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Abstract

Short and medium range order of silica and sodium silicate glasses have been investigated from a quantitative analysis of
2Si MAS NMR and **Na, 70 MQMAS NMR spectra. The method described enables the extraction of the underlying '’O
NMR parameter distributions of bridging oxygens (BOs) and non-bridging oxygens (NBOs), and yields site populations
which are confirmed by °Si NMR data. The extracted NMR parameter distributions and their variations with respect to
the glass chemical composition can then be analyzed in terms of local structural features (bond angles and bond lengths, coor-
dination numbers) with the help of molecular dynamics simulations combined with first-principles calculations of NMR
parameters. Correlations of relevant structural parameters with 2*Na, 2°Si and 70 NMR interactions (isotropic chemical shift
0i50, quadrupolar coupling constant Cyp and quadrupolar asymmetry parameter ) are re-examined and their applicability is
discussed. These data offer better insights into the structural organization of the glass network, including both chemical and
topological disorder. Adding sodium to pure silica significantly diminishes the Si—O-Si bond angles and leads to a longer
mean Si—O bond length with a slight decrease of the mean Na—O bond length. Moreover, the present data are in favor of
a homogeneous distribution of Na around both oxygen species in the silicate network. Finally, our approach was found
to be sensitive enough to investigate the effect of addition of a small quantity of molybdenum oxide (about 1 mol%) on
the 'O MAS spectrum, opening new possibilities for investigating the Mo environment in silicate glasses.

1. INTRODUCTION vitreous silica, the quantification of structural disorder,
mainly related to the distribution of Si—-O-Si bond angles
and Si-O bond lengths, can only be obtained from the

interpretation of experimental data such as diffraction

Silica and binary sodium silicate oxide glasses are the
main constituent of numerous industrial and natural

glasses, and represent important simplified model systems
for assessing new approaches for structural investigations.
However, their short and medium-range structural disorder
is still debated and remains difficult to evaluate; even for
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experiments (Neuefeind and Liss, 1996), nuclear magnetic
resonance (NMR) spectroscopy (Farnan et al., 1992; Clark
et al., 2004; Charpentier et al., 2009) or theoretically by
molecular dynamics (MD) simulations (Yuan and
Cormack, 2003; Carré et al., 2008; Giacomazzi et al., 2009).

The addition of network modifier atoms to silica adds a
supplementary level of complexity. Although the effect of
alkali cations on depolymerization of the glass network is
clearly established (Schneider et al., 1987; Emerson et al.,
1989; Maekawa et al., 1991), it is uncertain whether the
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alkalis are randomly distributed (Zachariasen, 1932) or
concentrated into areas rich in nonbridging oxygen atoms
(NBO), leaving regions rich in silica (Greaves, 1985, 1989;
Gaskell et al., 1991; Henderson, 1995; Meyer et al., 2004;
Kargl et al., 2006). MD simulations have suggested a distri-
bution of sodium slightly more clustered than a random
distribution with the formation of sodium rich channels
(Horbach et al., 2002; Du and Cormack, 2004; Meyer
et al., 2004).

The influence of the Na/Si ratio in binary sodium silicate
glass was recently experimentally investigated by 'O
MQMAS NMR (Lee and Stebbins, 2009). For composi-
tions containing up to 50 mol% Na,O, the quadrupolar
coupling parameters of all oxygen species (i.e., BO and
NBO sites) were a function of sodium content, leading to
the conclusion that the investigated glass compositions do
not consist of separated regions rich in sodium or silicon:
changes in both BOs and NBOs were induced by addition
of sodium, and not only NBOs as generally assumed by
the modified random-network model (Greaves, 1985,
1989; Gaskell et al., 1991). Although these data provide
valuable qualitative results for a discussion of glass struc-
tural models, more detailed interpretation would have been
possible if a quantitative processing scheme could have
been used to extract the site population, allowing the recon-
struction of NMR parameter distributions of each observed
site.

The combination of experimental data with atomic scale
calculations is a complementary quantitative approach. 2°Si
magic-angle spinning (MAS) NMR and 7O multiple quan-
tum (MQ)MAS NMR have been successfully used to ex-
tract structural data from the interpretation of NMR
parameters (isotropic chemical shift d,,,, quadrupolar cou-
pling constant Cy and quadrupolar asymmetry parameter
1) such as bond lengths and bond angles (Pettifer et al.,
1988; Farnan et al., 1992; Mauri et al., 2000; Clark and
Grandinetti, 2003, 2005). Such correlations were extensively
investigated (Clark and Grandinetti, 2003; Clark et al.,
2004) with relationships between the Si-O-Si angle, Si-O
distance and O quadrupolar coupling parameters (C,
and 7o) established from ab initio calculations (Clark and
Grandinetti, 2005). However, such studies were carried
out using clusters to model the oxygen atom environment,
a finite-size approach that does not take into account the
inherent medium and long range structural constraints of
the vitreous state, which is the primary aim of MD
simulations.

With the introduction of the Density Functional Theory
(DFT) Gauge Including Projector Augmented Wave (GI-
PAW) method (Pickard and Mauri, 2001), large systems
(with typically a few hundred atoms) can now be used to
accurately calculate the NMR parameters in amorphous
materials (Charpentier et al., 2004). Combination of GI-
PAW calculations with MD simulations have opened new
routes for interpreting NMR parameter distributions, refin-
ing relationships between NMR parameters and local struc-
tural features (Charpentier et al., 2009; Ispas et al., 2010) or
more simply for analyzing NMR data of complex materials
(Soleilhavoup et al., 2010; Pedone et al., 2010a; Forler
et al., 2010).

Table 1

Analyzed molar composition of 7O enriched glasses.

Glass Si0; (mol%) Na,O (mol%) MoO; (mol%)
SiO, 100 - -

NS3 77.5 22.5 -

NSMo 59.4 39.8 0.8

NS1 56.9 43.1 -

In the present work, we apply this approach to obtain
quantitative structural data from the analysis of 2°Si,
2Na and '"O NMR spectra. We describe the acquisition
of structural parameters from 2*Na and >°Si MAS NMR
and the quantitative reconstruction of the three-dimen-
sional NMR parameter distributions (Cy, 10, d;s,) for each
oxygen species from 7O MQMAS spectra, taking into ac-
count the effects of correlations between NMR parameters
as recently described for vitreous silica (Charpentier et al.,
2009). These data can then be used as a basis for discussion
of alkali distribution in the glass network. MD simulations
and first-principles calculations of NMR parameters are
used in support of the qualitative or quantitative interpreta-
tion of the experimental NMR data.

First of all, silica glass serves as a reference composition.
The influence of sodium content in the silicate network is
then examined. Consideration of sodosilicate glasses is
completed by a ternary glass containing a small amount
of molybdenum (less than 1 mol%) to get an insight into
its signature in sodium silicate glasses. Understanding the
influence of molybdenum on glass structure is a major issue
for numerous applications (Farges et al., 2006). Molybde-
num can affect the medium-range disorder to the extent that
it increases network polymerization as network-modifying
cations become [MoO4~ charge compensators (Calas
et al., 2003; Short et al., 2005; Farges et al., 2006; Caurant
et al., 2007, 2010). Molybdenum is found in small quantities
in high-level nuclear waste containment glass matrices
(Advocat et al., 2001), where it can form alkali molybdate
crystals leading to phases of low chemical durability (Pinet
et al., 2006). Its interaction with the silicate network must
be determined to control its solubilization in the matrix,
thereby optimizing its concentration and avoiding phase
separation. >Mo MAS NMR provides additional data on
the local environment of molybdenum through direct study
(Kroeker et al., 2009), but a more comprehensive overview
can be obtained by using 70O NMR data, notably by high-
lighting the structural changes induced by molybdenum.

2. EXPERIMENTAL CONDITIONS
2.1. Fabrication of glasses enriched in 7O

The materials were synthesized by the sol-gel process,
involving hydrolysis (40% enriched water) and polyconden-
sation from metal alkoxides. All the elements were used in
alkoxide form (Si(OC,Hs)4, Na(OC,Hs)) and mixed to-
gether in anhydrous ethanol. The metal precursors used
for glass fabrication were enriched according to the follow-
ing reactions:



M(O - R), +H,""0 — M(O — R)n — 1""OH + R—OH
M(O-R), ,—"OH+M'(0-R), ,—"OH
- (0-R), ) M-"0-M'(0-R/), , +H,0

n

n—1

where M and M’ are cations; R and R’ are organic
groups.

The quantity of H,'’O added was the exact stoichiome-
try according to the first reaction. The resulting precursors
were melted for 30 min on platinum foil at 1200 °C. The
glass was analyzed by alkaline fusion (NaOH + KNO;
and Li,B407,5H,0) of powder samples (~50 mg) then dis-
solved in HNOj; for ICP-AES analysis. The analyzed
glasses chemical composition is indicated in Table 1.

It is of note that Mo species are not crystallized in the
NSMo glass; despite the fact that detection of small
amounts (typically <1%) of crystalline phase is difficult by
XRD, NMR offers a much more sensitive approach, with
which even lower quantities of crystalline Na,MoO,4 would
have been easily detected in the present sample from >*Na
MAS NMR. A crystalline reference material of this phase
has been synthesized using '7O.

2.2. MAS and MQMAS NMR

Experimental spectra were acquired with a Bruker
500WB spectrometer (magnetic field strength 11.72 T) with
a 4mm CPMAS probe. The rotation frequency was
12.5 kHz for all the experiments. A 1s recycle delay and
a short 1 pus pulse length were used to obtain quantitative
spectra for 2>Na. >Si spectra were obtained using a CPMG
pulse sequence (Larsen and Farnan, 2002) and a 200 s re-
cycle delay. 7O MQMAS spectra were obtained using a
Z-Afilter pulse sequence with the parameters indicated in
(Angeli et al., 2008) and a 1 s recycle delay for all the sam-
ples except SiO, (4s). The spectra were processed with
home-built software. >°Si spectra were referenced to an
external TKS sample for which the highest-intensity peak
is situated at —9.9 ppm from that of TMS. For 7O and
Z*Na external frequency references were H,O and 1M
NaCl solution, respectively.

For >*Na, MQMAS and MAS spectra were fitted as de-
scribed in (Angeli et al., 2007) using NMR parameter distri-
butions accounting for the underlying structural disorder as
the product:

TC(CQa ’7Q7 5iw) = G(éiso; Si.)'m aiw) X P(CQ7 ;/IQ O-Q) (1)

The Normal (Gallssian) distribution G(é,-x,,;S,-m,am)
with the mean value J;, and standard deviation ¢, ac-
counts for the distribution of ;,:

Table 2

- 1 6i.m - Si.m :
G(éiso; bism O-ixa) = \/Q_T eXp {_ ( 20_2 ) }

P(Cg,np;ap) is the Gaussian Isotropic Model (GIM)
accounting for the distribution of the electric field gradient
(here characterized by Cp and ny) (Czjzek et al., 1981;
Neuville et al., 2004):

1 n
P(Cg,ng;09) = WC&?QU —gg)
0

« exp {_ Co(1+ ng/3)}

2
2aQ

For each sample, the fit of MAS and MQMAS spectra
yielded the three parameters 0y, i, and g which deter-
mine the distribution (Eq(1)). From the latter, mean and
standard deviation values of each NMR parameter Cy, 1,
and J,, were calculated, reported in Table 3.

For Y70, it was necessary to introduce a NMR parame-
ter distribution model that accounts for correlation effects
between the NMR parameters (Cop, 7y, i), as initially
found experimentally for vitreous silica (Clark et al.,
2004) then latter corroborated by first-principles calcula-
tions (Charpentier et al., 2009). Such correlations were also
observed for our data (see text) and accordingly, the follow-
ing 3D NMR parameter distributions was used:

p(CQ7 n, 51’50) = G(CQ - C_Q; GC) X G(’? _fr](CQ); O-q)
X G(diso = f5(Cg); 05) 2)

where G is a Gaussian distribution with standard deviation.
The functions f represent the constraint of linear correlated
variation between the NMR parameters as follows:

£:(Cg) = a,Co + by (3)

for x = and 4.

70 MQMAS data were fitted taking into account these
NMR parameter distribution effects as well as the influence
of the pulse sequence and sample spinning which turn out
to be crucial for accurate quantification of each site popu-
lation (Angeli et al., 2008). As done for 23Na, once the
parameters of the distribution were determined (here, a,,
by, as, bs, 6, 05, oc and Cyp), the mean and standard devi-
ation values of each NMR parameter were calculated.

In every case (*Si, 2’Na, 170), errors of the reported val-
ues were estimated as follows. Each parameter was varied
independently so as to increase the error x> by a factor 2,
and the range of variation of the reported parameters (i.e.
the mean and standard deviation values and the intensity
of each line) provided an estimate of their accuracy.

Glass compositions and cell parameters used for molecular dynamics simulations and DFT geometry optimization.

Glass Size Composition Cell side (A)" DFT Volume (/‘)\3)b
N40S60 240 NagsSigsO12s 14.724 3077.3
N23S77 300 NaySi770177 16.096 3887.0
N45S55 300 NagSissOss 15.832 3745.5

4 (Cubic) cell side for the classical MD simulations.
® Unit cell volume after the DFT geometry optimization.



3. MOLECULAR DYNAMICS SIMULATIONS AND
GIPAW NMR CALCULATIONS

In order to provide support for the qualitative and
quantitative interpretation of the present experimental
NMR data, sodium silicate glass models were generated
within a combined classical MD and first-principles calcula-
tions framework as previously described (Ispas et al., 2010).
For the classical MD simulations, empirical pairwise poten-
tials based on a rigid ionic model as parameterized by
(Pedone et al., 2006) were employed. The velocity Verlet
algorithm as encoded in the DL_POLY package (Smith
and Forester, 1996) was used to integrate the equations of
motion, with a time-step of 0.5 fs and periodic boundary
conditions. Coulombic interactions were calculated by the
Ewald summation method with a cutoff radius of half the
edge length of the simulation box (see below) and an accu-
racy of 107°.

Liquid models were prepared by inserting Na,O and
SiO, units in a cubic box according to the glass composition
and the experimental glass density, with parameters given in
Table 2. The systems were initially equilibrated at 6000 K
for 20 ps in the NVT ensemble to ensure suitable mixing
of the melt and then cooled down to 3500 K using a

Table 3

quenching rate of 10%> K/ps. The systems were then equili-
brated at this temperature for 250 ps in the NVT ensemble,
and a subsequent run of 250 ps was performed in the NVE
ensemble. Liquids were then cooled to 300 K at a nominal
cooling rate of 0.2 K/ps followed by a final NVE trajectory
of 100 ps.

Before computing the NMR parameters, geometry opti-
mization with variable unit cell volume of the above classi-
cal glass model was performed within the DFT framework
using the GGA-PBE functional (Perdew et al., 1996) as
implemented in the PWSCF code (Giannozzi, 2009). A sin-
gle Baldereschi k-point and a plane-wave basis up to an en-
ergy cutoff of 60 Ry were used, while core electrons were
replaced by ultrasoft atomic pseudopotentials from the
Quantum Espresso library (Giannozzi, 2009). In order to
calibrate the deviation of the predicted equilibrium volume
from its experimental value, the geometry of reference crys-
talline sodium silicate compounds was also optimized (Na,-
Si0,, 0-Na,Si,Os and B-Na,Si,Os). Forces and bulk
modulus were relaxed to values smaller than 0.001 Ry/
a.u. (0.026 eV//OX) and 0.01 GPa using different Monk-
horst-Pack k-point grids (4 x4 x4, 2x2x4 and
2 x 2 x 2, respectively). For all compounds, an overestima-
tion of the experimental equilibrium volume of about 4.5%

NMR parameters of sites of each nucleus obtained by fitting the **Na MAS, #*Si MAS and 'O MQMAS data shown in Figs. 1 and 5
(standard deviations are indicated in parentheses, see text). Mean Na—O bond lengths are calculated from mean >*Na 8;,, and mean Si-O bond
lengths from 'O &;,, with MD-GIPAW correlations and previous relationships obtained on crystalline compounds (see Fig. 3 and Fig. 8). The
proportion of O™ species is obtained from the simulated >’Si MAS spectra. The NBO proportion is deduced from these data and compared

with direct 7O NMR measurement.

Site Parameters NS1 NSMo NS3 SiO,
Na diso(ppm) — (05,,) 7.5(9.4) 6.2 (9.5) 2.7 (9.4)
Co(MHz) — (ac,) 3.0 (2.3) 3.1(24) 3.5(2.7)
d(Na — 0)(A)? 2.54 (0.05) 2.55 (0.05) 2.57 (0.05)
d(Na — 0)(A)® 2.50 (0.11) 2.52 (0.11) 2.56 (0.11)
2si Q’ iso(ppm) — (05,,) —76.0 (4.4) —~76.9 (4.3) —75.0 (6.0)
Q? —85.2 (3.0) —86.2 (2.9) —91.1 (4.4)
Q* —104.0 (5.7) —~110.7 (4.5)
Q? Proportion (%) 55.0 24.0 2.3 0
Q? 45.0 76.0 60.5 0
Q* 0 0 37.2 100
NBO (%) 56 47 28
70 Si-O-Si Siso(ppm) — (05,,) 61.9 (4.5) 59.3 (4.6) 49.8 (6.8) 36.7 (4.7)
CQ(MHz) (oc,) 4.4(0.2) 4.4(0.2) 4.8 (0.3) 5.3(0.3)
(a,,Q) 0.5 (0.2) 0.4 (0.1) 0.4 (0.2) 0.15 (0.1)
( 0)(A)° 1.645 (0.008) 1.640 (0.008) 1.623 (0.012) 1.600 (0.008)
d(Si — O)( )d 1.645 (0.011) 1.638 (0.012) 1.614 (0.017) 1.582 (0.012)
Si-O-Na :so(Ppm) (05,,) 41.0 (4.6) 39.5 (4.9) 36.0 (5.6)
Co(MHz) — (ac,) 2.1(0.3) 2.1(0.3) 2.1(0.3)
no — (o) 0.7 (0.1) 0.7 (0.1) 0.7 (0.1)
NBO (%) 58 47 26
Note: **Na. precision Cq: 0.15 MHz, 6;,: 1 ppm (for both mean and standard deviation values), 298i. precision d;4,: 0.3 ppm, '7O. precision

Cq: 0.25 MHz, d;,: 2 ppm.

* Na—O bond length extracted from present MD-GIPAW calculations: d(Na—0) = —0.00549,,,(>*Na) + 2.5835.

® Na-O bond length from previous correlation on crystalline silicates: d(Na—0) = —0.01195,,,(**Na) 4+ 2.5912 (Angeli et al., 2000a and
references therein).

© Si—O bond length extracted from present MD-GIPAW calculations: d(Si—O) = 0.001765;,,('’0) + 1.5357.

4'Si-O bond length from previous correlation on crystalline silicates: d(Si-O) =0.00256;,('70) + 1.4898 (Ashbrook et al., 2002 and
references therein).



was observed. Accordingly, before performing NMR calcu-
lations, the unit cell volume of the glass model was rescaled
by 4.5%, as done in previous works (Charpentier et al.,
2009; Ispas et al., 2010).

DFT NMR calculations were carried out with the CA-
STEP code (Segall et al., 2002; Clark et al., 2005) using
the GIPAW method (Pickard and Mauri, 2001; Profeta
et al., 2003; Yates et al., 2007) and a single Baldereschi
point. Employed ultra-soft pseudopotentials have been de-
scribed in (Pedone et al., 2010b). GIPAW outputs were pro-
cessed using the f{pNMR platform (Charpentier et al., 2009;
Pedone et al., 2010b), in order to correlate the computed
NMR parameters for each atomic species (hereafter re-
ferred to as MD-GIPAW) to local structural features (coor-
dination number, bond angles and bond lengths).

4. RESULTS AND DISCUSSION

The interpretation of NMR parameters is presented in
this section from **Na, ?°Si and 'O NMR data. The previ-
ous empirical relationships between 2*Na (170) 8,,, and Na—
O(Si-0, respectively) bond lengths are compared with the
MD-GIPAW calculations. 2°Si and '"O spectra are used
to visualize the effects of Mo incorporation on the binary
glass structure. Then, the approach used to extract the
NMR parameters of 2°Si and '’O in order to determine
bond angles is addressed. From these data, correlations be-
tween bond angles (Si—O-Si) and bond lengths (Si—O and
Na-0), as well as the distribution of alkali ions in the glass
network are discussed.

4.1. Sodium-23 NMR

The experimental and simulated >Na MAS NMR spec-
tra are shown in Fig. la, while the NMR parameters (J;,
and Cp) are indicated in Table 3. As illustrated in Fig. 2,
for each sample 2*Na MQMAS NMR data have first been
fitted to constrain the NMR parameter distributions (see
Experimental section). The latter were then used to fit the
MAS spectra with tolerance of a small variation (typically
5-10%) of its parameters. This approach has allowed us
to obtain more information (i.e. mean and standard devia-
tion values) than the determination of the center of gravity
of spectra (more specifically of the central band) collected
at multiple fields (Gee et al., 1997). Furthermore, such
determinations can be very tricky because of the overlap
(even small) between the spinning sidebands and the central
band as a result of the finite sample spinning frequency.

Increasing the sodium content in the glass results in an
increase in d;, and a slight decrease in Cy. Numerous
chemical and geometrical parameters can influence these
NMR interactions. It has been observed from crystalline
materials that longer Na—O bond distances, higher coordi-
nation number and lower NBO resulted in greater elec-
tronic shielding and consequently a more negative (lower
frequency) J;,, for sodium (Xue and Stebbins, 1993; George
and Stebbins, 1995; Maekawa et al., 1997; Stebbins, 1998).
Determining the d,, values by 2Na MQMAS NMR al-
lowed the extraction of a correlation between the glass
chemical composition and the Na—O bond length in sodium

(a)

— Experiment
--- Simulation

*Na chemical shift (ppm)

(b) — Experiment 4
Si02 --- Simulation Q

NS3

[ I L. 1 [T I
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*Si chemical shift (ppm)

NSMo

NS1
| I

e oo i il MR AT A s Mot RN i s |
120 100 80 60 40 20 O -20 -40 -60 -80

"0 chemical shift (ppm)

Fig. 1. Experimental (solid lines) and simulated (peak fitting,
dashed lines) *Na (a), 2Si (b) and 7O (c) (not simulated because
70 MQMAS was used) MAS NMR spectra. Isotropic chemical
shift of *Na is indicated by solid verticals lines.

silicate glasses (Angeli et al., 1999, 2000a; Lee and Stebbins,
2003).

The Na—-O bond length estimated for our glass samples
are reported in the Table 3, first using a previous relation-
ship coming from crystalline silicate materials (d(Na—
0) =—-0.0119.9;5, + 2.5912) (Angeli et al., 2000a and refer-
ences therein) and secondly from a correlation obtained



. "(a) —— Experiment NSMo
£ .50 — Simulation
=9
=
=
2
w
5 0
£
=
2
2
§ 50
Z
1
0040 20 0 -20 -40 -60
MAS dimension ( ppm )

Isotropic chemical shift (ppm)

0 1 2 3 4 5 6
Quadrupolar Coupling Constant (MHz)

Fig. 2. (a) Fitted simulation (solid lines) and experimental (dashed
lines) 2*Na MQMAS spectrum of the NSMo sample. The CS and
QIS lines represent the direction of broadening as induced by
isotropic chemical shift distribution or quadrupolar distribution
(Quadrupolar Induced Shift). (b) NMR parameter distribution
(here projected on the Cp, d;, space) used for the MQMAS and
MAS simulations.

from MD-GIPAW data plotted in Fig. 3 (d(Na-O) =
—0.0054.9;,, + 2.5835, see more details below). The MD-
GIPAW approach gives a slightly higher Na—O bond dis-
tance. The data thus show that increasing the Na,O content
from 23% to 46% is responsible for only a low decrease in
the mean Na-O bond distance between 0.03 A (MD-GI-
PAW approach) and 0.06 A (empirical relationship). It is
important to remark that the values (2.50-2.57 A) extracted
in the present work seems higher than those recently re-
ported from neutron and X-ray diffraction data, equal to
2.29 A and defined as radial distribution function (RDF)
peak maximum (Fabian et al., 2007). At this stage, it is
worth noticing that our mean (Na-O) distance corresponds
to an average value over a sphere of radius r. (here equal to
3.2 A) around each sodium atom.

for[ r8nao(1)dr
(Na — O),, = 20 oNa0 /2 4
>NMR ) ENuo (}")d}’ ( )

Our MD data yielded RDF peak maximum between
2.25 and 2.30 A, and mean Na-O distance between 2.44
and 2.45 A. Thus our estimation compares very well with
the experimental data, despite a slight overestimation of
about 0.1 A .

We have also noticed both a decrease of d;, and an in-
crease of the mean Na-O distance for increasing oxygen
coordination number as seen in Table 4. The observed
slight overestimation by MD-GIPAW of Cy (see compari-
son with Table 3) may be attributed to thermal effects (mo-
tions and vibrations) which are not yet incorporated in the
present calculations. Indeed, these calculations were per-
formed at 0 K and vibrational calculations are required to
incorporate finite temperature effects into the NMR param-
eters (Rossano et al., 2005).

We have then considered the shortest Na—BO and Na-
NBO bond lengths present in the MD glass models as indi-
cators of the interaction of Na with bridging and non-
bridging oxygen (Table 4). Both bond lengths are modified
by the oxygen coordination. This suggests that sodium cat-
ions have in their local environment both NBOs and BOs,
and they do not appear to be surrounded by NBOs in alkali
rich regions. The more oxygen atoms that are present in the
Na environment, the more Na is found closer to the BOs to
the detriment of the increase of Na—NBO bond distance.
The shorter mean Na—-O distances with added sodium con-
tent (Table 3) are thus probably related to the increase of
NBO coordination around sodium due to the shorter bond
lengths of Na-NBO compared to Na-BO.

4.2. Silicon-29 NMR

Fig. 1b clearly shows the strong increase in the 2°Si d;,
with added Na, indicating network depolymerization as
first reported in the nineties (Schneider et al., 1987;
Emerson et al., 1989; Maekawa et al., 1991; Engelhardt and
Koller, 1994). The quantification of Q" species (where n =0
to 4 refers to the number of bridging oxygen atoms) based
on the simulated *°Si spectra is indicated in Table 3. Only
the glass NS3 with the lowest alkali content (23% Na,O) con-
tains a significant fully polymerized network fraction (37%
Q", while the most depolymerized glass (NS1) contains
mainly Q? species (55%). These values are well correlated
with glass composition, assuming that a sodium atom pro-
duces one NBO atom in binary sodium silicate glasses; the
average chemical composition computed from the 2°Si and
70 data (NBO) indicates 24% Na,O for NS3 (compared to
23%) and 44% for NS1 (compared to 43%). They are equally
supported by 'O MQMAS NMR analyse: the number of
NBO calculated from the proportion of Q" species is com-
pared with the direct 'O NMR measurement in Table 3,
and the two values agree to within 2%.

4.2.1. Molybdenum incorporation

In an ideal case, we would like to compare two 'O en-
riched glass samples, with and without molybdenum, hav-
ing strictly identical Si/Na ratios, but this is very difficult
to obtain. Nevertheless, with the present data we can dis-
cuss the effect of molybdenum on the glass structure by
comparing the difference between NBO proportion in the
Mo-bearing glass and the calculated value without taking
Mo into account. Hence the calculated NBOs for the latter
(50%) should be near the actual value considering the close
agreement experimentally obtained for the other binary
glasses (i.e. the NSI1 and NS3 compositions). The NBO
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Table 4

MD-GIPAW **Na NMR parameters with respect to its oxygen coordination number (CNp) obtained using a Na—O cutoff distance of 3.2 A
(average values coming from the glass compositions of Table 2). Standard deviations (see text) are given in parentheses.

CNo  *Na d;, (ppm) **Na P (MHz)*

Mean Na-O distance (A)

Shortest Na-BO distance (A) Shortest Na-NBO distance (A)

4 11.8 (13.8) 5.3 (1.6) 2.34(0.19)
5 7.4 (10.8) 47 (1.6) 2.45(0.25)
6 6.5 (11.2) 4.5 (1.7) 2.52 (0.29)
7 2.2(12.2) 44 (1.6) 2.59 (0.30)
8 ~0.6 (7.9) 5.3 (1.5) 2.68 (0.32)

2.63 (0.28) 2.20 (0.06)
2.61 (0.82) 2.24 (0.07)
2.54 (0.25) 2.23 (0.06)
2.51 (0.23) 2.25(0.10)
2.52(0.17) 2.30 (0.05)

* The quadrupolar coupling parameters are defined as Pq = Cq (1+n3/3)Y2.

experimental value for NSMo glass is 47%. This lower va-
lue may correspond to the transition of network-modifying
sodium atoms to charge-compensating positions for
[MoO4*~ groups. This result complements recent 2°Si
observations showing an increase in the most polymerized
Q" species when Mo is added (Caurant et al., 2010). As
the Na-O bond distances are generally smaller when so-
dium is a network modifier than a charge compensator
(Angeli et al., 2000a), adding Mo in the glass should
increase the mean Na—O distances and thus diminish >*Na
diso- The differences between these shifts for NSMo and
NSI1 (Table 3) are probably at least partly related to this
effect, the other part being possibly related to the lower
Na concentration in NSMo.

4.2.2. Si-O-Si bond angles

The dependence of the isotropic chemical shift of 2°Si
with its local environment is well established from empirical
relationships and theoretical approaches (Sherriff et al.,
1991; Engelhardt and Koller, 1994): linear correlations
have been reported with the Si—-O bond length (Smith
et al., 1983; Grimmer, 1985) as well as the bond angles of
the silicate network (Mégi et al., 1984; Radeglia and
Engelhardt, 1985; Pettifer et al., 1988; Gladden et al.,
1986; Bull et al., 2000; Mauri et al., 2000). The latter depen-
dence is also observed for the MD-GIPAW data as shown

1/2

in Fig. 4 (Left panel). Here, in order to invert our 2°Si MAS
NMR data, we have extended the method introduced by
(Mauri et al., 2000) which primarily aimed at extracting
an estimation of the mean and standard deviation of the
bond angle distribution from the °Si NMR spectrum. In
our case, we applied this procedure to each Q" species
NMR line, so that we extracted the same information but
for the Q"-centered bond angle distribution (i.e. the bond
angle distribution seen by each Q" unit).

The relationship between 2°Si ;,, of a Q" unit and the
bond angles of the n Si tetrahedral linkages is parameter-
ized as follows:

=

1 <X .
Oiso = — ZF(@k)w1thF(9) =agy + a; + cos 0 + aycos 20

=1

N}
~

(5)
The values of the a; parameters were obtained from a
least-square minimization analysis of the MD-GIPAW
data, independently for each Q" species. As shown in
Fig. 4 (right panel), J;, can indeed be predicted with accu-
racy (see Table 5) of about 2 ppm. From the linear regres-
sions plotted in Fig. 4 (left panel), the accuracy of the angle
determination can be estimated to be in the range 2-4°.
With the help of Eq. (5), each °Si 0" MAS NMR peak
(which is in fact a distribution of ;) can then be fitted with
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Table 5

Parameters used in the relationship between 28 840 Q" unit and the n bond angles (J;,, = .

',Z'I’F(é)k) with F(0) = ay + a; cos 0 + a, cos 20)

and the resulting statistics of the Si-O-Si bong angle distribution as extracted from the fit of the >’Si MAS NMR spectra. Standard deviations

(see text) are given in parentheses.

Si units ag a; a, Error std. dev. Si-O-Si bond angle (°)

NS1 NSMo NS3 SiO,
Q* —18.86 110.97 1.78 1.8 ppm 141.6 146.0

(8.2) (8.2)

Q? —106.32 —26.25 —30.71 2.2 ppm 132.4 133.2 141.8

(10.4) (10.4) (9.3)
Q? -90.78 —19.00 —17.66 1.5 ppm 134.1 134.7

(11.3) (8.7)
(Si-O-Si) mean bond angle (°) 133.2 133.5 141.7 146.0

an analytical model of bond angle distribution (here a nor-
mal distribution was chosen). From the latter, mean and
standard deviation values can be estimated. The corre-
sponding results are shown with the Si—O-Si bond angle
values in Table 5, where a bond angle is given for each
Q" species. Finally, an overall mean Si-O-Si angle is calcu-
lated taking account of the proportion of Q" and the num-
ber of Si—O-Si bonds in each Q" species.

A mean Si—O-Si bond angle near 146° is obtained for
vitreous silica with a downward shift as the alkali concen-
tration increases, reaching 133° for a glass containing
43% Na,O. X-ray diffraction and absorption data (Wright,
1994) place the most probable angle for pure silica between
144° (Mozzi and Warren, 1969), 147° (Poulsen et al., 1995),
and 152° (da Silva et al., 1975), in good agreement with our
findings. MD simulations reveal a slight decrease in the Si—
O-Si angular value and distribution when sodium is added

to silica (Meyer et al., 2004; Du and Cormack, 2004),
although the angular variations between glass compositions
are less prominent than those derived from our NMR
observations. XANES data have also been used to infer a
decrease of Si—Si distances (Henderson, 1995). This is con-
sistent with our observations concerning the decreasing Si—
O-Si angle (closer Si-Si distances) as Na concentration
increases.

4.3. Oxygen-17 NMR

Figs. lc and 5 compare !’O MAS and MQMAS spectra,
respectively, of the studied glasses. The difference of ionic
character of the two species (Si-BO and Si—-NBO) leads to a
clear separation in Cy dimension (Oldfield and Kirkpatrick,
1985). The simulated spectra have been generated using the
3D NMR parameter distributions accounting for correlation
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effects between the NMR parameters (see experimental sec- and by the decrease of the mean squared error by about a fac-
tion). The choice of such correlations is indeed corroborated tor 2 when compared to a non-correlated model (i.e. « = 0 in
both by the MD-GIPAW calculations as displayed in Fig. 6 Eq. 3). The deconvolution of the 7O MQMAS spectrum is
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detailed in Fig. 7 for one of the glass composition (NS3). To
the best of our knowledge, this is the first time that such a
good agreement has been obtained, better than our previous
(uncorrelated model) approach (Angeli et al., 2008).

4.3.1. Si-O bond lengths

It has been reported that the 170 §,,, increases as a linear
function of the Si-O bond distance in crystalline silicates
(Ashbrook et al., 2001, 2002). Using the same approach
as for *Na, the Si-O bond length can be estimated for
our glass samples (Table 3) using either the MD-GIPAW
correlation (Fig. 8a): d(Si-0O) = 0.001766,,,(}’0) + 1.5357,
or from previous data on crystalline compounds: d(Si—
0) = 0.00258;,,('’0) + 1.4898 (deduced from the data of
Ashbrook et al., 2002). The comparison of bond lengths
shows again a good agreement. For SiO, glass, the MD-GI-
PAW approach gives a slightly longer Si-O bond distance
(1.600 A) than the empirical relationship (1.582 A). These
values are consistent with that obtained by (Clark et al.,
2004) in silica glass from the interpretation of 70 DAS
NMR spectra with a Si-O distance of 1.59 A. The bond
lengths increase when sodium is added, e.g. with a bond dis-
tance of 1.645 A for NSI. For NS3 glass, our values are in
agreement with neutron and X-ray diffraction which give a
Si-O distance of 1.62 A for a sodium silicate glass contain-
ing 30% of Na,O (Fabian et al., 2007). It is worth noticing
that the correlation between !’O &, and Si-O bond length
only applies to bridging oxygens. Indeed, Fig. 8b displays

the MD-GIPAW calculations for NBOs and implies that
there is no clear relation between J;, and Si—-NBO bond
distance.

4.3.2. Molybdenum NMR signature

The molybdenum site (i.e. Mo-O) lies outside the area
shown in the MQMAS spectra in Fig. 5. In Fig. 9a, an en-
larged view of the '"O MAS spectrum of the NSMo glass is
shown and, for the first time, it is suggesting a contribution
of the molybdenum site at about 510 ppm due to Na-com-
pensated [MoO4*~ groups. We have synthesized a Na,-
MoO, crystalline phase enriched in '"O (40%). For this
phase, 70 NMR GIPAW calculations were also done in
order to localize the '"O peak of Mo-O-Na contribution
in our experimental data. This phase has already been re-
cently studied by the GIPAW method (Cuny et al., 2009)
where the Mo NMR signature in alkaline and alkaline-
earth oxides was investigated. The same parameters were
used here. Comparison of the experimental NSMo glass
spectrum with that of the simulation confirms the assign-
ment to Na-compensated [MoO,F~ groups in our Mo bear-
ing glass (Fig. 9b). It is of note that the difference between
the theoretical and experimental peak position (522 and
526 ppm respectively) is less than 5 ppm (about 1%), dem-
onstrating the high accuracy of the GIPAW method. A sec-
ond calculation has been performed on CaMoO4 and the
position of the Mo-O-Ca line was predicted to occur at
about 590 ppm, confirming the high sensitivity of 'O
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NMR to the change of cationic environment of MoOy
units. Considering the width of the Mo—O-Na line (here
20 ppm), this opens up appealing new possibilities for inves-
tigating the Mo environment in glasses, especially for dis-
tinguishing and quantifying alkali and alkaline-earth
molybdates sites.

4.3.3. Distribution of alkali ions

70 MQMAS NMR spectra show the continuous shift
of the sites with increasing Na concentration, and partic-
ularly that of the bridging Si—O-Si site (Fig. 5). This trend
can be clearly observed from the two-dimensional projec-
tion of the extracted J,, and Cy distributions (Fig. 10).
The most broadly distributed line is that of the Si-O-Si
site in the NS3 glass with 23% Na,O. A small portion
of this line is shared with the Si—O-Si line of the silica
glass. This overlap can be attributed to the Q* species
(37%) in NS3 glass. The extent of the Cy, distribution is
then probably related to the extent of the Q" distribution.

Conversely, no overlapping is observed in the glass with
the highest Na content (NS1) containing no Q* species;
no residual contribution near the silica site corresponding
to silica rich areas has been found. These findings suggest
again a uniform distribution of alkali ions in the glass
network.

The variations of the obtained mean §,,, and Cy versus
the Na,O proportion are shown in Fig. 11, and they are in
good agreement with data recently reported by Lee and
Stebbins (2009). However, we note that there are some
small discrepancies between the two data sets; they can
be ascribed to the fact that here we report accurate mean
values (i.e. calculated from a NMR parameter distribu-
tion) whereas previous measurements where based on the
peak positions (centers of gravity of each oxygen peak)
in the isotropic dimension of the MQMAS spectrum.
The sodium content in the NSMo glass was calculated
removing the sodium involved in the formation of
Na-compensated [MoO4~ groups. An almost perfect
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linear increase of d;, and decrease of Cy for the BOs from
SiO, to NSI glass is observed. In contrast, the variations
for the NBOs do not exhibit such an obvious trend. The
diso Increase for the Si-BO bonds suggests some interac-
tions between Na™ ions and the oxygen atoms of the Si—
O-Si bridges, in accordance with our *Na MAS NMR
data. Moreover, we note that significant bonding of BO
to modifiers has been recently suggested by MD
(Mountjoy, 2007). As evidenced by the present MD-
GIPAW calculations, increasing the number of Na indeed
leads to a decrease of the Si—O-Si bond angle and length-
ening of the Si-O bonds (Table 6). As experimentally

observed, the calculated J;, presented the most pro-
nounced variations, and this is clearly related here to
direct interaction of Na with the BOs. One may explain
this trend by the fact that the sodium attracts the oxygen
atom, increasing the Si-O distances and decreasing the
Si-O-Si bond angle. Concerning the NBOs, the data of
Table 6 may be used to suggest that the increase of their
3150 (O° — O') can be related to an increase of the number
of surrounding sodium atoms which leads to an increase
of the Si-NBO distance. However, these changes for
Si-NBO are difficult to discriminate as observed on
Fig. 8b.
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4.3.4. Si~O bond lengths and Si-O-Si bond angles

The 70 Co can provide data on the topology of glass
network. Based on the evolution of Cy, as already noted
by MD (Angeli et al., 2000b; Segall et al., 2002; Pedone
et al., 2008), Lee and Stebbins (2009) reported a qualitative

reduction in the Si-O-Si bond angle from 'O NMR with
increasing concentration of sodium. The dependence of
the 70 NMR quadrupolar parameters upon the Si—O-Si
bond angle and Si—O bond distance has been extensively
studied in literature with ab initio calculations on clusters
(Kanzaki, 1998; Vermillion et al., 1998; Xue and Kanzaki,
1998, 1999, 2000; Clark et al., 2003, 2004). The MD-GI-
PAW data were analyzed with the help of classical relation-
ships (Clark and Grandinetti, 2003, 2005). Concerning Co,
we investigated two models:

1 cos0 \*
CQ((‘),d) :A(E-Fm) +md(d—d0) (6)
1 cosf \*

where 0 = Si-O-Si and d=Si-O. In contrast to a previous
study (Ispas et al., 2010) it was found that including the
d-dependence (Eq. 6) does not improve the precision. For
both models the predicted C,, values were found to agree
with the MD-GIPAW values to within 0.31 MHz (standard
deviations). This may be explained by the difference in glass
compositions. Indeed, as a consequence of the higher so-
dium content in our glasses, BOs have stronger interactions
with sodium atoms so that the latter contribute to the Elec-
tric Field Gradient (EFG). A more detailed analysis being
out of the scope of the present work, the second model
Eq. (7) was used to obtain a simple estimation of the bond
angle distribution. A least-square error minimization of the
MD-GIPAW  data has yielded the parameters
A =558 MHz, «=1.725, ACo = —0.146 MHz.

Concerning the asymmetrical parameter, the following
model was used

1 cos \/
100 = 5(3 sy )+ e ®)

The obtained parameters were B =3.98, f=1.095 and
Ang =0.103; the precision was 0.11 (0.13 when omitting
the second constant term in the right hand side of Eq.
(8)). Fig. 12 reports the correlation between the 'O quad-
rupolar parameters (Cy and 1) and the Si-O-Si bond an-
gle. With the help of the above equations and thanks to the
fact that Cy and ny distributions could be extracted from
the 70 MQMAS, statistics of bond angle distribution
could be estimated and the corresponding results are re-
ported in Table 7. Incorporating a variation of the ACq
term into Eq. (7) with respect to the number of coordinat-
ing sodium was used to improve the Si-O-Si bond angle
determination. For SiO, glass, the resulting mean bond an-
gle value is 152°, slightly higher than the value around 147°
previously obtained (Clark et al., 2004; Charpentier et al.,
2009). For glasses with higher Na content (NS1 and
NSMo), a narrower distribution than for vitreous silica is
observed, with a smaller mean bond angle. Analysis of
the quadrupolar coupling parameter distribution obtained
by 70O DAS NMR (Farnan et al., 1992) for a potassium sil-
icate glass yielded angular distributions extending from
135° to 156° with a maximum at 143°. Authors compared
their data with XRD data (Mozzi and Warren, 1969),
revealing a slightly narrower distribution and a smaller



Table 6

MD-GIPAW statistics of bridging (up) and non-bridging (down) ’O NMR parameters and structural factors with respect to sodium
coordination numbers (CNy,) obtained with a O-Na cutoff distance of 3.2 A (average values coming from the glass compositions of Table 2).

The standard deviations (see text) are given in parentheses.

CNya Si-O-Si (degree)  Opo-Si (A) 0 84, (ppm) O Co (MHz) O mg  Opo-Na(A)  Shortest Ogo-Na (A)
0 145.4 1.608 48.8 5.1 0.22
(11.1) (0.018) (8.5) (0.4) (0.13)
1 146.2 1.629 54.1 49 0.29 2.62 2.62
(13.1) (0.026) (7.6) (0.4) (0.18) (0.27) 0.27)
2 143.7 1.647 60.3 4.8 0.31 2.66 2.47
(12.8) (0.030) (7.7) (0.5) (0.19) (0.17) (0.19)
3 143.1 1.661 64.2 4.8 0.33 2.74 2.46
(13.8) (0.030) (7.3) (0.5) (0.18) (0.12) (0.15)
170 64, (ppm) 70 Co (MHz)  Ony Onpo-Si (A) CNna  Onpo-Na (A)  Shortest Onpo-Na (A)
NBO-Q®  42.7 24 0.35 1.570 3.7 2.44 2.23
(8.2) (0.2) (0.20) (0.012) (0.8) (0.26) (0.07)
NBO-Q*> 454 24 0.35 1.589 3.9 2.41 2.22
(7.2) (0.3) (0.17) (0.012) (0.8) (0.23) (0.07)
NBO-Q' 476 24 0.41 1.612 4.3 2.42 2.23
(8.0) (0.3) (0.19) (0.012) (0.7) (0.23) (0.07)
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Fig. 12. 70 NMR quadrupolar parameters Co (left) and 5, (right) of bridging oxygen versus the Si-O-Si bond angle. Solid lines correspond

to Eq. (7) and (8).

Table 7
Si-O-Si bond angle (and standard deviation, see text) calculated
from Cp and np 7O distributions

Glass <Si~O-Si> mean bond angle (°)
from 'O Cq, distribution from 70 5, distribution
NS3 142.7 (12.4) 135.1 (12.7)
NSMo 130.6 (5.1) 131.8 (8.6)
NS1 129.2 (5.5) 131.1 (8.6)
SiO, 152.0 (13.2)

mean bond angle than for vitreous silica, which is in agree-
ment with our results for sodium silicate glasses. The angu-
lar distribution for the glass with lower sodium content
(NS3) is similar to SiO,, probably due to a higher O* pro-
portion compared with other sodium silicate glasses.
These findings suggest that "0 quadrupolar NMR
parameters are more difficult to analyze in terms of Si-O-—
Si and Si-O distance only, mainly because of the stronger
interaction of Na with BO. Additionally, the 17O relation-
ships derived from sodium-bearing glasses are not directly



transferable to sodium free systems. Clearly, better func-
tional accounting for Na interaction with BOs is needed
but advanced NMR techniques probing Na-O environ-
ments would certainly be required. However, for all Q" spe-
cies, 2°Si d;,, has been correlated to the Si-O-Si bond angle,
resulting in a satisfactory agreement with the'’O approach.

5. CONCLUSION

Comprehensive modeling of 70 MQMAS spectra has
allowed the extraction of the NMR parameters and thus
opens the way to quantitative structural analysis of the
data. In this work, classical MD simulations have been
combined with first-principles NMR calculations in order
to get more insights into the interpretation of the observed
variations. It has been shown that '’O quadrupolar NMR
parameters are more difficult to analyze in terms of Si-O-
Si and Si—O distance only, mainly because of the stronger
interaction of Na with BO, strongly influencing its isotropic
chemical shift. However, for all Q" species, >°Si isotropic
chemical shift can be well correlated to the Si—O-Si bond
angle. Thus, in good agreement with the 7O spectra, the
mean Si—O-Si bond angle decreases as the alkali concentra-
tion increases. The Si—O bond distance increases and the so-
dium atoms move closer to the oxygen atoms.

As observed from 2*Na and 7O NMR, sodium cations
have in their local environment both NBOs and BOs.
Moreover, our findings suggest that '’O NMR signatures
as observed in vitreous silica (representative of fully poly-
merized regions), are definitely not observed in spectra of
sodium silica glasses. In the same way, the NMR signature
of BOs continuously shifts upon addition of sodium.
According to our calculations, this can be explained by a
decrease of the Si—O-Si bond angle, which only occurs
when sodium atoms get closer to the oxygen atoms of the
Si—O-Si linkage. The present data are therefore in favor
of a homogeneous distribution of Na around both oxygen
species (BO and NBO) in the silicate network for our glass
compositions.

The presence of less than 1 mol% MoOs; is sufficient to
cause a 3% drop in the number of non-bridging oxygen
atoms and clearly shows the influence of MoO; on glass
structure based on the increase of the polymerization. The
identification of the sodium molybdate site by '’O NMR
confirms the possibility of characterizing different possible
molybdenum environments. The present data shows the
high similarity of the environment of Mo in crystalline Na,_
MoOy to that in sodium silicate glass, as supported by very
close 170 isotropic chemical shift. This opens new possibil-
ities for investigating the Mo environment in glass, espe-
cially for distinguishing and quantifying alkali and
alkaline-earth molybdate sites in more complex glasses.

Finally, our quantitative approach provides both the
distribution and mean angular values, highlighting its po-
tential for assessing the degree of disorder in the glass. It
provides an overview that tallies with the data obtained
for each nucleus, giving the bond distance and angle distri-
butions as well as the overall distribution of alkali ions in
the glass network. Given the importance of oxygen in a
wide range of materials, the present approach represents a

major step toward the emergence of new first-principles
NMR based modeling techniques of glass.
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