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The two-dimensional17O dynamic-angle spinning solid-state nuclear magnetic resonance spectrum of silica
glass produced from the melt was measured. From this spectrum a three-dimensional histogram correlating17O
chemical shift, quadrupolar coupling constant, and quadrupolar coupling asymmetry parameter for the bridging
oxygen was obtained. Using existing correlations between NMR parameters and local structure, the distribu-
tion in quadrupolar coupling parameters was mapped into two-dimensional histograms correlating the Si-
O-Si angle with Si-O distance, the Si-O-Si angle with Si-Si distance, and the Si-O distance with Si-Si distance.
While the peak values for the Si-O-Si angle, the Si-O distance, and Si-Si distance distributions, at 147°,
1.59 Å, and 3.05 Å, respectively, are consistent within the precision of the NMR measurement with previous
diffraction studies, the distribution widths are narrower than previous diffraction studies. The two-dimensional
histogram reveals an unexpected strong positive correlation between the Si-O-Si angle and Si-O distance in the
glass, running opposite to the trend generally found in crystalline silica polymorphs.
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I. OVERVIEW

Silica is the archetypical glass former and is of significant
scientific and technological importance in several disciplines.
Despite this importance, many fundamental aspects of its
atomic level structure remain unknown. In 1932,
Zachariasen1 predicted that the structure of silica glass con-
sisted of well-defined corner-sharing SiO4 tetrahedra con-
nected in a continuous infinite three-dimensional network
having no long-range order. The interconnection of two tet-
rahedra involves a Si-O-Si bond angle and two dihedral
angles; the variation in these angles is considered to be one
of the main sources of disorder in a conventional melt
quenched silicate glass. Shortly afterward, these ideas were
experimentally confirmed by Warren2 using x-ray diffraction
techniques.

In 1969, Mozzi and Warren3 published the often cited
Si-O-Si bond angle probability distribution for silica glass,
claiming that it peaked near 144°, had a full width at half
maximum of 37°, and was skewed towards lower angles.
Recently, Neuefeind and Liss4 reanalyzed high-energy x-ray5

and neutron6,7 diffraction data of silica glass without the as-
sumption of randomly distributed dihedral angles to obtain a
Si-O-Si bond angle distribution that is nearly half the width
found by Mozzi and Warren.

Silicon-29 magic-angle spinning(MAS) nuclear magnetic
resonance(NMR) has provided another means of obtaining
the Si-O-Si bond angle distribution8–12 with varying success.
A correlation between the29Si chemical shift of an SiO4
tetrahedra and the average of its four Si-O-Si angles in
the second coordination sphere has been used to map the
29Si MAS NMR lineshape into the Si-O-Si distribution.
Unfortunately, many Si-O-Si angles can map to the same

silicon-29 chemical shift in the averaging process, making
this is a rather complicated and suspect process for obtaining
Si-O-Si angle distributions.10 Additionally, for reasons of
spectral overlap this approach becomes intractable for
multi-component silicate glasses and its application, like
diffraction techniques, has also been limited to SiO2
glass.

A better approach to measuring Si-O-Si bond angle
distributions is to use methods that provide a more detailed
and direct measurement of the local environment around
oxygen. Unfortunately, the information obtainable from
x-ray absorption spectroscopies has been limited for light
backscattering atoms like oxygen.13 In contrast, solid-state
17O NMR, specifically, the 17O quadrupolar coupling
and chemical shift parameters, provide a simple and direct
probe of the electronic structure, and is well suited for
measuring the local structure around bridging oxygen.14–23

In 1983, Geissberger and Bray24 obtained the first17O NMR
spectrum of silica glass. From their analysis, they concluded
that the average Si-O-Si bond angle was 144° and its
distribution ranged from 130° to 180°. Their data analysis,
however, was limited since it relied on fitting heavily
overlapping NMR spectra, which required an assumption
of a Gaussian distribution in NMR parameters. While this
has been a common practice in solid-state NMR analyses of
glasses, there generally has been no justification for this
other than the central limit theorem. Additionally, such
analyses are forced to assume specific(typically random)
correlations between NMR parameters. The development of
two-dimensional NMR methods that separate and correlate
anisotropic and isotropic lineshapes25–27has helped eliminate
the need for these assumptions.28,29 In 1992, Farnanet al.30

first demonstrated how the distribution of17O NMR
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parameters can be measured in a silicate glass using two-
dimensional dynamic-angle spinning(DAS) NMR, without
any assumptions about the shape of the NMR parameter dis-
tributions. Additionally, they demonstrated that the17O qua-
drupolar coupling parameter distribution can, in principle, be
mapped into the one-dimensional Si-O-Si bond angle distri-
bution in the glass.

In this work we have combined the recent development
of RAPT (Rotor Assisted Population Transfer)31–33 for
enhancing sensitivity in solid-state17O NMR with high
resolution DAS to obtain the complete three-dimensional
distribution of 17O chemical shift, quadrupolar coupling
constant, and quadrupolar asymmetry parameter for the
bridging oxygen resonances in silica glass. Combining this
result with recently improved relationships23 between17O
quadrupolar coupling parameters and the local structure
around bridging oxygen allows us to obtain the one-
dimensional distributions in Si-O-Si angle, Si-O distance,
and Si-Si distance, and, for the first time, two-dimensional
distribution correlating Si-O-Si angle with Si-O distance,
Si-O-Si angle with Si-Si distance, and Si-O distance with
Si-Si distance.

II. METHODS

A. Sample preparation

Silica gel was first prepared by reacting 48.6%
17O-labeled H2O (Cambridge Isotope Labs) with SiCl4.
The gel was dried at 1000°C in high-purity, gettered
argon, then welded under vacuum into a molybdenum
tube. This was heated at 1850°C for 30 minutes under Ar
in a graphite-element furnace. The sample was cooled
through the glass transition at approximately 40 deg. /min.
A clear, somewhat bubbly, crystal-free glass was recovered.
An analysis by electron microprobe did not reveal any
contamination of the glass with Mo, at a detection limit of
0.03 wt%.

B. NMR spectroscopy

The RAPT(Rotor Assisted Population Transfer)31–33 en-
hanced two-dimensional17O dynamic-angle spinning spec-
trum of silica glass is shown in Fig. 1. Also shown in Fig. 1
are the one-dimensional projections onto the MAS and iso-
tropic dimensions, along with selected experimental cross
sections and best fit simulations on the right.

All 17O NMR experiments were performed at 9.4 T on a
Chemagnetics CMX II spectrometer using a modified ver-
sion of a homebuilt DAS probed described earlier.34 The
sample was contained in a silicon nitride rotor with a 4 mm
diameter. Experiments were performed at ambient tempera-
ture with a sample spinning rate of approximately 15 kHz,
and chemical shift data referenced with respect to the17O
resonance in tap water. A recycle delay of 60 seconds for17O
was determined using a saturation recovery experiment un-
der MAS conditions. The DAS angle pair(38.38°, 79.19°)
was employed in removing the second order anisotropic
broadenings, while detection was carried out at 54.74° to
eliminate all chemical shift anisotropy contributions to the

anisotropic lineshape.19,35The DAS pulse sequence was pre-
ceded with a Gaussian RAPT preparation32 to improve signal
to noise by a factor of 2.4. The optimized RAPT parameters
were obtained at 38.38°. These include a Gaussian pulse
width of 9 msec, divided into 15 increments of 0.6mseconds
to obtain a Gaussian-shaped pulsess=1.8 msecd with an off-
resonance frequency of ±525 kHz. The RAPT Gaussian
pulse pair was repeated 400 times before the MAS-detected
DAS sequence. Thep /2 pulse widths of 8msec, 7.2msec,
and 7.5msec were used for the angles 38.38°, 79.19°, and
54.74°, respectively. The DAS echo was shifted36 by
1 millisecond, an integer number of rotor periods, using ap
pulse of 15msec. Thet1 dimension was zero-filled to 256
points and no apodization was applied to this dimension to
preserve the highest possible resolution.

Additionally, 29Si MAS spectra were collected at 14.1 T
and at a spinning rate of 18 kHz, with a Varian/
Chemagnetics 3.2 mm T3 type probe. The29Si NMR spec-
trum collected with a 30° tip angle and a delay of 5000 sec
was similar to that reported by Gladdenet al.12 It was ap-
proximately Gaussian in shape, centered at −111.2±0.5 ppm
with a FWHM of 12±0.5 ppm. Silicon-29 spin-lattice relax-
ation followed a power-law behavior as previously reported
for other samples,37 but could be approximated with aT1 of
at least 1400 seconds.

When fitting the 2D17O DAS spectrum we assume that
eachv1 cross section contains the anisotropic second-order
quadrupolar central transition lineshape of a single site. That
is, the subset of the oxygen atoms resonating at eachv1
value has such a narrow range of local structural variations
that their NMR parameters are nearly identical. Selected
cross-sections shown in Fig. 1 along with best fit “single
site” lineshapes are in good agreement, supporting this as-
sumption. The fit of the anisotropic lineshape in each cross
section is additionally constrained to have the total isotropic
shift, diso, constrained by each cross-section’s position inv1,
that is,

FIG. 1. Experimental two-dimensional17O RAPT/MAS-
detected DAS spectrum of in SiO2 glass at 9.4 T along with
experimental one-dimensional projections onto the MAS and isotro-
pic dimensions. Frequency axes are referenced from H2

17O.
The contour lines are drawn at levels of 5, 15, 25, 35, 45, 55, 65,
75, 85, 95 percent of the maximum intensity. Shown on the right
are selected experimental cross sections along with best fit simula-
tions (in gray).
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v1 = diso = dcs+ dq, s1d

wheredcs is the isotropic chemical shift, anddq is the isotro-
pic second-order quadrupolar shift.27 Since certain param-
eters describing a given cross section have zero covariance
with parameters describing other cross sections, we have
adopted an algorithm for fitting the 2D spectrum that per-
forms two least squares fits: one inside the other. An “inner”
least squares fit is performed on each 1D cross section. The
individual best fit chi squared values of each cross section
are added to get the total chi squared for the 2D spectrum.
An “outer” least squares fit is then performed using the total
chi squared for the 2D spectrum with parameters that were
constant during the “inner” least squares fit becoming fit
variables during the “outer” least squares fit. Two different
approaches were taken when fitting the data in Fig. 1. In the
first approach, each cross section was fit for the quadrupolar
coupling constant,Cq, quadrupolar asymmetry parameter,
hq, and area with fixed constraints of Gaussian broadening
and total isotropic shift,diso=v1. Gaussian broadening was
then varied as part of the “outer” least squares fit to obtain
the minimum total chi squared. In the second approach, we
fit each cross section forCq and area with fixed constraints of
Gaussian broadening, total isotropic shift,diso=v1, and a lin-
ear relationship betweenCq andhq. The slope and intercept
of the linear relationship as well as Gaussian broadening
were varied as part of the “outer” least squares fit to obtain
the minimum total chi squared. The best-fit distributions of
Cq and chemical shift were virtually unaffected by the intro-
duction of the linear correlation betweenCq andhq, whereas,
for hq significant differences were seen only in the lower
intensity cross-section fits, where the uncertainty inhq is
expected to be higher.

III. RESULTS AND DISCUSSION

From the full least-squares analysis of the17O 2D DAS
spectrum, a three-dimensional histogram correlating the17O
chemical shift,dcs, quadrupolar coupling constant,Cq, and
quadrupolar asymmetry parameter,hq, was obtained. Two-
dimensional projections along with corresponding one-
dimensional projections of this three dimensional histogram
are shown in Fig. 2. The one-dimensional distributions are
asymmetric and skewed towards lower chemical shifts, lower
(in magnitude) quadrupolar coupling constants, and higher
quadrupolar asymmetry parameters. As expected, there are
strong correlations among all three NMR parameters as they
are all known to be strongly correlated to the local structure
around the bridging oxygen(vide infra). Although a linear
constraint betweenCq and hq was imposed by our least
squares fitting procedure to improve convergence for the
lower sensitivity cross-sections, eliminating this constraint in
the fitting procedure resulted in no significant changes in the
correlations.

Over the years we20–23 and others14–18 have quantified
strong correlations between17O quadrupolar coupling pa-
rameters and the local structure around a Si-O-Si bridging
oxygen. The structural features around a bridging oxygen
most important in determining the17O quadrupolar coupling

parameters of a bridging oxygen are the nature of the two
coordinating network forming cations, the T-O-T8 linkage
angle, the T-O bond distances, and the nature and number of
coordinating network modifier cations. For Si-O-Si linkages
without modifier cations, we further obtained23 the following

FIG. 2. Two-dimensional histograms along with corresponding
one-dimensional projections extracted from the two-dimensional
spectrum in Fig. 1 showing the correlation among quadrupolar cou-
pling constant,Cq, asymmetry parameter,hq, and chemical shift,
dcs. (a) Cq andhq, (b) Cq anddcs, and(c) hq anddcs. Also shown in
(a) is a grid of lines(in gray) obtained from Eqs.(2) and (3) by
varying the Si-O distance with the Si-O-Si angle held constant and
the Si-O-Si angle with the Si-O distance held constant.
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relations betweenCq and hq, and the Si-O-Si angle and Si
-O distance:

CqsdTO,Vd = a8S1

2
+

cosV

cosV − 1
Da8

+ mdsdTO − dTO
+ d, s2d

hqsVd = bS1

2
−

cosV

cosV − 1
Db

, s3d

whereV is the Si-O-Si bond angle anddTO is the average
silicon-oxygen bond distance. A least-squares fit of Eqs.(2)
and (3) to the experimental values for coesite,19

cristobalite,38 and a-quartz39 as well as theab initio pre-
dicted values for ferrierite40 yields the parameter valuesa8
=−6.53 MHz,a8=1.80,md=−12.86 MHz/Å,dTO

+ =1.654 Å,
b=4.73, andb=1.12. The precision(i.e., standard deviation)
when using these calibrated expressions for predicting Si-
O-Si angles, Si-O distances, and Si-Si distances is 4.4°,
0.01 Å, and 0.025 Å, respectively. Using Eqs.(2) and (3)
plots of predictedCq versushq as a function of the Si-O
distance with the Si-O-Si angle held constant, and as a func-
tion of the Si-O-Si angle with the Si-O distance held con-
stant were calculated and are also shown in Fig. 2(a) along
with the experimental two-dimensional histogram from SiO2
glass.

With the aid of Eqs.(2) and (3) the experimental two-
dimensional histogram ofCq and hq in Fig. 2(a) is mapped
into the two-dimensional histogram of the Si-O-Si angle
versus the Si-O distance shown in Fig. 3(a). From a simple
law of cosines calculation, we also obtained the two-
dimensional histograms of Si-O distance and Si-O-Si angle
versus Si-Si distance in Figs. 3(b) and 3(c), respectively.
One-dimensional histograms of the Si-O distance, Si-Si dis-
tance, and Si-O-Si angle in silica glass are obtained by pro-
jecting the two-dimensional histograms onto their respective
axes. Statistical parameters calculated from these distribu-
tions are summarized in Table I.

We focus first on the one-dimensional Si-O-Si angle
distribution. There is a consensus that the SiO4 subunits in
silica glass are regular tetrahedra and that disorder arises
from variability in the Si-O-Si angle distribution. The
Si-O-Si angle distribution, also shown in Fig. 4, peaks
at 147° with a standard deviation of 3.8°. While this peak
position is higher than the 144° found by Mozzi and Warren,3

it is in agreement with recent high energy x-ray and neutron
diffraction studies.4,5 Although the majority of Si-O-Si
angles in low temperature crystalline silicates are near 144°,
it has been argued41 that the range of Si-O-Si angles in
silica glass, which quenches in a high temperature structure,
would be closer to those found in high temperature silica
polymorphs, such asb-quartz andb-cristobalite, where the
angles range from 147°–151°. The width of the Si-O-Si
angle distribution is significantly narrower than the distribu-
tion obtained by Mozzi and Warren,3 and nearly half the
width found by Neuefeind and coworkers.4,5 Such a differ-
ence is not surprising, however, since diffraction, which
provides only a direct measure of the Si-O and Si-Si distance
distributions, requires modeling and a number of assump-
tions to construct the Si-O-Si angle distribution. At best,

with the proper model and assumptions, diffraction will set
an upper limit on the width of the Si-O-Si angle distribution.
In contrast, the quadrupolar asymmetry parameter, from
which our Si-O-Si bond angle distribution is derived,
provides a more direct probe of the Si-O-Si angle. We do
note, however, that any additional structural asymmetries
around the bridging oxygen may lead to a slight increase in

FIG. 3. Two-dimensional histograms of bridging oxygen struc-
tural parameters derived from NMR parameter distributions in Fig.
2. (a) The Si-O-Si angle versus the Si-O distance for silica glass
(shown in black), and for various crystalline silica polymorphs;(b)
the Si-O distance versus the Si-Si distance; and(c) the Si-O-Si
angle versus the Si-Si distance.
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the quadrupolar asymmetry parameter. Such an increase
would be interpreted as a slightly lower Si-O-Si angle in our
current analysis, and this effect may contribute to the
strong decrease in the Si-O-Si distribution population at
higher Si-O-Si angles. It is also worth noting, however,
that our Si-O-Si angle distribution of silica glass is remark-
ably consistent with the one, also shown in Fig. 4(a),
obtained from a molecular dynamics simulation, performed
by Yuan and Cormack41 when using a three-body potential of
Vessalet al.42

Details on the Si-O-Si angle distribution in silica will also
have implications for the ring size distribution. Silica glass
with a high fictive temperaturesTfd has a more probable Si
-O-Si angle near 141°, a greater presence of three and four
member rings, and well-defined SiO4 tetrahedra. In contrast,
a lower Tf silica glass, such as the glass in this study, still
includes well-defined SiO4 tetrahedra, but the mean Si-O
-Si angle increases, six member rings are more favored, and
three and four membered rings are excluded.43–47 The nar-
rowness of the Si-O-Si angle distribution also has implica-
tions for the ring topology. Specifically, three member rings,
with predicted Si-O-Si angles ranging from 128° to 136°, will
be significantly less probable.48–50Conclusions regarding the
occurrence of four member rings are less clear because the
range of angles for these structures may overlap with angles
expected for the more prevalent 5 or 6 member rings.49–51

The structure will have a pronounced effect on the physi-
cal properties of silica glass.52 Although models of silica
glass have been proposed with broad Si-O-Si bond angle
distributions, narrow distributions consistent with our results
have also been proposed that agree with the glass’ physical
properties, such as density.44 A narrow bond angle distribu-
tion centered near 147° should not be problematic with re-
spect to bond connectivity or strain because it is consistent
with a ring topology dominated by 6 member rings and
avoids smaller, less stable rings. It is noteworthy that
b-cristobalite and HP-tridymite, each having densities nearly
the same as silica glass, are composed entirely of six member
rings and have Si-O-Si angles near 149°. This has led to the
suggestion, supported by the present investigation, that struc-
tural similarities exist between these polymorphs of SiO2 and
silica glass.44,53

We also have found that the one-dimensional Si-O dis-
tance distribution has a mode of 1.59 Å and a standard de-
viation of 0.0191 Å. Although this mode is less than 1.605 Å
obtained by diffraction methods,54 it is still within the preci-
sion of our current calibration of Eqs.(2) and (3). The one-
dimensional Si-Si distance distribution peaks at 3.05 Å, in
reasonable agreement with diffraction measurements, and
has a standard deviation of 0.067 Å. As seen in Fig. 3(a), the
range of Si-O distances in silica glass is similar to those
found in crystalline silica polymorphs. The Si-O and Si-Si
distances are also within the range of values typically pre-
sented for SiO2 glass,55,54 and have overall distribution
widths that are slightly narrower compared to the x-ray radial
correlation function of silica glass, after taking the x-ray
form factors and Q-space resolution into account. For com-
parison, the17O NMR derived Si-O and Si-Si distance dis-
tributions, convoluted with the proper x-ray form factors56

and a step function withQmax of 23.55 Å−1, are shown in
Fig. 4(b) along with the radial correlation function obtained
from x-ray diffraction.4,5 There is excellent agreement be-
tween the Si-O peaks at 1.6 Å, and, although the Si-Si con-
tribution to the x-ray radial correlation function is wider than
the NMR peak at 3 Å, this difference may be due to contri-
butions from the first and second shell O–O distances which
were not part of the x-ray convoluted NMR distance distri-
bution.

In Fig. 3 we show, for the first time, the experimentally
measured two-dimensional structural distributions in a
glass. Strong nearly linear correlations among Si-O-Si
angle, Si-O distance, and Si-Si distance in silica glass
are observed. Most unexpected is the strongpositivecorre-
lation between Si-O distance and Si-O-Si bond angle in
silica glass, which is the opposite of that generally found
in crystalline SiO2 polymorphs,57,58 as shown in Fig. 3(a).
An increase in Si-O distance as the Si-O-Si angle increases,
although not expected based on crystalline SiO2 polymorphs
or quantum chemical calculations for model clusters in
the gas phase, is not without precedent. Recent molecular
dynamics simulations of quartz by Kihara,59 for example,
suggests that with increasing temperature both the Si-O dis-
tance and Si-O-Si bond angle increase. Kihara found
this result to be consistent with previous diffraction data after

TABLE I. Statistical parameters calculated from one-dimensional distributions measured in SiO2 glass.
The skew is calculated as the third moment about the mean. The covariances betweenCq andhq, Cq anddcs,
andhq anddcs, aresCq,hq

2 =0.0154 MHz,sCq,dcs

2 =1.342 MHz ppm, andshq,dcs

2 =0.149189 ppm, respectively.
The covariances betweenV and dsSi-Od, V and dsSi-Sid, and dsSi-Od and dsSi-Sid are 0.0716 deg Å,
0.2519 deg Å, and 0.00128 Å2, respectively.

Mean Mode Median Std. dev. Skew

Cq −5.08 MHz −5.27 MHz −5.14 MHz 0.372 MHz 0.893

hq 0.150 0.137 0.143 0.0414 0.893

dcs 37.58 ppm 39.56 ppm 38.01 ppm 3.96 ppm −0.570

V 146.6+ 147.1+ 146.9+ 3.78+ −0.433

dsSi-Od 1.583 Å 1.589 Å 1.586 Å 0.0191 Å −0.950

dsSi-Sid 3.030 Å 3.049 Å 3.041 Å 0.0670 Å −0.811
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bond lengths were corrected for the librational motion of
each silicate tetrahedra.60 Similarly, a decrease in Si-O-Si
angle and a decrease in Si-O distance has been proposed for
low quartz under high pressure conditions, based onab initio
calculations.61 It should be noted, however, that these
calculated changes in Si-O bond distance are smaller than
those described here for SiO2 glass. Nonetheless, these ob-
servations suggest that the positive correlation observed
through our17O NMR data may be the effect of trapped
density fluctuations resulting from the disequilibrium nature
of the glass.

Finally, we note that simple correlations between17O
isotropic chemical shift and local structure around bridging
oxygen have been more elusive.19,40,62 The correlation be-
tween quadrupolar coupling constants and chemical shift ob-
served in Fig. 2 is consistent with previous17O NMR mea-
surements in silicates.62,63 By using the derived structural
distributions discussed above, we can consider the possible
correlations between17O isotropic chemical shift,dcs, and
the Si-O-Si angle or Si-O distance in SiO2 glass. As shown
in Fig. 5(a), a strong correlation is evident for the most
probable Si-O-Si angles withdcs decreasing with an increas-
ing Si-O-Si angle. The range ofdcs values in SiO2 glass is in
much closer agreement with that proposed for ferrierite
s28–42 ppmd,40,62 rather than that determined for coesite
s40–60 ppmd.19 Recently, Loeseret al.64 showed thatdcs de-
creases linearly with increasing Si-O-Si in sodalites in
some special cases. For Na, K-LSX hydrated zeolite they
found a slope and intercept of −0.92 ppm/degree and
171 ppm, respectively, both in close agreement with the data

FIG. 4. (a) A comparison of the17O NMR derived Si-O-Si bond
angle distribution with previous studies. The thick dashed line is the
x-ray derived distribution of Mozzi and Warren(Ref. 3), the solid
line is the x-ray derived distribution of Neuefeind and Liss(Refs. 4
and 5), and the thin dashed line is the distribution predicted by
molecular dynamics simulations of Yuan and Cormack(Ref. 41)
using the three-body potential from Vessalet al. (Ref. 42). (b) A
comparison of the17O NMR derived Si-O and Si-Si distance dis-
tributions(shown as black line), after taking x-ray form factors and
a Qmax of 23.55 Å−1 into account, with the total corrrelation func-
tion obtained from x-ray scattering(Refs. 4 and 5) (shown as a gray
line).

FIG. 5. Two-dimensional histograms showing the correlations
between bridging oxygen17O chemical shift and(a) Si-O-Si angle
and (b) Si-O distance, derived from theCq andhq data. The solid
line in (a) is a least squares linear fit of the data, with a slope of
–0.986 ppm/degree, an intercept of 182.17 ppm, and a linear cor-
relation coefficient ofr2=0.744.
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in Fig. 5(a). The range of values suggested by theab initio
calculations for the dimerfsOHd3O-Si-O-sOHd3g65 (data not
shown) is much smaller than that present in SiO2 glass for
this range of angles. As discussed by Xue and Kanzaki,65 a
wider range of values is expected if higher order structures
are included beyond the first coordination sphere, and such
structures are thought to account for thedcs values for sites in
coesite.

IV. CONCLUSION

We have shown how the two-dimensional17O DAS solid-
state NMR spectrum of silica glass can be analyzed to obtain
two-dimensional histograms correlating the Si-O-Si angle
with Si-O distance, Si-O-Si angle with Si-Si distance, and
Si-O distance with Si-Si distance. This approach is general,
and can be applied to measure the structural distributions
around bridging oxygen in any17O enriched66–68,40crystal-
line or noncrystalline silicate.

The one-dimensional distance distributions obtained for
silica glass with this approach are consistent, within the pre-
cision of the method, with the radial correlation function
obtained from x-ray diffraction methods. The Si-O-Si angle
distribution obtained, in contrast, is significantly narrower

than those predicted from previous x-ray diffraction analyses
of silica glass. This is not surprising, since Si-O-Si angle
distribution determinations from diffraction data are obtained
from structural modeling that is likely to be undercon-
strained.

The two-dimensional structural distributions measured
here reveal an unexpected strong positive correlation be-
tween the Si-O-Si angle and Si-O distance in the glass, run-
ning opposite to the trend generally found in crystalline silica
polymorphs. These observations may be the effect of trapped
density fluctuations resulting from the disequilibrium nature
of the glass. Future measurements on annealed samples
could be useful for testing this hypothesis.
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