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The static wideline and high-resolution magic angle spinning (MAS) Mg NMR lineshapes measured for isoto-
pically enriched enstatite and diopside glasses indicate a wide distribution of the electric-field gradient (EFG)
components at the 2Mg position caused by disorder. The correct characterization of this distribution requires
simulations with special attention paid to the experimental parameters. Here, both the static spectra obtained by
wideband excitation and the MAS-NMR spectra obtained via rotor-synchronized Hahn spin echo acquisition were
successfully simulated with the Czjzek distribution model, using one consistent set of parameters. Average nu-
clear electric quadrupole coupling constants near 8 MHz and a distribution width around 4 MHz were obtained
for both materials, which suggests that earlier results on these glasses need to be re-examined. The results of this
study outline a general strategy for characterizing the local environments of strongly coupled quadrupolar nuclei
in amorphous and glassy materials. Despite the discrepancies between the interaction parameters extracted from
our data and those published in earlier NMR work, the best fit to the data indicate an average isotropic chemical
shift near 13 ppm (vs. aqueous MgCly solution) for both the enstatite and diopside glasses. Assuming the
applicability of the current database relating the Mg chemical shifts with coordination numbers in crystalline
compounds, this value suggests that the Mg?* ions are six-coordinated. This conclusion, however, is based on the
simplifying assumption that the 2>Mg spectrum comprises a Czjzek distribution centered at a single isotropic
chemical shift value and stands in contrast to the results of recent isotope-selective neutron diffraction studies
which give an average Mg-O coordination number of 4.4-4.5 for both glasses. However, reasonable fits to the
MAS-NMR spectra can also be obtained when constraining the average isotropic chemical shift to 50 ppm, a
value typical of four-coordinated Mg. We conclude that multiple Mg sites with different coordination numbers
may well be present and that, in the present glasses, 2°Mg NMR at typically used spinning rates and magnetic
field strengths (20 kHz, 14.1 T) is not capable of resolving them due to excessive broadening by quadrupolar
interactions.

Introduction

Magnesium is a key element in the solid-state science of many
technologically important materials [1-4]. In the design of mechanically
strong and chemically resistant oxide glasses, it is known to be a valu-
able additive for enhancing their mechanical stability and for over-
coming conflicting constraints for designing glasses with high elastic
moduli and high crack initiation resistance [2,3]. In the area of bioactive
glasses, magnesium is also an important additive, modifying their
dissolution kinetics and apatite mineralization properties [5-8]. The
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structural role of Mg in glassy materials is, however, the subject of
considerable uncertainty and controversy, as experimental results
addressing this question have been interpreted in rather contradictory
ways. While some authors consider Mg as a regular network modifier
[5], other studies have suggested it to be integrated into the network as
doubly charged four-coordinated MgO3~ species [6]. Its coordination
number in silicate glasses is a matter of on-going debate, where values of
four [9], four-to-five [10-12] and six [13-15] have been proposed. In
general, diffraction results and molecular dynamics simulations favor
lower coordination numbers [10,16-22], whereas the chemical shifts
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Siso obtained from solid-state nuclear magnetic resonance (NMR) ex-
periments tend to support higher coordination numbers [13-15,23,24].
Recent work by Bisbrouck et al. [25] has suggested that the presence of
sodium in silicate glasses may stabilize Mg with lower coordination
numbers.

As discussed in the literature, solid state NMR studies addressing the
local coordination environment of magnesium are seriously handi-
capped by the low magnetic moment (the gyromagnetic ratio amounts
t0 1.639 x 107 rad T ! s’l) and the relatively low natural abundance
(10%) of the only NMR active isotope, which is 2°Mg. At 14.1 T, the
resonance frequency is 36.7 MHz for samples with a cubic local envi-
ronment. If the environment is non-cubic, the sizeable quadrupole
moment of the 2°Mg nuclide interacts with the local electric field gra-
dients (EFGs), producing anisotropic resonance frequency distributions
that can be theoretically predicted by second-order perturbation theory.
In this way, the Hamiltonian interaction parameters for many crystalline
compounds have been analyzed [26-36], leading to results in good
agreement with ab-initio calculations [26,27,29]. Such work has sug-
gested that the 2°Mg isotropic chemical shifts should be able to differ-
entiate between Mg species in four- versus six-coordination: most
six-coordinated Mg compounds yield &i5, values between zero and 30
ppm relative to aqueous MgCl, solution (with some negative shifts
observed in phosphates), while the chemical shifts of akermanite, spinel,
and various other minerals featuring four-coordinated Mg are found
within the range 40-80 ppm [34].

On the other hand, George and Stebbins [37] have reported high
temperature (1000 — 1470 °C) 25Mg NMR results on several magnesium
silicate and aluminosilicate melts. Due to the fast isotropic motion in the
liquid state, the second-order quadrupolar effect is averaged out,
resulting in isotropic spectra [37]. A single-line spectrum for the
CaMgSizOg melt with an isotropic chemical shift of 22 ppm was re-
ported, which reflects a time-averaged value over all coordination
states. At the present stage, inferences about the Mg coordination
number from 2°Mg isotropic chemical shifts in glasses and melts are still
uncertain because of the limited database on fourfold and fivefold co-
ordinated crystalline reference compounds. Furthermore, the situation
in the melt (with fluctuating Mg-O and Si-O chemical bonds) does not
necessarily reflect the disorder associated with the glass structure.

A serious complication in applying these results to the structural
analysis of magnesium in vitreous materials arises from the fact that the
EFGs in glass appear to have a very wide distribution. This distribution is
indicated by molecular dynamics simulations, which reveal a wide range
of local geometries for the Mg?" coordination environment [20,22].
Therefore, the Mg magic angle spinning (MAS) NMR spectra for
glasses measured at moderate magnetic field strengths (such as 14.1 T)
are broadened, which prevents the spectral resolution of resonances
from multiple Mg?* sites. It is also possible that a proportion of the 2°Mg
nuclei are not detected under MAS conditions due to extremely strong
quadrupolar interactions, as recently shown for the distorted Mg(2) site
in orthoenstatite [29]. Ultimately, this complication makes the precise
measurement of isotropic chemical shifts (and hence an assignment of
the coordination number) rather difficult due to the lack of site resolu-
tion, even under fast MAS conditions.

In the present contribution, we have studied this issue by a more
detailed analysis of the effects of EFG distributions upon the static and
MAS-NMR spectra of vitreous MgSiO3 (enstatite) and CaMgSioOg
(diopside) by turning to isotopically enriched glasses, prepared from
isotopically pure 2°MgO. Relative to a sample containing an identical
amount of magnesium of natural isotopic abundance, the tenfold in-
crease in 2°Mg content is expected to produce a 100-fold reduction in the
number of accumulated free induction decays for reaching a comparable
signal-to-noise ratio. Here we report the results of a preliminary study of
static wideline and high-resolution 2’Mg NMR lineshapes, including the
measurement of the quadrupolar satellite transitions using wideband
excitation techniques. Furthermore, we examine the potential of spin
echo decay spectroscopy to measure 2°Mg-2>Mg magnetic dipole-dipole
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couplings. The results give new insight into the informational content of
Mg NMR in revealing the structural properties of magnesium in sili-
cate glasses.

Experimental
Sample preparation and characterization

The enstatite composition glass MgSiO3 was made using the pro-
cedure described in Ref. [21] from °MgO (98.49%), containing re-
siduals of 1.00% 2*Mg and 0.51% 26Mg, and SiO; (> 99%). The dried
chemicals were ground together and melted in air at 1650 °C in a Pt-10%
Rh crucible. The melt was quenched by immersing the bottom of the
crucible in water. The sample was then ground and remelted twice to
ensure a homogeneous glass. The sample composition measured by
electron probe microanalysis was 49.16(5) mol% MgO and 50.84(5) mol
% SiO5. The diopside composition glass CaMgSioOg was made using the
procedure described in Ref. [38] from 25MgO (98.79%), containing re-
siduals of 0.81% 2*Mg and 0.40% 25Mg, CaCO3 (> 99%) and SiO, (>
99%). The starting chemicals were decarbonised overnight at 800 °C
and melted in air at ~1492 °C in a Pt-10%Rh crucible. The melt was
quenched by immersing the bottom of the crucible in water. The melting
procedure was then repeated to ensure a homogeneous glass.

Solid-state NMR

Solid-state NMR studies were carried out at room temperature at
magnetic flux densities of 5.64 and 14.1 T, using an Agilent DD2 console
and a Bruker Avance Neo 600 MHz spectrometer, respectively. 2°Si
MAS-NMR spectra were recorded on the Agilent DD2 spectrometer, at
5.64 T, using 4.0 mm rotors spun at a frequency of 5000 Hz, using 90°
pulses of 4 ps length and a relaxation delay of 900 s. Spectra were
simulated assuming Gaussian lineshapes. 2>Mg MAS-NMR spectra were
obtained at 36.8 MHz (14.1 T) in the form of rotor-synchronized Hahn
spin echoes on the Bruker Avance Neo 600 spectrometer, using 3.2 mm
rotors spun at a rate of 20.0 kHz. Experiments were performed at two
different power levels corresponding to non-selective nutation fre-
quencies v; of 25 and 80 kHz (measured on cubic MgO). The effective
90° pulse lengths were optimized by maximizing the echo intensity in a
t, — 7 — 2t, —1—acq scheme, with t; values of 9 and 3.5 ps, respectively, for
the two nutation frequencies employed. The t values where chosen as 50
us A relaxation delay of 0.5 s was used. Static spectra were measured
using a Wideband Uniform Rate Smooth Truncation (WURST) pulse
sequence [39-44] combined with the Carr-Purcell-Meiboom-Gill
(CPMG) echo train acquisition scheme [45,46]. Compared to conven-
tional CPMG experiments, WURST-CPMG experiments have the
advantage of exciting nuclei over a wider frequency range, owing to the
frequency variations of the pulses employed, thereby reducing the need
for frequency stepping [42]. To cover a wider frequency range, signal
acquisition was nevertheless done at multiple distinct base frequencies,
corresponding to resonance offsets of +5000, 10,000 ppm and up to
430,000 ppm from the center of the central m = 1/2 & m = —-1/2
transition, where m denotes the magnetic quantum number. These
spectra were recorded to examine whether the central transition suf-
fered any lineshape distortion owing to the limited probe bandwidth,
and with the objective of testing for the presence of non-central (|m| =
1/2 & |m| =3/2and |m| = 3/2 & |m| = 5/2) satellite transitions, which
are affected to different extents by the anisotropy of the nuclear electric
quadrupolar interactions. WURST experiments were performed using
excitation and refocusing pulses with an identical length of 50.0 ps, the
excitation bandwidth was set to 1 MHz, and a recycle delay of 0.2 s was
used. Pulse spacing was adjusted to yield a spikelet separation of 6.7 kHz
and the number of Meiboom—Gill loops was set to 256.

For displaying the WURST-CPMG spectra, we have performed a fast
Fourier transform of the whole echo train, resulting in spikelet patterns
tracing the envelope of the static lineshape. MAS lineshape simulations
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were performed using the ssNake [47] software and static simulations
were performed using a homebuilt Matlab® code which uses the
SIMPSON [48] software as the kernel for spectral simulations.

Mg Hahn spin echo decays were recorded on non-spinning samples
with and without isotopic enrichment to test the sensitivity of this
method for measuring the strength of the 2°Mg->>Mg magnetic dipole-
dipole couplings. These measurements were carried out at two
different radiofrequency power levels, corresponding to non-selective
nutation frequencies (v1) of 25 kHz and 80 kHz.

Chemical shifts are reported relative to solid secondary standards of
MgO with the natural isotope distribution [5is,(**Mg) = 27 ppm vs.
aqueous MgCl, solution], and kaolinite [5180(2981) = —91.5 ppm vs.
tetramethylsilane (TMS)].

Results and discussion
298i MAS-NMR spectra

Fig. 1 shows the 2°Si MAS NMR spectra of the 2>Mg enriched samples.
Owing to the small amount of material available, the signal-to-noise
ratio was severely limited. The situation is further aggravated by
extremely long spin-lattice relaxation times. The spectra shown in Fig. 1
took typically 48 h to accumulate. Because of these limitations, a reliable
signal deconvolution in terms of the contributions from the separate Q"
species, where n denotes the number of bridging oxygen atoms per SiO4
tetrahedron, could not be obtained. The spectra are, however, consistent
with previously published data [49-53] where the simulations generally
assume a distribution of Q!, Q2 Q%, and Q* environments [49-51]. The
lineshape fitting model of this kind comes close to the concept of a
statistical distribution of the non-bridging oxygen atoms over the
various silicon atoms. Table 1 summarizes the lineshape fitting param-
eters. Within the experimental error, the quantitative area ratios of the
different Q" species are consistent with the non-bridging oxygen to sil-
icon atom ratio (NBO/Si) = 2:1 of the glass formulation.

Static 25Mg NMR spectra

Fig. 2 summarizes the static 2°Mg NMR spectra obtained via the
WURST-CPMG pulse sequence measured at different resonance offsets.
The spectra resemble those typically observed for quadrupolar nuclei
subjected to strong EFGs, necessitating second-order perturbation the-
ory for the lineshape description. In particular, the asymmetric line-
shape illustrates the presence of a wide distribution of quadrupolar
coupling strengths, reflecting the intrinsic disorder of the glassy state.
When measured with different resonance offsets, the central transition
lineshape reveals the expected distortions due to the limited probe
bandwidth. However, the results suggest that these distortions can be
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considered negligible when the frequency carrier is positioned at the
resonance maximum of the lineshape, where it can be modelled without
having to consider off-resonance distortions.

Mathematically, these spectra can be modeled with the Czjzek dis-
tribution [54,55]. This distribution gives an estimate of the probability P
(Cq, 1) of finding local environments with particular values of the pa-
rameters Cq and 7 that describe the strength and shape of the quad-
rupolar interaction tensor, respectively. It assumes that in the absence of
disorder, the chemical environment of the nuclei is isotropically sym-
metric, i.e., the EFG is zero. Disorder is introduced by considering a
normal statistical distribution for the EFG components. The Czjzek
probability function is given by the following expression [54,55]:

2 7
1 ’72 —CQ 1 +?
P(ng):mgsC‘én(l—g)eXp % m

where o is the width of the distribution.

Fig. 3 shows a simulation of the 2°Mg static spectra using the Czjzek
model. The simulation is obtained from the weighted average [having P
(Cq, 1) as the weighting factor] of a series of quadrupolar powder pat-
terns with Cq and # in the ranges 0 < Co < 16 MHz and 0 < 7 < 1,
respectively, and isotropic chemical shift tensors with fixed &5, values.
Each individual powder spectrum was simulated using a full matrix
calculation in SIMPSON [48] over 46,368 orientations in a so-called
ZCW full sphere scheme [56]. As shown in Fig. 3, this model success-
fully reproduces the measured asymmetric lineshapes, using widths for
the Czjzek distributions (¢) of 4.4 and 4.2 MHz, corresponding to
average < |CQ|> values (defined in terms of the modulus) of 8.6 and 8.3
MHz for the MgSiOs and CaMgSi»O¢ samples, respectively. For both
materials the average isotropic chemical shift was estimated at 13 ppm.
The optimization of the simulations in Fig. 3 was performed with the
objective of finding a single set of parameters for each sample that re-
produces both the static and the MAS spectra (shown in Fig. 5).

Fig. 4a shows the experimental and simulated static spectra over
their full-scale range. Distinctive spikelet patterns are clearly visible to
both sides of the central resonance, which can be attributed to the sat-
ellite transition manifold. Fig. 4b shows a vertical expansion of the scale,
revealing that the experimentally observed satellite transition spikelets
are reduced in intensity in comparison to the simulations using the
Czjzek model. We suggest that this deviation between simulated and
experimental spectra may arise from a less efficient excitation of satellite
transitions by the WURST pulses.

25Mg MAS NMR specira

An analysis of the MAS-NMR lineshapes offers an alternative way of

(a)

—— Spectrum

—— Model (b)
—— Q" curve
—— Q%curve
—— Q3curve
—— Q*curve
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295i-5 \ ppm

-140 -40 -60 -80 -100 -120 -140
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Fig. 1. 2°Si MAS-NMR spectra of (a) 2°Mg enriched enstatite glass and (b) >>Mg enriched diopside glass (right). The red curve shows a lineshape simulation based on

the fitting model of Ref. [49].
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Table 1
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Parameters (isotropic chemical shift 5;,, full width at half maximum A, and fractional area in percent I) used in the deconvolution of the 2°Si MAS-NMR spectra (shown
in Fig. 1) into the contributions from the individual Q" components. (NBO/Si) denotes the average number of non-bridging oxygen atoms per silicon atom calculated

from the quantitative Q" distribution.

Sample Parameters Q! Q? Q® Q* (Biso) (NBO/Si )
MgSiOs Siso(£ 1 ppm) -74 —-80 -89 -107 —-83 1.86

A (+1 ppm) 16 14 18 13

I(+2%) 26 42 24 8
CaMgSi»06 Siso(% 1 ppm) —78 —84 —93 ~103 —84 2.05

A (+1 ppm) 13 11 11 11

I(x2%) 33 43 20 4

25Mg - WCPMG — 25MgSiO,

+10 kppm
e —
+5 kppm
0 kppm
20,0k 15,0k 10,0k 5,0k 00 -50k -10,0k -15,0k -20,0k

SMg-6 /ppm

Fig. 2. Static Mg WURST-CPMG spikelet spectra obtained on MgSiO3 glass measured at different resonance offsets as marked by the red arrows.

obtaining the relevant internal interaction parameters affecting the
Zeeman levels of the 2°Mg nuclei. Because of serious probe ringing
problems at these rather low resonance frequencies, the best possible
method for obtaining high-fidelity MAS-NMR lineshapes is the mea-
surement of rotor-synchronized MAS echoes.

Fig. 5 shows the results obtained at two different power levels, cor-
responding to non-selective 2’Mg nutation frequencies (1) of 25 and 80
kHz, respectively. The spectra obtained with a lower radiofrequency
power level (v; = 25 kHz) are slightly narrower, which we relate to the
well-known effect of the more limited excitation window available at
lower radiofrequency power due to the use of longer pulse lengths. The
MAS-NMR lineshapes of both glasses are very similar. We observe two
distinct lineshape contributions: a broad, rather ill-defined feature
covering a frequency region of ~100 kHz and a narrower peak reflecting
the effect of a distribution of quadrupolar coupling interactions in the
regime of second-order perturbation theory that is frequently observed
for other quadrupolar nuclei (**Na, 2’Al) in glassy materials.

Fig. 5 shows that the entire lineshape can be successfully modelled
using a Czjzek distribution, implemented within the ssNake program
[47]. The simulations were performed assuming finite MAS, where 16

spinning side bands were simulated by the Carousel averaging approach
implemented in the software. An unconstrained fitting approach was
used to determine the best-fit parameters. The simulation parameters
obtained for the high-power spectra reveal the existence of a wide dis-
tribution of quadrupolar coupling constants, 6, of 4.4 and 4.2 MHz,
corresponding to average values <|Cq|> of 8.6 and 8.3 MHz for the
MgSiO3 and CaMgSi»Og samples, respectively, and an average chemical
shift of 13 ppm for both glasses. A Gaussian line-broadening of 27 ppm
was included in the fit to account for a distribution of isotropic chemical
shifts. Note that the MAS-fits shown in Fig. 5 use the same parameters as
the fits to the static spectra, adding confidence to the analysis presented
here. On the other hand, the width ¢ of the Czjzek distribution is slightly
underestimated by fitting the same model to the low-power spectra, with
o values of 4.1 and 3.7 MHz for the MgSiO3 and CaMgSi>Og glasses,
respectively.

We have also investigated the same NMR signals by employing a
commonly used practice to analyze partially narrowed spectra by
removing the broader parts of the lineshape by doing some left shifting
on the time domain signal, effectively limiting the Czjzek analysis to the
narrower feature. As shown in Fig. 6a, apparently satisfactory fits can be
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—— Experimental (static)
Czjzek simulation

CaMgSi,Oq

_———_——«rﬁf HHHUHM......‘

. m}m"m#—'l

-5000

5000

0
2Mg-8 /ppm

Fig. 3. Static Mg WURST-CPMG spikelet spectra for both samples (MgSiO3
and CaMgSi»O¢) and the Czjzek distribution simulations obtained by fixing the
parameters obtained from the simulations of high-power MAS fittings (Fig. 5).
The arrows indicate the resonance offsets used for the stepwise acquisition of
the wideline spectra.

obtained by this procedure for both the glasses considered here, even
though it leads to an artificially reduced o value of 2.8 MHz for both
materials. In consequence, the average value <|Cq|> of 5.6 MHz for
both glasses is significantly lower than the values obtained in the full
analysis, and the apparent isotropic chemical shifts are also changed to
26 and 33 ppm for the MgSiO3 and CaMgSi»Og glasses, respectively. We
note that a similar systematic error may occur if the spectra of glasses are
measured via single-pulse acquisition in samples with the natural iso-
topic abundance of magnesium. Here, some left-shifting is often prac-
ticed in order to eliminate the effects of pulse breakthrough and acoustic
ringing, leading to an artificial flattening of the baseline following a
first-order phase correction.

To estimate the error associated with this spectral manipulation,
Fig. 6b shows the result of the Czjzek model fitting analysis for data
obtained at three different MAS rotation frequencies v, (15.0, 20.0, and
24.0 kHz) in MgSiOg3 glass. As has been noted before [34], one can
observe that increasing the spinning frequency leads to an increase in
the full width at half height of these partial spectra. Czjzek fittings of the
spectra in Fig. 6b also reveal a slight increase in the width of the

a)
—— Experimental (static)
Czjzek simulation
CaMgSi,Og

MgSiO,

|
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distribution as a function of the spinning speed, corresponding to a
variation of the apparent average quadrupolar coupling constant {|Cg|)
from 5.52 MHz at v, = 15 kHz to 5.55 MHz at v, = 24 kHz. This
observation, which at first glance appears counterintuitive, can be
explained in terms of the wide distribution of quadrupolar coupling
constants that is found in the present samples [34].

The ability of MAS-NMR to provide effective lineshape narrowing
depends on the ratio of the spinning frequency to the quadrupolar fre-
quency. On the one hand, the resonance signals of those nuclei affected
by strong quadrupolar coupling at the high end of the distribution of Co
values are unaffected (or little affected) by the MAS sample rotation,
contributing to the broad part of the spectrum. On the other hand, the
resonance signals of those nuclei that are at the low end of the Cq dis-
tribution (up to a limiting value of Comax) show significantly narrowed
spectra. The second-order perturbative nature of the interactions still
confers a residual anisotropic line broadening effect to the lineshape,
which will increase with increasing Cq value. Increasing the spinning
speed will shift the limit of Comax towards higher values, which implies
that more and more nuclei with higher degrees of distortions in their
immediate electronic environments (and hence broader NMR signals)
contribute to the narrower feature of the MAS-NMR lineshape. In
consequence, this set of nuclei includes more and more nuclei with
increasingly distorted environments as the spinning frequency is
increased. This effect will always occur if the distribution of quadrupole
coupling constants is so wide that only part of the entire ensemble can be
detected by MAS-NMR.

Equally important, an absence of a spinning speed dependence of the
MAS-NMR spectra on the MAS spinning frequency signifies that all the
nuclei present in the sample contribute towards the MAS-narrowed
lineshape. In the present case of 2°Mg in glasses, our results thus indi-
cate that magnetic field strengths higher than 14.1 T and/or spinning
frequencies higher than 24 kHz would be required to reach that situa-
tion. Therefore, we suspect that many of the (|Cg|) values for Mg re-
ported in the literature for glasses containing magnesium of natural
isotopic abundance and measured under similar conditions may be
under-estimated. Likewise, the (8js,) values reported for 2>Mg in glasses
may not be representative because they only refer to a sub-set of nuclei
interacting with weaker EFGs, which contribute to the narrower line-
shape feature.

25Mg static spin echo decay spectroscopy

Previous studies have shown that, in principle, Hahn spin echo decay
spectroscopy of spin-3/2 and spin-5/2 nuclei can measure the strength
of homonuclear magnetic dipole-dipole interactions under conditions of
selective excitation of the central m = 4 & m = —' transition [57,58].

b)

CaMgSi, Oy

-2oboo
25Mg-8 /ppm

40000 20000

-40000 40000

20000 -20000

25Mg-8 /ppm

-40000

Fig. 4. (a) Full static spectrum for the MgSiO3 and CaMgSi»Og glasses, together with simulations using distributions of the EFG that follow the Czjzek model. (b)
Vertical expansion emphasizing the quadrupolar satellite spikelets. The arrows indicate the resonance offsets used for the stepwise acquisition of the wideline spectra.
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a
) —— Experimental (MAS) —— Experimental (MAS)
—— Czjzek simulation —— Czjzek simulation

MgSiO, CaMgsi,0,

(v, = 25 kHz) (v, = 25 kHz)

(v, = 80 kHz) (v, = 80 kHz)

2000 1000 O -1000 -2000 2000 1000 O -1000 -2000

Mg-5 /ppm Mg-5 /ppm

Fig. 5. Mg MAS-NMR spectra obtained by rotor-synchronized Hahn-spin
echo acquisition at a rotor frequency of 20.0 kHz (acquisition after two rotor
cycles — black curves) and simulations considering a distribution of EFGs given
by the Czjzek model (red curves) for the (a) MgSiO3 and (b) CaMgSi>Og sam-
ples. Top: lower radiofrequency power level (non-selective nutation frequency
25 kHz); bottom: higher radiofrequency power level (non-selective nutation
frequency 80 kHz).

b)
—— Experimental MgSio,
— Simulation MAS rate
24 kHz

20 kHz

15 kHz

-1 OIOO 0 _5'00
25Mg-8 /ppm

~1000

0 -500

25Mg-8 /ppm

Fig. 6. (a) Mg MAS-NMR spectra obtained by rotor-synchronized Hahn-spin
echo acquisition at a rotor frequency of 20.0 kHz (acquisition after two rotor
cycles), measured at a radio-frequency power corresponding to a non-selective
nutation frequency of 25 kHz. The broad feature of Fig. 5 has been eliminated
by removing (left shifting) the data acquired within a 24 ps range from the
trailing part of the echo prior to Fourier transformation. Red curves show the fit
of the remaining lineshape (narrower feature in Fig. 5) to a Czjzek distribution
of quadrupolar coupling parameters. (b) Czjzek fits of the spectra following free
induction decay (FID) truncation by left shifting the data by 24 ps, effectively
eliminating the broad component from the MAS-NMR lineshape measured with
vy set at 15.0, 20.0 or 24.0 kHz in MgSiO3 glass.

This method has been widely applied to investigate the spatial distri-
bution of sodium ions in oxide glasses [59]. Fig. 7 explores this question
with regards to a measurement of the 2°Mg-2>Mg dipole-dipole in-
teractions in the isotopically enriched materials. Data sets were
measured at two distinct nutation frequencies of 25 and 80 kHz. As
shown in Fig. 7, the results do not depend on this parameter within the
experimental error, indicating that, under both conditions, the central
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transition is selectively excited.

The results indicate that the spin echo signal of diopside glass decays
slightly faster than that of MgSiOg glass, particularly at shorter evolution
times (27 < 2 ms). This result is counterintuitive, as the total 25Mg
concentration in enstatite glass is twice as high as in diopside glass. Most
likely, even in the isotopically enriched materials, the dipole-dipole
coupling is so weak that the nuclear electric quadrupolar interaction
dominates the spin echo decay response. This expectation is confirmed
by additional experiments (see Fig. 7, right), indicating that the echo
decay rate in the magnetically diluted samples at natural abundance
(10% 2°Mg) is comparable to that measured for the isotopically enriched
material. We therefore conclude that, even in the isotopically enriched
materials, the homonuclear interactions are too weak to be measured by
the simple spin echo decay method. More sophisticated techniques, e.g.,
based on double quantum excitation, may have to be employed.

Comparison with diffraction and molecular dynamics results

Table 2 summarizes the current state of the literature on the 2>Mg
NMR parameters deduced for magnesium containing silicate glasses.
The detailed analysis of the static and MAS-NMR spectra done in the
present work shows that the quadrupolar interactions in vitreous
MgSiO3 and CaMgSi2Og are significantly stronger than previously sug-
gested, but confirms the isotropic chemical shifts published earlier. We
further note that in our study the high-field approximation is fulfilled, i.
e., the ratio of the quadrupole frequency to the Larmor frequency, vo/
vp (— 0.03) is significantly smaller than the value of 0.1 above which the
central transition peak maximum would be affected by a low-frequency
quadrupolar shift, as noted by Werner-Zwanziger et al. [60]. Thus, for
the 2°Mg NMR of these glasses measured at 14.1 T, the average isotropic
chemical shift information deduced from our analysis is accurate. In
view of the above-mentioned correlation between the isotropic chemical
shifts and the coordination number in crystalline compounds [34], this
result would suggest that the Mg?* ions detected by NMR are predom-
inantly six-coordinated. In striking contrast to this conclusion, the re-
sults obtained from conventional neutron and X-ray diffraction
experiments show that vitreous MgSiO3 and CaMgSi2Og have a broad
distribution of nearest-neighbor Mg-O distances with a mean Mg-O co-
ordination number in the range 4.4-4.8 [21,22,61], significantly smaller
than the value of six found for their crystalline counterparts. Likewise,
more recent molecular dynamics simulations indicate mean Mg-O co-
ordination numbers in the range of 4.7-4.8 with a distribution of four-,
five- and six-coordinated Mg?* ions [20,22]. Experiments using neutron
diffraction with magnesium isotope substitution, performed on the same
samples investigated by NMR in the present work, give a mean Mg-O
coordination number of 4.4-4.5 for both materials [21,61].

In view of the large discrepancy between the NMR and the diffrac-
tion/molecular dynamics results, we have re-evaluated our simulation
approach by performing further simulations of the 25Mg MAS-NMR
spectra for glassy MgSiOs assuming different isotropic chemical shift
scenarios. Fig. 8a and b compare the unconstrained fit (5jso0 = 13 ppm,
see Fig. 5a) with a simulation constraining the isotropic chemical shift
value to §i5, = 50 ppm, which is a typical value for four-coordinated Mg.
Although the best-fit simulation provides a 85, value of 13 ppm, the
simulation with &;s, fixed at 50 ppm is also very close to representing the
experimental data. The difference in chemical shifts is compensated by a
slightly wider distribution of EFGs for the simulation with ;5o = 50 ppm
(o of 4.6 MHz against 4.4 MHz obtained for the unconstrained simula-
tion). Based on these results, it should be possible to fit the MAS-NMR
lineshape by assuming multiple Mg sites with coordination numbers of
four, five or six.

As a proof of concept, we have simulated the 2>Mg spectrum for
MgSiO3 by considering a 1:1 ratio of two components representing four-
and six-coordinated sites with fixed isotropic chemical shifts of 50 and
13 ppm, respectively. Fig. 8c shows the best fit, when ¢ and the isotropic
line-broadening parameter were adjusted but the relative areas of both
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Fig. 7. Mg spin echo decay of (left) MgSiOs glass and (right) CaMgSi,Op glass at two radiofrequency power levels, Corresponding to nutation frequencies v1 of 25
kHz (black triangles) and 80 kHz (red circles). For the diopside glass, data is also shown for a sample with magnesium of natural isotopic abundance (blue open

stars, right).

Table 2

Current state of Mg NMR parameters in oxide glasses.
System (6iso) (ppm) (|Cql) (MHz) Reference
MgSiO;.Mg,SiO4 17 7.6 [15]
MgSiO3 14 2.8 [13]
MgSiO3 13+£3 8.6 £ 0.5 This work
CaMgSi»O¢ 13+ 3 8.3+ 0.5 This work
CaMgSizO¢ 16 2.7 [13]
Mg5Al,Siz012 14 3.2 [13]
Ca,MgSi,0, 14 3.9 [13]
Li;MgSi;O6 14 2.9 [13]
NayMgSizOg¢ 41 3.5 [13]
K;MgSizO% 38 2.9 [13,14]
K>MgSisO12 37 3.1 [13]
§i0,-B203-Al,03-Nay0-MgO 5-35 6.5-8.5 [25]
Si02-B303-Al;03-Na,0-MgO 45-50 - [62]

f Contains other components such as LayOs.

components were kept constant at the 1:1 ratio to represent an average
Mg coordination number of five. The simulation in Fig. 8c reinforces our
conclusion that, due to the wide distribution of EFGs, the contribution of
particular Mg species cannot be quantified and no reliable average Mg
coordination number can be deduced from the NMR data alone. In view
of the good fit of Fig. 8c, we can certainly consider the 2>Mg NMR
spectrum to be consistent with the conclusion from the neutron
diffraction results [21,61] that enstatite and diopside glasses feature
multiple Mg environments in four-, five-, and six-coordination, pro-
ducing an average coordination number near or somewhat below five.
The triple-quantum MAS (3QMAS) NMR technique is widely
employed for quadrupolar nuclei with wide distributions of EFGs due to
the possibility of resolving multiple sites in the indirect isotropic
dimension. However, this experiment is very challenging for the Mg
isotope, even for isotopically enriched samples, due to the low frequency
and fast transverse relaxation, and typically take measurement times on
the order of a few days, even at very high magnetic field strengths.
Shimoda et al. have performed 3QMAS experiments at 16.4 and 21.8 T
for a variety of Mg-containing glasses, including MgSiO3; and CaMgSi2Og
[13,14]. For the latter, isotropic shifts of 14-16 ppm suggest that Mg is
predominantly six-coordinated. The 3QMAS spectra obtained for
enstatite glass at 21.8 T (with a spinning speed of 18 kHz) hint at the
presence of four different Mg sites, with isotropic chemical shifts ranging
from 1 to 24 ppm [14]. In comparison to our results, the average
quadrupolar coupling constants deduced from that work were found to
be significantly smaller. Altogether, because of the poor signal-to-noise
ratio obtained in those experiments, the possible coexistence of multiple
Mg species with different coordination numbers cannot be excluded.

Experimental

— 3y, fixed at 13 ppm
— 3§, fixed at 50 ppm
Sum

iso = 50 ppm
(Constrained)

(b)

Siso = 13 ppm
(Best fit)

(@)

2000 0
Mg-5 /ppm

-2000

Fig. 8. Comparison of (a) the best-fit unconstrained simulation of the 25Mg
MAS-NMR spectrum of glassy MgSiO; yielding a d;s0 value of 13 ppm (also
shown in Fig. 5a, v; = 80 kHz) with (b) a constrained simulation, assuming an
average Jis, value of 50 ppm mimicking four-coordinated Mg, and (c) a 1:1
superposition of (a) and (b), mimicking an average Mg coordination number of
five. All fits include a Gaussian line-broadening parameter of 27 ppm, which
accounts for a distribution of isotropic chemical shifts.

We note that other work on alkali magnesium silicate [13] and so-
dium magnesium aluminoborosilicate glasses has indicated that changes
to the average Mg coordination number can be observed by following
the trend in the average 2>Mg chemical shift with glass composition [25,
62]. We presume that the quadrupolar interactions are weaker and the
EFG distributions are narrower than in the present case, but we are
planning to re-examine these results in the future using the approach
developed in the present paper. For enstatite and diopside glasses,
however, we must conclude that solid state NMR may not be a
well-suited method for evaluating the average coordination number of
the Mg?" ions.
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Conclusions

We have presented studies of the static wideline and high-resolution
MAS ?°Mg NMR lineshapes for enstatite and diopside glasses. Both the
static and rotor-synchronized Hahn-echo MAS NMR spectra indicate a
broad distribution of the EFG components at the 2°Mg position caused by
disorder, which can be fitted consistently to a common set of interaction
parameters and distribution widths using the Czjzek approach. Our re-
sults suggest that the previously published average quadrupolar
coupling constants and distribution widths for these glasses may have
been underestimated. We estimate average <|Cg|> values and isotropic
chemical shifts of 8-9 MHz and 13 ppm for both the enstatite and
diopside glasses. In view of the Mg-O coordination numbers obtained
from diffraction experiments and molecular dynamics simulations, this
shift does not, however, imply glass structures in which all the Mg?* is
six-coordinated. We demonstrate that due to the lack of site-resolution,
the NMR data are likely to be well simulated by a superposition of
multiple sites with different Mg coordination numbers, consistent with
the diffraction data.

The results reported here are of considerable relevance with regards
to the spectra of other nuclei with strong quadrupolar interactions and
wide distributions of EFGs in glassy materials, as expected for >°K, **Sc,
47/49T1, 69/71Gq, 87Rb, 87Sr, 2°Nb, 135/137Ba, and 1*°La. The present paper
outlines a general strategy for characterizing the local environments of
the corresponding elements in amorphous and glassy materials.
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