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ABSTRACT: We investigate 29Si nuclear magnetic resonance (NMR)
chemical shifts δiso of soda-silica and hafnia-soda-silica glass models
by structural modeling and the gauge-invariant projector augmented
wave (GIPAW) method within density functional theory (DFT).
Models of soda-silica glasses with molar ratios Na2O:SiO2 of 1:2 and
1:3 and hafnia content of 0−10 mol % are generated via a melt-
quench procedure and ab initio molecular dynamic simulations.
By correlating computed chemical shifts with structural data we
establish angular correlation functions for Q2, Q3, and Q4 units in
soda-silica glasses. Addition of hafnia to soda-silica glasses results in
6-coordinated Hf surrounded by bridging O under avoidance of
direct linkages between Hf-centered octahedra. Hf impacts the
structural information that can be gathered from 29Si NMR analysis
profoundly: each Hf in second coordination to Si shifts the angular correlation function for Si−O−X (X = Si, Hf) angles by
3−5 ppm. Hence, NMR signals of Q2 and Q3 units may overlap depending on the number of Hf surrounding Si. By substituting
H for Na we convert the glass models into models of sol−gel derived HfO2−SiO2. The profound impact of Hf on the chemical
shift of 29Si calls for a reinterpretation of 29Si NMR peaks observed for hafnia-silica glasses.

1. INTRODUCTION

Hafnia (HfO2) increases the chemical durability of silica-based
glasses.1,2 Hafnia, like some other metal oxides, also increases
hardness of glasses and glass-ceramic materials.3,4 Sol−gel
derived hafnia-silica glasses and thin HfO2−SiO2 films find
broad applications in optical and dielectric materials.5−8 Since
hafnia is both a surrogate for PuO2 and a good neutron absorber,
it is also a benign component for the investigation of nuclear
waste glasses.1,2,9

Solid-state NMR provides insight into the local environments
of atoms and is a powerful method to study materials.10

In particular, structural analysis of amorphous solids and glasses
benefits from NMR studies, once the influence of the local
environment on NMR parameters of a nucleus is established.
With the advent of DFT calculations combined with the
GIPAW method,11 modeling and simulation have substantially
augmented the information content of experimental NMR
spectra of disordered systems. Solid-state NMR studies
enhanced with DFT calculations have become an indispensable
analytical tool to characterize short and medium range order in
glasses.12−15

In this study we explore the impact of Hf in hafnia-soda-silica
glasses on 29Si NMR chemical shift by combined DFT-GIPAW
calculations.11 First we investigate 29Si NMR chemical
shifts of crystalline silica polymorphs and sodium silicates.
Then we investigate amorphous soda-silica and establish a
correlation between Si−O−Si angles and the chemical shift δiso

of adjacent Si atoms. Subsequently, we add hafnia to the glass
network and elucidate the impact of Hf as second-nearest
neighbor to 29Si on its chemical shift. Finally, replacing Na
by H gives us access to models of hafnia-silica sol−gel
materials, for which we provide new interpretations of their
29Si NMR data.

2. METHODS

All our simulations are within density functional theory16 using
the Vienna ab initio simulation (VASP) package.17,18 We use the
projector augmented wave (PAW)method19,20 and approximate
electron exchange and correlation by the Perdew−Burke−
Ernzerhoff (PBE) generalized gradient approximation (GGA).
We sample the Brillouin zone at the Γ-point only for amorphous
models, while we choose appropriate k-point meshes for
crystalline models. For final optimizations of amorphous as
well as crystalline models we rely on standard pseudopotentials
provided with the VASP package and use an energy cutoff of
500 eV for the expansion of the wave function into the plane-
wave basis set.
We generate models of soda-silica and hafnia-soda-silica

glasses using a “melt-quench” approach together with Born−
Oppenheimer ab initio molecular dynamics (aiMD) simulation.
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Efficient model generation uses a “softer” version of the oxygen
pseudopotential provided by VASP, a time-step Δt = 2.0 fs,
and a cutoff of 283 eV at this stage. The temperature of the
system is adjusted by velocity scaling. The temperature−time
profile for our melt-quench scheme is shown in Figure 1.

Once the last configuration of the trajectory (at 300 K) is
obtained, we switch back to the “standard” parameters and
optimize the model allowing atomic positions and cell
parameters to adjust to a local energy minimum state.
For amorphous models, forces are converged to 5 × 10−2 eV/Å
and stresses to lower than 2 kbar. In total we consider
40 models of soda-silica glasses consisting of 108 atoms and
246 models of hafnia-soda-silica glasses comprised of 108 to
120 atoms.
The NMR calculations are carried out using the GIPAW

algorithm11 as implemented in the VASP code. We choose an
energy cutoff of 600 eV and find 29Si NMR chemical shifts
converged to better than 0.2 ppm.
For reference calculations, we select the following crystal

structures from the Inorganic Crystal Structure Database: SiO2
α-quartz,21 SiO2 α-cristobalite,22 SiO2 coesite,23 Na2SiO3,

24

α-Na2Si2O5,
25 β-Na2Si2O5,

26 and C−Na2Si2O5.
27 For these

structures we optimize atomic positions under the con-
straint of experimental lattice parameter. Forces are opti-
mized to lower than to 5 meV/Å. Computed values of
absolute chemical shifts are given in Table 1 and shown
Figure 2.
Several approaches have been proposed to calibrate the

computed absolute shifts σiso to correlate to experimental
data.28,29 Here we choose a simple gauge by fitting a line with
slope of 1 to the data of Table 1, see Figure 1. We obtain

δ σ= + 330.9iso iso (1)

,and almost all values of δiso obtained this way are within 1 ppm of
experimental data. Stronger deviations are observed only for
α-cristobalite, coesite, and α-Na2Si2O5.

3. RESULTS AND DISCUSSION
3.1. 29Si NMR of Soda-Silica Glasses. We modeled

soda-silica glasses of two different compositions, with ratios
Na2O/SiO2 of 1:2 and 1:3. These compositions are con-
ventionally abbreviated as NS33 and NS25, respectively,

according to the mol-content Na2O in the glass. We generated
13 models of NS25, (Na2O)9(SiO2)27, and 27 models of NS33,
(Na2O)12(SiO2)24, each model comprising 108 atoms.
While the crystal structure of Na2Si2O5 exhibits only Q

3 units,
the NS33 glass models contain approximately 20% each of Q4

and Q2 units. This is somewhat higher than a fraction of 6% to
12.5% estimated from experimental observations.30,31 In our
models we even observe a few Q1 units. NS25 glass structures
contain approximately 3% of Q2 units and no Q1 units.
The average coordination number of Si is 4.1 for both NS25
and NS33 glasses, without any 3-fold coordinated Si, however.
The average Si−O bond length in glass models is 1.65 Å, which is
slightly longer than that found in amorphous silica models
(1.62−1.63 Å)29 and close to distances between Si and bridging
O in silicates (e.g., 1.64 Å in α-Na2Si2O5

25 and β-Na2Si2O5
26).

The average Si−O−Si angle found in NS25 and NS33 models is
135°, which is approximately 10° smaller than inferred from
experimental NMR data of soda-silica glasses.32

Multiple studies, both experimental and computational, have
shown that in silica structures the 29Si NMR chemical shift δiso of
tetrahedrally coordinated Si depend on the Si−O−Si bond angle
Θ found at each neighboring oxygen atom.12,28,29,32−35 Different

Figure 1. Temperature−time (T−t) profile for the melt-quench pro-
cedure to produce amorphous models. With a time-step Δt = 2.0 fs,
the total time of 90 ps corresponds to 45 000 time steps.

Table 1. Experimental 29Si NMR Chemical Shifts δiso,
Computed Absolute Shifts σiso, and Predicted δiso for
Silica and Sodium Silicate Polymorphsa

structure δiso exp [ppm] σiso comp [ppm] δiso pred [ppm]

α-quartz −107.128 −437.2 −106.4
α-cristobalite −108.528 −437.8 −107.0
coesite Si[1] −113.928 −446.8 −116.0
coesite Si[2] −108.128 −439.3 −108.5
Na2SiO3 −76.828 −406.9 −76.1
α-Na2Si2O5 −94.228 −426.7 −95.9
β-Na2Si2O5 Si[1] −86.328 −417.2 −86.4
β-Na2Si2O5 Si [2] −88.228 −418.3 −87.5
C−Na2Si2O5 Si[1] −87.427 −418.0 −87.2
C−Na2Si2O5 Si[2] −86.327 −417.2 −86.4
C−Na2Si2O5 Si[3] −86.027 −417.1 −86.3
C−Na2Si2O5 Si[4] −88.227 −418.7 −87.9

aThe prediction is based on a fit to the data, see Figure 1 and
eq 1.

Figure 2. Correlation between experimental 29Si NMR chemical shifts
δiso and computed absolute shifts σiso for silica and sodium silicate
polymorphs.
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functional dependencies on Θ have been formulated, such as
sec(Θ),33 cosine expansions,12 or a simple linear dependency.34

Common to each approach is the assumption that contribu-
tions of each Si−O−Si bond angle surrounding the central
Si are independent from each other. Charpentier et al. analyzed
this in detail for amorphous silica.35 Hence, the expression
for the relation between δiso and Si−O−Si bond angle Θ is given
by

∑δ = Θ
=

− −n
F

1
( )

i

n
i

iso
BO 1

Si O Si

BO

(2)

with F(Θ) being the explicit analytical form of the angular
dependency. For Q4 units, which are found in many silicate
structures including amorphous silica, the number of non-
bridging oxygens nBO equals 4. The expression (2) above can be
generalized for Q3 [nBO = 3] and Q2 [nBO = 2] units as well.
We find that a simple linear function is sufficient to describe
the angular dependency between δiso and Θ. This simplifies
eq 2 to

δ = + Θ̅ − −a bn niso Si O Si (3)

Herein, Θ̅Si−O−Si is the average Si−O−Si angle found on adjacent
O atoms, and an and bn are coefficients to be determined for each
Qn unit. The same expression was previously used by Ispas et al.
to describe chemical shifts of Q4, Q3, and Q2 units in soda-silica
and lithia-silica glasses.32 We have previously taken a similar
approach to quantify 29Si NMR chemical shifts in amorphous
silica (SiO2) and mixed SiOnC4‑n−tetrahedra in amorphous
silicon oxycarbide (SiCO).29

In Figure 3 we show the computed chemical shifts δiso for
Qn units (n = 2−4) from our collection of melt-quench modeled

soda-silica glass models (a total of more than 900 sites have been
collected).
Linear fits to the data shown in Figure 1 provide the following

angular correlation functions:

δ

δ

δ

= ± − ± Θ̅

= ± − ± Θ̅

= − ± − ± Θ̅

− −

− −

− −

(51.2 2.8) (1.10 0.02)

(6.1 2.0) (0.71 0.01)

( 25.2 2.5) (0.39 0.02)

iso
Q

Si O Si

iso
Q

Si O Si

iso
Q

Si O Si

4

3

2

(4)

For each correlation we included the error from a least-
squares fit into the expression. Ispas et al.32 determined fit
coefficients a4 = 48.5 and b4 = 1.07 (Q4 units) and a3 = 6.5
and b3 = 0.70 (Q3 units). Hence, within the margin of error
our results agree nicely with their data. For Q2 units they
obtained a2 = −44.6 and 0.25, but their fit was based on only
seven such Q2 units. Our results, on the other side, analyze
more than 100 Q2, 600 Q3, and 200 Q4 units. Inspecting
the residuals of our fits (see the Supporting Information),
we find a Gaussian-like distribution with a fwhm of 5 ppm.
The angular correlations collected in eq 4 also predict
chemical shifts of crystalline sodium silicates (see Table 1)
with a maximum deviation of 2 ppm between prediction on one
side and experimental or directly computed values on the other
side.

3.2. Impact of Hafnium on 29Si NMR in Hafnia-
Soda-Silica Glasses. Modeling of ternary hafnia-soda-
silica glasses is achieved using the same melt-quench
process as for the binary glasses. For both soda-silica
glass compositions (NS33 and NS25), we added up to four
units of HfO2 to the model before starting the simu-
lations. Hence, we generate models with compositions
(HfO2)k(Na2O)12(SiO2)24 and (HfO2)k(Na2O)9(SiO2)27,
with k = 1−4. The highest hafnia content corresponds
to 10 mol % HfO2 in the glass. This value relates to the
solubility of 11 mol % hafnia in soda-silica glass with
∼33 mol % of soda.9 We generated additional models
starting from NS33 glass and changing Si atoms into Hf,
formally morphing silica into hafnia. This yielded a series
of compositions (HfO2)k(Na2O)12(SiO2)24‑k (k = 2, 4, 6, 8,
and 12).
We find that models with lowest energy after optimization

exhibit octahedral HfO6/2
2− polyhedra with all six O atoms

surrounding Hf bridging to the next Si. Hence, there is a
strong avoidance to coordinate nonbridging O to Hf. We
occasionally observe corner sharing of HfO6/2-octahedra
but never in energetically most favorable models and,
overall, in amounts less than expected in a random mixing
model. This is quite different from our results on hafnia-
silica glasses (without soda), where hafnia units were found
to cluster in low-energy models.36 The difference highlights
the impact of soda on the structure of these mixed metal
oxide silica glasses. In ternary hafnia-soda-silica glasses
HfO6/2 polyhedra form complex Hf(OSiO3)6 clusters, which
are further embedded in the network either by bridging or
nonbridging O at the outside of the cluster. Due to the
definite coordination number and the well-defined local
environment we regard Hf as network-forming element in
these glasses. Nonbridging O atoms prefer bonding to Si,
while Si itself is found in a variety of Qn

mHf units, with
different numbers m (m = 0 to n) of Hf in second coordination.
However, since the basic HfO6/2 unit itself is charged (−2),
some of the bridging O coordinating to Hf have an associated
Na cation close-by. This typical environment is illustrated in
Figure 4.
Characterizing the 29Si chemical shifts and their dependency

on the local environment, we first focus on those Qn units
that exhibit only Si atoms as second-nearest neighbor.
With no Hf in second-coordination, these units are labeled
Qn

0Hf. The relation between 29Si NMR chemical shifts and the
average angle of surrounding Si−O−Si angles is shown in
Figure 5.

Figure 3. Computed 29Si NMR chemical shift plotted versus average
Si−O−Si angle on neighboring oxygens for Qn vertices (n = 2−4) in
soda-silica glasses (compositions Na2O:SiO2 of 1:2 and 1:3 are collected
together). In total the graph contains data for more than 900 Si sites.
The straight line is a linear fit to the data for each Qn vertex.
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Once again we obtain linear angular correlation functions
through a least-squares fit to the data:

δ

δ

δ

= ± − ± Θ̅

= ± − ± Θ̅

= − ± − ± Θ̅

− −

− −

− −

(46.1 1.9) (1.07 0.01)

(5.7 1.2) (0.71 0.01)

( 25.7 1.7) (0.39 0.01)

iso
Q

Si O Si

iso
Q

Si O Si

iso
Q

Si O Si

4

3

2

(5)

For the range of angles that appear in our models, 115 <Θ < 165,
the relations of eq 5 are consistent with those of eq 4, which
were determined from soda-silica models free of hafnia.
These results show that the chemical shift of Si within a
Si(OSiO3)4 cluster, hence, Si with only Si atoms as next-nearest
neighbors, is not impacted by adding hafnia to the glass.
This changes, however, once Hf enters the coordination sphere
of Si.
To analyze the chemical shifts of Qn

mHf units, in which the
central Si is surrounded by m Hf atoms as second-nearest
neighbors, we assume that Si−O−Si and Si−O−Hf angles enter
independently into the linear angular correlation function.
This allows us to formulate the angular correlation function as
a sum of two linear terms:

∑

∑

δ = + Θ

+ + Θ

=
− −

=
− −

n
a b

a b

1
{ ( )

( )}

i

n

n n
i

j

n

n
f

n
j

iso
BO 1

Si Si
Si O Si

1

H Hf
Si O Hf

Si

BO BO

Hf

BO BO
(6)

Parameters aSi, bSi, aHf, and bHf can be determined from the data
for every Qn unit, and results for Q4

nHf, Q
3
nHf, and Q

2
nHf units are

shown in Figure 6.
We obtain as before linear angular correlation functions

for Si−O−Si and Si−O−Hf angles in Q4
kHf, Q3

kHf, and
Q2

kHf units:

∑

∑

∑

∑

∑

∑

δ

δ

δ

= ± − ± Θ

+ ± − ± Θ

= ± − ± Θ

+ − ± − ± Θ

= − ± − ± Θ

+ − ± − ± Θ

=
− −

=
− −

=
− −

=
− −

=
− −

=
− −

1
4
{ [(46.1 1.9) (1.07 0.01) ]

[(5.6 4.0) (0.68 0.02) ]}

1
3
{ [(5.7 1.2) (0.71 0.01) ]

[( 23 12) (0.39 0.01) ]}

1
2
{ [( 25.7 1.7) (0.39 0.01) ]

[( 51 7) (0.15 0.05) ]}

i

n
i

j

n
j

i

n
i

j

n
j

i

n
i

j

n
j

iso
Q

1
Si O Si

1
Si O Hf

iso
Q

1
Si O Si

1
Si O Hf

iso
Q

1
Si O Si

1
Si O Hf

4
Si

Hf

3
Si

Hf

2
Si

Hf

(7)

It turns out that the impact of Hf as second-nearest neighbor to Si
is profound: comparing two Q4 units with identical average bond
angle Θ̅ but different numbers of Hf in second coordination, we
find that each Hf changes the 29Si chemical shift by 2.5 ppm (Θ̅ =
130°) to 5.5 ppm (Θ̅ = 160°).

This impact of Hf on the 29Si NMR is quite significant in case
we use NMR data to estimate the degree of condensation of the
hafnia-silica network in hafnia-soda-silica glasses or, for example,
in sol−gel derived hafnia-silica products. The point is that
Qn

kHf units may easily be misinterpreted as Qn‑1 units with the
consequence that the connectivity of the network will be severely
mischaracterized. This is best illustrated for sol−gel derived
glasses containing hafnia, which we will consider in the next
section.

3.3. Substitution of Sodium into Hydrogen. Sol−Gel
Hafnia-Silica Glasses. Hafnia-silica materials find a wide range
of applications in optics and dielectric materials. For example,
hafnon (HfSiO4) is a potential high-κ dielectric material,

37 and
hafnia-silica thin films are used as high refractive index coatings
in LIGO, the Laser Interferometric Gravitational Wave Obser-
vatory.38 Due to the low solubility of hafnia in silica (only up to
4 mol %39), the sol−gel route is commonly used to obtain
hafnia-silica glasses with high hafnia content. 29Si NMR is then
routinely used to characterize the degree of condensation
(or amount of “disruption”) of the network built during the
gelation process.7 Evidently, understanding the impact of
Hf on 29Si NMR chemical shifts in this type of materials is
critical.
Our hafnia-soda-silica glass models are simply converted

into models for sol−gel derived hafnia-silica by changing
sodium atoms (Na) into hydrogen (H). Since Na and H

Figure 5. Relation between computed 29Si NMR chemical shifts and
average Si−O−Si angle on neighboring oxygens for Qn

0Hf vertices in
hafnia-soda-silica glasses.

Figure 4. Characteristic chemical environment of Hf within a
[HfO6/2]

2−·2Na+ unit in hafnia-soda-silica models.
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have different distances to adjacent O atoms, we optimize the
H positions while keeping cell parameters and positions of
all other elements, Hf, Si, and O, fixed. This procedure
facilitates the study of the impact of protons (H+), which bond
covalently to a single O, in contrast to Na cations, which are
“embedded” by surrounding O. Since the remaining Si−O−Hf
network remains unchanged, all geometrical parameters
(distances and angles) relevant for angle correlation functions
are the same as before for soda-silica models. We once again
compute the NMR data and show results for Q4 and Q3 vertices
in Figure 7.

The data is once again used to fit a model similar to that
presented in eq 6 but this time for HfO2−H2O−SiO2 models.
The resulting parameters are given in eq 8:

∑

∑

∑

∑

∑

∑

δ

δ

δ

= ± − ± Θ

+ ± − ± Θ

= ± − ± Θ

+ − ± − ± Θ

= − ± − ± Θ

+ − ± − ± Θ

=
− −

=
− −

=
− −

=
− −

=
− −

=
− −

1
4
{ [(54 4) (1.12 0.03) ]

[(4.0 6.0) (0.59 0.04) ]}

1
3
{ [(6.0 3.8) (0.71 0.03) ]

[( 20 8) (0.46 0.06) ]}

1
2
{ [( 25 16) (0.42 0.12) ]

[( 66 18) (0.08 0.12) ]}

i

n
i

j

n
j

i

n
i

j

n
j

i

n
i

j

n
j

iso
Q

1
Si O Si

1
Si O Hf

iso
Q

1
Si O Si

1
Si O Hf

iso
Q

1
Si O Si

1
Si O Hf

4 Si

Hf

3 Si

Hf

2 Si

Hf

(8)

These parameters do not differ substantially from those for
hafnia-soda-silica glasses given in eq 7. Consequently, the 29Si
chemical shift in sol−gel derived hafnia-silica glasses is
profoundly impacted by the presence of Hf as second-nearest
neighbor: for an average bond angle Θ̅ of 140° the change
amounts to 4 ppm for each Hf.
To illustrate the impact, we analyze experimental data of

O’Dell et al.7 The authors characterize the relative proportions of

Figure 7. Relation between average Si−O−X angle and 29Si NMR
chemical shift for Q4

nHf (left) and Q3
nHf (right) vertices in hafnia-silica

sol−gel glasses. Fit residuals for Q4 units are given in the Supporting
Information.

Figure 6. Relation between average Si−O−X angle (X = Si, Hf) and 29Si
NMR chemical shift for Q4

nHf (top), Q
3
nHf (center), and Q

2
nHf (bottom)

units in hafnia-soda-silica glasses.
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Q2, Q3, and Q4 units in an unheated sol−gel derived
(HfO2)0.1(SiO2)0.9 glass by 29Si NMR. The experimental
spectrum is shown in Figure 8 (top) together with their fitting,
which assumes three Gaussians centered at −93.7, −101.2, and
−108.7 ppm for Q2, Q3, and Q4 units, respectively. The relative

intensities of peaks Q2:Q3:Q4 are 19:40:41 and yield a fraction of
NBO’s of 33%.
However, we find that the peak assignment of O’Dell et al. is

inconsistent with our results. A Q4 peak located at −108.7 ppm
indicates an average bond angle Θ̅ of 146°, a Q3 peak located at
−101.2 ppm suggests Θ̅ of 154°, and a Q2 peak located at
−93.7 ppm relates to Θ̅ of 179°. Although these predicted angles
do not need to be identical (indeed, the various Qn species may
have different involvement in rings of different size), the angles
at Q2 units would be extreme. Typical Si−O−Si angles in silica
glasses are around 145°, based on neutron scattering data.40

Besides, the peak assignment of O’Dell et al. ignores the impact
of Hf as second nearest neighbor to Si.
We, therefore, contrast the evaluation of O’Dell et al.7 by our

own analysis (details provided in the Supporting Information),
which is shown in Figure 8 on the bottom. We fit the same
experimental data assuming random connectivity of silica and
hafnia units and applying the angular correlation functions

for Qn
kHf units of eq 8. We further assume equal average bond

angles Θ̅ and equal width of the distribution for all Qn units,
independent of the number of Hf coordinating the Si.
We extract from the data an average Si−O−X bond angle Θ̅ of
146°, which is consistent with typical Si−O−Si angles in silica
glasses mentioned earlier. This outcome provides strong support
for the relevance of our approach. The analysis, furthermore,
yields relative amounts of Q2:Q3:Q4 units of 2:34:64, which is
strikingly different from the numbers extracted by O’Dell et al.7

Notably, the amount of Q2 units is far lower than that proposed
by O’Dell et al.7 As a consequence, we determine the fraction of
NBO’s to be 17%, less than half of the value stipulated by O’Dell
et al.7 Ultimately, our analysis indicates a substantially higher
degree of condensation in this material.

4. SUMMARY AND CONCLUSION

We studied 29Si NMR chemical shifts in hafnia-soda-silica glass
models using density functional theory calculations and GIPAW
algorithm. Hf preferentially builds complex [HfO6/2]

2−·2Na+ units
and is surrounded by bridging O only. The 29Si NMR chemical
shifts in Qn units can be described well by linear angular correla-
tion functions, treating the contributions of each surrounding
Si−O−X angle independently. Hafnium impacts δiso of

29Si once
it appears as second-nearest neighbor to Si: for the same bond
angle at O, the coordinating Hf changes the 29Si chemical shift by
2.5−5.5 ppm for bond angles characteristic for such glass
systems, 130−160°. We show that results obtained for hafnia-
soda-silica glasses do transfer to sol−gel derived hafnia-silica
glasses. Based on our results, we provide a new approach to
analyze the condensation process of sol−gel glasses by 29Si
NMR. Applied to a sample system, our method yields average
bond angles consistent with similar silica glasses but evinces
substantially different proportions of various Qn units.
Consequently, our study demonstrates that proper analysis of
29Si NMR data in sol−gel derived metal oxide glasses benefits
from computational modeling and simulation.
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