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Correlated structural distributions in silica glass
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The two-dimensionat’O 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 céfelating
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 A, and 3.05 A, 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 silicon-29 chemical shift in the averaging process, making

Silica is the archetypical glass former and is of significantthis is a rather complicated and suspect process for obtaining

: ; T o
scientific and technological importance in several disciplines.s"o'SI angle d|str|put|oné. Additionally, for reasons of
pectral overlap this approach becomes intractable for

Despite this importance, many fundamental aspects of itSP€C - : L .
1932 Multi-component silicate glasses and its application, like

atomic level structure remain unknown. In 2’d'ff . hni h | b limited 0
Zachariasehpredicted that the structure of silica glass con—g:a;ascuon techniques, has also been limited to S

sisted of well-defined corner-sharing Qi@trahedra con- A better approach to measuring-SiSi bond angle

hected in a continuous infinite three-dimensional netWorkdistributions is to use methods that provide a more detailed

having no long-range _order._ The interconnection of WO el direct measurement of the local environment around
rahedra involves a Si-O-Si bond angle and two dihedra xygen. Unfortunately, the information obtainable from
angles; the variation in these angles is considered to be ongr,y apsorption spectroscopies has been limited for light
of the main sources of disorder in a conventional melty,ckscattering atoms like oxygé?un contrast, solid-state
quenched silicate glass. Shortly afterward, these ideas weteg NuR, specifically, the 1’0 quadrupolar coupling
experimentally confirmed by Warréasing x-ray diffraction  and chemical shift parameters, provide a simple and direct
techniques. probe of the electronic structure, and is well suited for
In 1969, Mozzi and Warrehpublished the often cited measuring the local structure around bridging oxye??
Si-O-Si bond angle probability distribution for silica glass, In 1983, Geissberger and Bf4yobtained the first’'O NMR
claiming that it peaked near 144had a full width at half  spectrum of silica glass. From their analysis, they concluded
maximum of 37, and was skewed towards lower angles.that the average Si-O-Si bond angle was ‘14#d its
Recently, Neuefeind and Lisseanalyzed high-energy x-ray  distribution ranged from 130to 180. Their data analysis,
and neutrof’ diffraction data of silica glass without the as- however, was limited since it relied on fitting heavily
sumption of randomly distributed dihedral angles to obtain aoverlapping NMR spectra, which required an assumption
Si-O-Si bond angle distribution that is nearly half the width of a Gaussian distribution in NMR parameters. While this
found by Mozzi and Warren. has been a common practice in solid-state NMR analyses of
Silicon-29 magic-angle spinnin@1AS) nuclear magnetic glasses, there generally has been no justification for this
resonancéNMR) has provided another means of obtainingother than the central limit theorem. Additionally, such
the Si-O-Si bond angle distributi&rt?with varying success. analyses are forced to assume spedifipically random)
A correlation between thé%Si chemical shift of an SiQ  correlations between NMR parameters. The development of
tetrahedra and the average of its four Si-O-Si angles inwo-dimensional NMR methods that separate and correlate
the second coordination sphere has been used to map theisotropic and isotropic lineshapgeg’has helped eliminate
295i MAS NMR lineshape into the Si-O-Si distribution. the need for these assumptidfg® In 1992, Farnaret al3°
Unfortunately, many Si-O-Si angles can map to the samdirst demonstrated how the distribution ofO NMR
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parameters can be measured in a silicate glass using two-
dimensional dynamic-angle spinnif®AS) NMR, without

7

any assumptions about the shape of the NMR parameter dis- Cq=5.40 MHz
tributions. Additionally, they demonstrated that tH®) qua- E-80 T2 20:12
drupolar coupling parameter distribution can, in principle, be .60 "\4 ,?“:312; e
mapped into the one-dimensional Si-O-Si bond angle distri- § 40 C"_S'ISMHZ
bution in the glass. $ o ng=0.14

In this work we have combined the recent development g 0 Cam5.01 MHz
of RAPT (Rotor Assisted Population Transfér33 for 2 19=0.16
enhancing sensitivity in solid-statt’O NMR with high g% j Ca=4.88 MHz
resolution DAS to obtain the complete three-dimensional 2 40 ,‘""=°'19
distribution of Y’O chemical shift, quadrupolar coupling S s foml i
constant, and quadrupolar asymmetry parameter for the memsian {fpm) Y100 0 -100 -200
bridging oxygen resonances in silica glass. Combining this MAS Dimension (ppm)

result with recently improved relationshidsbetween'’O

quadrupolar coupling parameters and the local structurget
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-dimensionak,. .ontour lines are drawn at levels of 5, 15, 25, 35, 45 55, 65,

distribution correlating Si-O-Si angle with Si-O distance, 75, 85, 95 percent of the maximum intensity. Shown on the right

Si-O-Si angle with Si-Si distance, and Si-O distance Withyre selected experimental cross sections along with best fit simula-
Si-Si distance. tions (in gray).

FIG. 1. Experimental two-dimensionat’O RAPT/MAS-
ected DAS spectrum of in SjOglass at 9.4 T along with
experimental one-dimensional projections onto the MAS and isotro-
ic dimensions. Frequency axes are referenced froé?OH

Il METHODS anisotropic lineshap®:®The DAS pulse sequence was pre-
' ceded with a Gaussian RAPT preparatioio improve signal

A. Sample preparation to noise by a factor of 2.4. The optimized RAPT parameters

Sl | p d b . 48.6% were obtained at 38.38These include a Gaussian pulse

17 lica gel was first prepare y reacting 48.6% gty of 9 usec, divided into 15 increments of Qu&econds
O-labeled BO (Cambridge Isotope Labswith SICl. 5 gptain a Gaussian-shaped pulse 1.8 used with an off-

The gel was dried at 1000 in high-purity, gettered |eqonance frequency of +525 kHz. The RAPT Gaussian

argon, then welded under vacuum into a molybdenunhise pair was repeated 400 times before the MAS-detected

tube. This was heated at 1880for 30 minutes under Ar pas sequence. The/2 pulse widths of Susec, 7.2usec,

in a graphite-element furnace. The sample was coolednd 7.5usec were used for the angles 38,389.19, and

through the glass transition at approximately 40 deg./ming4, 74, respectively. The DAS echo was shiftédby

A clear, somewhat bubbly, crystal-free glass was recovered. millisecond, an integer number of rotor periods, using a

An analysis by electron microprobe did not reveal anypulse of 15usec. Thet; dimension was zero-filled to 256

contamination of the glass with Mo, at a detection limit of points and no apodization was applied to this dimension to

0.03 wt%. preserve the highest possible resolution.

Additionally, °Si 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. TH8i NMR spec-

The RAPT (Rotor Assisted Population Transfér33en-  trum collected with a 30tip angle and a delay of 5000 sec
hanced two-dimensiondO dynamic-angle spinning spec- was similar to that reported by Gladden al? It was ap-
trum of silica glass is shown in Fig. 1. Also shown in Fig. 1 proximately Gaussian in shape, centered at -111.2+0.5 ppm
are the one-dimensional projections onto the MAS and isowith a FWHM of 12+0.5 ppm. Silicon-29 spin-lattice relax-
tropic dimensions, along with selected experimental crosation followed a power-law behavior as previously reported
sections and best fit simulations on the right. for other sampled’ but could be approximated with g, of

All Y0 NMR experiments were performed at 9.4 T on aat least 1400 seconds.

Chemagnetics CMX Il spectrometer using a modified ver- When fitting the 2D'’O DAS spectrum we assume that
sion of a homebuilt DAS probed described earffelThe  eachw, cross section contains the anisotropic second-order
sample was contained in a silicon nitride rotor with a 4 mmquadrupolar central transition lineshape of a single site. That
diameter. Experiments were performed at ambient temperas, the subset of the oxygen atoms resonating at each
ture with a sample spinning rate of approximately 15 kHz,value has such a narrow range of local structural variations
and chemical shift data referenced with respect to'ti@® that their NMR parameters are nearly identical. Selected
resonance in tap water. A recycle delay of 60 secondS'®r  cross-sections shown in Fig. 1 along with best fit “single
was determined using a saturation recovery experiment ursite” lineshapes are in good agreement, supporting this as-
der MAS conditions. The DAS angle pai88.38, 79.19)  sumption. The fit of the anisotropic lineshape in each cross
was employed in removing the second order anisotropigection is additionally constrained to have the total isotropic
broadenings, while detection was carried out at 54f84  shift, 8., constrained by each cross-section’s positiomjn
eliminate all chemical shift anisotropy contributions to thethat is,

B. NMR spectroscopy
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0= Oigo= Ocst+ 5q’ 1

where d is the isotropic chemical shift, ang}, is the isotro-
pic second-order quadrupolar sHiftSince certain param-

eters describing a given cross section have zero covariance (A) o 7 ] T e T
with parameters describing other cross sections, we have %Qﬁ_g }.g?§
adopted an algorithm for fitting the 2D spectrum that per- 3 § 11504
forms two least squares fits: one inside the other. An “inner” oS i '.."
least squares fit is performed on each 1D cross section. The 3 8 s IR
individual best fit chi squared values of each cross section S g
are added to get the total chi squared for the 2D spectrum. § O -4
An “outer” least squares fit is then performed using the total ¢} E
chi squared for the 2D spectrum with parameters that were -3 AR B Ly L
constant during the “inner” least squares fit becoming fit 00 02 04 06 08 1.0
variables during the “outer” least squares fit. Two different Quadruggrlgaﬁgpmetry
approaches were taken when fitting the data in Fig. 1. In the
first approach, each cross section was fit for the quadrupolar
coupling constantC,, quadrupolar asymmetry parameter,
7 and area with fixed constraints of Gaussian broadening
and total isotropic shiftgs,=w,. Gaussian broadening was 73
then varied as part of the “outer” least squares fit to obtain (B) o
the minimum total chi squared. In the second approach, we -%_ﬁ -6
fit each cross section f&@, and area with fixed constraints of 3 i
Gaussian broadening, total isotropic sh#ft,=w,, and a lin- % = 53 '-._.
ear relationship betwee@, and »,. The slope and intercept g8
of the linear relationship as well as Gaussian broadening 25 43
were varied as part of the “outer” least squares fit to obtain § S
the minimum total chi squared. The best-fit distributions of G 31
C, and chemical shift were virtually unaffected by the intro- 20 30 40 50 60
duction of the linear correlation betwe&j and ,, whereas, Chemical Shift (ppm)
for 7, significant differences were seen only in the lower
intensity cross-section fits, where the uncertaintyznis
expected to be higher.
c 2 1.0
lll. RESULTS AND DISCUSSION ©) £ 087
E o E
From the full least-squares analysis of tH® 2D DAS ?‘g 0.6
spectrum, a three-dimensional histogram correlating' fe s B
chemical shift,é.,, quadrupolar coupling constar,, and EE 0.4-%
quadrupolar asymmetry parameteg, was obtained. Two- £ 0 5] ;
dimensional projections along with corresponding one- S 73 =
dimensional projections of this three dimensional histogram AT J — TP Prrrrr prerrerre
20 30 40 50 60

are shown in Fig. 2. The one-dimensional distributions are _ _
asymmetric and skewed towards lower chemical shifts, lower Chemical Shift (ppm)
(in magnitud¢ quadrupolar coupling constants, and higher : : _ . .
FIG. 2. Two-dimensional histograms along with corresponding

gtur 2grurc)8:?é|§isg$n;ﬁglnpzrﬁl r:;}?;eersl\'mﬁ‘é eg?:ﬁ]t:t%'rsth;;?hzg?\e-dimensional projections extracted from the two-dimensional

9 9 P ypectrum in Fig. 1 showing the correlation among quadrupolar cou-
are all known 'to be strongly Qorrglated to the local §tructurep”ng constant,C,, asymmetry parameter,, and chemical shift,
around _the bridging oxygetvide mfra). Although a linear 8es (8) Cq and g, (b) Cq andds and(c) 73 and s Also shown in
Constralnt_ betweequ and 7q Was imposed by our least (a) is a grid of lines(in gray) obtained from Eqgs(2) and (3) by
squares fitting procedure to improve convergence for thg,rying the Si-O distance with the Si-O-Si angle held constant and
lower sensitivity cross-sections, eliminating this constraint inghe sj-0-Sj angle with the Si-O distance held constant.

the fitting procedure resulted in no significant changes in the
correlations.

Over the years W& 23 and other¥8 have quantified parameters of a bridging oxygen are the nature of the two
strong correlations betweeHO quadrupolar coupling pa- coordinating network forming cations, the T-O-Tinkage
rameters and the local structure around a Si-O-Si bridgingingle, the T-O bond distances, and the nature and number of
oxygen. The structural features around a bridging oxygeroordinating network modifier cations. For Si-O-Si linkages
most important in determining théO quadrupolar coupling  without modifier cations, we further obtairfédhe following
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relations betweerC, and 7, and the Si-O-Si angle and Si o Alpha-Quartz
-O distance: A Cristobalite
, < Trydimite (OP)
(1 cosQ) \¢ 5 (A) 150 C3 « Ferrierite
Cydro)) =a 5+m +My(dro—dio), (2) 170} S . o Trydimite (MP)
@2 i85 w o_Coesite
o - ¢ o
1 cosQ \# & o
Q)=b|=-—"——1, 3 o 150} ¢
() (2 cos() - 1) 3) 140 _.3’%00 %
: : . . o I
where () is the Si-O-Si bond angle amdkg is the average = - .
silicon-oxygen bond distance. A least-squares fit of Egp. [
and (3) to the experimental values for coestfe, 120

145 150 1.55 1.60

cristobalite?® and a-quartZ® as well as theab initio pre- T
Si-O Distance (Angstroms)

dicted values for ferrierit yields the parameter values
=-6.53 MHz,a’ =1.80,my=-12.86 MHz/A,d;,=1.654 A,
b=4.73, andB=1.12. The precisiofi.e., standard deviation
when using these calibrated expressions for predicting Si-
O-Si angles, Si-O distances, and Si-Si distances i$, 4.4

0.01 A, and 0.025 A, respectively. Using Eq®) and (3) (B) 7 1.68
plots of predictedC, versusz, as a function of the Si-O % 1'64
distance with the Si-O-Si angle held constant, and as a func- g
tion of the Si-O-Si angle with the Si-O distance held con- 2 1.60 .-"-. %
stant were calculated and are also shown in Fig) along % 1.56
with the experimental two-dimensional histogram from SiO 2 152 ?_‘
glass. 2 148
With the aid of Eqgs.(2) and (3) the experimental two- 8 -
dimensional histogram o, and 7, in Fig. 2@ is mapped & 1'40

into the two-dimensional histogram of the Si-O-Si angle o6 28 30 32 34
versus the Si-O distance shown in Figa)3 From a simple Si-Si Distance (Angstroms)
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(l8 and 3c), 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- 180
jecting the two-dimensional histograms onto their respective (C) 170
axes. Statistical parameters calculated from these distribu- m
tions are summarized in Table |. o 160
We focus first on the one-dimensional Si-O-Si angle §’150 =
distribution. There is a consensus that the S$0bunits in & .-""F
silica glass are regular tetrahedra and that disorder arises o 140 ' ?"
from variability in the Si-O-Si angle distribution. The & a9
Si-O-Si angle distribution, also shown in Fig. 4, peaks
at 147 with a standard deviation of 3.8While this peak 120
position is higher than the 14#ound by Mozzi and Warre#, 2IGSi-SiZI'Dﬁstanié)(An:s'tzromg)A
it is in agreement with recent high energy x-ray and neutron
diffraction studies:® Although the majority of Si-O-Si FIG. 3. Two-dimensional histograms of bridging oxygen struc-

angles in low temperature crystalline silicates are near, 144tural parameters derived from NMR parameter distributions in Fig.
it has been arguéd that the range of Si-O-Si angles in 2. (a) The Si-O-Si angle versus the Si-O distance for silica glass
silica glass, which quenches in a high temperature structurgshown in black, and for various crystalline silica polymorphg)
would be closer to those found in high temperature silicahe Si-O distance versus the Si-Si distance; érydthe Si-O-Si
polymorphs, such ag-quartz andg-cristobalite, where the angle versus the Si-Si distance.

angles range from 147151. The width of the Si-O-Si

angle distribution is significantly narrower than the distribu-with the proper model and assumptions, diffraction will set
tion obtained by Mozzi and Warrénand nearly half the an upper limit on the width of the Si-O-Si angle distribution.
width found by Neuefeind and coworket8.Such a differ-  In contrast, the quadrupolar asymmetry parameter, from
ence is not surprising, however, since diffraction, whichwhich our Si-O-Si bond angle distribution is derived,
provides only a direct measure of the Si-O and Si-Si distancerovides a more direct probe of the-QiSi angle. We do
distributions, requires modeling and a number of assumpnote, however, that any additional structural asymmetries
tions to construct the Si-O-Si angle distribution. At best,around the bridging oxygen may lead to a slight increase in
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TABLE |. Statistical parameters calculated from one-dimensional distributions measured,ig|&§S.
The skew is calculated as the third moment about the mean. The covariances bejveeeiy,, C, and &,
and 7, and &5 arec? , =0.0154 MHz,0% 5.,.=1.342 MHz ppm, and? 5.,=0-149189 ppm, respectively.
The covariances betwee and d(Si-0), O and d(Si-Si), and d(Si-O)qand d(Si-Si) are 0.0716 deg A,
0.2519 deg A, and 0.00128%Arespectively.

Mean Mode Median Std. dev. Skew
Cq -5.08 MHz -5.27 MHz -5.14 MHz 0.372 MHz 0.893
7 0.150 0.137 0.143 0.0414 0.893
Ocs 37.58 ppm 39.56 ppm 38.01 ppm 3.96 ppm -0.570
Q 146.6 147.2 146.9 3.78 -0.433
d(Si-0) 1.583 A 1.589 A 1.586 A 0.0191 A -0.950
d(Si-Si) 3.030 A 3.049 A 3.041 A 0.0670 A -0.811

the quadrupolar asymmetry parameter. Such an increase We also have found that the one-dimensional Si-O dis-
would be interpreted as a slightly lower Si-O-Si angle in ourtance distribution has a mode of 1.59 A and a standard de-
current analysis, and this effect may contribute to theviation of 0.0191 A. Although this mode is less than 1.605 A
strong decrease in the Si-O-Si distribution population abbtained by diffraction method,it is still within the preci-
higher Si-O-Si angles. It is also worth noting, however,sion of our current calibration of Eq&2) and(3). The one-
that our Si-O-Si angle distribution of silica glass is remark-dimensional Si-Si distance distribution peaks at 3.05 A, in
ably consistent with the one, also shown in Figa)4 reasonable agreement with diffraction measurements, and
obtained from a molecular dynamics simulation, performechas a standard deviation of 0.067 A. As seen in Fig),3he

by Yuan and Cormadk when using a three-body potential of range of Si-O distances in silica glass is similar to those
Vessalet al*? found in crystalline silica polymorphs. The Si-O and Si-Si

Details on the Si-O-Si angle distribution in silica will also distances are also within the range of values typically pre-
have implications for the ring size distribution. Silica glasssented for Si@ glass?®>* and have overall distribution
with a high fictive temperaturé€l;) has a more probable Si widths that are slightly narrower compared to the x-ray radial
-O-Si angle near 141 a greater presence of three and fourcorrelation function of silica glass, after taking the x-ray
member rings, and well-defined Sj@trahedra. In contrast, form factors and Q-space resolution into account. For com-
a lower T; silica glass, such as the glass in this study, stillparison, the!’O NMR derived Si-O and Si-Si distance dis-
includes well-defined SiQtetrahedra, but the mean Si-O tributions, convoluted with the proper x-ray form factrs
-Si angle increases, six member rings are more favored, arahd a step function witlQ,,,, of 23.55 A1, are shown in
three and four membered rings are exclutfed’ The nar-  Fig. 4(b) along with the radial correlation function obtained
rowness of the Si-O-Si angle distribution also has implicafrom x-ray diffraction*> There is excellent agreement be-
tions for the ring topology. Specifically, three member rings,tween the Si-O peaks at 1.6 A, and, although the Si-Si con-
with predicted Si-O-Si angles ranging from 128 136, will tribution to the x-ray radial correlation function is wider than
be significantly less probabfé-5°Conclusions regarding the the NMR peak at 3 A, this difference may be due to contri-
occurrence of four member rings are less clear because thritions from the first and second shell O—0O distances which
range of angles for these structures may overlap with anglesere not part of the x-ray convoluted NMR distance distri-
expected for the more prevalent 5 or 6 member ritfg% bution.

The structure will have a pronounced effect on the physi- In Fig. 3 we show, for the first time, the experimentally
cal properties of silica glasg.Although models of silica measured two-dimensional structural distributions in a
glass have been proposed with broad Si-O-Si bond anglglass. Strong nearly linear correlations amongOS®i
distributions, narrow distributions consistent with our resultsangle, Si-O distance, and Si-Si distance in silica glass
have also been proposed that agree with the glass’ physicate observed. Most unexpected is the strpogitive corre-
properties, such as densftyA narrow bond angle distribu- lation between Si-O distance and Si-O-Si bond angle in
tion centered near 14%hould not be problematic with re- silica glass, which is the opposite of that generally found
spect to bond connectivity or strain because it is consisterin crystalline SiQ polymorphs’* as shown in Fig. @).
with a ring topology dominated by 6 member rings andAn increase in Si-O distance as the@iSi angle increases,
avoids smaller, less stable rings. It is noteworthy thatalthough not expected based on crystalline ,Si0lymorphs
B-cristobalite and HP-tridymite, each having densities nearlyor quantum chemical calculations for model clusters in
the same as silica glass, are composed entirely of six memb#re gas phase, is not without precedent. Recent molecular
rings and have Si-O-Si angles near 14Bhis has led to the dynamics simulations of quartz by Kihatfor example,
suggestion, supported by the present investigation, that strusuggests that with increasing temperature both the Si-O dis-
tural similarities exist between these polymorphs of Si@d  tance and Si-O-Si bond angle increase. Kihara found
silica glass*53 this result to be consistent with previous diffraction data after
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r/A FIG. 5. Two-dimensional histograms showing the correlations

. ; ) ‘ _ between bridging oxygeWO chemical shift anda) Si-O-Si angle

FIG. 4. (a) A comparison of thé’O NMR derived Si-O-Si bond  and (b) Si-O distance, derived from the, and 7, data. The solid
angle distribution with previous studies. The thick dashed line is thgjne in (@) is a least squares linear fit of the data, with a slope of

x-ray derived distribution of Mozzi and Warreief. 3, the solid  _0.986 ppm/degree, an intercept of 182.17 ppm, and a linear cor-
line is the x-ray derived distribution of Neuefeind and LiRefs. 4  (g|ation coefficient of2=0.744.

and 5, and the thin dashed line is the distribution predicted by
molecular dynamics simulations of Yuan and CorméRef. 41 Finally, we note that simple correlations betwet®
using the three-body potential from Vessdlal. (Ref. 42. (b) A isotropic chemical shift and local structure around bridging
comparison of thé’O NMR derived Si-O and Si-Si distance dis- oxygen have been more elusit®?62The correlation be-
tributions(shown as black ling after taking x-ray form factors and tween quadrupolar coupling constants and chemical shift ob-
a Qmax Of 23.55 At into account, with the total corrrelation func- served in Fig. 2 is consistent with previoH@ NMR mea-
tion obtained from x-ray scatterin@efs. 4 and H(shown as agray surements in silicat€®:°® By using the derived structural
line). distributions discussed above, we can consider the possible
correlations betweeh’O isotropic chemical shiftg., and
bond lengths were corrected for the librational motion ofthe Si-O-Si angle or Si-O distance in Si@lass. As shown
each silicate tetrahedf8.Similarly, a decrease in Si-O-Si in Fig. 5a), a strong correlation is evident for the most
angle and a decrease in Si-O distance has been proposed fopbable Si-O-Si angles with,s decreasing with an increas-
low quartz under high pressure conditions, basedlinitio ~ ing Si-O-Si angle. The range @ values in SiQ glass is in
calculation®! It should be noted, however, that these much closer agreement with that proposed for ferrierite
calculated changes in Si-O bond distance are smaller thai28—42 ppm,*®62 rather than that determined for coesite
those described here for Si@lass. Nonetheless, these ob- (40—60 ppn.*® Recently, Loeseet al®* showed tha®, de-
servations suggest that the positive correlation observedreases linearly with increasing Si-O-Si in sodalites in
through our'’0O NMR data may be the effect of trapped some special cases. For Na, K-LSX hydrated zeolite they
density fluctuations resulting from the disequilibrium naturefound a slope and intercept of -0.92 ppm/degree and
of the glass. 171 ppm, respectively, both in close agreement with the data
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in Fig. 5a). The range of values suggested by #ieinitio  than those predicted from previous x-ray diffraction analyses
calculations for the dimej(OH);0-Si-O{OH);|%® (data not  of silica glass. This is not surprising, since Si-O-Si angle
shown is much smaller than that present in Si@lass for  distribution determinations from diffraction data are obtained
this range of angles. As discussed by Xue and Kan®aki, from structural modeling that is likely to be undercon-
wider range of values is expected if higher order structurestrained.
are included beyond the first coordination sphere, and such The two-dimensional structural distributions measured
structures are thought to account for hevalues for sitesin  here reveal an unexpected strong positive correlation be-
coesite. 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
IV. CONCLUSION density fluctuations resulting from the disequilibrium nature
of the glass. Future measurements on annealed samples

We have shown how the two-dimensio&D DAS solid- : : .
ﬁould be useful for testing this hypothesis.

state NMR spectrum of silica glass can be analyzed to obtai

two-dimensional histograms correlating the Si-O-Si angle
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