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Pressure induced correlated evolution of the distributions of the Si—O distance and Si—O-Si inter-
tetrahedral bond angle in vitreous silica quenched from pressures of up to ~14 GPa at ambient
temperature is measured in unprecedented detail using two-dimensional dynamic-angle-spinning !”O
nuclear magnetic resonance spectroscopy. The results demonstrate that, in contrast to the conventional
wisdom, vitreous silica undergoes irreversible structural changes even at pressures as low as ~8 GPa.
These structural changes at the short range involve a progressive reduction in the mean Si—O-Si
angle and a broadening of the corresponding distribution, with increasing pressure. This bond angle
reduction is accompanied by a concomitant monotonic increase in the mean Si—O distance. The mean
values of the Si—O-Si angle and Si—O distance at various pressures closely follow the minimum in
the corresponding potential energy surface calculated for the HgSi,O7 dimer molecule. Published by

AIP Publishing. [http://dx.doi.org/10.1063/1.4983041]

. INTRODUCTION

Vitreous silica (SiO;) has fundamental importance as an
archetypal glass former with diverse technological applica-
tions,! and its structure-property relations have been studied
intensively for decades using both experiments and simula-
tions.>2! Significant controversy, however, exists in the lit-
erature regarding the structure of a vitreous silica network
at the intermediate-range and its response to pressure. Since
Bridgman’s work in the middle of the last century,?? it is well
known that silica can undergo permanent densification at ambi-
ent temperature upon compression above 10 GPa. It is also
widely believed that pressure induced changes up to ~10 GPa
are reversible upon unloading.'? Although an increase in the
Si coordination number is widely accepted to be primarily
responsible for the densification of silica at pressures above
20 GPa, the structural mechanism for densification at lower
pressures remains somewhat unclear. The only consensus in
this respect is the observation of a pressure-induced reduc-
tion of the mean Si—~O-Si bond angle between corner-shared
Si0Oy4 tetrahedra that may serve as an important mechanism of
compression of the network at pressures below 10 GPa. On
the basis of an in sifu high-pressure vibrational spectroscopic
study, Hemley and co-workers'? proposed a concomitant nar-
rowing of the Si—~O-Si bond angle distribution (BAD) and an
increase in the relative fraction of 3- and 4-membered rings at
the expense of more open or larger rings. On the other hand,
in a careful in situ Raman spectroscopic study, Poe et al.'3
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proposed a narrowing of the mean Si—O-Si angle and the
BAD and a corresponding lengthening of mean Si—O bond
distance, but no change in ring size distribution up to 8§ GPa
at 700 °C where the glass density increased by ~6%. These
authors reported an absence of any Si—O bond lengthening
induced by Si—O-Si angle reduction, at least up to 2 GPa. On
the other hand, in an earlier study, Walrafen and Krishnan??
reported insignificant change in the Raman spectra of vitreous
silica up to 9 GPa at ambient temperature where the glass den-
sity increased by ~8%. The corresponding structural change
was attributed at ambient temperature to intermediate-range
length scale (beyond next-nearest neighbors) to reconcile the
differences between two studies. These results demonstrate
that the density and structure are not uniquely related in the
glassy state.!?

Besides experimental studies, extensive molecular
dynamics simulations have been carried out by Dove, Tra-
chenko, and co-workers!®2425 and Huang and Kieffer26-28
to elucidate the effect of pressure on the structure of vitre-
ous silica in the low pressure regime. Dove, Trachenko, and
co-workers developed a structural model of compression of sil-
ica within the framework of a rigid-unit-mode (RUM) model,
recognizing that the energy associated with the deformation
of SiOy4 tetrahedra is much higher than the energy required
for the rotation of these tetrahedra about a common vertex.
According to these authors, at low pressures up to ~3 GPa,
silica is compressible without the need to break the tetra-
hedral topology. However, beyond such pressures, defective
(non-ideal) structures begin to appear such that the break-
down of intermediate-range order begins at pressures ~5 GPa
and coordination number begins to change significantly. These
structural changes are predicted to be partially recoverable
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upon decompression. In contrast, a rather different description
of pressure-induced changes in vitreous silica glass was pro-
posed on the basis of classical molecular dynamics simulations
by Huang and Kieffer.?*?® These authors observed pressure-
induced localized reversible structural changes in silica that
are facilitated by Si—O bond rotations around the Si—Si axis
and a decrease in the Si—O bond angle. However, no significant
change in Si—O distances was observed. This reversible den-
sification process does not involve the breaking or formation
of any bonds and the ring size distribution remained practi-
cally unchanged, even at pressures up to 15-20 GPa. There-
fore further studies are clearly needed to build a fundamental
atomistic understanding of the pressure-induced densification
process of the open tetrahedral structural network of vitreous
silica.

Recent studies have shown that 7O dynamic-angle-
spinning nuclear magnetic resonance (DAS NMR) spec-
troscopy>®=3? is capable of providing a direct measurement
of the Si—O-Si bond angle and Si—O bond distance distribu-
tions as well as insights into any correlation between these
structural parameters.’>** Here we report the results of a 170
DAS NMR study of the structure of vitreous silica samples
quenched from two different pressures, ~8 GPaand ~13.5 GPa
at ambient temperature. The results are compared with those
obtained on a sample of vitreous silica prepared at ambient
pressure, to investigate the pressure-induced changes in the
distributions of the Si—~O-Si bond angle, Si—O and Si-—Si dis-
tances in the network, and their mechanistic connection with
densification.

Il. EXPERIMENTAL
A. Sample preparation

The 7O-enriched vitreous silica was synthesized via typ-
ical melt quenching route. First, a sample of !”O-enriched
silica gel was synthesized by hydrolysis of SiCly with 77%
170 enriched H,O in diethyl ether. After drying, approxi-
mately 500 mg gel was heated at 1825°C for 3 h in pure
Ar in a Pt-Rh crucible and then cooled in air to prepare
the glass. This sample was coarsely crushed and one por-
tion (sample S-1) was reserved. The remaining sample was
divided into two halves and compressed at ambient temper-
ature in a high pressure multi-anvil apparatus at Bayerische
Geoinstitut (Bayreuth, Germany) to maximum pressures of
8.0 = 1.5 GPa and 13.5 + 1.5 GPa. Pressure was subse-
quently lowered to obtain densified glass samples. These
samples are designated as S-2 and S-3, respectively, in the
subsequent discussion. Because we synthesized the isotopi-
cally enriched glass, rather than machining a solid billet of
commercial optical-grade glass, our high pressure glass sam-
ples were loaded into the apparatus in a coarsely granular
form, and recovered in a highly fragmented form. This pre-
cluded high-precision density measurements on recovered
samples.

B. 7O NMR

At 9.4 T, the 70 DAS NMR experiments were performed
on a Chemagnetics CMX II spectrometer using a modified
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FIG. 1. The FSG-RAPT enhanced shifted-echo MAS-detected dynamic-
angle spinning sequence.

version of a homebuilt 4 mm DAS probe that was previ-
ously reported.* All measurements were performed at ambi-
ent pressure several months after the samples were prepared.
The shifted-echo magic-angle-spinning-(MAS)-detected DAS
pulse sequence®® was used with a Frequency-Switched Gaus-
sian (FSG)—Rotor Assisted Population Transfer (RAPT)?’
preparation period to enhance the central transition polariza-
tion as illustrated in Fig. 1. Sample rotation rate was ~15 kHz.
The DAS angle pair (37.38°, 79.19°) where x| = x, = 0.5 was
employed in removing the second-order anisotropic broad-
enings, and detection was carried out at 54.74° to eliminate
all chemical shift anisotropy contributions to the anisotropic
line shape. The optimized FSG-RAPT parameters used were
Vot = 249000 kHz, loop counter = 400, and the Gaussian
pulse width was 14 us (o = 2.4 us). A recycle delay of 40
s was used for all 70 NMR experiments, and the chem-
ical shift data are referenced with respect to 'O in tap
water.

At 14.1 T, the 170 and ¥Si MAS NMR measurements
were performed on a Varian Inova spectrometer and a Var-
ian/Chemagnetics 3.2 mm probe and sample spinning fre-
quencies of 18 kHz. Frequencies were referenced to 20% 'O
H,O0 and to tetramethylsilane, respectively. For both nuclides,
single-pulse acquisition was used with a radiofrequency tip
angle (solids) of about 30°, corresponding to pulse widths of
1.1 (*Si) and 0.35 (170) us. Recycle delays of 10 s were cho-
sen to optimize signal-to-noise; no differential relaxation was
detected with longer delays.

C. Correlating NMR parameters to structure

For interpreting the structure of silicate glasses and
describing the Si—~O-Si angle distribution, the most important
170 NMR parameter is the quadrupolar asymmetry parameter,
14 A dependence of 77, on the Si-O-Si angle as related to the
fractional s character of the bridging oxygen has been known
for some time.>'*®3? In addition to the quadrupolar asymmetry
parameter, the quadrupolar coupling constant, C,, is another
NMR parameter determined by the electric field gradient at
bridging oxygen sites and is dependent on structural features
in the first coordination sphere, especially the Si—O distance
and Si—O-Si angle.*’ The distance dependence of C, is nega-
tive, i.e., for a fixed Si-O-Si angle, the C, parameter increases
in magnitude and becomes more negative as the average Si—O
distance increases. Clark and Grandinetti*! developed param-
eterized relationships for both 77, and the quadrupolar coupling
constant, C, given by

1 cos Q )ﬁ )

14(&) :b(z S cosQ -1
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and
1 cosQ \?
D=a|l=+—7— —-d° 2
Cy(dro, Q) a(2+cosQ—1) +md<dTO dTO)’ )

where Q is the Si—O-Si bond angle. The values of b=4.73 and
B = 1.12 for n, and a = -6.53 MHz, @ = 1.80, my = —12.86
MHz/A, and dy, = 1.654 A for C 4 were obtained by fitting
the experimental or calculated results of ferrierite, cristobalite,
quartz, and coesite.*!

As reported previously,>**! the simultaneous measure-
ment of C,; and 1, can be used in combination with Egs. (1)
and (2) to obtain the correlation between the Si—O-Si bond
angle, Si—O distance, and Si—Si next-nearest neighbor distance
in the structure of vitreous silica. Here, the same approach is
taken to calculate these structural parameters in vitreous silica
quenched from different pressures.

IIl. RESULTS AND DISCUSSION
A. 2°Sj NMR results

29Si MAS spectra for glasses from all three pressures
are approximately Gaussian in shape (Fig. 2), as has typi-
cally been reported for ambient pressure silica glasses.*> For
ambient pressure, 8, and 13.5 GPa, respectively, the cen-
ter of gravity of the 2°Si NMR peak is located at —110.7,
—108.9, and —106.7 ppm while the values of the full width
at half maximum (FWHM) are 11.6, 13.3, and 15.2 ppm.
Long acquisitions for the highest pressure glass detected
no clear signals near —150 ppm or —190 ppm,* as would
be expected for SiOs or SiOg groups, with a detection
limit of about 0.5%. We note that in that previous study,
higher quality 2°Si MAS data on a 2°Si-enriched silica glass
quenched from a melt at 6 GPa also showed no detectable
SiOs, in contrast to spectra for alkali silicate glasses sub-
jected to similar pressures, in which this species and SiOg
groups were readily detectable at concentrations of several
percent.

A number of empirical correlations between the mean
Si—O-Si bond angle and >°Si chemical shift in framework sil-
icates, including silica polymorphs, have been summarized.**
These typically predict a variation of about 1.6°/ppm in shift,

42amb'\em
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FIG. 2. 2°Si MAS spectra for glasses from all three pressures.
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corresponding to a narrowing of the mean Si—O-Si angle by
about 6.5° in our comparison of the ambient with the 13.5 GPa
glass. Moreover, the monotonically increasing FWHM of the
29Si NMR peak with pressure (Fig. 2) suggests a concomi-
tant broadening in the bond angle distribution. Of course, 2°Si
chemical shifts are expected to vary with other local structural
parameters, making a unique interpretation of these results
difficult.

B. 70 NMR results

The experimental 'O 2D DAS spectra along with exper-
imental MAS cross sections for all three silica samples
are shown in Fig. 3. Spectra were modeled using a pre-
viously reported®® algorithm that performs two linear least
squares analyses. In the first, each w; cross section is fit
for C, and an area, assuming it contains a single site, with
fixed constraints of Gaussian broadening, total isotropic shift
(w1 =050 = 0cs +90,), and a linear relationship between C, and
n4- The second fits the 2D spectra as a whole, where Gaussian
broadening and the slope and intercept of the linear relation-
ship between C, and 7, are varied. The best fit 2D simulated
DAS spectra along with the residuals between the fitted simu-
lation and experimental spectra for all three samples are also
shown in Fig. 3. While this model is able to provide a satisfac-
tory fit to the experimental data, it makes an over simplified
assumption that each w; (anisotropic) cross section contains a
single site. In reality, each w; cross section contains overlap-
ping line shapes arising from a multitude of sites with varying
Cy. 114> and d¢s values. By modeling each cross section with
a single site, our analysis effectively determines the mean C,
and 1, of each cross section. This biases the overall C, and
14 distributions obtained from the full 2D spectrum towards
smaller widths, and as a result smaller distribution widths in the
Si—0O-Si angle and Si—O distance. Implementing a more accu-
rate model, however, would require additional assumptions
about the form of the NMR parameter distribution associated
with each w cross section. With this understanding, we expect
the correlations and the modes of the distributions obtained
with this approach to be accurate with the caveat that the distri-
bution widths reflect, at best, the lower limits of the true widths.
We do not expect this model analysis to limit comparisons
across samples.

Three-dimensional correlations between the NMR param-
eters, Cy, 14, and d¢s, were extracted from the fitted data in
Fig. 3 to investigate the nature of the pressure induced struc-
tural changes. In Fig. 4 are 2D histograms along with corre-
sponding 1D projections showing the correlations of (a) C,
and n,, (b) Cy4 and dcs, and (c) 1, and dcs for the three
samples. Statistical distributions of the 7O NMR parameters
derived from the fitted data are provided in Table I. Compari-
son of the NMR parameters for the ambient sample with those
reported in a previous study by Clark et al.>* show no differ-
ence within the uncertainty of the measurement for the C, and
14 parameters, although the d cs data are systematically shifted
to slightly larger values in this study. For all three samples, the
chemical shift data are consistent with oxygen coordinated by
two tetrahedrally coordinated silicon.** The C q VErsus 774 cor-
relation is much stronger for the glass when compared with
SiO; polymorphs, and the slope of the correlation is steeper.



184505-4

Ambient Pressure Cq = -5.45 MHz
) ng=0.12

Trease et al.

(A Cq = -5.30 MH
-80 q = -5. z
’g Mﬂ* =0.13
g0 Cq =-5.19 MHz
5 -40 ng =014
(%2}
2 Cq = -5.05 MHz
£ Mq =0.16
S o
o Cq = -4.89 MHz
g 20 ng=0.18
3 Cq = -4.71 MHz
T 40 ng=0.20
40 0 -40 -80 -120-160 100 0 -100 -200
MAS Dimension (ppm) MAS Dimension (ppm)
Densified at 8 GPa Cq =-5.40 MHz
(D) ng = 0.21

Cq = -5.30 MHz
ng = 0.22
Cq = -5.25 MHz
ng =022
Cq =-5.12 MHz
ng =0.24

Isotropic Dimension (ppm)
N
o

0 Mcq = 4.98 MHz
=0.25
20 ¢
Cq = 481 MHz
40 ng = 0.27
AR s R A BEAAE B na s e i
40 0 -40 -80 -120-160 00 0 100 -200

MAS Dimension (ppm)

Densified at 13.5 GPa Cq = -5.46 MHz
ng = 0.21
Cq

= -5.37 MHz
ng =022
Cq = -5.26 MHz
ng =023
Cq = -5.14 MHz
ng=025
Cq = -5.02 MHz
ng =027
Cq = -4.88 MHz
ng =029

-40 -80 -120-160 100 0 -100  -200
MAS Dimension (ppm)

MAS Dimension (ppm)

o

.4

Isotropic Dimension (ppm)
)
o

40 O
MAS Dimension (ppm)

J. Chem. Phys. 146, 184505 (2017)

Ny
o o

Isotropic Dimension (ppm)
Isotropic Dimension (ppm)

s
o

40 0 -40 -80 -120-160 40 0 -40 -80 -120-160
MAS Dimension (ppm) MAS Dimension (ppm)

Isotropic Dimension (ppm)
Isotropic Dimension (ppm)

40 O
MAS Dimension (ppm)

-40 -80 -120-160 40 0 -40 -80-120-160

MAS Dimension (ppm)

0y

Isotropic Dimension (ppm)
by
o

Isotropic Dimension (ppm)
Sy
o

N
o

40 O
MAS Dimension (ppm)

-40 -80 -120-160 40 0 -40 -80 -120-160
MAS Dimension (ppm)

FIG. 3. DAS spectra for SiO, glass at ambient pressure ((a)—(c)), densified at 8 GPa ((d)—(f)), and densified at 13.5 GPa ((g)—(i)) SiO; glass at 9.4 T. ((a), (d),
and (g)) The experimental 2D DAS spectra along with 1D projections onto the MAS and isotropic dimensions, experimental MAS cross sections and their best
fit simulations (gray) are also shown. ((b), (e), and (h)) The best fit 2D simulated DAS spectra. ((c), (f), and (i)) The residuals between the fitted simulations and

experimental spectra.

Also, a large number of oxygen sites in these glass samples
have C, values between —4.0 and —5.0 MHz, while it is rare
for bridging the oxygen site in crystalline SiO; to have a C,
value smaller in magnitude than —5.0 MHz. To the best of our
knowledge, the prevalence of oxygen sites with small IC,| val-
ues is an important characteristic that has not been accounted
for in simulated models of silica glass. For example, the C,
values calculated for silica glass generated by classical molec-
ular dynamics simulations agree more closely with the values
for SiO, polymorphs than with the values reported here for
silica glass.®

Visual inspection of both the isotropic and MAS dimen-
sions of the 170 2D NMR spectra indicates that systematic
changes occur as a function of applied pressure, e.g., with
increasing pressure the width of the 1D projection onto the
isotropic dimension axis increases (Fig. 3). With increasing
pressure, 717, systematically shifts to larger values (Fig. 4(b)).

Since the Si—O-Si bond angle increases as 7, decreases, the
trend observed in Fig. 4(b) implies a corresponding reduc-
tion in the Si—O-Si bond angle with increasing pressure. It
is interesting to note that the 1’0 14 parameter of the major-
ity of crystalline SiO, polymorphs has 1, < 0.25. The same
observation can be made for the 7, values for the silica
sample S-1 prepared at ambient pressure. This result sug-
gests that the frequency of small Si—-O-Si bond angles in
silica glass does not diverge greatly from the frequency of
such angles in crystalline SiO;. The shifting of 7, to sig-
nificantly higher values for the compressed samples, how-
ever, suggests that small Si—~O-Si bond angles become much
more prevalent in these samples than in the crystalline SiO;
polymorphs. A comparison of the 'O NMR parameters in
Table 1 indicates that 7, is significantly more responsive to
pressure-induced changes in the structure than C, or chemical
shift.
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FIG. 4. Two-dimensional correlations of the NMR parameters, (a) C, and
densified at 8 GPa (green), and SiO, densified at 13.5 GPa (blue). The 2D
spectra in Fig. 3. Also shown in (a) is a grid of lines (gray) obtained from E
and the Si—-O-Si angle with the Si—O distance held constant.

C. Structural parameters and mechanism
of densification

The experimental two-dimensional histograms of C, and
n4 are mapped into the two-dimensional histograms of the

TABLE I. Statistical parameters describing the dis

ocs., (b) C4 and 14, and (c) 174 and Scs, are given for ambient SiO; (red), SiO;
histograms along with corresponding 1D projections were extracted from the 2D
gs. (1) and (2) by varying the Si—O distance with the Si—~O-Si angle held constant

Si—0O-Si angle versus distance using Eqs. (1) and (2) and are
shown in Fig. 5(a). The two-dimensional histograms of the
Si—O distance and Si—O-Si angle versus Si-Si distance are
then obtained using a law-of-cosines calculation (Figs. 5(b)
and 5(c)). The corresponding one-dimensional projections are

tribution of NMR parameters calculated from measured

one-dimensional distributions in ambient SiO, glass and SiO, glass densified at both 8 GPa and 13.5 GPa.

Mean Mode Median Std. dev. Skew Kurtosis

Cy Ambient -5.12 MHz -5.20 MHz -5.18 MHz 0.375 MHz 0.977 1.575
8 GPa -5.10 MHz -5.20 MHz -5.18 MHz 0.394 MHz 0.672 0.443

13.5 GPa -5.06 MHz -5.33 MHz -5.14 MHz 0.427 MHz 0.575 —-0.135

14 Ambient 0.152 0.142 0.146 0.0408 0.977 1.575
8 GPa 0.226 0.208 0.215 0.0551 0.672 0.443

13.5 GPa 0.261 0.225 0.251 0.0589 0.575 —-0.135

dcs Ambient 40.02 ppm 43.13 ppm 40.21 ppm 4.06 ppm -0.221 -0.961
8 GPa 42.95 ppm 48.13 ppm 43.26 ppm 5.87 ppm -0.007 —-0.883

13.5 GPa 44.99 ppm 49.38 ppm 45.13 ppm 7.84 ppm 0.023 -0.516
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FIG. 5. Two-dimensional histograms of bridging oxygen structural parameters, (a) Si—-O-Si angle versus Si—O distance, (b) Si—O distance versus Si—Si distance,
and (c) Si—O-Si angle versus Si—Si distance, derived from NMR parameter distributions in Fig. 4 using Egs. (1) and (2) for ambient SiO; (red), SiO; densified
at 8 GPa (green), and SiO; densified at 13.5 GPa (blue). Statistical parameters calculated from both the NMR and structural 1D histograms are given in Table II.

shown in Fig. 6, and the statistical parameters summarizing
these distributions are included in Table II.

First, we focus on the distribution of the structural parame-
ters in the vitreous silica sample prepared at ambient pressure.
The Si—O-Si bond angle distribution shown in Fig. 6 peaks
(mode) at 147.7° with a standard deviation of 3.8°. This peak
position is in agreement, within the precision of the exper-
iment, with previous !’O DAS NMR?? measurements and
with high-energy X-ray and neutron diffraction studies.”*
The 1D Si-O distance distribution has a mode of 1.586 A with
a standard deviation of 0.020 A which is in agreement with
previous 7O NMR results,* although it is somewhat lower
than 1.605 A obtained by diffraction methods.*” It should be
noted that the Si—-O-Si bond angle and the Si—O and Si-Si
distance distributions are constructed in this study through
model assumptions, which may account for the observed devi-
ations in peak position and the width of the distribution, com-
pared to those obtained in previous diffraction studies. The 1D
Si-Si distance distribution has a mode of 3.061 A and a stan-
dard deviation of 0.067 A, in reasonable agreement with the

previous study.>> The experimentally measured two-dimen
sional structural distributions (Fig. 5) exhibit strong, nearly
linear correlations among the Si—O-Si angle, Si—O distance,
and Si-Si distance for all three samples. The correlations for
sample S-1 are in good agreement with those reported ear-
lier for a different but similarly prepared sample,*® and an
unintuitive positive correlation between the Si—O distance and
Si—O-Si angle is observed here once again, this time for all
three samples. However, the most prominent effect of pressure
on the glass structure is apparent in the correlation between
the Si—O distance and the Si—O-Si angle which, while hav-
ing a similar slope, is shifted to smaller Si-O-Si angles for
samples S-2 and S-3 prepared at high pressure compared to
the ambient pressure S-1 sample. The mean Si—O-Si angle
decreases from 147.7° to 138.8° while the mean Si—O distance
increases from 1.583 A to 1.603 A monotonically with increas-
ing pressure, although the width of the distribution of these
structural parameters does not change significantly (Table II).
This reduction in the mean bond angle is roughly consistent
with that inferred above from the 1D 2Si spectra, although
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FIG. 6. One-dimensional structural histograms of (a) Si—O distance, (b) Si—O-Si bond angle, and (c) Si-Si distance for silica glass at ambient pressure (red),
densified at 8 GPa (green), and densified at 13.5 GPa (blue). It can be seen that as the densification of SiO, occurs at increasing pressures the mean Si—O distance
increases, the mean Si—O-Si bond angle decreases and the mean Si—Si distance remains relatively unchanged.

somewhat greater in magnitude. However, because the 'O
DAS experiment appears to better separate effects of the bond
angle and distance, we consider these results a better measure
of this predominant structural change with pressure. Moreover,
a comparison of the two-dimensional structural distributions
indicates that the structure of the sample decompressed from
8 GPa (S-2) is more similar to the sample decompressed from
13.5 GPa (S-3) than it is to the uncompressed sample (S-1).
These results, when taken together, clearly indicate that (i)
vitreous silica undergoes irreversible structural changes even
at ~8 GPa, and (ii) the densification process in this pressure
regime and at ambient temperature primarily involves Si—O-Si
bond angle reduction and concomitant lengthening of the Si—-O
bonds.

Typically significant densification is reported only above
10 GPa, although more recently Deschamps ef al.'> showed
that significant recoverable densification starts near 10 GPa.
We are not, however, claiming to see structural changes
without recovered densification. It is more likely that there
is relatively small recovered densification or the pres-
sures in all these studies are too uncertain. There are
often large uncertainties in pressures in multi-anvil exper-
iments, both ours and previous and we have been gener-
ous with the error bars accordingly. Nonetheless, 7O DAS
is clearly sensitive enough to detect such subtle structural

changes even when recoverable densification is low or un-
detectable.

The most probable Si—O-Si bond angles determined here
are in very close agreement with values determined in a
molecular dynamics simulation for silica glass at pressures
of 8 GPa and 15 GPa, and values reported for densified sil-
ica glass.?0-284849 The shift towards smaller Si-O-Si angles
at higher pressures has been interpreted in the past as indica-
tive of the presence of smaller ring sizes in densified silica.”’
However, more recent molecular dynamics simulations>’ have
reported quite the opposite finding where, at high pressure,
smaller rings dissolve in favor of larger rings. Therefore,
the observation of a pressure-induced lowering of the mean
Si—O-Si angle in the present study cannot be attributed
a priori to the formation of smaller rings. Moreover, a change
in the ring statistics would involve Si—O bond breaking and
switching events at a minimum, which would be difficult to
activate at ambient temperature. On the contrary, it is tempt-
ing to argue that the ring size statistics in these samples remains
largely unchanged. In this case, the reduction in the mean
Si—O-Si angle with pressure may involve puckering of the
rings in the tetrahedral network.

Interestingly, the Si—O-Si bond angle distributions for
all samples do not extend below 130°. This is most appar-
ent for sample S-3 in which the number of oxygen sites with

TABLE II. Statistical parameters describing the structure calculated from measured one-dimensional distributions
in ambient SiO; glass and SiO, glass densified at both 8 GPa and 15 GPa.

Parameter Mean Mode Median Std. dev. Skew Kurtosis
Q Ambient 147.7° 147.7° 148.0° 3.8° -0.42 0.50
8 GPa 141.4° 142.1° 142.0° 4.1° -0.20 0.22
13.5 GPa 138.8° 140.9° 139.3° 4.0° -0.24 -0.34
d(Si-0) Ambient 1.58 A 1.59 A 1.59 A 0.02 A -1.02 1.69
8 GPa 1.60 A 1.61 A 1.60 A 0.02 A -0.72 0.51
13.5 GPa 1.60 A 1.62 A 1.61 A 0.02 A -0.61 -0.09
d(Si-Si) Ambient 3.04 A 3.061 A 3.05A 0.07 A -0.88 1.32
8 GPa 3.02A 3.04 A 3.03A 0.07 A -0.58 0.33
13.5 GPa 3.00 A 3.04 A 3.0l A 0.08 A -0.50 -0.21
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Si—-O-Si angles between 130° and 135° is significantly
increased relative to samples S-1 and S-2, and yet the
angle distribution sharply terminates at 130°. An asymmetric
Si—O-Si bond angle distribution was proposed quite early
for silica glass,’! and the existence of a lower threshold
value for Si—-O-Si angles may be indicative of steric con-
straints. A minimum Si—O-Si angle of ~130° would preclude
2-membered rings but is consistent with the presence of 3- or
4- membered rings in the glass structure.’> The concomitant
increase in the Si—O distance with the lowering of the Si—O-Si
angle under compression is presumably driven by the energet-
ics of the Coulombic repulsion between Si—Si next-nearest
neighbors that maintain the modal value of the Si—Si dis-
tance nearly constant in all samples (Table II), irrespective of
pressure.

Further insight into the structural mechanism of densifi-
cation can be gained via a comparison between the pressure
dependent variation in the correlated distribution of the Si—-O
distance and Si—O-Si angle in these glasses with the poten-
tial energy surface defined by these two structural variables in
crystalline SiO; polymorphs and in HgSi,O7 dimer molecules,
as obtained on the basis of ab initio calculations.’® This com-
parison is shown in Fig. 7. The shallow minimum (valley) in
the potential energy surface of crystalline SiO; and HgSi,O7
dimers is defined by a rather weak but decidedly negative
correlation between the Si—O distance and Si—O-Si angle.
The pressure dependent variation in the mean values of these
two structural parameters in vitreous silica, as obtained in the
present study, clearly follows this negative correlation well
(Fig. 7). Finally, it is interesting to note that the kurtosis of
the Si—O-Si bond angle distribution progressively decreases
and becomes negative with increasing pressure, implying a
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FIG. 7. Si—O-Si vs. Si—O distribution in vitreous silica samples S-1 (red),
S-2 (green), and S-3 (blue). The contours correspond to the potential energy
surface of HgSipO7 dimers calculated using restricted Hartree-Fock with a
6-311+G(2d,p) basis set using Gaussian 03.%* The symbols indicate the Si-O
distances and Si—O-Si angles of all known crystalline polymorphs of SiO,.
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flatter distribution at higher pressure (Table II). This trend is
consistent with a corresponding widening of the valley in the
potential energy surface in Fig. 7.

IV. CONCLUSIONS

The onset and nature of the pressure induced perma-
nent structural changes in vitreous silica have remained
controversial to date. We have utilized 7O DAS NMR spec-
troscopy to obtain three-dimensional histograms correlating
the 70O chemical shift, quadrupolar coupling constant, and
quadrupolar coupling asymmetry parameter for the bridging
oxygen sites in vitreous silica quenched from pressures up
to ~13.5 GPa, at ambient temperature. Using existing cor-
relations between NMR parameters and local structure, the
distribution in the quadrupolar coupling parameters is mapped
into two dimensional histograms correlating the Si—-O-Si angle
and Si-O and Si-Si distances. These results demonstrate that
at ambient temperature the lower limit of pressure for the onset
of structural changes that persist after decompression in vitre-
ous silica is ~8 GPa. A comparison between the quenched
structures up to ~13.5 GPa suggests no significant change
in the Si coordination and ring size distribution. Instead, the
corner-shared tetrahedral network undergoes a decrease in the
average Si—O-Si angle and Si-Si distance and a concomitant
increase in the Si—O distance, which suggest a compression
and possible puckering of the constituent rings. Contrary to
intuition, these structural changes are not elastically recover-
able upon decompression as the resulting networks all evolve
along the locus of the minima in the Si—~O-Si versus Si—O
potential energy surface.

SUPPLEMENTARY MATERIAL

See supplementary material for the additional NMR char-
acterization of the three silica samples and the Gaussian 03
input file for generating the potential energy surface of the
HgSi,07 dimer shown in Fig. 7.
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