J. Phys. Chem. A 2010, 114, 5503-5508 5503

0™ Species Distribution in K,0-2SiO, Glass by ?Si Magic Angle Flipping NMR
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Two-dimensional magic angle flipping (MAF) was employed to measure the Q" distribution in a °Si-enriched
potassium disilicate glass (K,0+2Si0,). Relative concentrations of [Q®] = 7.2 4+ 0.3%, [Q®] = 82.9 £
0.1%, and [Q®] = 9.8 + 0.6% were obtained. Using the thermodynamic model for Q" species
disproportionation, these relative concentrations yield an equilibrium constant k3 = 0.0103 = 0.0008, indicating,
as expected, that the Q™ species distribution is close to binary in the potassium disilicate glass. A Gaussian
distribution of isotropic chemical shifts was observed for each Q™ species with mean values of —82.74 +
0.03, —91.32 £ 0.01, and —101.67 £ 0.02 ppm and standard deviations of 3.27 4+ 0.03, 4.19 £ 0.01, and

5.09 & 0.03 ppm for 0®, O, and QW, respectively. Additionally, nuclear shielding anisotropy values of
£ =—85.0=£ 1.3 ppm, 7 = 0.48 & 0.02 for 0¥ and ¢ = —74.9 £ 0.2 ppm, = 0.03 £ 0.01 for O were

observed in the potassium disilicate glass.

Introduction

Noncrystalline materials have the advantage that their proper-
ties are isotropic and vary continuously with the composition;
therefore, any value of a particular property, within limits, can
be obtained by adjusting the composition."? Unfortunately, for
many noncrystalline materials, a lack of sound theoretical
models relating composition and structure to properties makes
their design and preparation difficult. In noncrystalline silicates,
the relative abundance of anionic species is an essential part of
any structure-based model, and one of the most fundamental
aspects of this speciation is the distribution of silicate tetrahedra
with varying numbers (n) of bridging oxygen, commonly
described as Q" species. In earlier work,>* we showed that a
NMR method such as magic angle flipping (MAF),>S which
produces a two-dimensional (2D) spectrum correlating isotropic
and anisotropic nuclear shielding contributions to the solid-state
spectrum, can be used to give over an order of magnitude
improvement in quantifying Q™ species concentrations when
compared to conventional *’Si magic angle spinning (MAS) line
shape analysis. Additionally, this method does not require the
assumption of a Gaussian distribution of isotropic 2°Si chemical
shifts for the different Q™ species. Its accuracy and precision
in quantifying Q"™ were demonstrated in a well-understood
sodium silicate glass binary composition.* The results were used
in a thermodynamic disproportionation model to calculate the
equilibrium constant for Q® (k3 = 0.0129 4= 0.0001). The same
approach was applied successfully on a CaO+SiO, glass,* which
has a completely unresolved 2°Si MAS spectrum, to obtain the
equilibrium constants k; = 0.10 &+ 0.02, k&, = 0.156 + 0.005,
and k3 = 0.11 £ 0.02 for the disproportionation reactions in
Ca0-Si0,. These latter results were the first quantitative
measure of Q% distributions in the alkaline earth silicate glass,
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and indicated a significantly greater deviation from a binary
model of Q™ species disproportionation in alkaline earth silicate
melts compared to that for alkali silicate melts.

Since 2D MATF requires a solid-state NMR probe with
specialized hardware to reorient the sample rotation axis, it
should also be noted that there are a number of alternative solid-
state methods including magic angle hopping (MAH), magic
angle turning (MAT), and phase-adjusted spinning sidebands
(PASS) for obtaining the same 2D correlation of isotropic and
anisotropic nuclear shielding contributions,””!! some of which
have also been applied to glasses.'?~!7 While these other methods
have been used to obtain more qualitative analyses of Q™
species in silicate glasses, only MAF, so far, has been success-
fully applied in improving Q™ quantification in silicate glasses.
In addition to improved quantification of Q™ species, 2D
double-quantum NMR techniques have also been used to
establish connectivities between Q" species by exploiting
dipolar couplings'®~?! and, more recently, through J couplings.?>~%*
These experiments have also provided more accurate mean
chemical shifts for Q"™ sites to aid in deconvolution of
overlapping Gaussian line shapes in MAS spectra.

Recently, Florian and co-workers?* found, through ab initio
calculations calibrated with experimental measurements in
crystalline phases, a close-to-linear relationship between the
2Jsi—o—-si coupling and the Si—O—Si bond angle. Additionally,
they measured a 2D J-resolved MAS spectrum, which correlates
2Si isotropic chemical shifts and 2Js;_o—g; couplings for a 2Si-
enriched CaO -+ SiO, glass. Generally, the intensity in a Si MAS
line shape of a fully *’Si-enriched silicate glass at a given
isotropic chemical shift can contain contributions from any of
the Q™ sites, and a *Si nucleus in a given Q" will experience
n different %Js;—o_s; couplings. Thus, critical in the analysis of
the 2D J-resolved MAS spectrum of CaO-SiO, glass were the
2Si chemical shift distributions for the five Q™ populations in
Ca0-Si0, glass derived from the *Si 2D MAF spectrum of
Zhang et al.* That is, knowledge of these five Q™ isotropic
chemical shift distributions allowed Florian and co-workers to
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fit each J-resolved cross section to the appropriate number of J
couplings and use their relationship between the Jgi_o-s;
coupling and the Si—O—Si bond angle to determine the
Si—O—Si bond angles associated with %, 0@, and Q" sites
in a silicate glass for the first time.

Here, we present the first of a multipart solid-state NMR study
on a potassium disilicate glass to (1) determine the distribution
of NMR parameters, (2) establish relationships between NMR
parameters and local structure, and (3) map measured NMR
parameter distributions into structural distributions. The focus
of this work is the measurement of the distribution of 2°Si
nuclear shielding tensors in a ’Si-enriched potassium disilicate
glass and interpretation in terms of the structures, specifically
O™ species, present in the glass. Since the °Si MAS spectrum
of K,0+2Si0; is completely unresolved, a simple deconvolution
of the ?Si MAS line shape is not possible without additional
assumptions to constrain the least-squares fit.”> With MAF we
avoid such assumptions and obtain not only the distribution of
2Si isotropic chemical shifts for each Q™ but also the
distribution of principal components of the 2°Si nuclear shielding
tensor in the glass. Although less studied than the isotropic
chemical shift, the *Si nuclear shielding tensor cannot only
provide a more reliable identification of Q" species but also
probe structural differences within the first coordination sphere
around silicon in a given Q™ environment.>>~?® Thus, in addition
to quanitifying Q™ species, another objective of this study is
to obtain accurate nuclear shielding tensor parameters for further
refinement of these structure relationships. Future work on this
potassium disilicate composition will focus on examining
correlations between 2/si_o_s; couplings and *’Si nuclear shield-
ing tensors and exploring their potential as probes of structure
in silicate glasses.

Experimental Section

Sample Preparation. Approximately 450 mg of sample was
synthesized from high-purity K,CO; (Aldrich, 99+%) and
96.74% *Si-enriched SiO, (CortecNet). Before synthesis, the
SiO, was heat treated at 600 °C for 5 h in order to remove
protons present in the sample and was then kept and handled
in an argon-filled glovebox. The starting materials were then
decarbonated at 750 °C for 3 h, followed by melting for 2 h at
1300 °C. The sample was then quenched from this temperature
down to room temperature by placing the bottom of the crucible
into water. The weight loss during synthesis was within a few
percent of nominal. The recovered sample was fully transparent
and free of bubbles and was immediately put in an argon-filled
glovebox for subsequent grinding. Rotor filling was performed
in a argon-filled glovebag. The sealed rotor was then spun using
compressed air dried to —40 °C dewpoint.

NMR Spectroscopy. Experiments were performed on a
hybrid Tecmag Apollo-Chemagnetics CMX II 9.4 T (79.476
MHz for °Si) NMR spectrometer using a modified version of
an earlier DAS probe design.?’ All experiments were performed
at ambient temperature with a sample spinning rate of 14 kHz.
The ¥Si relaxation time was measured using the saturation
recovery experiment under MAS conditions, and a 7 of 89 s
was measured. A recycle delay of 6 min was chosen to prevent
saturation. No changes in peak shape as a function of delay
time were observed, indicating no differential relaxation among
different species. For Bloch decay experiments, a radio fre-
quency (rf) strength of 42 kHz was used, and 256 complex data
points were acquired.

The MAF pulse sequence used is shown in Figure 1. This is
a shifted-echo® version of the MAF experiment,>°® where the
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Figure 1. Shifted-echo magic angle flipping pulse sequence. Here, t,
is the evolution time at 90°, 7y, is the time to flip the rotor between
angles, and 7., is the echo shift.

MAS spectrum is correlated with the spectrum while spinning
perpendicular to the external field. When spinning perpendicular,
the frequency anisotropies are scaled?! by a factor of —1/2.
During the MAF experiment, the magnetization is stored as
Zeeman order during the hop of the rotor axis between angles.
The value of 7y, was 80 ms. The echo shift time, Techo, Was 2.8
ms. Four dummy scans were performed before starting acquisi-
tion to establish a steady-state equilibrium and reduce differential
relaxation. The number of #; x t, points was 64 x 128, with a
dwell time of 62.5 us in t; and t,. Three separate MAF
experiments with 32 scans each were performed and coadded.
The total number of scans was 96, and the total acquisition time
was 25 days. A Gaussian line shape convolution was applied
to the 2D MAF spectrum with standard deviations of 20 and
100 Hz in the w, and w, dimensions, respectively.

In the discussion that follows, we will employ the TUPAC
definitions for the nuclear shielding and chemical shift interac-
tions.* The isotropic nuclear shielding is defined as the trace
of the shielding tensor

1
O = g(%c + Oy, +o0.) (1)

where o,,, 0,, and o are the components of the nuclear
shielding tensor in its principal axis system. The isotropic
chemical shift, i, is defined as

6150 = (Oref - O‘iso)/(1 - Oref) (2)

where o, is the isotropic nuclear shielding of a reference
compound, which in this study is TMS. We adopt the Haeberlen
convention,*? where

lo,, — oisol>lo),y — o I>lo, — ol 3)

and the shielding anisotropy, §, and asymmetry parameter, 7,
are defined as

t=o0_— o, 4

and
== 5
n ¢ (5)

respectively.
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Figure 2. One dimensional °Si magic angle spinning Bloch decay
spectrum of K,0-2Si0, glass along with “best-fit” model line shape
and component line shapes for 0¥, Q®, and Q® resonances. The
spectrum baseline was corrected to eliminate any artifacts due to
acquisition dead time.

Results and Discussion

The one-dimensional 2’Si MAS spectrum of K,0+2Si0, glass
is shown in Figure 2. This spectrum has a broad resonance
centered at —93 ppm, consistent with silicon predominately in
a Q¥ coordination. Unlike our earlier study on the alkali silicate
glass 2Na,0+3Si0,, where overlapping but separate 2°Si reso-
nances for Q® and Q® could be observed in the MAS spectrum,
there is no clear resolution of Q™ species in the MAS spectrum
of the K,0+2Si0, glass. As noted by Malfait et al.,”* the skew
in the line shape observed downfield indicates that Q@ sites
are present. Although ill-posed, we performed a least-squares
analysis of the MAS spectrum using three Gaussian line shape
components for a three-site model of 0@, 0©®, and 0. From
this analysis, we obtained 41.6, 57.7, and 0.7% for Q®, Q®,
and QW populations. Such a result, however, is clearly at odds
with the prediction from the charge balance equation
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K/Si = 4[0%] + 3[0™] + 20?1 + [0®]  (6)

where our 1D MAS analysis yields a ratio of K/Si = 1.41 instead
of K/Si = 1 expected for this composition. Analysis of the 1D
line shape therefore indicates that while approximate values for
each Q™ can be obtained, unconstrained fitting does not provide
values that are consistent with the compositional constraints of
the sample. As we show (vide infra), utilizing a two-dimensional
approach such as MAF places additional constraints on the
fitting since each cross section is defined by the nuclear shielding
parameters ( and #7) of the Q™ site that dominate that particular
isotropic chemical shift.

Figure 3 shows the 2D contour plot of the *’Si MAF spectrum
for the K,0+2SiO, glass. As illustrated elsewhere,* the five
O™ sites have well-defined differences in their *’Si nuclear
shielding tensors, yielding characteristic anisotropic line shapes
that can distinguish between sites. In Figure 3, one can see from
the 90° dimension that the low intensities of the MAS line shape
around —105 ppm are dominated by O, the MAS line shape
intensities around —90 ppm are dominated by O, and the MAS
line shape intensities around —80 ppm have some contributions
from Q®.

The chemical shift anisotropy line shapes in the individual
cross sections taken parallel to the 90° dimension were least-
squares analyzed to obtain the relative contribution of each Q"
species to the MAS intensity at the MAS frequency correlated
to that cross section. The anisotropic line shape for each site
was modeled using five parameters. These were (1) the isotropic
chemical shift position 0iy, (2) the chemical shift tensor
anisotropy &, (3) the chemical shift tensor asymmetry parameter
7, (4) the integrated intensity, and (5) a Gaussian line broaden-
ing. All sites in each cross section shared the same isotropic

o, =-102.36 ppm A
9. =-98.42 ppm

=-95.27 ppm

=-92.71 ppm

=-89.25 ppm

=-87.29 ppm

=-84.73 ppm
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Figure 3. 2D ?*Si MAF NMR spectrum of K,0+2Si0, glass (average reduced x> = 2.51). Twenty equally spaced contours are plotted from 5 to
95% of the maximum intensity. One-dimensional projections onto the MAS and 90° dimensions are provided, and the 1D MAS projection is
identical, within the noise level, to the 1D MAS spectrum of Figure 2, indicating that there is no strong 7, dependence on the MAS line shape.
Selected experimental cross sections (solid lines) are presented with spectral fits (dashed line).
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TABLE 1: Nuclear Shielding Anisotropy Parameters, & and 7, for Q® and Q® Measured in This Work For K,0-2Si0O,
Compared to Previous 2D MAF Studies on 2Na,0-3SiO,* and on CaO-SiO,*

¢ /ppm U
glass Q(2> Q(J) Q(Z) Q(3> ref
K,0-2Si0, —850+1.3 —749 +0.2 0.48 £ 0.02 0.030 £ 0.006 this work
2Na,0-3Si0, —78 —69 0.53 0.03 3
Ca0-SiO, —48.3 —45.4 0.70 0.01 4

chemical shift, and that value was fixed by the isotropic
dimension. In initial least-squares analyses, those cross sections
dominated by one Q™ species showed little variations in &, 7,
and Gaussian line broadening for the line shape of the dominant
species. In cross sections with strong overlap of Q" species
and/or low signal-to-noise, the least-squares analyses gave
discontinuous unphysical variations in the parameters. Therefore,
in performing the final least-squares analysis of each cross
section, the nuclear shielding tensor anisotropy & and asymmetry
parameter 7 for a given Q™ site were held fixed at the values
obtained when that Q™ site was the dominate species in the
cross section. Thus, all sites were constrained to have the same
optimized Gaussian line broadening of 563 Hz in the 90°
dimension, with ¢ and # fixed at { = —85.0 &+ 1.3 ppm and
7 = 0.48 & 0.02 for 0@, £ = —74.9 4+ 0.2 ppm and 1 = 0.030
+ 0.006 for 0¥, and ¢ = 0.0 ppm and 7 = 0.0 for Q.

The magnitudes of ¢ values for both Q® and Q® are larger
than those found in our previous 2D MAF studies on
2Na,0+3Si0,,* and CaO-SiO,* glass, as shown in Table 1. We
find a strong correlation, shown in Figure 4, between the ¢ for
0% and Q® and the modifier cation potential, calculated using
the ionic radii of Whittaker and Muntus.>* Even after taking
into account the possibility of different modifier cation coor-
dination numbers, indicted by roman numerals in Figure 4, the
correlation still appears to be relatively linear. This trend is
consistent with previous observations by Stebbins.** It arises
because the silicon—nonbridging oxygen distance increases with
increasing modifier cation potential, and as explained by
Grimmer and co-workers,?>? a longer Si—O distance corre-
sponds to less 2°Si shielding.

Shown in Figure 3 are the 1D projections of the 2D spectrum
onto the MAS and 90° dimensions. Additionally, selected 90°
dimension cross sections associated with specific isotropic
chemical shifts are shown with their “best fit” anisotropic line

K" Na Ca®t

)
50 | | /

Eppm

-100 I I I I I
050 075 100 125 150 175 200
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Figure 4. Nuclear shielding anisotropy, &, for 0 (filled squares) and
0% (open squares) measured using °Si 2D MAF NMR as a function
of network modifier cation potential, with roman numerals indicating a
different coordination number of modifiers X = K*, Na*, and Ca>".

shapes along with component contributions. From the integrated
area of each Q" component line shape in each 90° dimension
cross section, we construct the distribution of isotropic chemical
shifts for each of the Q™ resonances, shown in Figure 5. Fitting
of the MAF spectrum does not require the distribution of
chemical shifts as Gaussian, but previous analysis of alkali
glasses indicates a Gaussian distribution for each Q" species,
while a skewed distribution has been observed in alkaline earth
glasses where the distribution of Q™ is more random. Since
the potassium and sodium silicate glasses were expected to be
similar and the derived isotropic chemical shifts distributions
appear to be approximately Gaussian, the chemical shift
distributions for each Q" obtained from the 2D MAF spectrum,
including distribution individual intensity uncertainties, were
fit to a Gaussian distribution to improve our accuracy in
determining the integrated areas and consider intensities oth-
erwise buried in the noise at the edges of the spectrum. The
relative concentrations (£1 standard deviation) obtained from
this analysis are given in Table 2 for the three Q™ species. As
mentioned earlier, it is important to emphasize that the distribu-
tions of the chemical shifts of each O species obtained from
the 2D MAF analysis are not likely to match those obtained
by a least-squares analysis of the 1D MAS spectrum,
particularly when the MAS spectrum is unresolved, as was
the case in Figure 2.

-70 -80 -90 -100 -110
Frequency (ppm from TMS)
Figure 5. 2°Si NMR MAS results of (a) the isotropic projection of
the 2D MAF data set (squares) with the best fit (dashed line) and (b)
the integrated areas (circles) obtained from the simulated 2D MAF data
set with the Gaussian fits for each site (solid lines).

TABLE 2: Gaussian Distribution Parameters of Isotropic
Chemical Shifts of Q™ Species in Potassium Disilicate Glass
Derived from Analysis of Its 2D ?Si MAF Spectrum

site  relative area mean position/ppm  standard deviation/ppm

0?  98+0.7% —82.74 £0.03 3.27 £0.03
0% 83.0+0.1% —91.32£0.01 4.19 £ 0.01
oW 72+£03% —101.67 £ 0.02 5.09 +£0.03
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Figure 6. Disproportionation equilibrium constant, k3, given in eq 7,
measured using ’Si 2D MAF NMR as a function of the network
modifier cation potential, where Z is the charge of the coordinating
cation and r is the radius of the cation.

Our measured MAF-derived populations agree with the
expected K/Si ratio of the charge balance equation. Each Q™
species has a charge of —(4 — n), which is balanced by the +1
charge of the potassium cations. For this composition, the
expected K/Si ratio is 1. The K/Si ratio calculated using eq 6
and the relative populations in Table 2 is 1.026 £ 0.007. This
value agrees reasonably well with the expected value and offers
additional evidence that our measured populations are accurate.
The slight deviation from unity is likely due to weight loss
during synthesis and thus a slight change in stoichiometry. Some
deviation could additionally arise from small defects in the glass
network (uncompensated negative charge). The existence of
small concentrations of Q® and Q® with different § and 7, as
observed by Maekawa et al..* could also affect measured
concentrations, influencing the calculated potassium to silicon
ratio, and interfere with the three-site model used when fitting
the 2D MAF data set.

A popular model used in understanding the energetics and
thermodynamic mixing properties of silicate melts**¥ and
suggested as part of a mechanism for alkali ion transport in
alkali silicate glasses*®* involves the disproportionation equi-
libria between Q™ species

ZQ(n) - Q(n—]) + Q(n+]) (7)

with the equilibrium constant at the glass transition temperature

k, = 12" 110" My ®)

The equilibrium constant for this disproportionation reaction
ranges from k, = O for a highly ordered (i.e., binary) distribution
of silicate anionic species to k3 = 0.375, k, = 0.439, and k, =
0.311 for a completely random distribution.***! Using the Q"
populations obtained in this study, we can calculate an equi-
librium constant of k&3 = 0.0103 = 0.0008 for this composition.
This value is consistent with previous studies>**>*? which
indicate that potassium silicate glasses have a highly ordered
distribution of silicate anionic species. Comparing this value
with k3 values obtained in our two previous 2D ?’Si MAF studies
of 2Na,0-3Si0,, and CaO-SiO, glass, we observe a strong
correlation between k3 and the modifier cation potential, as
shown in Figure 6. The trend is consistent with earlier
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conclusions that higher charged cations shift the disproportion-
ation reaction of eq 7 to the right.**** Even after taking into
account the possibility of different modifier cation coordination
numbers, indicted by roman numerals in Figure 6, the correlation
still appears to be relatively linear.

Summary

We have obtained and analyzed a 2D MAF spectrum of 2Si
enriched K,0-2Si0, glass, whose 1D MAS spectrum is
completely unresolved. By exploiting differences in *Si aniso-
tropic line shapes characteristic for each Q™ species, we have
obtained accurate and quantitative O populations. Even though
the spectral analysis was unconstrained by composition and
charge balance, the Q" populations obtained were found to be
consistent with those constraints. These Q" populations were
used to calculate the equilibrium constant for the disproportion
reaction of O occurring in the melt and confirmed that a close
to binary distribution of anionic species exists in the potassium
disilicate glass. The observed k3 value is also consistent with
the expected trend of increasing Q" disproportionation with
increasing network modifier cation strength. In fact, on the basis
of previous MAF studies of sodium and calcium silicate glasses,
it appears that this relationship may be close to linear. Finally,
the nuclear shielding anisotropy observed for both Q® and Q®
sites was found to be consistent with established trends in which
the 2Si nuclear anisotropic shielding increases linearly with
decreasing silicon—nonbridging oxygen bond length, which, in
turn, increases when the nonbridging oxygen is coordinated by
a modifier cation of lower potential. Future studies of alkali
and alkaline earth glasses will clarify observed trends in { and
the equilibrium constant as a function of cation potential. Better
understanding of how these values change will provide insight
into atomic structure and how the silicate network changes as
various modifying cations are added.
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