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S1. Materials and Methods

S1.1 Preparation of Si'’0O, and Al,'"Oj

170 enriched Hy'7O (36% 7O; ISOTEC) was used to prepare the Si'”Os and Aly'7O3 precursors,
each with an estimated enrichment degree of ~30% '7O. All synthesis stages were performed in Ar
atmosphere.

Aly'703 was obtained by dissolving aluminium isopropoxide, A[OCH(CHj3)]s, in toluene. Small
portions of Hy!'"O were then added while the temperature was controlled using an ice bath. The
mixture was stirred constantly and refluxed for 2 h. The resulting xerogel was allowed to mature
for 24 h and was subsequently heated at 1250 °C to yield the final a-Aly'7O3 product.

Sil704 was prepared by dropwise addition of Ho'7O to a solution of SiCly in dried ether while
stirring the mixture under flowing Ar to allow removal of HCI(g). The xerogel was dried at 100 °C
under vacuum for 1.5 h. The final product of Si'”O, was obtained after further heating at 500 °C.

S1.2 Glass Synthesis and Characterization

RE AS glasses, simultancously enriched in 7O and 2%Si, were prepared in batches of 400 mg from
high-purity oxide precursors of LuyOgs, ScoO3 and Y203 from ChemPure (99.99% purity), and
isotopically enriched materials of Alx1703 (=30% !70), Sil’0Oy (~30% 170), and 2SiOy (96.7%
298i; EURISO-TOP). A mixture of 80% Si'"Os and 20% 2°SiOy was used as a source for Si to
ensure ~20% 29Si enrichment of all glasses. Each oxide was first calcined at 600 °C for 3 hours
(300 °C for the isotopically labeled materials) to remove the potential presence of hydroxyl and/or
carbonate impurities. The precursors were weighted in appropriate amounts to match each RE AS
composition listed in Table 1. They were next mixed in a mortar for 1 h. Except for the Lu AS
glasses, each batch also incorporated paramagnetic doping by 0.05-0.1 wt% GdsO3 to enhance 7O
spin-lattice relaxation for the NMR experimentation.

Each oxide mixture was heated in a Pt crucible in an electric furnace under Ar atmosphere
at 1600 °C (Y-based glasses) or 1650 °C (Lu and Sc bearing glasses). The melt was quenched
by immersing the bottom of the crucible in water. The weight losses during synthesis remained
consistently below 2.0%.

Owing to the substantial costs of the isotopically enriched precursors, no invasive characteri-
zations were employed, but the integrity of the compositions of the resulting glasses were verified
by their essentially identical 27Al and 29Si NMR spectra observed relative to those collected from
specimens prepared simultaneously as the (17O, 2Si) enriched samples but using precursors with
each element at its natural abundance level. The monophasic amorphous character of the latter
glasses were confirmed by powder X-ray diffraction and scanning electron microscopy (SEM) in
backscatter mode (JSM 7000F, JEOL). SEM coupled with energy-dispersive X-ray spectroscopy
(EDS) verified that each composition was very close (typically within +(0.5-1.0) at%) to its batched
counterpart listed in Table 1. We refer to our previous reports for further details on RE AS glass
synthesis and characterizations.5!5?

S1.3 Solid-State NMR Experimentation

MAS NMR experiments were carried out on Bruker Avance-III spectrometers at the magnetic
fields of By=9.4 T (17O Larmor frequency vg=54.3 MHz) and By=14.1 T (vp=81.4 MHz). 4 mm
triple resonance (TR) MAS probeheads were used at both fields, with the experimentation at
14.1 T additionally involving a 3.2 mm TR MAS probehead. Finely ground samples were packed
into zirconia rotors and spun at the MAS rates of v,=24.000 kHz and v,=14.000 kHz for the
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experimentation with the 3.2 mm and 4.0 mm probeheads, respectively. For each experimental
condition, the MAS rate is sufficiently high to move all spinning sidebands outside of the spectral
region of the centerband CT signals; see Fig. S3 that reproduces the spectra of Fig. 1 over an
expanded spectral window. 7O and 27Al chemical shifts are quoted relative to water and a 1 M
A1(NOs3)s(aq) solution, respectively; these liquids were also utilized for estimating radio-frequency
(rf) nutation frequencies.

170 MAS NMR spectra were collected by using central transition (CT) selective pulses operating
at a nutation frequency of vST:18.O kHz, corresponding to a 90° pulse length of 14.0 us. The
relaxation delays ranged between 30-45 s and were determined for each individual sample from
separately recorded 77 measurements to ensure quantitative results. 5120-7168 signal transients
were accumulated for experiments performed at 14.1 T (3.2 mm probehead), whereas those acquired
at 9.4 T (4 mm probehead) employed 1600-2240 transients.

The 17O{?"Al} TRAPDORS® NMR experiments involved an 7O spin-echo of total duration
2T 1ec, With a CT-selective 170 180° pulse of 28.4 us. A high-power (va=74.0 kHz) recoupling pulse
of duration 7,..=2.5 ms was applied to 2" Al for arranging the dipolar-dephased NMR signal S(7rec),
whereas the “reference” experiment So(7.ec) was performed in the absence of 27 Al radio-frequency
irradiation. 7168-11264 signal transients were accumulated.

RampedS” 27A1—-170 RAPT-CPS8 experiments were performed at 14.1 T and 14.0 kHz
MAS with a 5.0 ms contact interval and matched radio-frequency fields of v§=22.0 kHz and
ng:&O kHz for 2"Al and 7O, respectively. This obeys the modified Hartmann-Hahn condition
ng:v8T+vr. Each NMR acquisition involved 36864—-50176 accumulated transients.

Saturation-recovery blocks were used prior to relaxation delays of 5.0 s and 2.5 s for all TRAP-
DOR and RAPT-CP NMR experiments, respectively. All double resonance experiments involved
the RAPTS? technique for CT-signal enhancement. Roughly 30 RAPT blocks were used with equal
durations of the pulses and delays of 0.95 us for 170 (TRAPDOR) and 0.70 s for 27 Al (RAPT-CP),
in both cases using a nutation frequency of 74.0 kHz.

S1.4 NMR Spectra Deconvolutions

By using in-house developed software based on numerically exact spin-dynamics simulations that
account for all time-dependent interactions and experimental parameters (see Refs. S3 and S5 and
references therein for further details), the CT-signal region of each O MAS NMR spectrum of
Fig. 1 was deconvoluted into component peaks from two NBO moieties (AIme, SifO[l]), and three
BO contributions (AlfO[zLAI, Al-OP-si, SifO[QLSi). The various NBO and BO populations will
be discussed in detail for an extensive set of RE AS glasses in a forthcoming publication. Here
we focus on the total fractional populations of each BO (z1?) and NBO (z[!) speciation, and the
contributions to the NBO speciation from each Si-Ol!! (méll]) and Al-Ol (.I‘Eﬂ) bonding scenario,
i.e., the 7O NMR-derived {z[!, x[sli], xﬂ} values listed in Table 1.

Besides the various fractional populations, the numerical fitting accounted for the average
isotropic chemical shift (dis,) and quadrupolar product Cg,=Cg(1 + n%/3)'/? of each BO/NBO
species, where éQ and 7 denote the quadrupolar coupling constant and asymmetry parameter of
the electric field gradient tensor, respectively.S1%51! CzjzekS!? and Gaussian (with Wi, denoting
the FWHM in ppm) distributions were assumed for the quadrupolar products and 7O isotropic
chemical shifts, respectively. For each of the five peak components, both values of dis, and Wi,
were restricted within +4 ppm. Figure S2 shows two examples of deconvolution results. To bet-
ter constrain the numerical fitting, 17O MAS NMR spectra recorded at By=9.4 T (not shown)
by using short and strong pulses were fitted simultaneously with those acquired at By=14.1 T by
CT-selective pulses (i.e., those presented in Fig. 1). Note that the latter 170 NMR spectra agreed
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very well with results obtained by “hard” pulses under otherwise identical experimental conditions,
as illustrated by Fig. S1.

S1.5 Molecular Dynamics Simulations

Each glass model was obtained by an atomistic MD simulation that emulated the melt-quench
procedure for an NVT ensemble in a cubic box with periodic boundary conditions.5'® The calcula-
tions were performed with the DLPOLY3 package,3'4515 using 3000-9000 atoms. The box-length
was adjusted to match the experimental density and composition of each RE AS glass, using our
previously reported densities for glasses involving Y, Lu,53 and Sc.S®

The melt-quench simulation started from a structure equilibrated at 3500 K for 100 ps, followed
by a 10 ps step-wise decrease of 10 K/ps down to 300 K, where equilibration was performed during
200 ps, of which the trajectory during the last 150 ps was used for the structural analysis. For each
glass composition, this protocol was completed 4-8 times with distinct initial atom configurations,
each generated by a random distribution subject to the constraint of a 50 pm minimum distance
in any atom-pair. The average value and uncertainty of each modeled structural parameter was
derived from these distinct trajectories: the populations of the various ol (p=0,1, 2, 3) listed
in Table 1 were obtained by integrating the go g(r) pair distribution function (E = {Si, Al}) out
to 250 pm.

The interatomic potentials included both long-range Coulombic and short-range Buckingham
(or Born-Mayer) terms: the precise parameters are provided in Table 1 of Okhotnikov et al.5'6 that
also describes the procedures for obtaining and validating each RE-O potential parameter. Partial
charges of —1.2e for O, 2.4e for Si, and 1.8¢ for Al as well as all RE species were employed,S!”
where e is the elementary charge. A modified Buckingham potential®'® was implemented to cir-
cumvent strong attractions at small interatomic distances; it was evaluated for all atom-pairs out
to 0.8 nm, whereas the Coulombic interactions were calculated by a smoothed particle mesh Ewald
summation®™ with a 1.2 nm real-space cut-off and an accuracy of 107%. The equations of mo-
tion were integrated in time-steps of 2 fs by the velocity Verlet integrator approach, whereas the
temperature was controlled by a Berendsen thermostat with a 1.0 ps relaxation time constant.5

For additional information about the MD simulation procedures, we refer the reader to our
previous reports and results for RE AS glasses.53:516
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Fig. S1. A selection of 17O MAS NMR spectra recorded at By = 14.1 T and 24.00 kHz MAS from
the as-indicated AS glasses. The results were recorded either by CT-selective 90° pulses (black
traces; spectra reproduced from Fig. 1) or by short (0.25 us), strong (vo=74.0 kHz) pulses (red
traces), the latter corresponding to a flip angle of 6.7°. Note the excellent agreement between the
two results of the distinct excitation conditions. This confirms the quantitative character of the
spectra obtained by the CT-selective pulses (Fig. 1) that were used to derive the various {OM,
0P} populations of Table 1.
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Fig. S2. Experimental 17O MAS NMR spectra (black traces) recorded by CT-selective pulses from
the (a) Y37(2.21) and (b) Lu2?(2.45) glasses at By=14.1 T and v,=24.00 kHz. The spectra are shown
together with deconvolution results into five component peaks constituting two 17Ol resonances
(AI-NBO, Si-NBO) and three OPl signals (Al-O-Al, Al-O-Si, Si-O-Si). The curve beneath each
NMR spectrum represents the difference between the experimental and best-fit spectra.
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Fig. S3. The 17O MAS NMR spectra of Fig. 1 (By=14.1 T; v,=24.00 kHz) for the as-indicated
(a) Y, (b) Lu, and (c) Sc glasses, displayed over an expanded ppm-range that also includes the
first-order spinning sidebands. Each center green and red narrow rectangle marks the centerband
position of the 17O peak assigned to AI-NBO and Si-NBO fragments, respectively; the correspond-
ing left /right rectangles indicate the ppm-coordinates within the sidebands that are shifted from
the centerband position by +v, (i.e., by +£24.00 kHz; +295.0 ppm). The respective set of three
grey rectangles is centered at the lowest shift of the 17O centerband signal: hence, the left-most
grey rectangle mark the highest ppm-value at which the first-order sideband of the BO resonance
could appear. Notably, the MAS rate is sufficiently large to move all sidebands outside of the CT-
centerband region, particularly in the case of the NMR spectra recorded from the Y and Lu glasses
in (a, b). Roughly the same relative positioning of the center/side-bands applies for the TRAPDOR
NMR spectra in Fig. 2, which were obtained at By=9.4 T and v,=14.00 kHz. Note that while the
NMR peak from the AI-NBO groups of the Sc-bearing glasses in (c) is unambiguously present as
a unique resonance, it may carry a minor sideband component beneath the right-most portion of
the 1702 centerband (whose integrated intensity is automatically accounted for by the numerical
simulations used in the spectra deconvolution).
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