains iswhyare the shielding
properties of Al, Si, and O atoms affected by the T-O-T
angles? From an electronic structure point of view, the NMR
shielding properties are determined by the spatial and energetic
distribution of surrounding electrons. A change in T-O-T bond
angle must somehow involve the relocation of some portion of
the surrounding electrons and changes in their energy eigen-
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values, thereby changing the isotropic chemical shift. To
investigate this, high level ab initio NMR calculations coupled
with both natural bonding orbital (NBO) population analysis
and natural chemical shielding (NCS) analysis were performed.29

II. Cluster Model

Aluminosilicates such as albite (NaAlSi3O8) and jadeite
(NaAlSi2O6) as well as some Al-free silicates such as quartz
(SiO2) and their respective glasses consist of an Al and/or Si
tetrahedral framework containing rings of various sizes. The
best fit to experimental NMR data requires the use of cluster
models that mimic these rings as much as possible. However,
for the purpose of investigating the NMR trends arising from
the variation of a single T-O-T angle, calculations on simple
clusters should suffice. Figure 1 shows the simple cluster model
SiAlO(OSiH3)6

-1 selected for this work. We also tested a smaller
SiAlO7H6

- cluster, finding essentially the same trends in
shieldings and NBO and NCS properties with the T-O-T
angle. In this SiAlO(OSiH3)6

-1 cluster model, all of the∠Al-
O-Si and∠Si-O-Si angles except the central∠Al-O-Si
one are fixed at 144°, simulating the presence of further linkages
(or rings) beyond the cluster. Evidence shows that only a very
big cluster model containing four- to five-layer atoms can
reproduce accurate∠T-O-T angles during free optimization.30

We hence use several fixed∠Al-O-Si and∠Si-O-Si angles
to avoid the interference coming from this direction (the average
T-O-T angle of 138° in aluminosilicate glasses was widened
to 144° for this study in order to avoid the formation of hydrogen
bonds, an artifact arising from the truncation of the cluster by
H).13,31For this investigation, the central∠Al-O-Si bond angle
was varied from 125 to 175°.

III. Calculation Methods

Geometry Optimization. All geometry calculations were
performed using Gaussian98.32 Potential energy minima were
located with the Berny algorithm using redundant internal
coordinates.33 All geometry calculations used the B3LYP
(Becke’s three-parameter hybrid functional using the LYP
correlation functional) method.34,35 The chosen basis set was
the standard polarized split-valence 6-31G*, because the
geometry results of 6-31G* often have an accuracy equivalent
to that of much larger basis sets.36

NMR Calculations. The NMR shielding tensor calculations
were performed using the gauge-including atomic orbital
(GIAO) method.37 Although Gaussian98 permits the use of the
Hartree-Fock, DFT, and MP2 levels for NMR calculation, the
MP2 level proved to be too time-consuming for regular use.
Both the HF and DFT methods produced preciserelatiVe results

with the same trend of∠T-O-T versus the calculated chemical
shift for T. The HF/6-311+G(2df,p) level was chosen for the
27Al, 29Si, and 17O NMR calculations discussed below. The
methods used have been shown to provide accurate NMR
shieldings.16 We expect that the calculatedchangesin shielding
with bridging bond angle will be even more accurate, to fractions
of a ppm. In fact, less accurate methods, for example, those
using smaller basis sets, typically show the same trends in NMR
shifts as a function of angle, and we could employ them in this
paper to reduce computational expense. We choose to employ
large basis sets to increase the reliability of our results.

Using the GIAO formalism, the isotropic shielding,σiso, was
obtained by averaging the three principal tensor components,
σxx, σyy, andσzz. Isotropic chemical shifts,δiso, were calculated
using the relationshipδiso ) σiso

ref - σiso
molecule, whereσiso

ref is
the chemical shielding value of a reference substance calculated
at the same level. For this study, evaluation of theδqs

(quadrupolar shift) for27Al and 17O was not needed.
Natural Bonding Orbital (NBO) Method. 38-40, 29The NBO

5.0 program performs the analysis of a many-electron molecular
wave function in terms of localized electron pair bonding units.
That is, it transforms a given wave function into a localized
form corresponding to the one-center (“lone pair”) and two-
center (“bond”) elements of the common Lewis structure picture.
We use it for natural population analysis and natural chemical
shielding (NCS) analysis. NCS is similar to the old NMR
calculation methods such as LORG or IGLO which calculates
the shielding as a sum of contributions from each individual
localized molecular orbital.41-44 The NCS analysis can partition
the results of the GIAO method into individual magnetic
contributions from chemical bonds and lone pairs.29

This method has recently been applied to interpret trends in
29Si NMR spectra for heteroatom-substituted sillyllithium
compounds.45

Both the NBO population and NCS analysis of the cluster in
Figure 1 were done for different Al-O-Si bond angles using
the same HF/6-311+G(2df,p) level as the NMR calculations.
The following factors were considered for the NBO population
analysis: (1)bonding orbitals, their population and hybrid
coefficients; (2)lone pairs, their population and hybrid coef-
ficients; (3)core pair electrons; and (4)natural hybrid orbitals
(NHO) directionality and “bond bending”.Since the “Rydberg”
orbitals are only weakly occupied, the population variation
within them is not easy to assess and was not evaluated here.
However, the potential contributions from non-Lewis structures
including those of Rydberg orbitals will be discussed in the NCS
analysis section below.

IV. Results and Discussion

NMR Results.Table 1 lists the calculated absolute27Al, 29Si,
and17O NMR shielding values for the cluster in Figure 1 with
varying Al-O-Si bond angles. For ease of reference, each
oxygen atom has been numbered for the discussion below except
the middle one. The middle oxygen will be referred to as “O”,
and its 17O NMR properties are also shown in Table 1. The
magnitudes of shielding changes for27Al, 17O, and 29Si are
∼7-9 ppm for the 125-175° range.

The shielding of each atom shows the same trend with Si-
O-Al bond angle. With increasing Si-O-Al bond angle,
shielding increases and chemical shift decreases (i.e., subtracted
by references). The quadrupolar coupling constant,Cq, of the
middle O also changes with the bond angle over the entire range,
125-175°.

Figure 1. Al-O-Si cluster model.
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NBO Population Analysis Results.1. Bonding Orbitals.
Al-O and Si-O Bonding Orbitals.With a change in∠Al-
O-Si from 125 to 175°, the Al-O and Si-O bond lengths
shorten. However, the T-O bond lengths in aluminosilicates
do not correlate with the NMR shielding value for T. In fact,
in some cases, slight enlargement of this bond length increases
rather than decreases the shielding value of T. As will be shown
below, only upon consideration of bond length in combination
with other factors (e.g., the location of hybrid orbitals) can the
effect of bond length on the shielding value for T be predicted.

The total number of electrons in both Al-O and Si-O
bonding orbitals increases slightly with increasing∠Al-O-Si
(i.e., from 1.9679 at 125° to 1.9845 at 175° for Al-O and from
1.9833 to 1.9885 for the Si-O bonding orbital). Concomitant
with this increase is a change in the shape of the bonding
orbitals. Each bonding orbital is formed by the contribution of
an sp3 hybrid from Al or Si and an spx from O. Within the
∠Al-O-Si range 125-175°, the type of hybridization seen
for Al and Si remains unchanged, but the type of hybridization
for O changes continuously (see Table 2). With more and more
s orbital components instead of p orbital components, the
bonding orbitals increasingly contract, thereby increasing the
electron density between Al (or Si) and O and bringing some
electrons closer to Al or Si. This results in more shielding of
the Al and Si nuclei.

Al-O4, Al-O5, Al-O6, Si-O7, Si-O8, and Si-O9 Bonding
Orbitals. The population of electrons in these bonding orbitals
remains unchanged with varying∠Si-O-Al. The type of
hybridization seen for Al (or Si) and O atoms is unchanged in
the range 125-175°. From a NBO population point of view,
invariance of the electron population and orbital shape implies
that these bonding orbitals contribute little to the change in Al
(or Si) NMR shielding.

2. Lone Pairs.The configuration of possible electron lone
pairs was evaluated for the middle O atom. There are two lone
pairs on O; one pair “sticks out” because it contains only a p
orbital component, while the other shows spx hybridization with
both s and p components. With increasing∠Si-O-Al, one of
the lone pairs which with only a p orbital component remains
almost unchanged, while the other one with spx hybridization
changes its shape clearly, exhibiting more and more of a p orbital
shape (Table 3). The increased p orbital component implies
lower electron density, as the electrons become increasingly
diffuse (i.e., removed from the O nucleus). It is possible that a
portion of these electrons move closer to Al or Si. If this is the
case, then the NMR shielding properties of Al, Si, and O will
be affected.

These results also imply why it is difficult to find a simple
correlation between the T-O-T bond angle and17O NMR
chemical shift in natural materials. Increased diffuseness of one
of the oxygen lone pairs with increasing T-O-T angle could
induce some extent of deshielding of O. Although the change
in hybridization of both the Si-O and Al-O bonding orbitals
should increase the shielding of O (by bringing electrons more
closely in line between O and Al or Si), it is difficult to
immediately evaluate the net effects on O by this population
analysis alone. Furthermore, the Al-O-Si bond angle is only
one of the structural factors which can affect the shielding of
O. Different cations or different distances to O and the
orientation of the nearest lone pairs on other oxygen atoms can
also affect the O shielding. NBO population analysis alone
cannot yield sufficient information to assess the extent of each
effect on the shielding of O. Any simple trend will likely be
further obscured in complex natural systems, since with an
increasingly diffuse p type orbital component, the lone pair
electrons on oxygen can easily interact with the environment
close to them.

3. Core Pair Electrons.None of the core pair electrons of
Al, Si, or O show changes during the variation of∠Si-O-Al.
Hence, from a population analysis point of view, they do not
appear to play a role in changing the27Al, 29Si, and17O NMR
shielding. However, from later NCS analysis, this is not the
case for Al.

4. Natural Hybrid Orbitals (NHO) Directionality and Bond
Bending. NBO analysis also yields information about the
“direction” of the natural hybrid orbitals, that is, about the
direction of components that form the bonding orbitals and lone
pairs. Deviations from the line of nuclear centers are used to
show the changes of directions of natural hybrid orbitals and
thusbond bending. For lone pairs, it yields the orientations of
the natural hybrid orbitals in terms of polar,θ, and azimuthal,
φ, angles.

Al-O and Si-O Bond Bending.The extent of bond bending
of the Al natural hybrid orbital in Al-O and of the O’s in Si-O
changes systematically with increasing T-O-T bond angle
(Figure 2), with the natural hybrid orbitals contributed by Al
or Si becoming increasingly collinear with the line of nuclear
centers. The bending of the O natural hybrid orbital in Al-O
bonding changed up to 7.3° at the 145-150° range and then
decreased very quickly to 2.0° when the Al-O-Si angle
enlarged to 175°. Generally, the extent of bond bending is
reduced at large T-O-T angle for all natural hybrid orbitals
in Al-O or Si-O bonding.

TABLE 1: Variation in Calculated NMR Absolute Shielding Values (ppm) and Cq (MHz) with ∠Si-O-Al Bond Angle

Si-O-Al 125 130 135 140 145 150 155 160 165 170 175
27Al 547.1 547.9 548.6 549.5 550.4 551.2 551.9 552.5 552.9 553.3 553.2
29Si 481.3 482.5 483.7 484.5 485.7 486.8 487.7 488.6 489.3 489.8 490.3
17O 274.8 276.2 277.2 279.0 279.8 280.6 281.4 282.0 282.6 283.0 283.4
Cq of O 3.71 3.88 4.01 4.11 4.23 4.34 4.43 4.51 4.56 4.60 4.63

TABLE 2: Hybridization of O in Al -O and Si-O Bonds with Varying ∠ Al-O-Si

∠Al-O-Si 125° 130° 135° 140° 145° 150° 155° 160° 165° 170° 175°

O(-Al) sp1.65 sp1.50 sp1.37 sp1.24 sp1.12 sp1.02 sp0.93 sp0.86 sp0.80 sp0.76 sp0.74

O(-Si) sp1.78 sp1.70 sp1.63 sp1.59 sp1.53 sp1.48 sp1.45 sp1.42 sp1.40 sp1.38 sp1.38

TABLE 3: Hybridization of One Lone Pair on O with Varying ∠Al-O-Si

Al-O-Si 125° 130° 135° 140° 145° 150° 155° 160° 165° 170° 175°

% of p 73.3 76.7 79.8 83.2 86.5 89.7 92.7 95.7 98.8 99.93 99.95
hybrid sp2.77 sp3.32 sp4.00 sp5.01 sp6.48 sp8.82 sp12.8 sp22.5 sp89.0 sp99.99 p
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Lone Pair Orientations.With increasing T-O-T, lone pairs
remain fairly centered between Al and Si but rotate directions.
The azimuthal,φ, angles of these lone pairs appear to remain
around 270° for larger T-O-T bond angles, which is roughly
at the midline of the∠Al-O-Si bond angle for each specific
geometry. Looking at the whole picture for the O atom, with
increasing∠T-O-T, one lone pair becomes more diffuse (with
more and more p orbital component), and both lone pairs remain
balanced between Al and Si (with azimuthal angles remaining
at 270°) but with rotated orientations (i.e., different polar angles).
Figure 3 shows the rotation orientations of lone pairs with
different polar angles.

Summary of NBO Population Analysis.This population
analysis suggests that two factors may account for the increase
in shielding with increasing T-O-T bond angle: (1) a slight
increase in population of the Al-O and Si-O bonding orbital
electrons and dramatic change of their electron distribution (with
more s orbital component and less bond bending) and orientation
(less bending) and (2) increased diffuseness of one of the lone
pairs on the O atom and hence its increased removal from the
vicinity of O (and perhaps increased proximity to Al or Si).

Natural Chemical Shielding (NCS) Analysis Results.
Population analysis cannot directly assess individual contribu-
tions to the total shielding in part because empty or weakly
occupied orbitals can contribute significantly to the paramagnetic
shielding. Hence, NCS analysis is needed and the results can

be compared with those of the population analysis method to
further the development of a mechanistic model.29

NCS results for Al, Si, and O are shown in Tables 4, 5, and
6, respectively. Some NBOs with very tiny contributions have
to be ignored for simplicity.

1. Al NCS Analysis.From Table 4, several factors appear to
lead to the increases in total shielding with increasing∠Al-
O-Si angle:

(i) The Al-O bonding orbital undergoes an increasing amount
of shielding (from-20.5 to-16.9 ppm). This appears to be
the dominant cause of the increase in total shielding and was
also predicted by NBO population analysis.

(ii) Al -O4, Al-O5, and Al-O6 bonding can also contribute
to the shielding increase (from-51.0 to-44.8 ppm).

(iii) The lone pairs on O contribute to the shielding increase
but only at larger T-O-T angles.

(iv) Other lone pairs on O4, O5, and O6 contribute a small
but stable shielding increase.

These factors all suggest that the total Al NMR shielding
should increase with increasing Al-O-Si bond angle. The
second and fourth factors are not predicted by a NBO population
analysis. NCS analysis also shows that a portion of the core
electrons (i.e., 2p orbitals) may see a decrease in shielding,
suggesting that these 2p core orbitals can actively take part in
small local structure changes, becoming more diffuse, and
decrease the Al shielding.

NCS analysis also shows that the so-called “non-Lewis”
antibonding or Rydberg orbitals do contribute to the shielding.
The results compiled in Table 4 indicate that the total non-
Lewis contribution changes from 5.0 to 10.7 ppm with the
increase of the∠Al-O-Si angle. Another interesting observa-
tion is that the non-Lewis contribution can even be dominant
for some NBO orbitals (i.e., the lone pairs). This justifies the
conclusion from population analysis that these lone pairs can
become diffuse and may enter empty orbitals. Lone pairs are
very sensitive to the surrounding environment and will interact
readily with other NBO orbitals.

NCS analysis also shows that the Si-O, O4-Si13, O5-Si15,
and O6-Si10 bonding orbitals provide only a small contribution
to the shielding increase. This is consistent with the NBO
population analysis.

2. Si NCS Analysis.The case for Si is quite different from
that for Al (see Table 5). The factors appearing to lead to the
Si shielding increase with increasing∠Al-O-Si angle are the
following:

Figure 2. Bending of the natural hybrid orbitals of Al and O in the Al-O bond and O in the Si-O bond.

Figure 3. Schematic showing the bond bending angle and lone pair
orientation.
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(i) The 2p core electrons. Their shielding contribution can
be increased from 690.8 to 707.2 ppm.

(ii) The Si-O bonding (from-41.7 to-31.9 ppm).
(iii) The lone pairs on O (from-4.4 to -2.9 ppm).
Once again, we see the Si core electrons such as those for

Al have an important role in this T-O-T angle versus the NMR
story. This is a little surprise for us, and we did not see it from
NBO population analysis.

The lone pairs on O7, O8, and O9 also have small contribu-
tions on the shielding increase. The Si-O7, Si-O8, and Si-

O9 bonding orbitals have a strong negative contribution to the
Si shielding.

3. O NCS Analysis.17O NMR shielding sources are quite
complicated (see Table 6). The overall total17O NMR shielding
is only increased a few ppm, but some NBO contributions can
be dramatically changed. The most dramatic changes appear
attributable to the lone pair of the middle O. Its shielding
contribution can decrease as much as 67 ppm. However, when
combined with the shielding contribution from Al-O and Si-O
bonding orbitals, the net change is small. Hence, the O case is

TABLE 4: Results of NCS Analysis of27Al NMR Shielding Contributions (ppm) from Individual Natural Bonding Orbitals as a
Function of ∠Al-O-Si

∠Al-O-Si

NBOs 125° 130° 135° 140° 145° 150° 155° 160° 165° 170° 175°

Al-O Lewis -21.43 -20.94 -20.47 -19.64 -19.36 -19.12 -18.83 -18.38 -17.82 -17.19 -16.97
Al-O non-Lewis 0.89 0.70 0.52 0.33 0.40 0.41 0.42 0.38 0.28 0.11 0.10
subtotal -20.54 -20.24 -19.95 -19.31 -18.96 -18.71 -18.41 -18.00 -17.54 -17.08 -16.87
Al-O(4,5,6) Lewis -48.46 -48.56 -48.87 -48.09 -48.52 -48.01 -47.44 -46.62 -46.01 -45.56 -43.49
Al-O(4,5,6) non-Lewis -2.58 -2.31 -1.97 -2.03 -1.67 -1.61 -1.50 -1.36 -1.31 -1.24 -1.26
subtotal -51.04 -50.87 -50.84 -50.12 -50.19 -49.62 -48.94 -47.98 -47.32 -46.8 -44.75
O-Si Lewis -1.98 -2.03 -2.08 -2.01 -2.18 -2.28 -2.37 -2.44 -2.48 -2.41 -2.44
O-Si non-Lewis 0.83 0.70 0.57 0.42 0.37 0.33 0.31 0.30 0.29 0.28 0.33
subtotal -1.15 -1.33 -1.51 -1.68 -1.81 -1.95 -2.06 -2.14 -2.19 -2.13 -2.11
O4-Si13, O5-Si15, O6-Si10 Lewis -4.6 -4.65 -4.7 -5.18 -5.00 -5.30 -5.49 -5.64 -5.62 -5.63 -5.44
O4-Si13, O5-Si15, O6-Si10 non-Lewis 1.15 1.08 1.08 1.43 1.39 1.57 1.64 1.68 1.76 1.84 1.01
subtotal -3.45 -3.57 -3.62 -3.75 -3.61 -3.73 -3.85 -3.96 -3.86 -3.79 -4.43
Al (core) Lewis 618.56 619.14 619.81 619.23 619.62 619.19 618.31 616.75 615.05 613.5 610.14
Al (core) non-Lewis -2.7 -2.82 -2.94 -3.00 -2.98 -2.89 -2.73 -2.54 -2.30 -2.17 -2.06
subtotal 615.86 616.32 616.87 616.23 616.64 616.3 615.58 614.21 612.75 611.33 608.08
O (lone pair 1) Lewis 0.89 0.90 0.89 0.82 0.74 0.70 0.61 0.50 0.48 0.55 0.42
O (lone pair 1) non-Lewis -0.28 -0.26 -0.22 0.04 0.18 0.45 0.76 1.14 1.52 1.79 1.95
O (lone pair 2) Lewis 0.53 0.56 0.59 0.63 0.65 0.67 0.66 0.63 0.57 0.41 0.35
O (lone pair 2) non-Lewis 0.88 0.71 0.56 0.57 0.52 0.64 0.84 1.14 1.44 1.84 2.04
subtotal 2.02 1.91 1.82 2.06 2.09 2.46 2.87 3.41 4.01 4.59 4.76
O4, O5, O6 (lone pairs) Lewis -1.16 -0.93 -0.73 -0.42 -0.22 0.04 0.18 0.14 0.12 0.06 -0.52
O4, O5, O6 (lone pairs) non-Lewis 8.15 8.07 8.03 7.98 7.92 7.88 7.98 8.22 8.38 8.46 10.19
subtotal 6.99 7.14 7.30 7.56 7.70 7.92 8.16 8.36 8.50 8.52 9.67
Lewis 542.08 543.27 544.27 545.31 545.68 545.88 545.67 545.04 544.39 543.77 542.48
non-Lewis 4.99 4.59 4.36 4.20 4.71 5.32 6.25 7.47 8.54 9.48 10.71
total 547.08 547.85 548.63 549.51 550.39 551.21 551.91 552.51 552.94 553.25 553.18

TABLE 5: Results of NCS Analysis of Si NMR Shielding Contributions (ppm) from Individual Natural Bonding Orbitals as a
Function of ∠Al-O-Si

∠Al-O-Si

NBOs 125° 130° 135° 140° 145° 150° 155° 160° 165° 170° 175°

Si-O Lewis -47.92 -46.04 -43.50 -41.00 -39.69 -38.72 -37.88 -37.43 -37.17 -37.18 -36.43
Si-O non-Lewis 6.23 5.80 5.29 4.85 4.70 4.67 4.66 4.66 4.70 4.69 4.58
subtotal -41.69 -40.24 -38.21 -36.15 -34.99 -34.05 -33.22 -32.77 -32.47 -32.49 -31.85
Si-O(7,8,9) Lewis -161.65-165.10-168.54-172.43-173.89-174.75-175.37-175.83-175.93-176.17-179.09
Si-O(7,8,9) non-Lewis 20.10 20.43 20.61 20.78 21.10 21.34 21.54 21.73 21.79 21.76 22.08
subtotal -141.55-144.67-147.93-151.65-152.79-153.41-153.83-154.10-154.14-154.41-157.01
O-Al Lewis -8.52 -8.20 -8.09 -7.75 -7.58 -7.43 -7.23 -6.99 -6.85 -6.62 -6.61
O-Al non-Lewis 7.43 6.76 6.21 5.44 4.69 4.02 3.31 2.62 2.10 1.70 1.47
subtotal -1.09 -1.44 -1.88 -2.31 -2.89 -3.41 -3.92 -4.37 -4.75 -4.92 -5.14
O7-Si12, O8-Si11, O9-Si14 Lewis -12.15 -12.15 -13.14 -15.05 -15.8 -16.02 -16.18 -16.22 -16.29 -16.22 -16.00
O7-Si12, O8-Si11, O9-Si14 non-Lewis 12.28 12.81 13.96 14.96 15.84 16.15 16.29 16.28 16.24 16.10 16.43
subtotal 0.13 0.66 0.82 -0.09 0.04 0.13 0.11 0.06 -0.05 -0.12 0.43
Si (core) Lewis 696.82 700.13 703.52 707.06 708.49 709.50 710.13 710.56 710.79 711.31 714.15
Si (core) non-Lewis -6.02 -6.12 -6.16 -6.22 -6.31 -6.35 -6.42 -6.48 -6.55 -6.64 -6.92
subtotal 690.80 694.01 697.36 700.84 702.18 703.15 703.71 704.08 704.24 704.67 707.23
O (lone pair1) Lewis 3.20 2.83 2.40 2.11 1.71 1.37 1.07 0.83 0.70 0.78 0.99
O (lone pair 1) non-Lewis -7.32 -6.78 -6.23 -6.07 -5.47 -4.86 -4.14 -3.30 -2.41 -2.09 -2.67
O (lone pair 2) Lewis 0.46 0.57 0.72 0.75 0.78 0.80 0.80 0.83 0.80 0.76 0.97
O (lone pair 2) non-Lewis -0.69 -1.27 -1.99 -2.27 -2.29 -2.36 -2.33 -2.38 -2.57 -2.38 -2.59
subtotal -4.35 -4.65 -5.10 -5.48 -5.27 -5.05 -4.60 -4.02 -3.48 -2.93 -3.30
O7, O8, O9 (lone pairs) Lewis 12.75 14.60 17.58 22.17 22.96 23.53 23.87 24.03 24.23 24.37 25.43
O7, O8, O9 (lone pairs) non-Lewis -29.76 -31.67 -34.84 -38.80 -39.58 -40.19 -40.46 -40.47 -40.48 -40.51 -41.61
subtotal -17.01 -17.07 -17.26 -16.63 -16.62 -16.66 -16.59 -16.44 -16.25 -16.14 -16.18
Lewis 483.15 486.88 491.42 496.76 497.82 499.18 500.13 500.76 501.27 502.07 504.75
non-Lewis -1.90 -4.39 -7.77 -12.23 -12.14 -12.43 -12.41 -12.18 -11.99 -12.23 -14.47
total 481.25 482.49 483.65 484.53 485.68 486.75 487.73 488.58 489.28 489.84 490.28
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rather unusual; with the small and stable overall total O shielding
increase, many NBOs have dramatic contributions.

The factors appearing to lead to the O shieldingincreasewith
increasing∠Al-O-Si angle are the following:

(i) The Al-O bonding orbital (from-75.5 to-34.7 ppm).

(ii) The Si-O bonding orbital (increasing contributions only
occur at larger angles).

(iii) The Al-O(4,5,6) and Si-O(7,8,9) bonding orbitals.

(iv) The lone pairs on all of the nearby O atoms (O4-O9).

Compared to the dramatic changes from Al-O, Si-O, and
the lone pairs on the middle O, all of the other contributions
that form the above points iii and iv are rather small. The core
electrons for Al, Si, and O itself can have even smaller
contributions to the O shielding increase. At first, they may
belong to those minor factors and could be ignored. However,
if you consider the small total O shielding change for the whole
Al-O-Si angle range, they should be kept for careful discus-
sion as well. This is why the O case is so tricky because the
most dominant factors (such as the lone pair) can be easily
affected by the environment (e.g., cations and other long distance
disturbances).

Population analysis has showed that with increasing p
component of one of the lone pairs on O its shielding
contribution decreases. The shortening of Si-O and Al-O
bonds will likely give rise to more shielding of O. These two
points were fully supported by NCS analysis here: the dramatic
shielding decrease from the middle O and the large shielding
increase from Al-O and Si-O bonding. However, population
analysis cannot determine the nature of the shielding contribu-
tions from the lone pairs on O(4-9) or from the Al-O(4,5,6)
and Si-O(7,8,9) bonding orbitals. Some of them have more
non-Lewis characters. These are the places that need the power
of the NCS method.

V. Summary

The combination of NBO population and natural chemical
shielding (NCS) analysis provides a model for the observed
effect of the T-O-T bond angle on the NMR chemical shifts
of T (i.e., Al or Si) in aluminosilicates and aluminosilicate
glasses. With increasing T-O-T bond angle, the electron
population between T and O increases slightly, but more
dramatic changes occur in the shapes of the bonding orbitals.
The electrons move closer to both T and O (changing their
hybridization from more p-like to more s-like, and the bonding
orbital directions become more collinear with the nuclear centers
of T and O. The movement of one lone pair on O closer to Al
or Si also contributes to the shielding of both Al and Si. NCS
results support the idea that these two factors are primary in
causing the correlation of NMR chemical shifts with T-O-T
bond angle. NCS analysis also shows that other NBOs (i.e.,
Al-O(4,5,6) and Si-O(7,8,9) bonding and the lone pair on
O(4-9)) can have some, albeit minor, contributions. Even the
core 2p orbitals can contribute significantly to the shift trends
in the case of Si. Similar significant changes in core contribu-
tions have been seen in the NCS analysis of silyllithium
compounds by Auer et al.45 Several rather complicated effects
have been identified and discussed to explain the correlation
between the shielding of O and the T-O-T bond angle.
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