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Abstract
Glasses and glass–ceramics of composition Na3+3x−yRE1−xPySi3−yO9 were syn-
thesizedusingRE= Sc andY, x=0.4, and y=0.0 and0.3 to obtainmultiple-phase
glass–ceramics containing the highly conducting Na5RESi4O12 (N5) phase. In
addition, the two model compounds Na5ScSi4O12 and Na5InSi4O12 were syn-
thesized. Samples were characterized at two distinct annealing stages using
X-ray powder diffraction, electrical conductivity measurements, and multin-
uclear solid-state magic angle spinning (MAS) nuclear magnetic resonance
(NMR) spectroscopy. The N5 phase is dominantly formed for Sc-containing
glass–ceramics (both with y = 0.0 and 0.3) at crystallization temperatures above
900◦C. For the other glass–ceramics, the crystallized phases were dominantly
Na3RESi2O7 (N3), RE = Sc and Y, and Na9YSi6O18 (N9) phases. 29Si MAS-NMR
peak assignments were done with the aid of 29Si{45Sc} rotational echo adiabatic
passage double resonance (REAPDOR) experiments. 29Si and 23Na MAS-NMR
spectra reveal complex phase compositions and local environment distributions,
which could be largely assigned based on known semiempirical chemical shift
correlations with average Si–O and Na–O bond distances. 31P MAS and 31P{45Sc}
REAPDORNMR results suggest the presence of orthophosphate groups, arguing
against the literaturemodel of isostructural substitution of silicon by phosphorus
in the N5 phase.
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1 INTRODUCTION

The continued interest in sodium-based fast ion conduc-
tors stems from their potential use as solid electrolytes
in all-solid-state batteries.1–3 Glass–ceramics produced
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by controlled crystallization of specific precursor glasses
are suitable candidates for such applications.3,4 Two
important systems being explored are based on the
Na-super ion conductors (NASICON) and Na5YSi4O12
(N5) lattices. NASICON glass–ceramics with high Na+
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ionic conductivity are challenging to synthesize because
the high amount of sodium needed limits the number
of compositions available by the glass–ceramic route.3
In contrast, glass–ceramics with N5-type structures can
be produced more easily by controlled crystallization of
sodium silicate glass systems. Moreover, this system offers
compositional degrees of freedom, with regard to both,
the sodium/rare-earth cationic inventory and the anionic
inventory (partial substitution of silicate by phosphate,
leading to formulations with the general composition5:

Na3+3𝑥−𝑦Y1−𝑥P𝑦Si3−𝑦O9 (1)

The N5 structure comprises 12 silicon oxide tetrahedra
arranged in a ring-like structure connected by octahedrally
coordinated rare-earth ions. Here, two different sites of Si,
both of which are of the Q2 type (two Si–O–Si linkages),
are possible: one connected to two rare-earth octahedra
and one connected to only one rare-earth octahedron. The
structure is reported to contain both immobile and mobile
sodium ions: the immobile ones are found in the interior
of the silicate rings, whereas the mobile ones are found
outside these rings.6
Yamashita et al. reported that the ionic conductivity

in this system can be tuned by the replacement of Y3+
ions with other trivalent rare-earth ions and/or com-
positional (x and y) variations concerning the cationic
and anionic inventory.7–9 The authors found that, for
x = 0.4 and y = 0.3, the substitution of Y3+ ions by
Gd3+ ions rendered an ionic conductivity of 0.13 S/cm
at 300◦C and that the N5-type structure can also be
realized for larger rare-earth ions such as Sm3+ (ionic
radius of 95.8 pm for sixfold coordination10). For Nd3+
(ionic radius of 98.3 pm for sixfold coordination10) and
La3+ (ionic radius of 103.2 pm10), however, the N5 struc-
ture was not realized,9 and other, less-conducting phases,
such as Na3YSi3O9 (N3) and Na9YSi6O18 (N9), are formed
instead.5,7,11 Okura et al. established that single-phase
highly conductive N5-type structures can be produced
if the product (1 − x)y ([Y] × [P]) ranges between 0.12
and 0.2.12
These studies employed X-ray diffraction (XRD) pow-

der, impedance spectroscopy, and SEM to probe structure
and ion mobility and may lead to results that are dif-
ficult to interpret in multiphase samples. Moreover, the
previous techniques do not yield information on local
structural environments. Element-selective and inher-
ently quantitative structural information on a local level
is, in principle, available from solid-state nuclear mag-
netic resonance (NMR), which has proven immensely
useful for the characterization of glasses and glass–
ceramics. The only previous application of this technique
to the current system is the one by Hung et al. in

200413 who measured 29Si magic angle spinning (MAS)-
NMR spectra on Na5InSi4O12 prepared by hydrothermal
reaction.
Here we report our NMR results on the structural trans-

formation of Na3+3x−yRE1−xPySi3−yO9 (RE = Sc, Y with
x = 0 and 0.4 and y = 0 and 0.3) into glass–ceramics at dif-
ferent annealing stages. XRD and impedance spectroscopy
were used to identify the main crystallized phases and to
characterize their ionic conductivities. The results from
these techniques allow comparison between our samples
and literature data. Additionally, we report 29Si{45Sc} and
31P{45Sc} rotational echo adiabatic passage double reso-
nance (REAPDOR) experiments on glass–ceramic samples
that crystallized the N5 phase to support 29Si NMR peak
assignments, spatial proximities in glasses and glass–
ceramics, and structural conclusions. Only a few other
works relating double resonance studies involving rare-
earth nuclei have been published so far on inorganic
materials.14–20

2 EXPERIMENTAL PROCEDURES

2.1 Sample preparation and
characterization

Precursor glasses with compositions Na3.9RE0.6P0.3Si2.7O9
(NRPS), Na4.2RE0.6Si3O9 (NRS), (RE = Sc, Y), and
Na5ScSi4O12 (N5ScS), as well as the reference material
Na5InSi4O12 (N5InS), were produced by mixing stoi-
chiometric ratios of Na2CO3 (Vetec, 99%), SiO2 (Zetasil,
>99.9%), NH4H2PO4 (Sigma,≥98%), Sc2O3 (ABCR, 99.9%),
In2O3 (ABCR, 99.9%), and Y2O3 (REEtec, 99.9941%).
Homogenized powderswere heated at 900◦C in a platinum
crucible for 1 h to decompose the phosphorus precursor
(NH4H2PO4) and eliminate water and CO2. NRPS glasses
were melted at 1350◦C for 1 h, whereas NRS, N5ScS, and
N5InS glasses were melted at 1500◦C for 3 h.7,21 All pre-
cursor glasses were annealed at 500◦C for 3 h to relieve
thermal stress. Synthesized glasses were characterized by
the DSC (Netzsch DSC 404) analysis with a heating rate of
10◦C/min to determine the glass transition (Tg) and crys-
tallization peak (Tp) temperatures (Figure 1 and Table 1).
In various cases, two crystallization peaks were identified,
indicating two-stage crystallization. Glass–ceramics were
produced by the heat treatment of the precursor glasses at
approximately (Tg—50) ◦C during 1 h for nucleation fol-
lowed by another 1-h treatment at Tp for crystal growth
[4, 7]. For glass compositions undergoing two-stage crys-
tallization, separate samples were investigated, following
annealing at the two distinct crystallization peak tem-
peratures. Glass–ceramic samples were labeled according
to the corresponding annealing temperatures (Tp values):
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F IGURE 1 DSC thermograms for precursor glasses, as
indicated by NScS-G (A), NScPS-G (B), NYS-G (C), NYPS-G (D),
N5ScS-G (E), and N5InS-G (F). Values of Tg and Tp are listed in
Table 1. Individual thermograms obtained for the different glasses
are plotted with a vertical offset.

NScPS-736; NScPS-925; NYPS-820; NScS-690; NScS-905;
NYS-806; N5ScS-794; N5ScS-930; and N5InS-815.
XRD powder patterns were measured for both glass and

glass–ceramic samples at room temperature in a Rigaku
Ultima IV X-ray diffractometer using Cu Kα radiation,
diffraction angle values between 10◦ and 80◦ in steps
of 0.02◦, and an integration time of 1 s. Lattice param-
eters, unit cell volume, and the estimated fractions of
crystallized phases were found by Rietveld refinements of
the experimental XRD powder patterns by the software
MAUD.22
Impedance spectroscopy was done in a Novocontrol

AlphaAnalyzer coupledwith aNovotherm furnace. Exper-
iments were conducted at temperatures between 40 and
250◦C (accuracy ± 0.1◦C), frequencies in the 107–0.1-Hz
range, and voltage amplitudes of 300 mV. Total ionic

TABLE 1 Glass transition (Tg) and crystallization peak (Tp)
temperatures from the DSC thermograms depicted in Figure 1

Sample Tg (◦C) Tp (◦C)
NScS-G 588 686a/905b

NYS-G 547 806
NScPS-G 580 736a/925b

NYPS-G 547 820
N5ScS-G 640 794a/930b

N5InS-G 538 815

Note: The estimated errors are 2◦C.
aFirst exothermic peak.
bSecond exothermic peak.

conductivity σ was calculated using

𝜎 =
𝐿

𝑅𝐴
(2)

where L is the sample thickness, and A is the area of the
electrode in contact with the sample. R is the total resis-
tance of the sample, acquired from the impedance plots
by both WinFIT and EIS Spectrum Analyzer softwares.23
Activation energies (Ea), ionic conductivities at room tem-
perature and 300◦C (σRT and σ300), and pre-exponential
constants (σ0) were obtained assuming that the tempera-
ture dependence of the total ionic conductivity follows an
Arrhenius behavior:

𝜎 (𝑇) = 𝜎0 exp

(
−𝐸𝑎
𝑘𝐵𝑇

)
(3)

2.2 NMR studies

31P and 29Si MAS-NMR spectra were measured in an
Agilent DD2 600-MHz spectrometer interfaced with a
5.64-T magnet. Single-pulse 31P (resonance frequency:
98.12 MHz) experiments used a commercial 3.2-mm probe
operated at a spinning speed of 8.0 kHz, π/2 pulses of
3.0μs length, and a relaxation delay of 600 s. Single-
pulse 29Si (resonance frequency: 48.16 MHz) experiments
were done in a commercial 7.5-mm probe using a spin-
ning speed of 5.0 kHz, π/2 pulses of 5.5 μs length, and
relaxation delays between 900 and 1500 s. Chemical shift
values were referenced using powdered BPO4 (−29.27 ppm
against 1-M 85% H3PO4 solution) and tetramethylsilane,
respectively. All the deconvolution analyses of the exper-
imental NMR spectra were performed using the DMFit
software.24

23Na and 45Sc MAS NMR experiments were conducted
in a Bruker Avance 600 spectrometer with a 14.1-Tmagnet.
Single-pulse 23Na (resonance frequency: 158.76 MHz) and
45Sc (resonance frequency: 145.85 MHz) experiments used
a commercial triple-channel 2.5-mm probe, π/6 pulses
of 0.27 and 0.21 μs lengths, respectively, and relaxation
delays of 1.0 and 0.1 s, respectively. Chemical shift values
were referenced to solid NaCl (7.2 ppm against 1-M aque-
ous solution of NaCl) and powdered ScPO4 (−48.2 ppm25

against 1-M solution of ScCl3). 23Na TQMAS experiments
at a spinning speed of 20 kHz were performed on all
samples containing the N5 crystalline phase using the
triple-quantum zero-filter pulse sequence proposed by
Amoureux et al.26 The first two hard pulses were set con-
sidering a nutation frequency of 141 kHz and pulse lengths
of 3.55 and 1.30 μs, respectively. The third soft pulse for
single-quantum coherence detection was a π/2 pulse with
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a length of 18.0 μs. The time increment defining the TQ
coherence evolution and thus defining the dwell time in
the indirect dimensionwas 50 μs, and 280 separate t1 incre-
ments were acquired. For each TQ evolution time t1, 180
scans were acquired using a recycle delay of 0.9 s. The
States method27 was used to separate echo and anti-echo
signals, and the 2D dataset was Fourier transformed and
sheared according to Massiot et al.28
Single-point 29Si{45Sc} REAPDOR experiments were

measured on the Bruker Avance Neo system taken on
sample NScS-905 using the same probe operated at a spin-
ning speed of 10.0 kHz. Dipolar recoupling between 29Si
and 45Sc nuclei was achieved using the pulse sequence
of Gullion,29 where adiabatic mixing is affected by
continuous-wave irradiation of the 45Sc nuclei during one
third of the rotor period (33 μs). This generates the S sig-
nal, which is compared to a reference signal taken without
adiabatic mixing (S0). 29Si π pulses of 6.0 μs were used
for 29Si recoupling and rotor-synchronized detection. Var-
ious mixing times (1.0, 1.4, and 2.0 ms) were tested. Owing
to the long 29Si spin–lattice relaxation times (∼1000 s), a
pre-saturation pulse train composed of 20 π/2 pulses of
3.0 μs was used. 31P{45Sc} REAPDOR experiments were
conducted in an analogous fashion. In this case, a shorter
mixing time (0.6 ms) was used, which was necessary
because of the relatively short 31P spin–spin relaxation
times limiting the intensity of the S0 reference signal.

3 RESULTS AND DISCUSSION

3.1 X-ray powder diffraction

Figure 2 presents XRD powder patterns for glass sam-
ples and crystallized NRS and NPRS samples. For sample
NScPS-G, a small amount of a crystalline phase is present.
This phase could not be identified, but it does not interfere
with the transparency of the sample.
For crystallizedNRPS andNRS samples, Rietveld refine-

ments showed that samples NScPS-925 and NScS-905
crystallized in the intended Sc-containing N5 structure.
In the latter case, a portion of Na2SiO3 (∼22%) was
also observed. In contrast, samples NScPS-735 and NScS-
686, presented the Na3ScSi2O7

30 structure (N3) as the
main crystallized phase, alongside sodium silicate phases.
For R = Y, sample NYPS-820 crystallized in the N9
structure,31 whereas sample NYS-806 crystallized form-
ing both Y-containing N9 and N332 structures but no
N5 phase. Finally, stoichiometric N5ScS-930 crystallized
in the wanted N5 phase (around 70%) alongside the N3
phase (around 30%), whereas sample N5ScS-794 crystal-
lized N3 (around 65%) alongside δ-Na2Si2O5 (around 30%)
and a small amount of the N5 phase (around 5%). Table 2

summarizes the lattice parameters and the unit cell vol-
umes found by the Rietveld refinements of the experi-
mental powder patterns for our samples. As one can see,
the data presented for samples NScPS-925 and NScS-905
cannot prove the successful substitution of silicon by phos-
phorus in the tetrahedral framework sites because the
lattice parameters were found to be unaltered from those
of the P-free Na5ScSi4O12 as reported by Merinov et al.6

3.2 Ionic conductivity

Impedance spectra were measured for all samples, and
representative impedance plots are shown in Figure 3. It
was not possible to separate the contribution of grain and
grain boundary. Thus, Arrhenius plots for the total con-
ductivity σ are displayed in Figure 4, approximating the
prefactor to be temperature independent over the limited
temperature range studied here. Values for the activa-
tion energies were found by fitting temperature-dependent
data with Equation (3) and are shown in Table 3 along-
side the values of the logarithmof the pre-exponential term
of the Arrhenius expression, log(σ0), and ionic conduc-
tivities at room temperature and 300◦C. Typical values of
log(σ0) are expected to be around 2 for ionic conductors.33
However, lower values have also been found34 and are
attributed to geometrical constraints35 due to cracks and
poor contact between grains,36 or multiphase systems, as
in the present case. Table 3 also shows the values of these
parameters reported for Na5ScSi4O12 crystals37 and glass–
ceramics presenting the N5, N3, and N9 structures.12,38,39
From the data summarized in this table, one can see that
the highest ionic conductivity at 300◦C is found for sam-
ples NScPS-925 and NScS-905, which crystallize in the N5
structure, with ionic conductivity values of 9.80 × 10−3
and 5.14 × 10−3 S/cm at 300◦C, respectively. In the case of
NScS-905, there are indications of two distinct activation
energies, which might arise from the presence of substan-
tial amounts of crystalline Na2SiO3 detected by XRD and
solid-state NMR. The conductivities measured for NScPS-
925 and NScS-905 are higher than that reported by Okura
et al. for Na3.9Sc0.6P0.3Si2.7O9 glass–ceramic,12 which has
the same composition as NScPS-925. In addition, our
samples present lower activation energies.
On the other hand, samples NScPS-736 and NScS-686,

which crystallized in the N3 structure, presented the low-
est ionic conductivity at 300◦C among all our samples
(1.10 × 10−5 and 5.29 × 10−5 S/cm, respectively), being
lower than the ionic conductivity measured for the pre-
cursor glasses. This is in agreement with the results of
Banks et al.,38 who compare the ionic conductivity of
Na3.2Y0.7Si2.9P0.1O9 glass–ceramic, which crystallized in
the N3 structure, with its precursor glass. The values
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TABLE 2 Lattice parameters and unit cell volumes found by Rietveld refinements of the experimental X-ray powder patterns and
comparison with literature values

Sample Phase % a (Å) b (Å) c (Å) (V ± ΔV) (Å3)
NScS-686 Na3ScSi2O7

δ-Na2Si2O5
Na2SiO3

46.01 ± 0.22
33.12 ± 0.22
20.87 ± 0.22

5.362 ± 0.001
4.847 ± 0.001
10.523 ± 0.005

9.375 ± 0.002
8.226 ± 0.003
6.057 ± 0.003

13.119 ± 0.004
12.148 ± 0.004
4.843 ± 0.001

659.50 ± 0.27
484.36 ± 0.26
308.68 ± 0.22

NScPS-736 Na3ScSi2O7
δ-Na2Si2O5

65.97 ± 0.41
34.03 ± 0.41

5.3609 ± 0.0004
4.8453 ± 0.0004

9.3615 ± 0.0007
8.366 ± 0.001

13.141 ± 0.001
12.085 ± 0.001

659.50 ± 0.09
489.87 ± 0.08

NScS-905 Na5ScSi4O12
Na2SiO3

78.06 ± 0.12
21.94 ± 0.12

21.688 ± 0.002
4.826 ± 0.0006

21.688 ± 0.002
6.078 ± 0.001

12.442 ± 0.001
6.087 ± 0.001

5068.12 ± 1.02
178.55 ± 0.05

NScPS-925 Na5ScSi4O12 100.0 ± 0.00 21.687 ± 0.002 21.687 ± 0.002 12.439 ± 0.002 5066.43 ± 1.24
NYS-806 Na9YSi6O18

Na3YSi2O7

85.16 ± 0.37
14.84 ± 0.37

15.1314 ± 0.0004
9.4251 ± 0.0007

15.1314 ± 0.0004
9.4251 ± 0.0007

15.1314 ± 0.0004
13.729 ± 0.002

3464.47 ± 0.27
1056.16 ± 0.22

NYPS-820 Na9YSi6O18 100.0 ± 0.00 15.1286 ± 0.0003 15.1286 ± 0.0003 15.1286 ± 0.0003 3462.55 ± 0.21
N5ScS-794 Na3ScSi2O7

δ-Na2Si2O5
Na5ScSi4O12

65.09 ± 0.18
30.13 ± 0.18
4.78 ± 0.18

5.3566 ± 0.0003
4.8453 ± 0.0007
21.562 ± 0.002

9.3596 ± 0.0005
8.353 ± 0.002
21.562 ± 0.002

13.1094 ± 0.0007
12.088 ± 0.002
12.672 ± 0.002

657.25 ± 0.06
489.24 ± 0.16
5102.01 ± 1.24

N5ScS-930 Na5ScSi4O12
Na3ScSi2O7

71.99 ± 0.30
28.01 ± 0.30

21.686 ± 0.001
5.422 ± 0.002

21.686 ± 0.001
9.259 ± 0.003

12.450 ± 0.001
13.200 ± 0.004

5070.45 ± 1.24
662.67 ± 0.38

N5InS-815 Na5InSi4O12 100.0 ± 0.00 21.722 ± 0.002 21.722 ± 0.002 12.469 ± 0.002 5095.1 ± 1.24
N5[6] Na5ScSi4O12 – 21.679 21.679 12.441 5063
N5[13] Na5InSi4O12 – 21.716 21.716 21.448 5083.7
N3[30] Na3ScSi2O7 – 5.354 9.347 13.089 665
N9[31] Na8.48Y1.28Si6O18 – 15.120 15.120 15.120 3457

Note: The phase column shows the crystalline phases used as the starting point for the refinements.

TABLE 3 Values for activation energy (Ea), log(σ0), room-temperature ionic conductivity (σRT), and ionic conductivity at 300◦C (σ300)
found for all studied glasses and glass–ceramics

Sample Ea (eV)
log(σ0) (σ0:
S/cm) σRT (S/cm) σ300 (S/cm) Ref.

N5ScS-G 0.564 1.88 2.56 × 10−8 8.34 × 10−4 This work
NScS-G 0.550 1.72 2.59 × 10−8 7.49 × 10−4 This work
NYS-G 0.551 1.90 4.33 × 10−8 1.12 × 10−3 This work
NScPS-G 0.582 1.62 5.65 × 10−8 9.52 × 10−4 This work
NYPS-G 0.551 1.90 4.43 × 10−8 1.12 × 10−3 This work
N5ScS-794 0.310 −1.20 3.85 × 10−7 1.17 × 10−4 This work
NScS-686 0.308 −1.55 1.61 × 10−7 5.29 × 10−5 This work
NScPS-736 0.484 −0.69 1.30 × 10−9 1.10 × 10−5 This work
N5ScS-930 0.288 −0.01 1.43 × 10−5 2.98 × 10−3 This work
NScS-905 0.213 −0.42 1.02 × 10−4 5.14 × 10−3 This work
NScPS-925 0.323 0.83 2.30 × 10−5 9.80 × 10−3 This work
NYS-806 0.300 −0.69 1.89 × 10−6 4.72 × 10−4 This work
NYPS-820 0.610 2.36 1.3 × 10−8 9.90 × 10−4 This work
Na5ScSi4O12 0.79a 5.25b 6.31 × 10−5b 2.00 × 10−2 37
Na3.9Sc0.6P0.3Si2.7O9 0.36a 0.67b 4.86 × 10−6b 3.20 × 10−3 12
Na3.2Y0.7P0.1Si2.9O9 0.63a 1.93b 2.82 × 10−9b 2.44 × 10−4b 38
Na4.35Y0.45P0.3Si2.7O9 0.59a 1.86b 8.97 × 10−9b 4.20 × 10−4 39

Note: Data shown for crystalline Na5ScSi4O12 and for Na3.9Sc0.6P0.3Si2.7O9, Na3.2Y0.7P0.1Si2.9O9, and Na4.35Y0.45P0.3Si2.7O9 glass–ceramics were taken from Refs. [12,
37–39].
aConverted from kJ/mol to eV.
bLiterature data.
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F IGURE 2 X-ray powder patterns (black curves) for glasses and glass–ceramics with compositions Na4.2Sc0.6Si3O9 (A),
Na3.9Sc0.6P0.3Si2.7O9 (B), Na4.2Y0.6Si3O9 (C), Na3.9Y0.6P0.3Si2.7O9 (D), Na5ScSi4O12 (E), and Na5InSi4O12 (F). Numbers indicate the temperature
of heat treatment (◦C). Red curves represent the Rietveld refinements of the experimental patterns and the lattice parameters found are listed
in Table 2. The N5 structure was observed for samples NSS-905 (top pattern at (A)), NSPS-925 (top pattern at (B)), N5ScS-930 (top pattern at
(E)), and N5InS-815 (top pattern at (F)).

reported earlier for samples NScPS-736 and NScS-686 are
found to be lower than the ionic conductivity at 300◦C
calculated with the reported parameters from Ref. [38]
(2.44 × 10−4 S/cm). This difference may arise from the
presence of crystalline sodium silicates alongside the N3
structure in our samples. With exception of the NScPS-736
and NYPS-820 samples, all glass–ceramics display higher
ionic conductivity as compared to their precursor glass.
Moreover, higher heat-treatment temperatures lead to the
crystallization of more conductive phases. NYS-806 has
an ionic conductivity comparable with the reported value
of 4.20 × 10−4 S/cm at 300◦C by Yamashita et al.39 for
Na4.35Y0.45P0.3Si2.7O9 glass–ceramic.

3.3 29Si MAS-NMR and 29Si{45Sc}
REAPDOR

29SiMAS-NMRspectra of all studied samples are presented
in Figure 5, and Table 4 summarizes the deconvolution
analyses and assignments. The spectra obtained on the

glassy samples are close to identical, indicating very lit-
tle influence of the type of rare-earth ion present and the
partial silicate by phosphate substitution. Consistent with
the total network modifier oxide to network former ratio
equivalent to 1:1, the results indicate that the structure
contains dominantly Q2 units, but the lineshape asym-
metry also suggests Q3 and Q1 species. Multiple Qn sites
are typically encountered in the 29Si MAS-NMR spectra
of silicate glasses, even if the latter have the stoichiomet-
ric composition of a specific Qn site.40 Figure 5 indicates
a tentative deconvolution, which was constrained to show
equal areas for the Q1 and the Q3 components, based
on the composition of the glass samples. For the glass–
ceramic samples NScS-905 and NScPS-925 (top spectrum
in Figure 5A,B), two prominent resonances near −85.0
and −79.0 ppm (according to Table 4) were observed and
assigned to the two distinct Q2 sites in the N5 struc-
ture. A similar spectrum was observed for isostructural
Na5InSi4O12.13 However, our spectra do not show the fine
splittings observed by Hung et al. for the Si(1) and Si(2)
resonances of their hydrothermally preparedN5 samples.13
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TABLE 4 Chemical shift and full width at half maximum (FWHM) found by numerical deconvolution of the experimental 29Si magic
angle spinning (MAS) nuclear magnetic resonance (NMR) spectra

Sample Area (%) δiso (ppm) FWHM (Hz) Peak assignment
NScS-G 70.8

15.4
13.8

−80.0
−88.0
−73.0

500
500
500

Q2

Q3

Q1

NYS-G 82.2
10.2
7.6

−80.0
−88.0
−73.0

500
500
500

Q2

Q3

Q1

NScPS-G 79.5
10.6
9.9

−81.0
−88.0
−76.8

480
480
450

Q2

Q3

Q1

NYPS-G 79.5
10.6
9.9

−81.0
−88.0
−76.8

480
480
450

Q2

Q3

Q1

N5ScS-G 64.0
18.0
18.0

−80.2
−90.0
−74.0

480
480
450

Q2

Q3

Q1

N5InS-G 69.6
17.4
13.0

−78.3
−88.0
−68.0

500
500
520

Q2

Q3

Q1

N5ScS-794 44.8
19.3
14.0
10.9
6.9
4.1

−82.4
−90.4
−96.8
−85.0
−78.8
−94.5

85
85
220
60
45
40

N3
δ-Na2Si2O5
Residual glass
N5 Si(1)
N5 Si(2)
α-Na2Si2O5

NScS-686 33.5
23.8
20.5
8.4
5.6
3.8
2.7
1.7

−82.3
−78.8
−84.5
−90.3
−76.8
−85.3
−86.2
−88.2

110
70
120
110
55
40
40
40

N3
Na2SiO3
Residual glass
δ-Na2Si2O5
N5 Si(2)
N5 Si(1)
β-Na2Si2O5 Si(1)
β-Na2Si2O5 Si(2)

NScPS-736 49.4
25.6
5.6
5.4
5.2
3.8
3.2
1.4
0.5

−88.1
−82.5
−79.0
−90.4
−74.8
−77.0
−85.3
−94.6
−97.7

540
170
100
100
210
90
110
100
80

Residual glass
N3
N5 Si(2)
δ-Na2Si2O5
Residual glass
Na2SiO3
N5 Si(1)
α-Na2Si2O5
Residual glass

N5ScS-930 40.0
32.2
28.8

−85.2
−87.7
−78.9

40
320
40

N5 Si(1)
Residual glass
N5 Si(2)

NScS-905 50.1
47.3
2.6

−85.2
−79.1
−76.8

70
60
60

N5 Si(1)
N5 Si(2)
Na2SiO3

NScPS-925 50
50

−79.3
−85.4

35
40

N5 Si(2)
N5 Si(1)

N5InS-815 51.2
48.8

−82.9
−78.2

80
65

N5 Si(1)
N5 Si(2)

(Continues)
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TABLE 4 (Continued)

Sample Area (%) δiso (ppm) FWHM (Hz) Peak assignment
NYS-806 64.1

26.3
6.4
3.2

−84.4
−92.8
−80.3
−76.8

180
130
40
40

N9 Si(1) and N3
N9 Si(2)
Residual glass
Na2SiO3

NYPS-820 32.0
31.0
26.0
1.0

−84.2
−87.1
−93.2
−91.2

160
220
170
230

N9 Si(1)
β-Na2Si2O5
N9 Si(2)
δ-Na2Si2O5

Note: Errors were estimated as ±0.2% and ±2% for the areas of the crystalline and glassy components, as ±0.3 and ±1 ppm for δiso of the crystalline and glassy
components and ±5 and ±50 Hz for FWHM for the crystalline and glassy components.

F IGURE 3 Representative impedance plot for glass–ceramics
NScS-905 ( ), NScS-690 ( ), and NYS-806 ( ) at 110◦C

For sampleNScS-905, the additional resonance observed at
−76.8 ppm (purple line at the top spectrum in Figure 6A)
arises from crystalline Na2SiO3

41 identified by the XRD
results. For the two signals representing the N5 phase,
Ref. [13] suggested a tentative peak assignment based on
arguments related to Al for Si substitution. Here, a more
compelling argument is presented based on the strength
of 29Si–45Sc dipole–dipole interactions, which can be pre-
dicted by van Vleck theory from internuclear distance
distributions.42 The two silicon sites in N5 differ in the
number of Si–Sc next-nearest neighbors (one neighbor for
Si(2) and two neighbors for Si(1)). Thus, the van Vleck
theory predicts a much larger dipolar second moment
M2(Si–Sc) for Si(1) (M2 = 5.60 × 106 rad2/s2) than for Si(2)
(M2 = 3.14 × 106 rad2/s2). To test this prediction, we car-
ried out a single-point 29Si{45Sc} REAPDOR experiment

F IGURE 4 Arrhenius plots of the total ionic conductivity for
samples NScS-905 ( ), NScS-686 ( ), NScS-G ( ), NScPS-925 ( ),
NScPS-736 ( ), NScPS-G ( ), N5ScS-930 ( ), N5ScS-794 ( ),
N5ScS-G ( ), NYPS-820 ( ), NYPS-G ( ), NYS-806 ( ), and
NYS-G ( ). Colored dashed lines represent the fitting of the
experimental data using Equation (3).

(Figure 6) on sample NScS-905, using a judiciously chosen
mixing time of 1.4 ms, for which simulations suggest that
these two structural situations will generate sufficiently
different REAPDOR attenuations. Indeed, the ratio (S0
− S)/S0 measured in this experiment is distinctly larger
for the resonance around −85.0 ppm compared to that at
−79.0 ppm, justifying its assignment to Si(1). Our results
agreewith the proposed peak assignment given inRef. [13].
The spectra of NScS-686 and NScPS-736 (middle traces

in Figure 5A,B) are more difficult to assign. An estimation
of 29Si chemical shifts can be performed using an empirical
relationship between the average distance between Si and
O atoms in theNa3ScSi3O7 crystal structure (dSi–O) and the
29Si chemical shifts42:

𝛿
(
29Si

)
= 875 × 𝑑Si−O − 1509 (4)
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F IGURE 5 29Si magic angle spinning (MAS) nuclear magnetic resonance (NMR) spectra (black curves) for precursor glass and
glass–ceramics of compositions Na4.2Sc0.6Si3O9 (A), Na3.9Sc0.6P0.3Si2.7O9 (B), Na4.2Y0.6Si3O9 (C), Na3.9Y0.6P0.3Si2.7O9 (D), Na5ScSi4O12 (E), and
Na5InSi4O12 (F). Red curves represent numerical deconvolutions of the experimental spectra, and the colored curves represent the individual
resonances used to generate the numerical deconvolutions. The dominant presence of the N5 structure is confirmed for samples NScS-905,
NScPS-925, N5ScS-930, and N5InS-815 (top spectra at (A, B, E, and F)).

Using the crystallographic data reported by Skehat
et al. for the N3 crystal structure,30 the average distance
between Si and O is 1.63066 Å, which leads to a predicted
29Si chemical shift of−82.2 ppm according to Equation (4).
Therefore, we assigned themajor resonance observed near
this value in all three samples heated at the intermediate
temperatures (NScPS-736, NScS-686, and N5ScS-794) to
silicon nuclei in the Na3ScSi3O7 structure, as shown in
Table 4. Moreover, the spectra suggest the presence of
minor amounts of N5 phase, consistent with the Rietveld
data. Regarding the other sharp resonances listed for
these samples, they were attributed to Na2SiO3, β-, and
δ-Na2Si2O5,42 whereas broader signals may be due to
residual glassy phase.43 Although the 29Si NMR chemical
shift of −79 ppm also coincides with that of X2–Sc2SiO5,44
the Rietveld data and the 45Sc MAS-NMR spectra

discussed later give no evidence for this phase in our
samples.
For the Y-containing glass–ceramics, the 29Si MAS-

NMR spectra (top spectra in Figure 5C,D) present two
resonances around −84.3 and −93.0 ppm that can be
assigned to the two distinct, equally populated silicon
sites (expected ratio of 1:1) in the N9 crystal structure.
This area ratio is indeed found in the spectrum of sam-
ple NYPS-820. For sample NYS-806, these signals are also
present, but the area ratio is close to 2:1, at variance with
the crystal structure. According to Table 2, NYS-806 also
contains a certain amount of the N3 phase (15%), but no
distinct resonance could be identified in Figure 5C,middle.
Therefore, we conclude that the dominant resonance at
−82.2 ppm observed in this sample also contains a contri-
bution from the N3 phase. The remaining 29Si resonances
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F IGURE 6 29Si{45Sc} rotational echo adiabatic passage double
resonance (REAPDOR) spectra of sample NScS-905 for a mixing
time of 1.4 ms. Black curve represents the S0 signal, whereas red and
blue curves represent the S and ΔS = S0 − S signals, respectively.
These results show a clear difference in signal dephasing between
the resonances at −79.1 and −85.2 ppm and confirm the 29Si magic
angle spinning (MAS) nuclear magnetic resonance (NMR) peak
assignment (see text).

can be assigned to the various sodium silicate phases that
were identified in the Rietveld refinements. Among those,
the identification of β-Na2Si2O5

41 is based solely on the
MAS-NMR data, as the X-ray diffractogram refinements
could not identify this particular phase.

3.4 45Sc MAS-NMR

Figure 7 summarizes the 45Sc MAS-NMR data. For the
precursor glasses N5Sc-G, NScS-G, and NScPS-G a sin-
gle asymmetrically broadened line centered at an isotropic
chemical shift near 77 ppm is observed. The isotropic
chemical shifts are consistentwith six-coordinated Sc envi-
ronments, based on the available correlations between 45Sc
chemical shifts and possible coordination numbers found
in the literature.15–20,25,45–47 Apart from a small peak at
−48.1 ppm, which is attributed to a ScPO4 impurity,25
there are no significant differences between phosphate-
free and phosphate-containing samples. The 45Sc MAS-
NMR spectra for the glass–ceramics NScS-905, NScPS-925,
and N5ScS-930 are dominated by a narrow resonance
with an isotropic chemical shift of 74 ppm, attributed
to the expected sixfold coordinated 45Sc nuclei in the
Na5ScSi4O12 crystal structure.6 For sample NScPS-925, the
resonance located around −48 ppm was assigned to crys-
talline ScPO4.25 All other resonances listed in Table 5 for
the glass–ceramic samples are assigned to scandium in a

residual glassy phase. There is no evidence for Sc2O3 or
scandium silicates44 in these spectra.

45Sc MAS-NMR data of samples NScS-686, N5ScS-794,
and NScPS-736 (middle spectra in Figure 7) displayed sev-
eral resonances. Parameters found by deconvolution of
the experimental spectra (summarized in Table 5) include
chemical shift values that can be assigned to sixfold coor-
dinated scandium. As all three glass–ceramics present
a resonance around 55 ppm (green curves in Figure 7),
this signal is assigned to crystalline Na3ScSi3O7 (N3). The
presence of several signal components may indicate some
structural disorder in the N3 phase, producing multi-
ple scandium environments in their second coordination
spheres.

3.5 23Na MAS-NMR

Figure 8 summarizes the 23Na MAS-NMR spectra along
with their simulations. For the glassy samples, the spectra
are very similar, again indicating that neither the type of
the rare-earth ion nor the partial substitution of silicon by
phosphorus have a profound effect on the sodium environ-
ments. Although a deconvolution into two components
proved successful, it must be noted that there aremany dif-
ferent possibilities of peak deconvolution of these spectra.
Even more complex 23Na MAS-NMR spectra are observed
for all the Sc-containing glass–ceramics (Figure 8A,B). To
develop further constraints for the deconvolution of these
NMR spectra, 23Na TQMAS experiments were carried out,
but only partial resolution was obtained. Figure 9A shows
a representative result; additional spectra are shown in the
Supporting Information section. All the TQMAS spectra
of the samples predominantly presenting the N5 phase
show some lineshape components with moderately weak
quadrupolar coupling (CQ < 1 MHz) and up to two compo-
nents characterized by significantly stronger quadrupolar
couplings. Owing to the lower triple-quantum excitation
probability for the 23Na nuclei present in the latter, their
signal intensities are somewhat under-represented in the
TQMAS spectra, whereas the standard MAS-NMR spectra
are fully quantitative. The Hamiltonian parameters of
the 23Na nuclei identified in the TQMAS spectra can be
extracted by fitting the anisotropically broadened line-
shapes along the ν2 dimension at the individual frequen-
cies presentingmaxima in the corresponding ν1 dimension
(“slice fitting”). Details are shown in Figures S9–S15 and
Table 7. With the Hamiltonian parameters determined
in this fashion, and following further parameter refine-
ment, the standard MAS-NMR lineshapes can then be
simulated by adjusting the quantitative contributions of
each lineshape component through least-squares fitting.
In this manner, it was possible to simulate the single-pulse
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F IGURE 7 45Sc magic angle spinning
(MAS) nuclear magnetic resonance (NMR)
spectra (black lines) for glass and
glass–ceramics of compositions
Na3.9Sc0.6P0.3Si2.7O9 (A), Na4.2Sc0.6Si3O9 (B),
and Na5ScSi4O12 (C). Red lines represent
numerical deconvolutions of the
experimental spectra, and the colored lines
represent the individual resonances used to
generate the numerical deconvolutions.
Spectra related to the N5 structure were
found for samples NScS-905, NScPS-925, and
N5ScS-930 (top spectra at (A), (B), and (C),
respectively) where sixfold coordinated Sc
was observed. Resonances near −48 ppm are
attributed to ScPO4.

F IGURE 8 23Na magic angle spinning (MAS) nuclear magnetic resonance (NMR) spectra (black lines) for precursor glass and
glass–ceramics of compositions Na4.2Sc0.6Si3O9 (A), Na3.9Sc0.6P0.3Si2.7O9 (B), Na4.2Y0.6Si3O9 (C), Na3.9Y0.6P0.3Si2.7O9 (D), Na5ScSi4O12 (E), and
Na5InSi4O12 (F). Red curves represent simulations of the experimental spectra, and the colored lines represent the individual resonances used
to generate the simulations. In the case of the samples presenting dominantly the N5 structure, namely, NScS-905 (top spectrum at (A)),
NScPS-925 (top spectrum at (B)), N5ScS-930 (top spectrum at (E)), and N5InS-815 (top spectrum at (F)), the simulations were constrained by
the parameters determined via TQMAS. The purple line observed in part (D) of the figure (sample NYPS-G) arises from rotor contamination
with NaCl used as a secondary reference.
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TABLE 5 45Sc chemical shifts (δiso), parameters of the Czjzek model (Δδiso and 〈CQ〉), and quadrupolar Hamiltonian parameters (CQ and
ηQ) considered by modeling the spectra according to second-order perturbation theory, obtained via numerical simulation of the experimental
45Sc magic angle spinning (MAS) nuclear magnetic resonance (NMR) spectra

Sample Area (%) δiso (ppm) Δδiso (ppm) CQ (MHz) ηQ
NScS-G 100 78.3 46.7 10.8 –
NScPS-G 99.3

0.7
76.8
−48.1

39.4
4.5

12.8
2.1

–
–

N5ScS-G 98.7
1.3

82.2
66.0

46.0
10.0

13.7
5.0

–
–

NScS-686 35.7
29.4
21.9
13.0

54.6
73.4
44.6
66.2

9.9
13.5
4.4
3.0

6.8
9.0
8.7
8.6

–
–
–
–

NScPS-736 45.9
31.6
22.5

64.5
47.0
54.6

12.7
5.5
6.6

7.4
10.7
7.4

–
–
–

N5ScS-794 40.8
21.6
16.5
13.1
6.6
1.4

60.0
75.0
56.0
45.0
66.0
−43.5

10.0
10.0
–
5.0
2.0
–

10.0
8.0
9.0
8.0
6.0
5.0

–
–
0.0
–
–
1.0

NScS-905 97.3
1.4
1.3

73.7
54.3
45.5

–
1.9
2.8

5.8
7.2
6.8

0.0
–
–

NScPS-925 69.2
15.0
7.7
4.4
2.6
1.1

74.1
113.2
55.3
−45.3
165.0
−10.0

–
58.1
12.1
5.4
21.0
6.2

5.8
12.3
9.2
4.9
5.7
4.1

0.0
–
–
–
–
–

N5ScS-930 72.2
14.0
13.8

74.1
50.3
59.8

–
16.0
–

6.1
8.5
3.8

0.0
–
0.0

Note: Estimated errors are ±1.0% for the areas, ±1.0 ppm for both δiso and Δδiso, ±0.1 MHz for CQ, and ±0.05 for ηQ.

F IGURE 9 23Na TQMAS spectrum as contour plot (A) and 23Na magic angle spinning (MAS) spectrum (B) of sample N5InS-815. From
the TQMAS spectrum, it is possible to differentiate five distinct signals that can be associated with blue, green, purple, dark yellow, and cyan
curves at the 23Na MAS deconvolution. Dashed diagonal line at (A) marks the δ1 = δ2 line.
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MAS-NMR spectra based on six lineshape components
with the final parameters listed in Table 6. A typical
example of this fit is shown in Figure 9B.
The next task to be addressed concerns assigning the

six 23Na MAS-NMR lineshape components to individ-
ual sodium sites in the N5 structure. Na5InSi4O12 and
Na5ScSi4O12 are isostructural and present six crystallo-
graphically inequivalent sodium sites, for the labeling
scheme of which we follow reference17: Na(5) and Na(6)
sites are octahedrally coordinated and found at the cen-
ter of the silica 12-ring channels in positions (0, 0, 0)
and (0, 0, 0.25), respectively; they are considered immo-
bile based on short and regular Na–O bond lengths and
nearly isotropic thermal vibrations. Na(3) and Na(4) are
located within silica-seven-ring channels and are highly
mobile, as indicated by partial occupancy and large
anisotropic thermal parameters. Na(1) sites are tetrahe-
drally coordinated (albeit listed with two additional Na–O
distances near 2.9 Å in Ref. [17]) and form connec-
tions between the 12-ring and the 7-ring channels; their
isotropic thermal parameters suggest them to be immo-
bile. Na(2) sites are distorted octahedral sites (listed as
being five-coordinate in Ref. [17]) that form connections
between two seven-ring channels; their degree of mobility
is uncertain. Considering the Wyckoff multiplicities and
partial occupancies, the approximate population ratio is
40:20:13:13:7:7 for Na(1):Na(2):Na(3):Na(4):Na(5):Na(6) in
both Na5InSi4O12

17 and Na5ScSi4O12.6 The minor differ-
ence noted between Refs. [6] and [17] concerns the nature
of Wyckoff site of Na(4), which is, however, without con-
sequence for the intensity distribution of the six Na sites,
which is the same between both studies. Guided by the site
population ratios, we propose the site assignments listed
in Table 6, which also compares the respective fractional
contributions as expected from the published site multi-
plicities and occupancieswith the experimentally observed
ones. The site assignments are also found to be consistent
in that only sites Na(1) and Na(2) display significant elec-
tric quadrupole coupling strengths, whereas quadrupolar
coupling is weak (as expected) for the octahedral sites
Na(5) and Na(6) and for the mobile sites Na(3) and Na(4),
where partial averaging of the electric field gradients by
sodium ionic motion is expected.
For further support of these assignments, the semiem-

pirical bond valence concept developed by Koller et al.48
to estimate the 23Na chemical shift is helpful. Koller et al.
consider the total bond valenceWi of each sodium–oxygen
bond given by

𝑊𝑖 =
∑
𝑗

𝑠𝑖𝑗 =
∑
𝑗

exp
{(
𝑟0 − 𝑟𝑖𝑗

)
∕𝐵

}

where r0 is the empirical length of an oxygen–cation
bond with unit valence, rij is the oxygen–cation bond

length from the crystal structure, and B = 0.37 Angstrom
is a constant. Values of r0 for different oxygen–cation
bonds are tabulated in Ref. [49]. The 23Na chemical
shift (relative to aqueous NaCl solution) is determined
by

𝛿iso
ppm

= −133.6 𝐴 + 114.8 (5)

where A is given by

𝐴 =
∑

𝑊𝑖∕𝑟
3
𝑖

(6)

and ri is the length of the sodium–oxygen bond, of the
sodium ion whose bond valence is being calculated. Note
that the offset value in Equation (5) has been increased by
7.2 ppm (relative to the one given by Koller) to a value of
114.8 ppm taking into account aqueous NaCl solution as a
reference (Koller used solid NaCl).
It must be borne in mind, however, that a meaningful

Koller analysis is only possible for those Na sites that are
coordinated to oxygen atoms, the coordination spheres
of which are defined by cation sites having full site
occupancy. In the absence of full occupancy, local site
distortions (changes in bond distances and angles) are
expected due to local atomic rearrangements driven by
the tendency of local energy minimization. In the N5
structure, only the sodium sites Na(5) and Na(6) satisfy
the previous criterion; thus, this type of evaluation is
limited to these two sodium sites. Table 8 summarizes the
predicted and experimentally determined 23NaMAS-NMR
chemical shifts for all the crystalline structures of inter-
est: Na5ScSi4O12, Na5InSi4O12, Na3ScSi2O7, Na3YSi2O7,
and Na9YSi6O18 and the various binary sodium silicates
known. For the binary sodium silicate, a tendency of
Equation (5) to underestimate the chemical shifts by about
5–7 ppm can be noticed but can be considered to lie within
the general scatter of the full dataset of ionic sodium
compounds analyzed in Ref. [48]. On the other hand,
Equation (5) predicts the chemical shifts of the Na(5)
and Na(6) sites rather well in all of the four materials
dominantly presenting the N5 structure. The assignment
of the sites Na(5) and Na(6) based on Equation (5) is also in
good agreement with the quantitative signal area ratios. A
similar exercise was done for the Na sites in the N3 phase
in those samples in which they are dominant. Various
additional broad resonances were observed in some of
the 23Na MAS-NMR spectra belonging to residual glassy
material and various crystalline sodium silicate phases
that were observed from both XRD and 29Si MAS-NMR.
As the 23Na MAS-NMR spectra of the glasses and the N3
and N9 phases are rather difficult to analyze because of
the poor overall spectroscopic resolution observed in these
samples, the following discussion will focus on the spectra
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TABLE 6 23Na chemical shifts (δiso), parameters of the Czjzek model (Δδiso and CQ), and parameters of the model assuming only
second-order effects of the quadrupolar interaction in the Zeeman states (CQ and ηQ) found by deconvolution of the experimental 23Na magic
angle spinning (MAS) nuclear magnetic resonance (NMR) spectra for the precursor glasses and the NScS-905 and NScPS-925 glass–ceramics

Sample Area (%) δiso (ppm) Δδiso (ppm) CQ (MHz) ηQ Peak assignment
NScS-G 56.1

43.9
9.8
1.2

20.0
-

3.3
1.9

–
1.00

NYS-G 57.0
43.0

9.9
1.2

19.3
–

3.2
1.8

–
1.00

NScPS-G 63.1
36.9

8.0
1.1

19.7
–

3.1
2.1

–
0.8

NYPS-G 65.8
33.8
0.4

8.1
2.0
7.3

19.1
–
–

3.2
2.1
–

–
1.0
–

N5ScS-G 54.7
45.3

9.6
−0.8

19.7
–

3.6
2.8

–
1.0

N5InS-G 54.7
45.3

9.6
−0.8

19.8
–

3.6
2.0

–
1.0

NScS-686 31.6
21.7
20.1
11.8
9.9
2.9
2.0

10.5
21.9
6.0
18.0
16.0
0.15
−6.0

3.4
–
3.1
–
–
2.6
3.0

3.6
1.5
3.2
5.1
1.1
1.0
1.5

–
0.7
–
0.0
0.0
–
–

N3 Na(2) + δ-Na2Si2O5 Na(2)
Na2SiO3
Residual glass
N3 Na(1)
δ-Na2Si2O5 Na(1)

NScPS-736 52.5
22.4
12.0
9.9
3.2

9.0
3.3
16.0
18.5
21.0

5.4
2.8
–
–
3.0

3.5
2.8
1.2
5.1
1.2

–
–
0.1
0.0
–

N3 Na(2) + δ-Na2Si2O5 Na(2)
Residual glass
δ-Na2Si2O5 Na(1)
N3 Na(1)
Na2SiO3

N5ScS-794 38.6
25.4
13.9
11.2
5.7
5.1

10.0
17.2
3.2
−5.0
15.4
18.0

10.0
–
–
2.5
–
–

4.2
5.1
1.7
2.0
1.0
2.0

–
0.0
0.9
–
0.0
0.2

N3 Na(2)
N3 Na(1) +
Residual glass
N5 Na(5)
δ-Na2Si2O5 Na(1)
?

NScS-905 24.4 (32)
21.6 (16)
19.7
16.3 (10)
7.4 (10)
5.8 (6)
4.8 (6)

−7.8
13.5
21.5
−1.3
8.3
16.8
3.2

4.9
–
–
–
–
–
–

2.6
2.4
1.3
1.1
0.8
0.6
0.9

–
1.0
1.0
0.0
0.0
0.0
0.3

N5 Na(1)
N5 Na(2)
Na2SiO3
N5 Na(3)/Na(4)
N5 Na(3)/Na(4)
N5 Na(6)
N5 Na(5)

NScPS-925 31.2 (20)
28.8 (40)
26.7 (13)
6.5 (13)
4.2 (7)
2.6 (7)

13.1
−7.6
−1.3
8.3
16.8
3.2

–
4.9
–
–
–
–

2.6
2.5
1.1
0.8
0.6
0.9

0.8
–
0.0
0.0
0.0
0.3

N5 Na(2)
N5 Na(1)
N5 Na(3)/Na(4)
N5 Na(3)/Na(4)
N5 Na(6)
N5 Na(5)

N5ScS-930 39.7 (40)
26.7 (20)
17.8 (13)
7.1 (13)
4.5 (7)
4.2 (7)

−5.3
13.1
−1.0
8.2
16.9
2.8

4.9
–
–
–
–
–

3.1
2.6
1.1
0.8
0.6
0.9

–
0.8
0.0
0.0
0.0
0.4

N5 Na(1)
N5 Na(2)
N5 Na(3)/Na(4)
N5 Na(3)/Na(4)
N5 Na(6)
N5 Na(5)

(Continues)
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TABLE 6 (Continued)

Sample Area (%) δiso (ppm) Δδiso (ppm) CQ (MHz) ηQ Peak assignment
N5InS-815 36.5 (40)

27.0 (20)
14.5 (13)
8.8 (13)
6.7 (7)
6.5 (7)

−5.5
14.0
−2.0
7.6
16.7
3.5

5.7
–
–
–
–
–

2.6
2.6
1.0
0.8
0.6
0.9

–
0.8
0.0
0.0
0.0
0.4

N5 Na(1)
N5 Na(2)
N5 Na(3)/Na(4)
N5 Na(3)/Na(4)
N5 Na(6)
N5 Na(5)

NYS-806 81.8
11.1
2.9
2.3
1.9

5.3
12.3
19.9
15.5
−5.9

7.0
2.9
4.0
1.9
2.7

2.0
1.0
1.2
1.0
1.0

–
–
–
–
–

NYPS-820 66.1
33.9

4.7
14.1

5.6
4.6

2.0
3.2

–
–

Note: Estimated errors are ±1.0% for the areas, ±0.3 ppm for both δiso and Δδiso, ±0.1 MHz for CQ, and ±0.05 for ηQ. In column 2, the values in parentheses denote
the predicted areas based on the populations and site occupancy data in the stoichiometric compound Na5ScSi4O12.

TABLE 7 Isotropic chemical shift (δiso) and second-order
quadrupolar effect (SOQE) found by the analysis of the 23Na
TQMAS spectra of glass–ceramics containing the N5 phase as the
dominant crystalline structure

Sample δiso (ppm)
SOQE
(MHz)

N5InS-815 13.7
5.4
3.9
10.7
−0.5

0.6
0.8
1.1
3.2
4.0

N5ScS-930 13.7
5.2
10.2

0.7
0.9
3.4

NScPS-925 13.8
5.2
10.2

0.6
0.8
3.4

NScS-905 13.7
5.1
11.3
10.1

0.6
0.9
3.0
3.4

Note: Estimated errors were ±1.0 ppm for δiso and ±0.5 MHz for SOQE.

of the phases presenting predominantly the N5 phase,
which is the one of greatest interest in this field.
Overall, the comparison of the 23Na MAS-NMR spectra

indicates that the sodium site population ratios in the
stoichiometric compounds Na5InSi4O12 and Na5ScSi4O12
are rather similar; however, the Na(1):Na(2) site popu-
lation tends to be smaller than 2:1 and approaches the
value of 1:1 in the nonstoichiometric compounds, so that
the possibility of reversing the Na(1) versus Na(2) site
assignments must be considered. Unfortunately the Koller
model is not helpful in this respect as both Na(1) and Na(2)
are bound to O atoms linked to partially vacant Na sites

so that an this question cannot be ultimately resolved. An
interesting structure/property correlation indeed emerges
when considering the fraction of the sodium ions in the
mobile sites Na(3) and Na(4): Sample NScPS-925, the com-
position of which is nonstoichiometric and has a partial
substitution of silicate by phosphate, possesses the highest
ionic conductivity of all the samples measured in this
study. The 23NaMAS-NMR analysis also reveals that it has
an enhanced concentration of the mobile Na(3) and Na(4)
sites of 33% compared to 24%–25% of the total sodium
inventory in all the other N5-based ceramics, in particular,
when compared to stoichiometric Na5ScSi4O12. Aside
from this detail, the results indicate the utility of TQMAS-
NMR along with semiempirical methods to approach the
analysis and assignment of complex MAS-NMR spectra
observed in multiphase glass–ceramic materials.

3.6 31P MAS-NMR and 31P{45Sc}
REAPDOR

Figure 10 summarizes the 31P MAS-NMR data obtained
from the P-containing glasses and glass–ceramics and the
results from their analyses are summarized in Table 9. In
the glassy state, three lineshape components are observed
for both the Sc- and Y-containing samples. All of them are
characterized by very small chemical shift anisotropies
(no spinning sidebands). Based on this absence and the
positive isotropic chemical shifts their most likely assign-
ment is to orthophosphate, P0 units found in three slightly
different local cationic environments. This assignment is
consistent with the general observation that phosphorus
tends to act as a networkmodifying ion scavenger inmixed
network former glasses, attracting locally more network
modifier compared to the overall network modifier to
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TABLE 8 Estimated values of 23Na chemical shifts (δe) and A parameter using Equations (5) and (6) according to the crystal structures of
interest

Crystal
structure Na site Occupancy

Wyckoff
position A δe (ppm)

Experimental
assignment δiso (ppm)

Na5InSi4O12 Na(1)
Na(6)
Na(5)
Na(2)
Na(3)
Na(4)

1.0
1.0
1.0
1.0
1/3
2/3

36f
6b
6a
18e
36f
18d

0.75
0.83

14.8
4.3

−5.5
16.7
3.5
14.0
−2.0
7.6

Na5ScSi4O12 Na(1)
Na(6)
Na(5)
Na(2)
Na(3)
Na(4)

1.0
1.0
1.0
1.0
1/3
1/3

36f
6b
6a
18e
36f
36f

0.69
0.76

15.0
6.5

13.1
16.9
2.8
−5.3
−1.0
8.2

Na3ScSi2O7 Na(1)
Na(2)

1.0
1.0

4c
8d

0.67
0.71

18.2
17.0

18.0
10.0

Na2SiO3 Na(1) 1.0 8b 0.749a 14.7 21.5
α-Na2Si2O5 Na(1) 1.0 4e 0.730a 17.3 24.6
β-Na2Si2O5 Na(1)

Na(2)
1.0
1.0

4e
4e

0.684a

0.801a
23.4
7.8

27.6
15.5

δ-Na2Si2O5 Na(1)
Na(2)

1.0
1.0

4e
4e

0.68
0.78

24.5
10.0

16.0
10.0

Note: We assumed an error of ±0.1 for A and an error of ±4.1 ppm for the estimated chemical shifts (according to Ref. [48]). Occupancy andWyckoff multiplicities
are also listed. Experimental chemical shifts from sodium silicates were taken from Ref. [48] and re-referenced to aqueous NaCl solution, by adding a fixed value
of 7.2 ppm.
aData taken from Ref. [48].

F IGURE 10 31P magic angle spinning (MAS) nuclear magnetic resonance (NMR) spectra (black curves) of glasses (bottom) and
glass–ceramics (A) compositions Na3.9Sc0.6P0.3Si2.7O9: NScPS-736 (middle) and NScPS-925 (top); (B) Na3.9Y0.6P0.3Si2.7O9: NYPS-820. Colored
curves represent individual resonances used to generate the numerical deconvolutions (red curves).
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TABLE 9 31P chemical shifts and full width at half maximum (FWHM) values found by deconvolution of the 31P magic angle spinning
(MAS) nuclear magnetic resonance (NMR) spectra

Sample Area (%) δiso (ppm) FWHM (Hz) Assigt.
NScPS-G
(MAS)

40.5
35.8
23.7

10.4
15.8
4.9

460
400
640

P01Sc
P00Sc
P02Sc

NScPS-G (REAPDOR— S0) 47.8
33.2
19.0

9.9
16.4
2.9

1140
820
1850

P01Sc
P00Sc
P02Sc

NScPS-G (REAPDOR— S) 46.9
40.1
12.9

9.9
16.4
2.9

1140
820
1850

P01Sc
P00Sc
P02Sc

NYPS-G 49.2
28.6
21.6
0.6

11.2
6.5
16.0
14.8

490
530
370
80

P01Y
P02Y
P00Y
P0(cr)

NScPS-736 71.6
18.3
10.1

14.9
−1.2
8.2

215
915
220

P00Sc(g)
P1(g)
P01Sc(g)

NScPS-925 32.9
31.9
31.1
4.1

7.3
15.8
14.3
−9.7

470
215
100
80

P0(g)
P00Sc(cr)
P00Sc(cr)
ScPO4(cr)

NYPS-820 35.5
26.7
18.9
13.2
5.7

−2.3
14.9
3.0
10.1
−17.2

455
260
490
310
425

P1(g)
P0(g)
P1(g)
P0(g)
P2(g)

Note: Estimated errors: ±1.0% for the areas, ±0.3 ppm for δiso, and ±20 Hz for FWHM.
Abbreviation: REAPDOR, rotational echo adiabatic passage double resonance.

network former ratio defined by the glass composition.
The effect is particularly well known inmany bioactive sil-
icate glasses containing low phosphate concentrations.50
Figure 11, middle, shows 31P{45Sc} REAPDOR results, indi-
cating that the signal attenuation effected by 45Sc dipolar
recoupling is virtually absent for the high-frequency
component at 15.8 ppm but increases with decreasing 31P
chemical shift. This result suggests that the three signal
components reflect phosphate units with different num-
bers of Sc3+ ions (presumably zero, one, and two) in their
second coordination sphere; an analogous interpretation
is suggested for the Y-containing glass.
In analogy to the situation in the glassy state, the 31P

MAS-NMR spectrum of the glass–ceramic sample NScPS-
925 (top spectrum in Figure 10A) shows two dominant
orthophosphate units located at 15.8 and 14.3 ppm (see
Table 9) rather than the metaphosphate P2 units expected
in case of substitution of silicate by phosphate within the
metasilicate ring structure. These conclusions are con-
firmed by the results of a single-point 31P{45Sc} REAPDOR
measurements shown in Figure 11A. In this case, the
REAPDOR result, conducted at a mixing time of 1.4 ms,
clearly shows the complete absence of 31P–45Sc dipolar

interactions. Evidently, these nuclei are too far apart for a
dipolar interaction to be measured on this timescale, sug-
gesting that phosphate does not enter the crystalline N5
phase at all. To summarize, the positive isotropic chemi-
cal shifts, the lack of a chemical shift anisotropy and the
absence of detectable 31P–45Sc dipolar coupling are clear
evidences against the model of an isotypical substitution
of Q2 metasilicate units by analogous metaphosphate (P2)
units within the chains or rings of the N5 host compound.
Rather these species must be assigned to orthophosphate
groups, which are likely situated in a different phase or
in defect sites with mobility averaging out dipole–dipole
interactions with the 45Sc nuclei. We further attribute the
broad resonance at 11.2 ppm to phosphorus in a residual
glassy phase, whereas the narrow resonance at −9.7 ppm
arises from ScPO4,45–47 which is also detected in the
45Sc MAS-NMR spectrum. Likewise, in the spectrum of
NScPS-736, the broad resonance at 14.9 ppm indicates that
phosphate remains in the glassy phase. There is also no evi-
dence of phosphate entering theNa3ScSi3O7 (N3) structure
(Figure 10A, middle). Likewise, Figure 10B, top, suggests
that in the glass–ceramic NYPS-820, phosphate remains
in the glassy part of the ceramic. In this case, the 31P
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F IGURE 11 31P{45Sc} rotational echo adiabatic passage double resonance (REAPDOR) spectra of (A) sample NScPS-925 for a mixing
time of 1.4 ms, (B) for sample NSPS-G for a mixing time of 0.6 ms, and (C) for an ScPO4 sample with a mixing time of 0.1 ms. At (A) and (C),
black, red, and blue curves indicate S0, S, and ΔS = S0 − S signals, respectively. At (B), the black curves represent experimental S0 (top) and S
(bottom) signals, whereas the red curves represent their numerical deconvolution, and the blue, green, and purple lines represent the
individual components of the deconvolutions. These results show that the 31P nuclei in the glassy phase show interactions with 45Sc nuclei of
different strengths, whereas in the ceramic phase, the orthophosphate units present in the crystalline state do not interact with the 45Sc nuclei
from the N5 phase.

chemical shifts indicate the formation of ortho-, pyro-, and
metaphosphate, that is, P0, P1, and P2 units, respectively.
Again, there is no evidence of phosphate units entering the
N3 or N9 phases.

4 CONCLUSIONS

Na3+3x−yRE1−xPySi3−xO9 glass–ceramics were synthe-
sized using RE = Sc and Y, x = 0.4, and y = 0.0 and 0.3.
Glass–ceramic formation was monitored ex situ by XRD,
impedance spectroscopy, and multinuclear solid-state
NMR. The desired highly conducting Na5RESi4O12 (N5)
phase is only formed in the Sc-containing samples crys-
tallized above 900◦C, whereas heat treatment at lower
temperatures results in the dominant formation of the
much less conductive N3 phase. The phase distribution
observed in the glass–ceramic samples was confirmed by
29Si and 23Na MAS-NMR, the latter of which was able
to differentiate between the different sodium sites in the
various crystalline phases present. 31P MAS-NMR and
31P{45Sc} REAPDOR results indicate that the postulated

aliovalent substitution of (SiO3)2− units by (PO3)− units
in the silicate rings of the N5 structure does not occur;
there is also no evidence for phosphate substitution in
the N3 and N9 phases. Rather, orthophosphate groups
are formed, which either remain in the glassy part of the
glass–ceramic, form separate phases, such as ScPO4, or
enter vacancy sites in the N5 structure with some mobility
averaging 31P–45Sc dipolar interactions. The rather com-
plex 23Na MAS-NMR data could be analyzed successfully
based on an analysis of site population ratios and aided by
a correlation of 23Na chemical shifts and bond valences
of the oxygen atoms to which they are coordinated.
Indeed, nonstoichiometric Na3.9Sc0.6P0.3Si2.7O9 has an
enhanced population of the mobile Na(3) and Na(4) sites
compared to stoichiometric Na5ScSi4O12, providing a
rationale for the higher ionic conductivity measured in
Na3.9Sc0.6P0.3Si2.7O9. The results of the present study
illustrate the power and potential of solid-state NMR
techniques for the structural elucidation of the complex
glass–ceramics formed in this system. Finally, the NMR
data presented here also provide an idea of the structural
organization of the glassy precursors. The data indicate
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very little differences between the scandium- and the
yttrium-based glasses. Consistent with the network
modifier-to-network former ratio of 1:1, the 29Si chemical
shifts indicate a dominance of Q2 units, with Q1 and
Q3 also being present. Rare-earth ions are dominantly
six-coordinated, whereas the phosphate ions are of the Q0

type, presenting three distinct environments with different
numbers of rare-earth ions in their second coordination
spheres.
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