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The two-dimensional Magic Angle Flipping Nuclear Magnetic Resonance (2D MAF NMR) experiment on 2°Si
nuclei is used to determine the distribution of Q™ sites in two 2°Si-enriched magnesium silicate glasses with
compositions 2MgO0-SiO, and MgO-Si0,. A significant degree of polymerization is observed in the 2MgO-SiO,
glass, supporting previous studies using Raman and 2°Si NMR spectroscopy. Relative abundances of 0.629 -+ 0.001
for Q@ and 0.371 £ 0.001 for Q") were obtained from spectral fits of the 2D MAF spectrum of the 2Mg0-SiO,

Keywords: . . . .
Gl;)l’s . glass. Mole fractions for the free oxygen anion and each Q™-species were calculated and used in a
29¢; I\iMR; thermodynamic model of Q™ disproportionation to calculate an equilibrium constant of ko =0.04-0.02 in

MAF: 2MgO- Si0,. In the MgO-SiO, glass relative abundance of 0.014 4 0.001 for Q¥, 0.191 4 0.003 for Q”, 0.530 +
0.004 for Q‘?, 0.252 +0.003 for Q*, and 0.014 + 0.001 for Q‘*’ were measured. The mole fractions for the free
oxygen anion and each Q"-species in Mg0O-SiO, were used to calculate corresponding disproportionation
equilibrium constants of k; =0.19+0.02, k;=0.1744-0.009, and k3 =0.1140.01. A comparison of ks values
from previous MAF studies of various alkali and alkaline earth silicate glasses indicate an exponential increase in
ks with the increasing modifying cation potential. Using the van't Hoff relation, we show that differences in both
thermal history and modifier cation potential contribute to this spread in ks values. Nuclear shielding tensor
anisotropy, ¢, and asymmetry, 7, values of { = 0.0 ppm and 7= 0.0 for Q® and {= 33.0+ 0.1 ppm, and n=0.4 +
0.1 for Q) in 2MgO- SiO, glass were determined from its 2D MAF spectrum. These values were used in obtaining
the remaining values of {=—36.00.5 ppm and 1=0.99+0.01 for Q®, and {=—27.5+0.5 ppm and
N=045+0.11 for Q®, {=0.0 ppm and n= 0.0 for Q*) in the MgO-SiO, glass from its 2D MAF spectrum. The
magnitude of { values observed are lower than those reported in previous MAF studies of alkali and alkaline earth
silicate glasses containing different modifier cations, consistent with previously reported trends in ¢ versus
modifying cation potential.

Alkaline earth silicate;
Silicate disproportionation
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1. Introduction

The atomic level ordering of silicate melts dictate their bulk
thermodynamic and transport properties such as heat capacity,
thermal conductivity, and viscosity [1-3]. Structurally, silicate melts
are composed of a network of silicate tetrahedra that are interlinked
through oxygen bonds [4]. As network modifying cations are
introduced into the melt, Si—O—Si bonds are broken and non-
bridging oxygen (NBO) sites are formed. Silicate melts quenched as
glasses can be studied at room temperature, since the structure of the
melt is preserved at the glass transition temperature. In a glass with
composition MO (1 —«)Si0O,, we will assume that the following
anionic equilibria [5,6] take place in the melt:

n n—1 n+1
2Q"=Q"" + Q" M
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and
209=20" + (0", (2)

where (0)? ~ refers to the “free oxygen anion”, which refers to OMg,,
groups, i.e., oxygen not bound to silicon, and Q'™ refers to a silicate
tetrahedron where n is the number of bridging Si—0—Si linkages per
tetrahedral unit with n ranging from 0 to 4. Calculating the
corresponding equilibrium constants,

Xo X
k, = ~Zn Qe 3)
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where X0y - is the mole fraction of free oxygen anion and xq, is the
mole fraction of the QU species, one can infer how the Q™ anions are
distributed in the bulk glass. When k, is zero the distribution of
silicate tetrahedra within the glass is binary, that is, the glass contains
a maximum of two Q™-species with the sequential appearance of
other Q™-species as the modifier cation content increases [4]. In
contrast, calculated values of k, assuming a statistically random
distribution, neglecting the formation of free oxygen anion, would
give k; =0.311, k, = 0.439, and k3 =0.375 [7]. Thus, one can view the
equilibrium constants as a measure of frozen-in disorder or configura-
tional entropy of the glass.

While other analytical techniques, notably Raman spectroscopy
[3], have been used to quantify Q-species in silicate glasses, NMR
has been particularly useful because of the ability to elucidate short
range order by distinguishing multiple sites on the basis of resonance
shift [8-10]. For amorphous materials, where there is a distribution
of isotropic chemical shifts for each site, lineshapes can be poorly
resolved due to a large degree of overlap when multiple sites are
present. Typically, multiple sites are resolved in 1D 2°Si MAS NMR
experiments by assuming that the chemical shift distribution for
each site can be represented as a Gaussian function. Areas obtained
through unconstrained fitting of the 1D spectrum alone, however,
cannot always be used to satisfactorily predict the necessary charge
balance, and the associated uncertainty on the areas can be on the
order of several percent.

Stebbins [11] showed that the markedly different 2°Si NMR
anisotropic lineshapes of each Q-species can be exploited to detect
resonances that would otherwise be strongly overlapping in the 2°Si
MAS NMR spectrum. These anisotropic 2°Si lineshapes can be
deconvoluted using known nuclear shielding tensor anisotropy
parameters for each Q®-species to determine the relative contribu-
tions from each site. This approach applied to one-dimensional static
sample NMR spectra, however, is limited by low sensitivity and strong
overlap of anisotropic lineshapes for different Q"-species. In previous
works [12-14], we demonstrated that Magic Angle Flipping (MAF)
[15], which is a 2D NMR experiment capable of correlating the
isotropic and anisotropic frequency contributions of the nuclear
shielding along two orthogonal dimensions, provides an order of
magnitude improvement in quantifying QU™-species compared to
fitting 1D static or MAS NMR lineshapes alone. This 2D NMR approach
has been successfully applied in quantifying the relative populations of
Q™ in silicate glasses of composition 2Na,0-3Si0, [12], K,0-2Si0,
[13], and Ca0-SiO, [14].

In this work we employ 2D MAF to investigate the structure of two
magnesium silicate glasses with compositions of MgO-SiO, and
2MgO-SiO,. Magnesium silicates are the primary constituents of
terrestrial mantles [16]. The simplest crystalline magnesium silicate
by composition is forsterite, Mg,SiO4, which has a single silicon site
with Q® coordination [17]. In contrast, studies of forsterite
(2MgO0-Si0;) glass by Raman [18] and NMR [19] spectroscopy have
detected multiple Q-species, indicating a significant degree of
polymerization within the glass network. Similarly, in NMR studies
by Sen et al. [20] on a MgO-SiO, glass, significantly higher Q™
disproportion equilibrium constants of k,=0.364 and k;=0.464
were observed. The objective of this work is to (1) determine the
mole fractions of Q™-species in each glass, (2) determine structural
differences between glasses with higher MgO/SiO, ratios, (3) determine
the degree of polymerization in the 2MgO- SiO; glass, and (4) expand on
previously reported trends in both the disproportionation constant k;,
and ¢ with changing modifier cation potential.

2. Experimental
Samples of aMgO- (1 — a) SiO,, were synthesized with 100% 2°Si-

enriched SiO, using the container-less levitation technique [20]. Final
spherical glass beads measured 1-2 mm in diameter. This work

focuses on two compositions with a«=0.5004+0.005 and 0.660 +
0.007, corresponding to compositions of Mg0O-SiO, and 2MgO-SiO,.
NMR experiments were performed on a hybrid Tecmag Apollo-
Chemagnetics CMX II NMR spectrometer interfaced to a 4 mm
homebuilt dynamic-angle-spinning probe [21] operating at a field
strength of 9.4 T, corresponding to an operating frequency of
79.476 MHz for 29Si. The 2%Si relaxation time was measured for both
glass compositions indicating a spin-lattice relaxation time, Ty, of 8 s and
26's for MgO-SiO, and 2MgO-SiO,, respectively. The difference in T,
between the two samples is explained by possible paramagnetic
impurities that were incorporated in the glass structure during
synthesis. A recycle delay of 6T; was used for each glass and no changes
in peak shape as a function of recycle delay were observed indicating no
differential relaxation between the 2°Si resonances.

The 2D MAF 2°Si experiment correlates isotropic MAS frequencies to
anisotropic frequencies obtained while spinning off the magic angle
during the t; evolution period. Here, the off-magic angle, 6, is set at
0r=90" away from the external magnetic field direction, where the
averaged frequency anisotropies are scaled [22,23] by a factor of —1/2.

The 2D MAF spectrum of the MgO-SiO, glass, shown in Fig. 2, was
obtained using the shifted-echo MAF pulse sequence [25,26], illus-
trated in Fig. 1A. The number of t; x t; points was 128 x 256 with dwell
times of 62.5 us in both dimensions. The total acquisition time was
16 days for MgO-SiO,. The 2D MAF spectrum of 2Mg0-SiO, glass is
shown in Fig. 3. To improve sensitivity the MAF sequence with Carr-
Purcell-Meiboom-Gill (CPMG) [27,28] acquisition, illustrated in
Fig. 1B, was used. The number of loops, m, in the CPMG acquisition
was set to acquire 80 echoes. An echo spacing of 8 ms between 1 pulses
was used with dwell times of 62.5 ps in t; and 20 ps in t4™. The use of
CPMG acquisition provided a sensitivity enhancement of 4.5 over the
MAF sequence of Fig. 1A. Utilizing CPMG acquisition has proven
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Fig. 1. (A) Shifted-echo Magic-Angle Flipping pulse sequence with spin transition and
spatial symmetry pathways. (B) Magic-Angle Flipping sequence pulse using CPMG
acquisition (m=280) with spin and spatial symmetry pathways. In both experiments
the rotor axis angle, 6, during t; is the evolution time set to 6z = 90", the period, Thop,
during which the magnetization is stored as Zeeman order while the rotor is switched
between angles, is set to 80 ms. The echo shift period, Tecno, is set to 3.95 ms.
Hypercomplex acquisition is performed to obtain positive and negative t; quadrants in
the 2D time domain signal [24]. Four dummy scans are performed prior to acquisition to
ensure that the system reached steady state prior to the start of the experiment.
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Fig. 2. Experimental 2D 2°Si MAF NMR spectrum of MgO-SiO, with representative experimental (black lines) and simulated (green dashed lines) cross sections at selected isotropic

chemical shifts ( yZ%qucea = 1.8). All frequencies (in ppm) are referenced to TMS.

effective in analyzing both static and spinning samples because the
acquisition of multiple echoes in the time domain can reduce
experimental time for samples with long T; [29-32]. Previous studies
[33,34] have already demonstrated that the acquisition dimension of
other 2D correlation techniques such as Magic Angle Turning (MAT)
can be enhanced by adding CPMG acquisition by increasing sensitivity.
The MAF CPMG spectrum was processed using the TOP approach to
CPMG as recently outlined by Dey et al. [35]. The total acquisition time
was 3 days for 2MgO0-SiO,. A Gaussian apodization was applied along
the anisotropic dimension with a half width at half height (HWHH) of
235 Hz to enhance the sensitivity of the 2D spectra of both samples.
As acquired, the signal from both sequences in Fig. 1 correlates a t;
dimension containing both isotropic and anisotropic frequencies to a
t, dimension containing only isotropic frequencies, as presented in
previous MAF investigations of silicate glasses [12-14]. The 2D MAF
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spectra presented here, however, have been transformed to correlate
a purely isotropic spectrum to a purely anisotropic spectrum through
the application of an affine transformation [36], consisting of a shear
parallel to t, using a shear factor of 1.

In this study we employ the IUPAC definitions for nuclear shielding
and chemical shift interactions [37] where the isotropic nuclear
shielding is defined as

1
Ojs0 = 3 (Oxx + Oyy + ()_22)7 (5)

with corresponding isotropic chemical shift
— (Ol‘ef_oiso)
Siso N (]_Gref) ' (6)
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Fig. 3. 2°Si MAF NMR spectrum of the 2MgO-SiO, glass with representative experimental (black lines) and simulated (green dashed lines) cross sections at selected isotropic

chemical shifts ( yZqucea = 1.7). All frequencies (in ppm) are referenced to TMS.
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where 0Oy, 0y, and 0, are the components of the nuclear shielding
tensor in its principal axis system and O is the isotropic nuclear
shielding of the reference compound (TMS). The shielding anisotropy,
¢, and asymmetry parameter, 1), are defined as

§ = 0,0, (7)
and

O, —0O,
n= % (8)

respectively. Based on the results of previous MAF studies on silicate
glasses [12-14], we assume that the nuclear shielding anisotropy, ¢,
and asymmetry parameters, 1), are identical for each Q™ site. Thus, we
will use the notation, {™ and n'™, to represent the nuclear shielding
parameters for a Q™ site in a magnesium silicate glass. Additionally,
we assume that the distribution of isotropic chemical shifts for Q™
species in the glass will be Gaussian, with a mean value, (6{%). The 2D
MAF spectrum was analyzed using the nonlinear least-squares fitting
routine built into the Optimization toolbox of MATLAB®. The analysis
incorporates the NMR simulation package SIMPSON [38] to generate
an anisotropic lineshape for each Q" with a given ¢™ and n'™. Up
to five anisotropic Q™ lineshapes are used to generate a 2D MAF
lineshape with a Gaussian distribution of isotropic chemical shifts.
Thus, the parameters used to model the 2D spectrum were (1) the
mean Q™ isotropic chemical shift position, (6{)), in the isotropic
dimension, @, (2) the standard deviation of each Q™ isotropic
chemical shift distribution in @,, (3) the nuclear shielding tensor
anisotropy, ¢, for each Q", (4) the nuclear shielding tensor
asymmetry parameter, ™, for each Q™, (5) the integrated 2D MAF
lineshape intensity for each Q"”, and (6) the Gaussian line broadening
along o, the anisotropic dimension, identical for all Q"™ anisotropic
lineshapes.

The best-fit values for {™ and 1™ were determined by analyzing
1D anisotropic cross sections in the 2D MAF spectrum where each Q™
dominates, and are given in Table 1 along with previously measured
values. Additionally, the best-fit line broadenings obtained from the
least-squares fit of the 1D anisotropic cross sections corresponded to
Gaussian function with HWHH equal to 528 Hz (6.6 ppm) for both
2MgO0-SiO, and MgO-SiO,. A challenge in presenting uncertainties for
the shielding parameters arises from a strong covariance with the
Gaussian line broadening that is also used in the least-squares analysis
of anisotropic lineshapes. After subtracting the 228 Hz of Gaussian
apodization applied during signal processing, only 293 Hz (3.7 ppm)
of the line broadening found during least-squares analysis of the
anisotropic cross sections can be attributed to structural disorder,
intrinsic excited state lifetime, and uncertainty in the tensor
parameters. The uncertainties in the shielding tensor, therefore, can
range from values as low as those reported in Table 1 to as high as
3.7 ppm. The best fit values for the mean and standard deviation of
each Q™ isotropic chemical shift distribution, as well as the
integrated intensity for each QU were determined by analyzing the
full 2D MAF spectrum, and are given in Table 2.

Table 1
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To calculate the equilibrium constants of Egs. (3) and
needs the (0)2 ~ mole fraction,

(4) one

Moy
ng, + Ng, + Mg, + ng, + Mg, + Ny’

X(O)zf

as well as the Q™ mole fractions,

n
Q,
Ng, + Mg, + Ng, + Ng, + Ny, + Ngp- ’

Xq, =

(10)

where nq, are the total number of moles of Q,, and nc). - is the total
number of moles of the anion (0)? . From the analysis of our 2°Si
NMR 2D spectra one can measure the fraction of silicon in each of the
five Q, forms, yq,, that is,
Yo, = g, / Ns, (11)
where ng, is the number of moles of the species Q™, and ng; is the
total number of mole of silicon. If the anion (0)? ™ is not present in the
glass, then
X, = Ya,’ (12)
and the calculation of the Q™ disproportionation constants, kj, is
straightforward. When the glass network is sufficiently depolymer-
ized, near the orthosilicate composition, however, there may be
significant (0)2~ anion present. In this situation, Eq. (12) will no
longer be valid [39-44]. Combining the relative Q" abundances of
Eq. (11), obtained by 2°Si NMR, with the constraint of charge balance,
as derived in the Appendix, the mole fractions of all species in the
equilibria of Egs. (1) and (2) are calculated according to

ol
Xop- = (107 2) 1% Yo "0%% , (13)
(—1—(1) —Yq,—0.5¥q, + 0.5¥4, + ¥q,
and
I p— Yo, . (14)
(m) Yo, —0:5¥q, + 055, + g,

Using the expressions above with the 2°Si NMR relative Q™
abundances given in Table 2, the mole fractions, also shown in Table 2,
were calculated.

3. Discussion
3.1. 2MgO0-Si0,

The one-dimensional 2°Si MAS spectrum of 2MgO-SiO, glass is
shown in Fig. 4A. This spectrum has a broad resonance peaking at
diso = — 67 ppm, consistent with the presence of Q(® species. The
MAS lineshape is also skewed towards an isotropic chemical shift of
—80 ppm, suggesting the presence of Q') species. A sharp low

Nuclear shielding anisotropy parameters, ™ and 7™, for Q™ in magnesium silicates studied in this work and compared to previous 2D 2°Si MAF NMR studies of other silicate
glasses. Nuclear shielding parameters reported in this study were obtained from spectral fits of a 1D data slice of the MAF spectrum where the mole fraction of a particular Q™ was
expected to dominate. As explained in the main text the uncertainties in the shielding anisotropy can range from the values reported above to as high as 3.7 ppm.

Glass Reference  ¢@/ppm  ¢Wppm  @/ppm ¢®/ppm ¢Wppm @ g® n® n® n®
K,0-25i0, [13] - - —850+13  —749+02 00 - - 0.48+002 003040006 00
2N2,0-35i0,  [12] - - —78.0 —69 0.0 - - 053 0.03 0.0
Ca0-Sio, [14] - 40.0 —483 —454 0.0 - 04 0.70 0.01 0.0
2Mg0-SiO, This work 0.0 33.04+0.1 - - - 0.0 04 +0.1 - - -

MgO-SiO, This work 0.0 330401  —360+£05 —275+05 00 00 04401 099 +007 045011 0.0
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2791

Mean, standard deviation, silicon mole fraction (yq,) and mole fraction (x) for each of the five Q™™ isotropic chemical shift distributions that compose the 2°Si MAF NMR spectra of
2MgO0-Si0, and MgO-SiO, and the calculated free oxygen anion. Values from this work are presented with previously reported values by Sen and Tangeman [19] and Sen et al. [20].
Because of the low relative area, the value of (5{4)), indicated with asterisks in the table, was constrained to the (5{4)) value reported by Sen et al. [20] to prevent the y* minimization

from converging on unphysical values.

2Mg0-Si0, Sen and Tangeman [19] This work
(1) /ppm Width ya, X (6(8)/ppm Standard deviation/ppm ya, X
Q@ —66 - 049 +£0.04 0.41£0.05 —68.8+£0.1 2.5540.05 0.629+0.001 0.5640.03
QM —73 - 0.51+0.04 0.43 +£0.05 —725+£0.1 3.4940.02 0.37140.001 0.334+0.02
0)>~ n/a n/a n/a 0.16 +0.09 n/a n/a n/a 0.114+0.05
(0)
MgO-SiO, Sen et al. [20] This work
(641 /ppm Width Ya, X (6{%))/ppm Standard deviation/ppm Ya, X
Q@ - - 0.0 - —66.8+0.2 32401 0.0144-0.001 0.0144-0.001
QM —749 11.7 0.250 0.232 —735+0.1 3.940.1 0.191 £ 0.003 0.185 £ 0.004
Q® —83.9 12.6 0.420 0.390 —81.1+£0.1 5340.1 0.53040.004 0.5140.01
Q® —94.2 13.2 0.257 0.238 —90.8+0.1 6.54+0.1 0.2524-0.003 0.245 4-0.005
Q¥ —107.2 14.9 0.073 0.067 —107.2* 6.0+0.4 0.0144-0.001 0.01340.001
(02~ n/a n/a n/a 0.071 n/a n/a n/a 0.03+0.02

intensity peak was also observed at 6;s, = — 62 ppm in the isotropic
dimension, which has been previously observed in 2°Si NMR
investigations [19] of the same material and corresponds to a small
crystalline forsterite impurity.

In recent works on 2MgO-SiO, glass by Kalampounias et al. [18]
and Sen and Tangeman [19], a significant degree of polymerization
was proposed to exist within magnesium silicate glasses at high
magnesium concentrations, with silicon existing as Q'©, Q") and
perhaps Q?). The conclusions of Sen and Tangeman [19] were based on
analyses of static 2°Si NMR spectra where they found two sites
attributed to Q‘© with {© =0 ppm and n'” = 0.0 and Q" with {1 =
45 ppm and 1V = 0.9. The 2°Si 2D MAF spectrum of 2MgO-SiO; glass,
shown in Fig. 3, reveals a broadening along the anisotropic dimension
as the isotropic frequency increases from 6;;,=—62 to —80 ppm,
confirming the presence of a second site, which is consistent for silicon
with Q') coordination. Analysis of the 2D MAF spectrum yields nuclear
shielding parameters {® = 0.0 ppm, ® = 0.0, ¢V =33.0 £ 0.1 ppm,
andn'” = 0.4+ 0.1. The discrepancy with Sen and Tangeman's nuclear
shielding parameters for Q" is likely due to an error in their analysis
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Fig. 4. Reconstructed 1D NMR lineshape from the least-squares analysis of the
2Mg0-Si0, 2°Si MAF NMR spectrum with (A) the isotropic projection of the 2D MAF
spectrum (gray circles) with the best fit (dashed line) and (B) Gaussians representing
the relative areas of Q') and Q". All frequencies (in ppm) are referenced to TMS.

arising from the large degree of spectral overlap in the 1D static NMR
lineshape. Spectral fits of the 2D MAF spectrum of 2Mg0-SiO, glass
were also undertaken using the ') value of Sen and Tangeman [19],
but the chi-squared value obtained was significantly larger than the
value obtained using the shielding tensor parameters in Table 1.
Because of the resolution improvement of 2D MAF over 1D static NMR
experiments we believe that the tensor parameters obtained in this
study are more accurate.

It is also worth noting that measurements of the nuclear shielding
tensor of Q¥ in crystalline forsterite by Weiden and Rager [45] and
Ashbrook et al. [46] gave values of {©=—32.2 ppm and 7® =0.51.
Given the amorphous nature of the glass, such discrepancies with
shielding parameters in crystalline materials are not unexpected. In
crystalline silicates, the local bonding around silicon has to fulfill long
range structural order constraints, causing silicon in Q' to reside in
slightly more distorted tetrahedra leading to non-zero ¢ and 1) values.
In contrast, glasses have no such long-range structural constraints, and the
09 silicon atoms tend to adopt more symmetric local structures allowing
the assumption that the values of ¢ and 1) are equal to zero as observed
in previous investigations of silicate glasses by 2D MAF NMR [12-14].

Attempts were made to analyze the 2D MAF spectrum of 2MgO- SiO,
glass with contributions from Q‘®, Q"), and Q® but only the inclusion of
0 and Q" gave satisfactory fits. The distributions of isotropic
chemical shifts for Q'®> and Q" are shown in Fig. 4B. A comparison of
the relative abundances of Q'© and Q" to those by Sen and Tangeman
[19] are also given in Table 2. As noted above, however, disagreements
with Sen and Tangeman [19] arise from their use of Q" nuclear
shielding parameters that were significantly larger than the true values.

Using the relative abundance of each QUV-species obtained from
spectral fits of the 2D MAF spectrum, given in Table 2, and Eqgs. (13) and
(14), the mole fractions were calculated for each Q™ and (0)? . These
results, also shown in Table 2, indicate xo, = 0.56 + 0.03, X9, = 0.33 £ 0.02,
and Xy~ = 0.11 4 0.05 for the 2MgO- Si0, glass. The presence of (0)? ~ is
not unreasonable given oxide ion activities determined at lower SiO,
contents in MO-SiO, liquids, where M can be Mg, Fe, Ni, etc, by
thermochemical means [42,47,48], although it is difficult to extrapolate
such data down in temperature from the liquidus to the glass transition.
Additionally, it is noteworthy that several magnesium silicates, including
crystalline 3-Mg,Si04 [49] contain OMg,, groups.

The mole fractions were used in Eq. (4) to calculate a dispropor-
tionation constant ko=0.04+0.02 for the 2MgO-SiO, glass. The
nonzero ko for 2Mg0-SiO, indicates a tendency for silicon to
polymerize within the glass melt at large modifier cation concentra-
tions. Of course, from charge balance alone, an increase in free oxygen
anion concentration would require a decrease in the number of non-
bridging oxygen in the glass structure. This kq value is consistent with
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values of ko =10.0016 for CaO-SiO,, obtained by Masson et al. [40] in
applications of polymer theory to free energy of mixing data.

3.2. Mg0-Si0,

In the 1D 2°Si MAS NMR spectrum of MgO-SiO, shown in Fig. 6A a
single broad resonance centered at —82 ppm was observed, indica-
tive of a structure predominantly composed of Q®-species. While the
1D lineshape is completely unresolved, the width and shape of the
peak indicate the presence of multiple overlapping sites. Deconvolut-
ing this lineshape, assuming the chemical shift distribution for each
site is Gaussian, indicates that the spectrum is composed of five
separate sites for each possible Q"-species.

The 2D 2°Si MAF NMR spectrum of MgO-SiO, is shown in Fig. 2. In a
previous study of alkali silicate glasses [ 13], the magnitude of ¢™ for Q%)
and Q® was observed to be proportional to cation potential, which is
defined as the charge of the cation divided by its atomic radius, for
silicate glasses with different modifying cations (K*, Na*, Ca?+, Mg? *),
as shown in Fig. 5, where nuclear shielding tensor parameters are given
in Table 1. This trend was observed by Grimmer and coworkers [50,51].
That is, the nuclear shielding tensor along the Si-NBO bond for a Q* site
decreases as the length of the Si-NBO bond approaches the length of a
bridging Si—O bond. When the nuclear shielding along each bond
becomes identical, the shielding anisotropy reduces to zero. This trend
in nuclear shielding versus cation potential is used to explain the
diminished resolution along the anisotropic dimension compared to
previous MAF studies of alkali silicate glasses and the similarities
between the anisotropic lineshape for each Q™ species. While similar,
however, distinct trends are noticeable in the 2D 2°Si MAF NMR
spectrum of the MgO-Si0, glass including a narrowing of the lineshape
towards higher frequency and a shift in the symmetry of the lineshape
around — 80 ppm indicating multiple QU sites with different nuclear
shielding parameters arising from different bonding environments.

Analysis of the 2D MAF spectrum requires accurate values for the
nuclear shielding parameters for each Q™ site. Since Q‘®’ and Q'® reside
in a tetrahedron with uniform symmetry, the values of ¢ and 7 for Q(©
and Q) can be fixed at zero. Values of ¢ and 7" are known from
spectral fits presented earlier in this study of the 2MgO-SiO, and set
equal to ¢V =33.040.1 ppm and 1) = 0.4 4 0.1 leaving only Q® and
Q™ to be determined. These values were found by fitting respective

20 -
: Q3 | ,
of © @ Mg/j," /
S A
40 e
| 2l
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Fig. 5. Plot of ¢ versus cation potential (Table 1) for Q® and Q™. Values for the
interatomic radium (r) were taken from work by Whittaker and Muntus [52].

Fo@- A
A joP N

-50  -60 -70 -80 -90  -100 -110  -120
Frequency/ppm

Fig. 6. Reconstructed 1D 2°Si MAS NMR lineshape from obtained relative areas of each Q™
in the MgO- SiO, glass with (A) the isotropic projection of the 2D MAF spectrum (gray line)
and the least squares best fit (dashed line) and (B) Gaussians representing integrated areas
for each Q™ obtained from least-squares fitting of the 2D 2°Si MAF NMR spectrum. All
frequencies (in ppm) are referenced to TMS.

cross sections of the 2D lineshape where those sites were
believed to dominate and determined to be ¢®)=—36.040.5 ppm,
N?=099+0.07, {®=-275+05ppm and N =045+0.11. It
should be noted that the Q™ abundances are sensitive to the nuclear
shielding parameters used to model the anisotropic dimension of the 2D
MAF spectrum. Using these values for ¢ and n™ the entire 2D
spectrum was fit to obtain relative abundance for each Q"™-species, as
shown in Fig. 6.

Shown in Fig. 2 are selected 6g=90" cross sections with the
associated least-squares best fit simulation. The relative areas of each
of the Gaussian functions projected along the isotropic dimension
provide a reconstructed 1D MAS NMR lineshape with the relative area
under each Gaussian corresponding to the mole fraction, given in
Table 2, of each of the five Q™-species. Using the relative abundance for
spectral fits of the 2D MAF spectrum, the mole fraction for each Q-
species and the free oxygen anion were calculated. All spectral fits are
based on the assumption that the values of {™ and ™ do not change as
a function of the isotropic chemical shift and the chemical shift
distribution is purely Gaussian. These assumptions have been used
successfully in previous investigations [13] using the same analysis.

The calculated mole fractions, as reported in Table 2 for each
species in the MgO- SiO, glass are X0 = 0.014 4 0.001, xq =0.185 &
0.004, xq2=0.51£0.01, X3 =0.245£0.005, xq« =0.01340.001,
and x(py.- =0.03 £+ 0.02. These results indicate that xoy.- is signifi-
cantly smaller than in 2MgO- SiO, and approximately the same as Xqo)
within the reported uncertainty.

The mole fraction for each site was then applied to known
thermodynamic disproportionation models given in Egs. (3) and (4)
to calculate equilibrium constants of k; =0.194+0.02, k, =0.174+
0.009, and k3 =0.11+0.01. The high uncertainty in x(o). - precludes
calculation of ko for this composition. The disproportionation
constants ky, k», and ks indicate a more random distribution of Q'
species within the glass structure, compared to previously studied
silicate glasses, as shown in Fig. 7A with values given in Table 2. These
k, values are lower than the previously reported values of k, =0.364
and k3 =0.464 by Sen et al. [20], obtained from unconstrained fitting
of 1D 2°Si MAS NMR lineshapes. Again, given the improved resolution
of 2D MAF over 1D MAS NMR experiments, we believe that the k,
values obtained in this study are more accurate.
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Fig. 7. (A) Dependence of k3 on cation potential neglecting the effects of glass transition temperature where the error bars for K,0-2SiO, and 2Na,0-3SiO, are on the order of the
data points and (B) dependence of k3 on cation potential using values of ks at a glass transition temperature of 1039 K. Dashed lines represent general trend lines and do not
correspond to a specific analytical expression. Values for r were taken from work by Whittaker and Muntus [52].

3.2.1. Thermal dependence of k,

Comparing the value of ks observed for the MgO-SiO, glass to
previously reported values from other 2°Si MAF investigations
conducted in this lab and in previous studies [11,20,53-57] an
exponential increase in the disproportionation constant is observed as
the modifying cation potential increases, as shown in Fig. 7, consistent
with observations by previous investigators [58-60]. From these
results, however, it is unclear whether the increase in ks is purely a
function of the cation potential or if the different thermal histories
of the different glass compositions significantly affect ks. Previous
studies have also noted a dependence of the disproportionation
constant with cooling rate [61] and Brandriss and Stebbins [58]
reported a dependence of the disproportionation constant on the
glass transition temperature. Brandriss and Stebbins [58] observed
that as the glass transition temperature increases the disproportion-
ation reaction given in Eq. (1) will shift to the right, causing k, to
increase.

Brandriss and Stebbins [58] used the van't Hoff equation

dink, _ AH®
dT ~ RT?

(15)

where k,, is the disproportionation reaction equilibrium constant, AH®
is the standard enthalpy of the disproportionation reaction, and T is
temperature, to explain the variations in the disproportionation
reaction equilibrium constants observed in glasses quenched from
silicate melts at different rates. In this study we use the reverse
approach of Brandriss and Stebbins [58] to calculate the expected
change in the disproportionation constant ks with glass transition
temperature using standard enthalpies of the disproportionation
reaction taken from Brandriss and Stebbins [58] for calcium and
sodium silicate glasses and Malfait et al. [62] for the potassium
disilicate glass (Table 3). Integrating Eq. (15), one obtains

w5 a9

where T; =T, of the sodium, potassium or calcium silicate glass and
T, =T, of the magnesium silicate glass. Using Eq. (16) and values for
AH® and the T, values given in Table 3, k, was calculated at the highest
glass transition temperature of all the compositions compared in this

kn(T2) = kn(T;)exp

study, i.e., the magnesium silicate glass, T,=1039 K. The resulting
values, shown in Fig. 7B, indicate that the disproportionation constant,
ks, still increases with the cation potential even if they were measured
at the same temperature, i.e., the T, for the magnesium silicate glass.
Because of the large uncertainty of ~50% on the enthalpy values
reported by Brandriss and Stebbins [58] it is difficult to discern a clear
trend. Nonetheless, this indicates that thermal history alone cannot
account for the differences in k3 among silicate glasses of different
compositions.

4. Conclusions

We present a structural investigation of two magnesium silicate
glasses with composition 2MgO-SiO, and MgO-SiO,. For the MgO-SiO,
glass we observe contributions in the 2°Si 2D MAF spectrum from all Q-
species, whereas, for the 2MgO- SiO, glass we only observe contributions
from Q® and Q'V, confirming observations by Sen and Tangeman [19]
and Kalampounias et al. [18]. Using charge balance constraints, the
presence of significant free oxygen anion, (0)?~, was inferred in the
2Mg0-Si0; glass. The presence of free oxygen anion in the MgO-SiO, was
also inferred but with significantly lower abundance than in the
2Mg0-SiO, glass. Thus, from the calculated mole fractions of the
2MgO-Si0, glass the Q'© disproportionation constant, ko, for 2MgO- SiO-
was obtained for the first time. While free oxygen anion is not directly
observed in the 2°Si NMR, the predicted abundance in magnesium silicate
glasses suggests that the free oxygen anion may be observable in 170
solid-state NMR studies of '7O-enriched silicate glasses.

Using the relative abundances of Q" measured in the 2°Si 2D MAF
spectrum of the MgO- SiO, glass the Q™ disproportionation constants,

Table 3

Values for ks, cation potential (Z/r), glass transition temperature (Tg), AH’, and the
predicted k3 value at 1039 K for glasses of different compositions. Values for AH" were
taken from Brandriss and Stebbins [58] and Malfait et al. [62].

Glass ks Zr T, (K)  AH (kJ/mol) k3 at 1039 K
composition

K,0-2Si0, 0.01029+£0.0008 0.68 765 33.1+73 0.040 £ 0.012
2Na,0-3Si0,  0.0129+£0.0001 0.93 702 30+15 0.068 + 0.056
Ca0-Sio, 0.106 £ 0.022 1.85 1038 50+25 0.106 £ 0.022
MgO-SiO, 0.11+£0.01 25 1039 - 0.11+£0.01
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ki, ky, and ks were calculated. An exponential increase in the
magnitude of k3 with modifying cation potential was initially
observed but this trend did not consider the effects of varying glass
transition temperature between glasses with different modifying
cations. Utilizing previous work by Brandriss and Stebbins [58], the
van't Hoff equation was used to normalize each glass to a single glass
transition temperature, allowing measurements of k3 for different
glass compositions to be compared by eliminating the dependence of
ks on thermal history. The resulting values for k; normalized to a glass
transition temperature of 1039 K indicate that the disproportionation
constant increases with cation potential.

Fits of anisotropic cross sections of the 2°Si 2D MAF spectrum also
allowed the nuclear shielding parameters for Q') to be determined and
applied to better understand the nuclear shielding tensor parameters for
each Q™-species in the MgO- Si0, glass. The observed ¢‘® and ¢ values
were consistent with trends reported in a previous MAF study [13],
where the magnitude of ¢ is observed to decrease as the cation potential
increases. Based on results of Grimmer and coworkers [50,51], this trend
of { versus cation potential indicates the increased ability of smaller more
highly charged cations, such as Mg?™, to withdraw electron density from
the 2°Si nucleus as the Si-NBO bond length increases, ultimately
approaching a bridging Si—O0—Si bond. Future investigations using
NMR techniques that rely on differences in the anisotropic lineshapes to
better resolve multiple QU sites of glasses with larger modifying cation
potential than Mg?* are expected to be problematic since, as the
modifying cation potential increases, ¢ for each Q'™ decreases and the
nuclear shielding tensor parameters for each Q-species are increasingly
similar.
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Appendix A. Thermodynamic model

In a glass with composition MO - (1 — «¢)SiO,, we assume that the
following anionic equilibria are present in the melt:

ZQ(H);‘Q(nil) + Q(" + 1>7 (A])
with

Ao A
K, = Q1 Qg , (A2)

(4.)

and
with
2
A Ao2-
K, = wif)_ (A4)
(4a,)

where Ay is the activity of species Y. The activity of each species is
related to its mole fraction, x,, according to

Ay = YyXy. (A5)

Substituting Eq. (A.5) into Egs. (A.2) and (A.4) we obtain

2
X, -X
kn — ’YQu Kn — Qn*l ZQn + 1 , (A6)
and ’anq .'YQn +1 XQ"
2 2
. _ X5 X, o
L (a7)
'yQo XQO

The mole fractions used in calculating these equilibrium constants
of our anionic thermodynamic equilibrium model requires

Xg, T Xq, T Xq, T Xg, + X, + Xgp- = 1. (A.8)

In 2°Si NMR experiment on the glass we measure the fraction of
silicon in each of the five Q, coordination states, y, , given by Eq. (11).

Additional information is then needed to obtain the (0)?~ mole
fraction,
N
Xop- = o : (A9)
Ny, + Mg, + Ny, + Mg, + Ng, + Mg)2-
as well as the Q™ mole fractions,
n
= % (A.10)

X
Q, ’
Mg, + Mg, + Ny, + Ng, + Ng, + g2~
where ng is the total number of moles of the anionic species Q,, and

Ny is the total number of moles of the anion (0)? ~. Substituting
Eq. (11) into the expressions above one obtains

(”(0)2* / ”51‘)

Xop- = , (A11)
Yo, T Yo, T Yo, + Yo, T Vo, + <n(0)2* /"51)
and
Xo, = Yo, : (A12)
yQO + YQ] + sz + yQ3 + yQ4 + (n(O)Z— / nSi)
By combining the charge balance equation, given by
2y = 4ng + 3ng, + 2ng, + ng, + 2ngp-, (A13)

where nyp- is the total number of moles of the cation M?*, with the
stoichiometric ratio

an+ _ o
g T = (A.14)
one obtains
n n n n N2
2(70‘ ):4& +3°% 4 2°% 4 & 4 0" (A15)
1-a Ng; Ng; Ng; Ns; Ns;
which can be rewritten as
ngy2- o
o _
ng (m) —2Yq,—1.5Y0, =¥q, =05y, (A.16)

Substituting this expression into Eqs. (A.11) and (A.12) one
obtains the expressions in Eqs. (13) and (14).
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