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The scientific and technological interest in niobium-bearing materials has significantly increased in recent years.
Still, reports on the structural details about the short- and medium-range order of the intermediate oxide Nb2Os
in glasses are quite scarce. In this work, the structural mechanisms underlying the incorporation of niobium
oxide into lithium metaborate glass spanning concentrations up to ~25 mol % are investigated through standard
and advanced solid-state nuclear magnetic resonance and Raman spectroscopies. The commonly encountered
NbOg distorted octahedral coordination occurs across the entire range of concentrations. With increasing niobia
content, systematic changes in the speciation of the three-coordinated boron units are observed, revealing a
progressive increase in the concentration of BOg/, trigonal sites at the expense of anionic BO,/,0~ groups.
Furthermore, heteronuclear dipolar 7Li-23Nb, and unprecedented NgUD_93Np and M'BMV_SNb recoupling ex-
periments reveal an increase in all of the dipolar interaction strengths, reflecting the formation of B-O-Nb
connectivities with increasing Nb,Os content.. Above 10 mol % Nb,Os, the Raman spectra suggest the onset of
niobium-oxide clustering. Altogether, these results suggest that niobium acts as a network former in alkali borate
glasses, which is in consonance with the structural role reported for NbyOs in alkali silicate and phosphate

glasses.

1. Introduction

Niobium (Nb), the 41st element of the periodic table, is a 4d tran-
sition metal characterized by its small ionic radius and high cationic
field strength in the pentavalent state. In the Nb>* (dO) oxidation state
within an octahedral coordination environment, these ions tend to
configure as out-of-center distorted polyhedra due to the second-order
Jahn-Teller effect [1]. Such a distortion is recognized as a key mecha-
nism underlying important properties of niobium-bearing materials,
such as non-linear optical behavior.

In the realm of glass and glass-ceramic science, niobium oxide has
been increasingly investigated as a constituent in various glass matrices
[2-10]. The incorporation of niobium into optical devices such as op-
tical fibers and fiber amplifiers is of great interest due to their high
refractive indices, while maintaining transparency over a wide spectral
range encompassing both the visible and infrared regions [11]. Research
efforts have, therefore, focused on elucidating the impact of niobium
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oxide on material properties and its structural role within the glass
network, often described as that of an intermediate oxide.

In general, the insertion of polyvalent oxides into alkali silicate,
borate, and phosphate glass matrices offers an avenue to increase the
overall mechanical, thermal, and hydrolytic stability of these materials.
Specifically, borate glasses are remarkable for their low melting tem-
peratures, wide glass-forming ranges, good glass stability against crys-
tallization, and compatibility concerning rare-earth and transition metal
incorporation [12]. Lithium borate glass matrices have promising ap-
plications and functionalities, including radiation shielding, solar en-
ergy conversion, photonics, lithography, vacuum ultraviolet optics, etc.
[13], while their combination with Nb,Os in glasses and glass-ceramics
has garnered particular interest in the solid electrolyte field [14-17].

The further development of these materials requires a fundamental
understanding of the effect of niobium oxide on the physical properties
of borate glasses in terms of the short- to medium-range structural
ordering [18]. For example, the fraction of three- and four-coordinated
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boron is an important observable that can be related to various macro-
scopic glass properties, such as thermal and mechanical stability [19,
20]. To this end, solid-state nuclear magnetic resonance (NMR) stands
out as a powerful technique providing detailed structural insights — from
bonded neighbors, coordination numbers, and site symmetries (along
with their quantification), to more extended features such as connec-
tivity, interatomic correlations, and cationic spatial distribution. These
latter aspects are particularly accessible, even in multicomponent
glasses, via advanced NMR pulse-sequences through selective mea-
surement of magnetic interactions between the NMR active nuclei [21].

In pursuit of this aim, the present study investigates glasses of
composition xNby0s-(100—x)LiBO2, keeping the molar ratio R = Li,O/
B,0O3 fixed at R = 1 at the metaborate joint, which lies outside the
compositional region of liquid-liquid immiscibility [22]. To the best of
our knowledge, the present contribution is the first structural study of
such a ternary alkali-borate glass system using a comprehensive set of
standard and advanced multinuclear solid-state NMR techniques, com-
bined with Raman spectroscopy.

2. Experimental methods

Glass samples were prepared in final batches of 8 g using the con-
ventional splat-quenching method. Powder mixtures of dry H3BO3 (Alfa
Aesar, 99.8 %), LioCOs (Synth, P.A.), and NbyOs (CBMM, >99.99 %)
were heated in platinum crucibles in two stages up to 1050 K, poured
and re-melted three times to ensure homogenization, followed by
annealing to relieve internal stress. Chemical compositions were deter-
mined by inductively coupled plasma optical emission spectroscopy
(ICP-OES) using an iCAP Duo 6500 Thermo spectrometer to quantify the
niobium and lithium contents. Experimental values represent the
average of triplicate determinations expressed in mass percent, with
standard deviations within the decimal digit. Due to the use of hydro-
fluoric acid during sample preparation, followed by neutralization with
boric acid, direct quantification of boron was not possible. Instead,
boron content was inferred from the nominal metaborate composition,
assuming a fixed 1:1 molar ratio with lithium. This approach enabled
comparison between experimental and nominal compositions in mol
percent, with deviations within =1 mol %. Throughout this manuscript,
the incorporated niobium content (x) will be represented by the
experimentally determined values, as displayed in Table 1.

Buoyancy-based density measurements were conducted using an
AX204 Mettler Toledo balance, with isopropyl alcohol as the immersion
fluid and a set of at least five sample pieces per batch, of which the re-
ported value represents the mean. Differential scanning calorimetry
(DSC) measurements were undertaken in a Netzsch 204 differential
scanning calorimeter on bulk samples with masses ranging from 15 to 20
mg, at the standard heating rate of 10 K.min ' up to 873 K. The ther-
mograms are illustrated in Fig. S.1 of the Supporting Information.
Density, molar volume (calculated from the experimental glass compo-
sition), and glass transition temperature onset values are reported in
Table 2. Raman spectra were measured under ambient conditions in an
HR800 Evolution micro-Raman spectrometer from Horiba, using a 488

Table 1
Nominal and experimental compositions of the Nb-bearing glasses with
increasing niobium content within the metaborate ratio range.

Nominal Composition Nb Li Experimental Experimental
/ mol % / m/m % / m/m % Nb,Os Li,O
/ mol % / mol %
2.5 Nb,Os 8.0 139 2.1 48.9
5.0 Nb,Os 14.6 11.7 4.5 47.8
7.5 Nb,Os 22.2 9.3 8.2 45.9
10.0 Nb,Os 27.8 9.7 9.7 45.2
15.0 Nb,Os 34.2 7.2 15.0 42.5
20.0 Nb,Os 385 5.7 20.3 39.9

25.0 Nb,Os 46.0 4.8 26.2 36.9
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Table 2
Density (p), molar volume (Vy), and glass transition temperature (Tg) onset
values for the Nb-bearing glasses with varying Nb,Os content.

Nominal Composition p Vi T,
/ mol % / g.cm™ / em®.mol ! /K
(+0.02) (£0.2) (£2)
2.5 Nb,Os 2.38 22.8 675
5.0 Nb,Os 2.48 24.0 690
7.5 NbyOs 2.65 25.5 704
10.0 Nb,Os 2.74 25.8 711
15.0 Nb,Os 2.95 27.9 737
20.0 Nb,Os 3.08 30.4 752
25.0 Nb,O5 3.29 32.3 747

nm laser as the excitation source. The scattered light was collected by a
50x long working-distance objective using a 600 lines per millimeter
grating between 10 and 2000 cm™. The position of the silicon peak
(520.7 cm™ 1) was used for calibration. Each spectrum is an average of 7
accumulations, with integration time lasting up to 80 s, recorded at a
given sample position. Spectra were collected across different spatial
regions, demonstrating overall homogeneity within the limits of the
typical experimental variations.

Solid-state ’Li, !'B, and °>Nb NMR studies were carried out at room
temperature at magnetic flux densities of 5.64 T, 9.40 T and 14.10 T,
using as NMR spectrometers an Agilent DD2, a Bruker Avance Neo 400
MHz, and a Bruker Avance Neo 600 MHz, respectively. Commercial 1.3
mm, 2.5 mm, and 3.2 mm double or triple resonance magic-angle
spinning (MAS) probes were used. 7Li MAS NMR spectra were recor-
ded at 14.10 T, using 2.5 mm rotors spun at a frequency of 18.0 kHz,
using excitation pulses of 2.2 ps length and a recycle delay of 10 s.
Chemical shifts are reported relative to a 1 M aqueous LiCl solution
(6iso= 0 ppm). Spectra were fitted to Lorentzian lineshapes.

1B MAS NMR spectra were acquired at two magnetic flux densities
of 5.64 T and 14.10 T, using 3.2 mm and 2.5 mm rotors spun at a rate of
18.0 kHz. A recycle delay of 20 s was employed to ensure complete
relaxation. Power levels (HB nutation frequencies) were optimized to
maximize signal intensity, while maintaining quantitative accuracy.
Notably, !'B is a quadrupolar nuclide (I = 3/2), with two distinct co-
ordination numbers (three and four) known to exist in the glassy state.
Three-coordinated ''B nuclei, B, are exposed to a large electric field
gradient, whose anisotropic interaction with the nuclear electric quad-
rupole moment significantly affects the !B MAS NMR lineshape as
modeled through second-order perturbation theory. In contrast, the
lineshape of the four-coordinated ''B nuclei, B, in oxide glasses can
often be approximated by a simple Gaussian due to a relatively small
electric field gradient. The large difference in nuclear electric quadru-
pole interaction strengths between B™™ and B™Y species produces sig-
nificant differences between the effective nutation behaviors of the
corresponding 'B nuclei, which has important bearings on the quanti-
fication of the boron sites. For accurate quantification, it is essential to
apply flip angles <30° as measured for a liquid sample, and this con-
dition was adhered to, using pulse lengths of 1.0 ps. !'B chemical shifts
are reported relative to BF3-Eto0 solution, using crystalline BPO4 (Siso=
—3.5 ppm against liquid BF3-OEty) as a secondary reference. The single-
pulse !B MAS spectra obtained at 14.10 T were further treated by
subtracting the boron nitride background signal measured on an empty
rotor acquired under identical experimental conditions. Spectroscopic
analyses of quadrupolar nuclei such as !'B can further benefit from
tracking the evolution of multiple quantum coherences under MAS
conditions. These experiments enhance spectral resolution through the
correlation between isotropic and anisotropic dimensions, thereby
enabling the identification of overlapped spectral components and the
determination of isotropic chemical shifts, 5, and the nuclear electric
quadrupolar product:

1/2

Po = Co(1+17/3) &
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where Cq and # are the nuclear electric quadrupolar coupling constant
and the electric field gradient asymmetry parameter, respectively.

Hp Triple-Quantum (TQ) MAS NMR experiments were carried out at
160.4 MHz in a 2.5 mm probe operated at a spinning rate of 30.0 kHz,
using the three-pulse z-filtering sequence [23,24]. The optimized pulse
lengths (with hard pulses) for triple-quantum coherence creastion and
reconversion were 3.9 ps and 1.3 ps, respectively, whereas the length of
the (soft) detection pulse was 14 ps. The evolution time was incremented
by 16.67 ps and 24 increments were recorded.

In this set of two-dimensional experiments, the parameters 6;s, and
Pg were obtained by comparing the centers of gravity of the projections
in the isotropic (6;) and the anisotropic (52) dimensions.

93Nb MAS NMR experiments focused on the observation of the cen-
tralm = % < m = —'% Zeeman transition of the I = 9/2 nucleus. Spectra
were measured at 9.40 T and 14.10 T, employing rotor-synchronized
Hahn spin echoes in a 1.3 mm double-resonance probe at a MAS spin
rate of 60.0 kHz. 90° and 180° pulse lengths were 0.4 ps and 0.8 ps for
the 9.40 T acquisitions, and 1.1 ps and 2.2 ps for the 14.10 T acquisi-
tions, respectively. A delay of 0.1 s was used in the full set of experiments
acquired at both magnetic field strengths. Chemical shifts were refer-
enced to LiNbO3 ({5, = —1004 ppm relative to NbCls solution in
acetonitrile).

7Li{**Nb} and 'B{**Nb} dipolar recoupling experiments were per-
formed with the Rotational-Echo Saturation-Pulse Double-Resonance
(RESPDOR) sequence, wherein the °>Nb spin system was saturated
through a frequency-swept Wideband Uniform Rate Smooth Truncation
(WURST) pulse, ie., the W-RESPDOR sequence [25]. In the present
study, dipolar recoupling is accomplished by equalizing the *>Nb pop-
ulation distribution over the Zeeman levels, as the resonance conditions
for these transitions are passed through during the MAS rotor cycle. In
the W-RESPDOR experiment, dipolar mixing times are systematically
incremented via the number of MAS rotor periods [25]. Optimized
WURST saturation pulse parameters for the °>Nb spin-system were
determined through numerical simulations, as reported in Ref.[3], and
were replicated herein. All the double-resonance experiments were
conducted at 14.10 T with a 20.0 kHz spin rate.

In such double-resonance experiments, the normalized "Li or !B
signal amplitude differences are recorded between the spectra acquired
without dipolar recoupling (i.e., no 93Nb irradiation, amplitude Sp) and
those acquired in the presence of dipolar recoupling (i.e., with WURST
irradiation applied to the **Nb nuclei, amplitude S). Each of these signal
amplitudes was determined by fitting a Lorentzian/Gaussian function to
the corresponding So and S signals of the observed ’Li and 'B"Y) signals,
and by signal integration considering the combined lineshape contri-
butions of two distinet *'B™? components fitted to the spectra, as dis-
cussed below. Subsequently, experimental 7Li{*>Nb} and 'B{’*Nb}
dipolar recoupling curves are plotted as the normalized difference
signal, i.e. 5;050 = é—os, in terms of the dipolar mixing time nz,, the product
of the number of rotor cycles (n) and the rotor cycle duration (z,). At
sufficiently short mixing times, the dephasing can be modeled as [3]:

AS 2
S ~ @Mz(xwm(mr)z

with X = Li,B 2)
where higher-order terms can be neglected without loss of generality.
Here Myx_np) is the heteronuclear dipolar second moment character-
izing the interaction of the observed nucleus X (either 7Li or 1'B) and the
non-observed °>Nb nuclides. In multi-spin systems, van-Vleck second
moments hold fundamental importance in characterizing the average
mean square local field experienced by the nuclei under observation
[26], due to dipole-dipole interactions with nuclei in their
neighborhood.
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3. Results, data analysis, and interpretation
3.1. Physical characterization

Fig. 1 illustrates the evolution of the density (p), molar volume (Vy,),
and glass transition temperature (Tg) as a function of the experimental
Nb,Os content, x. All the observables increase with increasing niobium
concentration, as is often observed across a variety of oxide glass sys-
tems [3-5,7,8,11,27,28]. Within the lithium metaborate — NbyOs join,

the density increases linearly with x, reaching up to 3.294+0.02 g.cm ™.
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Fig. 1. (a) Density, p; (b) molar volume, V,,; and (c) glass transition temper-
ature, T; of the Nb-bearing lithium borate glasses as a function of the experi-
mental Nb,Os content, x (in mol %). The solid lines in the first two panels
depict the linear regressions.
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The molar volume also follows a linear trend with x, increasing by about
50 % along the series. For both properties, a linear regression of the data
yields an R? > 0.99, and the corresponding empirical correlations are
presented in the Supporting Information section. The glass transition
temperatures (Tg) first increase and then reach a plateau value near
~750+£2 K at x = 20 mol %, however, they were somewhat lower than
those reported in Ref. 28]. For corresponding compositions, the minor
discrepancy might be due to differences regarding the thermal histories
of the as-prepared glass samples and those reported previously, or the
different heating rates employed.

3.2. Raman spectra

Raman spectra of the samples under study are shown in Fig. 2, and
provide important information about the borate glass structure, as well
as the incorporation of niobium into the network. Raman spectra of
borate glasses can typically be divided into four regions: (i) the low-
wavenumber (<100 cm™!) maximum depicts the Boson peak, which is
a fingerprint of the vitreous state comprising the cooperative motion of
nanosized domains; (ii) B-O-B bending and breathing modes of the ring
structures are observed between 400 and 800 cm’l; (iii) B-O stretching
modes of tetrahedral units are observed between 800 and 1300 cm ™,
whereas (iv) B-O stretching modes of trigonal units occur in the
~1200-1600 cm ! spectral range [29-31].

The Raman spectrum of undoped lithium metaborate glass (x = 0)
displays an asymmetric band centered around 770 cm ™!, which arises
from the combined contributions of the symmetric ring breathing vi-
brations of ring structures containing four-coordinated boron (B(IV)) and
vibrational modes due to chain type metaborates (BOz /20’) [29,
32-34]. The bands located at ~950 ecm ™! and ~1100 cm ™! are attrib-
uted to the characteristic B-O vibration of chain-type metaborates and
diborate units, respectively [32]. Similarly, the wavenumber region
between 1200 and 1600 cm™ provides structural information about
trigonal units with varying degrees of polymerization, which are
assumed to be mostly of the BO,/,0™ type [34,35]. The high polariz-
ability of Nb>* and the large Raman cross-section of the associated Nb-O
vibrational modes [8] result in significant changes in the vibrational
spectrum relative to that of the lithium metaborate base glass even for
small amounts of NbyOs. Consequently, spectroscopic features reflecting
the superstructural organization of borate rings, as typically observed in
the intermediate wavenumber range, are obscured by the dominant
contributions of the Nb-O vibrations.

—— 0.0 Nb,O5
—— 2.5 Nb,O,
—— 5.0 Nb,O5
7.5 Nb,O,
10.0 Nb,O5
—— 15.0 Nb,O,
—— 20.0 Nb,O,
—— 25.0 Nb,O,

Intensity

200 400 600 800 1000 1200 1400 1600 1800 2000

Wavenumber / cm™

Fig. 2. Raman spectra of the Nb-bearing lithium borate glasses as a function of
the nominal Nb,Os content. The spectra are offset vertically to improve vi-
sual clarity.
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Upon the insertion of NbyOs, we observe the appearance of Raman
scattering in the low (200-300 cm_l) and intermediate (600-900 cm_l)
wavenumber regions, the latter of which can be attributed to charac-
teristic vibrational modes of six-coordinated niobium species [36].
Based on the insights derived from Raman spectra of crystalline niobium
oxide compounds, the vibrational mode located at ~230 cm ™! is due to
the bending of the Nb-O-Nb linkages [36], and the broad band at ~650
em ! is assigned to the symmetric Nb-O stretching modes within the
Nb¥ octahedra [36]. Notably, amorphous thin films of NbyOs and Ta;0s
show Raman scattering peaks near the same spectral region. Given that
the atomic weight of Nb is roughly half that of Ta, one may conclude that
oxygen is the principal element involved in the vibrational motion [37].
In niobium oxides, the lower characteristic wavenumbers of the
stretching modes correlate with longer Nb-O bonds or higher polyhedral
regularity [38]. In turn, the ~800 c¢m ! band is attributed to the anti-
symmetric stretching mode of Nb-O-Nb linkages [36].

In niobium-bearing borate glasses, the vibrational band at around
650 cm ™! has been assigned to vibrations of terminal oxygen atoms of
NbOg units linked to BOs units [10,39]. Indeed, for the glass system
examined in this study, the vibrational scattering observed in the in-
termediate wavenumber region becomes increasingly significant for
compositions with x > 10 mol %, consistent with the NMR results to be
discussed further below (see Section 3.3.4). Finally, the signals in the
high-wavenumber region (1100-1600 cm ') are assigned to various
types of trigonal boron species. A significant redshift of the
high-wavenumber envelope is observed in this region, which at first
glance would suggest depolymerization of the borate network, in anal-
ogy to findings in other metaborate glasses containing transition and
post-transition metal ions [30]. For samples with x > 10 mol %, a band
in the range ~ 600-700 cm ™' emerges, and becomes increasingly
prominent as x increases. This spectral feature is generally associated
with niobium-oxide clustering, reflecting increasing levels of Nb-O-Nb
linkages. In the related literature, such an assignment is based on the
resemblance of the resulting spectrum to the vibrational modes of
orthorhombic crystalline compounds, configuring local arrangements of
corner-sharing NbOg 5 octahedra [7,8].

3.3. Solid-state NMR spectra

3.3.1. 7Li MAS NMR

Fig. 3 shows the 7Li MAS NMR spectra, as well as the evolution of the
"Li isotropic chemical shift and full width at half maximum (FWHM) as a
function of the Nb,Os content, which are also summarized in Table 3.
Owing to the small electric quadrupole moment of the “Li nuclide, the
quadrupolar coupling strength is generally weak, allowing for a
reasonable description of the central m = !4 < m = — transition using
symmetric functions, within the limit of first-order perturbation theory.
Lorentzian, rather than Gaussian functions, were used to simulate the ’Li
MAS NMR spectra, effectively reproducing the experimental lineshape.
The latter may indicate a high lithium ionic mobility at ambient tem-
perature, but this is not confirmed by static ’Li NMR measurements (see
Fig. S.2 in the Supporting Information section), which essentially exhibit
Gaussian lineshapes with linewidths exceeding 5.9 kHz, as typically
found for the “Li NMR linehapes in the slow-motion regime. As evi-
denced by Fig. 3b, there is a subtle low frequency shift of 5;5, — beyond
the experimental uncertainty — accompanied by a decrease in linewidths
as the NbyOs content increases. Such behavior could stem from
increased shielding of the 7Li nuclei by the surrounding electronic
environment, possibly due to the increasing extent of Li-Nb interactions.
This issue will be further investigated using advanced double resonance
NMR protocols, as detailed in Section 3.3.4.

3.3.2. 'B MAS NMR

Fig. 4 illustrates the 1B MAS NMR spectra as a function of niobium
content recorded at 5.64 T and 14.10 T, along with the curve-fit. As
displayed in Table 4, an estimation of the B fraction, N4, can be
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Fig. 3. (a) 7Li MAS NMR spectra (black curves) along with their lineshape fits
(blue curves) using a single Lorentzian function and (b) the evolution of the
isotropic chemical shift and linewidth as a function of the experimental Nb,Osg
content, x. The dashed line marks the chemical shift of the 2.5 mol % Nb,Os
glass as a guide for the eyes.

Table 3
7Li MAS curve fit parameters for the Nb-bearing glasses with varying Nb,Os
content.

Nominal Composition Siso FWHM

/ mol % / ppm (£0.05) / Hz (£ 5)
2.5 Nb,Os 0.16 696

5.0 Nb,O5 0.10 668

7.5 Nb,Os 0.07 640

10.0 Nb,Os 0.04 631

15.0 Nb,Os —0.10 582

20.0 Nb,Os5 -0.17 549

25.0 Nb,Os -0.17 528

determined from the integral of the corresponding !B MAS spectra
acquired at higher magnetic field strength, where the B and B™’
lineshape components exhibit little to no overlap. Due to the multiple
parameters required for the curve fit, measuring at two different mag-
netic flux densities provides additional physical constraints for an
appropriate spectral decomposition. The set of data measured at both
magnetic field strengths was simulated by considering one Gaussian
component for B™) and - across the entire composition range — two
distinct quadrupolar components for BI?, corresponding to symmetric
and asymmetric units, B&HD and B&{“), as detailed in the following.
Because of the strong directional covalent bonding in three-coordinate
boron oxides, the HBEI,I,{) quadrupole coupling parameters are confined
within rather narrow, well-defined regions (e.g. see Ref. [40,41]), and
these are used as constraints in the iterative fitting process according to
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the mean values reported for glassy LiBO, therein [42]. The B®V) species
are generally assumed to be linked to bridging O atoms only and are, in
the following, denoted BO,4/,  units. BY groups are assumed to be
connected to three bridging O atoms (BOs)3), while BY™” units are linked
to two bridging and one non-bridging O atoms, BO,/,0™ units.

To further validate the curve fitting model, !B TQMAS NMR ex-
periments were carried out for selected glass compositions: 0, 2.5, 15.0,
and 25.0 Nb,Os. The bidimensional spectra, displayed in Fig. S.3 of the
Supporting Information section, exhibit two distinct regions of cross-
peaks corresponding to B™ and B™ moieties. Despite the improved
resolution offered by the second dimension, a pronounced overlap re-
mains for the B™ components, indicating that these species possess
similar quadrupolar and chemical shift distributions. Average isotropic
chemical shifts (6is,) and second-order quadrupolar shifts (Pg) were
extracted by determining the center of gravity of the B and B signal
regions [23]. The resulting values, summarized in Table S.1 (see Sup-
porting Information), are in excellent agreement with those presented in
Table 4, thereby confirming the reliability of the 'B MAS NMR pa-
rameters upon niobium incorporation. A detailed view of the BV region
for the 2.5 and 25 NbyO5 glasses is displayed in Fig. 5. For the 2.5 Nb2Os
glass, the 11gm TQMAS trace along the 55 dimension (extracted for §; =
21.8 ppm) is shown on the right panel of Fig. 5a. Disregarding the dis-
tortions in the powder pattern caused by the triple-quantum excitation
during the B TQMAS experiment, a reasonable simulation of the
trace-spectrum could be obtained, which represents the main features of
the quadrupolar powder-pattern. The simulation parameters are: Siso=
18.8 + 0.5 ppm, Cq = 2.58 4 0.05 MHz and 7q = 0.40 & 0.05, where the
uncertainties were estimated considering variations in the parameters
which still result in visually acceptable agreement with the 'B MAS
spectra. For the 25 mol % Nb,Os glass, the 1B TQMAS spectrum reveals
the presence of two partially resolved !B signals (Fig. 5b, right panel).
Two horizontal traces extracted from the 2D spectrum at §; = 19.6 ppm
and 22.0 ppm - chosen to minimize mutual overlap — allowed an inde-
pendent evaluation of the local parameters. The &is, and Pg values
derived from the (81, 52) centers of gravity of both signals were 17.3 ppm
and 18.1 ppm, and 2.6 MHz and 2.8 MHz, respectively. Unfortunately,
due to the extensive spectral overlap between both D components,
reliable quadrupolar asymmetry parameter () values could not be
determined from simulations of the TQMAS traces for this sample. Taken
together, 1'B TQMAS results corroborate the parameters obtained from
the simulations of the !'B MAS at the two different magnetic field
strengths (Table 4), thereby confirming their reliability and the struc-
tural quantitative analysis, as follows.

For the lithium metaborate base glass, NMR investigations probing
1B and 1°B nuclides indicate that approximately 40 % of the boron
nuclei are four-coordinated, B™) ynits [42,43]. Assuming these species
to be mono-anionic BO,, units, the charge balance at a unitary
lithium-to-boron ratio would also require the B units to be either
mono-anionic BO, ;0" i.e. metaborate species, which is consistent with
the Raman spectrum (Section 3.2), or a superposition of neutral,
mono-anionic, and di-anionic trigonal species. Regarding their local
symmetry and interaction with the magnetic field, mono-anionic
trigonal planar units display a non-axial local symmetry of the electric
field gradient (EFG) tensor due to the presence of one non-bridging
oxygen, resulting in asymmetry parameters of 0.4 < 57q < 0.6. In a
similar vein, a di-anionic pyroborate unit, BO,/5(O), is predicted to
have an asymmetry parameter significantly different from zero, whereas
a fully polymerized neutral three-coordinated boron (BOz,;) would
exhibit nearly cylindrical local symmetry, with relatively low values of
the EFG asymmetry parameter (g < 0.2). At the LiBO, composition, the
anionic asymmetric B™™” units have been estimated in the literature to
account for 54 % of the total NMR signal, whereas <10 % of the total 1'B
MAS NMR signal is assigned to the neutral (BOj35) units [42].

The !B MAS NMR spectra of the ternary glasses can be analyzed
analogously, as detailed in Table 4. For glasses with x < 10 mol %



R.B. Pena et al.

Journal of Non-Crystalline Solids 674 (2026) 123912

(a) (b)
Exp. 14.10T Exp. 564 T
------ Model ------Model
250N
M / \ 25.0 Nb,O,
20.0 Nb,0,
L N N nee
18.0 0,0, AN 15.0 Nb,O,
10.0 Nb,O; A 10.0 Nb,0,
7:5 NbOy J& 7.5 Nb,0,
20205 _A 5.0 Nb,0,
2.5 Nb,0, ﬂA; 2.5 Nb,0,
T T T T T T T T T T T T T T T T T
25 20 15 10 5 0 -5 -10 50 40 30 20 10 O -10 -20 -30 -40 -50 -60 -70
5(''B) / ppm 5(''B) / ppm
() 10
65 -
604 e eeaemeT -
e PP e <
554 ¢ .«
504 Y.,
2 ...
S g
§ 40 = T woomee- | -
8 g [aBUs ] M ke
O 25] [--BU T .-
20] [-®--BM r's v
15 4
A
10 A Y
54 &
0 T T T T T T T T T T
00 25 50 7.5 100 125 150 17.5 20.0 22.5 25.0 27.5

x/ mol %

Fig. 4. Curvefit of the 'B MAS NMR spectra recorded at (a) 14.10 T and (b) 5.64 T; and (c) estimated B§™ BY™ Bt and B"" fractions as a function of the
experimental NbyOs content, x. The dashed curves in the latter are guides for the eyes.

Nb,Os, the spectroscopic parameters resemble closely those of lithium
metaborate glass, and the fraction of B™) species and the spectroscopic
parameters remain approximately constant, while the relative pro-
portions between the two different D components account for a major
part of the spectral distinctions. For glasses with x > 10 mol %, the !'B
MAS NMR lineshapes of the three-coordinated boron species are
distinctly different, which can be properly fit by also changing the
quadrupolar parameters of the BV species. A detailed view of these
components at the lower flux density, where the quadrupolar effect is
more evident on the lineshapes, is displayed in Fig. S.4 in the Supporting
Information section. As indicated by Fig. 4c, N4 remains constant up to a
NbyOs5 content of ~10 mol % and decreases slightly for higher niobium
concentrations. For an approximately constant fraction of the three-
coordinated boron species, the major effect of niobium oxide incorpo-
ration is a systematic increase of the fraction of symmetric Bgm) (BOs3,2)

units along with a decrease of the fraction of asymmetric BY{ID (BO,/207)
units. This compositional trend is consistent with a network former role
of niobium oxide, as it diminishes the overall degree of anionic modi-
fication of the network former boron oxide: the contribution of the fully
polymerized trigonal (BOs/;) units increases continuously from low
concentrations in glassy LiBO; to significant levels (ca. 30 - 40 %) with
increasing NbyOs content. This systematic change is reflected by a
continuous decrease in the combined concentrations of the anionic
BOj/, and BO/20" groups. This implies that the NbyOs component is
present as an anionic species, which attracts part of the Li5O.

3.3.3. *Nb MAS NMR
93Nb MAS NMR spectra were acquired at two different magnetic flux
densities, using a rotor-synchronized Hahn-spin echoes to avoid signal
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Table 4
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11B MAS curve fit parameters for the Nb-bearing glasses with varying Nb,Os content. Estimated experimental errors are +0.1 ppm and +0.5 ppm for 8;5o(B"?) and

5iSO(B(HD), respectively, and +0.05 MHz for CQ(B(HD).

Nominal B B B
Bo
Composition T Integration | Jiso 7Q pl% Jiso FWHM %
/ mol. % pl % =+l ppm /MHz +0.05 +1 | /ppm /ppm +1
6
5.64 0.0 1.54 42
16.6 52
2.5 Nb20s
18.8 6
14.10 42 0.9 1.54 43
51
10
5.64 - 0.0 1.54 42
16.7 48
5.0 Nb20s
18.8 10
14.10 42 0.8 1.54 42
2.65 0.20 48
2.60 0.40 13
5.64 - 0.0 1.59 43
16.7 44
7.5 Nb20s
18.8 13
14.10 42 0.8 1.59 44
43
20
5.64 - 0.0 1.64 43
17.3 37
10.0 Nb2Os
18.9 20
14.10 42 0.8 1.64 43
37
32
5.64 - 0.0 1.71 40
17.5 0.20 28
15.0 Nb20s
18.8 0.38 31
14.10 42 0.8 1.71 41
28
36
5.64 - 0.0 1.81 40
17.5 2.65 0.18 24
20.0 Nb20s
18.6 2.64 0.38 36
14.10 41 0.7 1.81 41
23
36
5.64 - . 0.7 1.81 43
25.0 Nb20s 17.4 0.18 5
14.10 39 18.4 0.35 0.0 1.81 39
22
distortions caused by coil-ringing [3]. The MAS NMR spectra are . , ) )
affected by the combined effect of chemical shift anisotropy and a wide _ Calq Mo G Q"
N : X P(Cq,n) = 1 exp s 1+ 3
distribution of nuclear electric quadrupole coupling strengths [44], V2705 9 20 3

which result in a somewhat asymmetric central signal, accompanied by
a pattern of several spinning sidebands. The asymmetric profile of the
dominant central MAS NMR peak, with a lineshape tailing towards low
frequency is typical of many central Zeeman transition spectra of
quadrupolar nuclei in glasses. Such lineshapes can be understood and
simulated based on second-order perturbation theory, assuming a wide
distribution of electric field gradients. As intrinsic to the glassy state, the
structural disorder is accounted for by considering a normal statistical
distribution for the components of the EFG tensor. The Czjzek model
describes the quadrupolar interaction by the probability P(Cq,i) of
finding local environments with values of the quadrupole coupling
constant Cq and the asymmetry parameter 7q, such that [45,46]:

Here, o is the width of the distribution or the standard deviation of the
elements of the EFG tensor. Notably, the application of the Czjzek model
implies a fixed 7, value of 0.62. In the case of 93Nb NMR in glasses, a
significant complication in analyzing the spectra arises from the pres-
ence of a considerable chemical shift anisotropy (CSA), producing sets of
spinning sidebands flanking the central MAS NMR peak. Simulations
capturing these effects using the MRSimulator python library [47]
enabled the determination of the average parameters &jso, |@\, and CSA
from the spectra, as displayed in Table 5. The magnetic shielding and the
electric field gradient tensors are assumed to be coincident, along the
lines of simplified analyses used previously for NbyOs-NaPOs [5].
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Fig. 5. (a) Detailed view of the B"™" region of the 1B TQMAS NMR spectrum for the 2.5 and 25 Nb2Os glasses (parts a and b respectively). In (a) the horizontal trace
extracted for 5, = 21.8 ppm is shown, along with a simulation of the *'B second-order quadrupolar powder pattern under MAS condition, with ;;,= 18.8 ppm, Cq =
2.58 MHz and 7 = 0.40. In (b) horizontal traces extracted at §; = 19.6 and 22.0 ppm are shown. The derived isotropic chemical shift (5;5,) and quadrupolar coupling

constant (Pq) values for each component are displayed in the plot.

Table 5

Isotropic chemical shifts 8;5,, average of the magnitude of the quadrupole
coupling constant, |Cq| and chemical shift anisotropy, daniso=033—diso retrieved
from curve-fit “>Nb MAS NMR acquired at two distinct magnetic flux densities,
and heteronuclear second moments Myx_np) With X = Li or B determined from
the parabolic fits to Eq.(2) of the experimental W-RESPDOR curves for the Nb-
bearing glasses with varying Nb,Os content.

Nominal Biso [Col aniso Moi-Nb) Mo@1v-nb)
Composition /ppm  sMHz /ppm /10°rad’s  /10°rad’
/ mol % (#10)  (x0.7) (£10) 2 2
(£20 %) (£20 %)
2.5 Nby,Os —1007 28.0 —470 3 4
5.0 Nb,Os —-1019 29.4 —400 11 6
7.5 Nb,Os —1029 29.4 -370 19 7
10.0 Nb,Os —1039 30.0 -310 21 5
15.0 Nb,Os —1057 28.4 -310 32 33
20.0 Nb,Os5 —1068 29.0 -370 39 31
25.0 Nb,Os5 -1071 28.4 -370 45 51

Although the superposition of multiple Nb species cannot be ruled out,
the ensemble of spectra could still be effectively fitted using a single
Czjzek distribution across the entire composition range analyzed for
both magnetic field strengths, namely 9.40 T and 14.1 T, as shown in
Fig. 6, with the parameters summarized in Table 5.

By comparing the *>Nb 5;, values spanning the ~1070 to -1010 =+ 10
ppm range, with the *>Nb chemical shift scale established for crystalline
model compounds [44,48], we conclude that the niobium species are
six-coordinated within the entire glass-forming range, as also commonly
encountered in other glass systems. As depicted in Fig. 6¢, the systematic
trend of &5, towards more negative values with increasing Nb,Os con-
tent signifies progressive changes to the local niobium environment with
composition, showing a more pronounced variation up to 15 mol %
NbyOs, and a more subtle change at higher x-values (see Supporting
Information for details). Interestingly, the addition of NbyOs into
lithium-silicate and -borate glass systems leads to opposite trends: in
silicates the §i5, value tends to increase (displaying less negative values)
with increasing Nb contents [3,4], whereas in the NaPO3-Nb2Os system,
the presence of multiple niobium sites makes a straightforward com-
parison in this regard impossible [5]. In turn, the correlation between
the **Nb isotropic chemical shift and the ionic bonding character has
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Fig. 6. *>Nb central-transition MAS NMR spectra along with their curve fit using a single Czjzek function recorded at (a) 14.10 T and (b) 9.40 T and their corre-
sponding lineshape fits with the parameters summarized in Table 5. Asterisks indicate spinning sidebands. (c) The evolution of the isotropic °>Nb chemical shift as a
function of the experimental Nb,Os content, x. The solid lines show two linear regressions of the &5, trend.

been suggested, although ultra-high field °>Nb MAS NMR investigation
on crystalline niobium-bearing compounds has indicated that corner-
and edge-sharing Nb'! environments cannot be straightforwardly
parametrized in this fashion [44]. In terms of the average modulus \Q\
of the *>Nb quadrupole coupling constant, we find values lower than
those observed in lithium silicate glasses [3], but higher than those in
the sodium phosphate glasses [5]. Therefore, the distorted niobium
octahedra in the glasses studied here seem to exhibit an intermediate
degree of distortion compared to the phosphate and silicate reference
glasses, although a detailed picture of the average local environments
could benefit from further input from MD simulations.

3.3.4. 7Li{*’Nb} and "'B{**Nb} W-RESPDOR

The W-RESPDOR pulse sequence was originally conceived for mea-
surements involving spin-1/2 observe nuclei and spin >1/2 non-
observe nuclei featuring a high quadrupolar interaction strength [25,
49,501, although it has also been successfully applied to observe nuclei
with quadrupolar character — such as g [51], and Li in glass systems
[3,4].

Fig. 7a compares the experimental “Li{**Nb} W-RESPDOR data for
the glasses with those measured for orthorhombic LiNbO3 The data
indicates the expected increase of dipolar interaction strength with
increasing Nb/Li ratio, which is consistent with the evolution of the
dipolar second moments, estimated from the parabolic fitting to Eq. (2).
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Fig. 7. W-RESPDOR experimental curves for the (a) 7Li{93Nb}; (b)
HBUMISNRY: () 1'BIV{*3Nb} for the Nb-bearing glasses with varying Nb,Os
content (in mol %). Solid curves represent parabolic fits to Eq. (2).

The Moinb) value measured for LiNbO3 is comparable to the value
expected from applying the van Vleck equation to the distance distri-
bution present in the model compound [4]. Figs. 7b and c depict the
results obtained from 'B{**Nb} W-RESPDOR, respectively, optimized
for the B™ and B configurations, respectively. We must advise
caution, however, that the precision of the 11B(IV){%Nb} W-RESPDOR
data is limited as these data suffer from a low signal-to-noise ratio,
owing to the fast signal decay at longer mixing times due to short !B
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spin-spin relaxation times for these species. The evolution of the é—f
dephasing trends suggests that the H1BI._93Np dipole-dipole interaction
is very weak at low niobium contents and becomes more significant
above 10 mol %, where the B content decreases slightly, as indicated
by the !B MAS NMR results. On the other hand, the B curves show a
more gradual increase in the dephasing with increasing Nb,Os content.
At higher niobium concentrations, given the comparable dephasing
trends that indicate the formation of B-O-Nb connectivities — rather
similar for both boron network former units — there is no clear evidence
for preferential association of *>Nb, with either BT or B™ over the
other. In the latter case, separate contributions for the BO,>,O~ and
BO;3/; units could not be obtained from the data, and the curves
extracted from their combined contributions to the W-RESPDOR curves
could not be well approximated via Eq. (2). Thus, the data are of a more
qualitative nature, and no second moments are extracted from them. A
summary of dipolar second moments, Max_np), With X = Li or B™
estimated through W-RESPDOR experiments, is displayed in Table 5.

Altogether, these results are consistent with a network former role of
the niobium oxide species, where the formation of six-coordinate
NbOg,, units requires charge compensation by cationic Li*, which
tends to diminish the anionic modification of the borate network
component. As a result of this conversion mechanism, the average
anionic charge per borate network unit is reduced from one (in LiBO3) to
less than one in the NbyOs-bearing glasses.

4. Discussion

When incorporated into glasses, transition metal ions can act either
as network modifiers or conditional network formers, i.e., as interme-
diate cations playing a dual structural role. From a historical approach,
the designation of the network-former cation was first proposed in the
seminal work of Zachariasen [52], where glass formation was attributed
to covalent oxides able to form corner-sharing polyhedra. Typically, the
classical network-forming species are cations with low coordination
numbers — such as those configuring three or four oxygen atoms. How-
ever, octahedral coordination also satisfies the stated Zachariasen’s
criteria, even though octahedral units have a tendency towards forming
periodic crystalline arrangements through edge- and face-sharing. Over
the years, less geometrically oriented classifications were proposed,
such as Sun’s requirement for glass network formation based on the
existence of strongly bound continuous networks [53]. In the same
sense, Rawson’s criterion is based on the relative stability of the
metal-oxygen bonds during thermodynamic phase transitions such as
melting and crystallization [54].

The effects of modifier cations in oxide glasses involve balancing the
negative charge of the anionic network, while depolymerizing the glass
structure by disrupting the network cross-linking through the formation
of non-bridging oxygen (NBOs). In borate glasses, on the other hand, the
latter structural mechanism is concurrent with changes in the boron
coordination number, where three- and four-coordinated boron are ca-
nonical network formers that coexist. Over intermediate-range dis-
tances, these building blocks interconnect, forming dominantly
BU_0-B™) and B™_0-B™ linkages. Despite a situation of electro-
static repulsion, B™-0-B") linkages are not strictly forbidden, if the
concentration of charge-compensating cations is sufficiently high [55].
In the present glass system, B™-0-B™ linkages are less likely from a
statistical viewpoint, as the concentrations of B™Y units are rather low
throughout the entire compositional region.

By including niobium into the structural framework, our data
consistently indicates an octahedral coordination of niobium, combined
with the progressive formation of BO3, at the expense of BO2,20™ units
along the entire series. Equivalently, maintaining approximately the
same proportion between the BD and B®Y) moieties, octahedrally co-
ordinated niobium incorporates into the borate network increasing the
proportion of bridging oxygen (BO) and leading to a concomitant
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reduction of the NBOs. Thus, in the niobium-bearing lithium metaborate
system, the network former building elements comprise three- and four-
coordinate borate units, alongside six-coordinate niobium units across
the composition range investigated. The data support a progressive
reorganization of the network, likely with lithium cations charge-
balancing NbOg , units, which are formally mono-anionic. Across the
Nby0s5-LiBO> join, niobium incorporation can be described in terms of
the following melt reaction schemes involving the niobium and boron
species:

BO/20™ + NbOs/>—BO3/2 + NbOg @

BO;, + NbOs/,—BO3> + NbO; , 5)
Both processes, as outlined in Eqs. 4 and (5), involve a partial transfer of
the negative charge away from the borate towards niobium network
units, therefore, implying a network former role of the niobium species.
To maintain overall charge neutrality of the glass, the charge balance
constraint equilibrating positive (N*) and negative (N~) net charges
requires:

N* =N - N}, =N; + Ny, (6)
where N5 are the charges associated with X = Li, B or Nb. Note that the
average net values are retrieved by accounting for the respective Ny. For
example, Ny, the total negative charge associated with the boron-based
units, is calculated from the anionic boron partitioning species, dis-
regarding the neutral BOs/, species, such that:

Nl; = NB [p(BOz/zoi) +p(BO4/27):| (7)
where the respective percentages p for the anionic boron species across
the glass series are provided in Table 4. Based on the analytical com-
positions listed in Table 1, and assuming that Nj; = Np within the
LiBO2-NbyOs join, the quantitative partition of each term in the charge
balance process is summarized in Table 6. To test the robustness of this
approach, analogous calculations conducted based on the nominal
contents produced similar results. Aside from the glass sample with the
lowest NbyOs content, where large deviations are observed between
both values — possibly arising from the 20 % discrepancy of the nominal
and the experimental Nb content — the discrepancies are otherwise
within the uncertainties for the ensemble of glass compositions inves-
tigated herein. The calculations further indicate that, following the
incorporation mechanisms described by Eqs. (4) and (5), the charge
transfer is complete up to x = 15 mol %, signifying that the average
charge on the six-coordinate Nb species is unity. Towards higher Nb
contents (about 20 and 25 mol %), the charge transfer per niobium
species appears to decrease, suggesting that a fraction of the niobium
species is uncharged, which may indicate the onset of niobium-oxide
clustering. This could imply, beyond the network former effect into
the borate-based primary network, the formation of a secondary

Table 6

Quantitative partition of total positive net charge from lithium (Nj;), total
negative net charge from boron (Nj), and average negative net charge from
niobium (N, /Nyp) in the niobium-bearing lithium metaborate glasses, based
on the analytical compositions listed in Table 1. Values in parentheses include

analogous calculations based on the nominal contents.

Nominal Composition N;; Ny Nnp Ny, /Nnb

/ mol %

2.5 Nb,Os 97.8 91.9 4.2 1.4(1.0)+0.4
5.0 Nb,Os 95.6 86.0 9.9 1.1(1.0)£0.2
7.5 Nb,Os 91.8 79.4 16.4 0.8(0.7)£0.2
10.0 Nb,Os 90.4 72.3 19.4 0.9(0.9)+0.1
15.0 Nb,Os 85.0 58.2 30.0 0.9(0.9)+0.1
20.0 Nb,Os 79.8 51.0 40.3 0.7(0.7)£0.1
25.0 Nb,Os 73.8 46.1 52.4 0.5(0.6)£0.1
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niobium-based network. This structural scenario is consistent with the
overall spectroscopic picture furnished by combining the strong increase
in Raman scattering in the range ~ 600-700 cm™! (Fig. 2), and the
composition dependence of the *>Nb isotropic chemical shift (Fig. 5).
These spectroscopic changes most likely signify the appearance of Nb-O-
Nb linkages, which are commonly taken as an indication of the clus-
tering in the glass network [5,20]. The occurrence of edge-sharing
cannot be ruled out, although it is neither straightforwardly evidenced
nor excluded by our spectroscopic data.

Dipolar recoupling measurements, conducted through “Li{°>>Nb} and
H1B{9Nb} W-RESPDOR experiments, indicate increasing Li-O-Nb and
B™.0-Nb and B™-O-Nb interactions in this composition range,
whereas B™)-0-Nb interactions are largely absent at low NbyOs con-
tents. Previous double-resonance NMR studies on binary alkali borate
glasses with alkali content up to 30 mol % report a statistical distribution
of the modifier cations within the glass structure, without appreciable
preference for their association with either BID or B ynits [56-58].
Likewise, no structural bias toward B™-0-Nb or B™-0-Nb configura-
tions has been observed at the higher niobium compositions.

Recent results obtained by Extended X-ray Absorption Fine Structure
(EXAFS) analysis of the Nb K-edge in other Nb-bearing materials indi-
cate characteristic spectral features associated with corner-sharing
octahedra in lanthanum borate glasses [10]. Besides, X-ray Absorption
Near Edge Structure (XANES) investigation of the Ly 3-edges of niobium
in a set of minerals has revealed a mixed covalent character in the Nb-O
bonding [59]. Within the scope of NMR techniques, 70 NMR in-
vestigations are of paramount importance [60], despite the requirement
for dedicated 170 labelling during sample preparation. As an extension
of the stated definitions, experimental evidence indicating a
corner-sharing configuration, a more covalent bonding nature, and/or
the direct formation of BOs would further support the conclusion that
niobium assumes a network former role in lithium metaborate glasses.
Finally the increased average coordination number associated with the
incorporation of increasing amounts of six-coordinate Nb into the glass
structure, as well as with the increase in the fraction of BOg/, at the
expense of the BO3,20™ units may account for the increase in the glass
transition temperature with increasing x, as shown in Fig. 1c.

In varying glass compositions, systematic investigations of Nb-
bearing borate glasses comprising Li2O to BoO3 molar ratios (R) below
unity are valuable to comprehensively understand the behavior of
niobium in borates, as well as the complete or partial substitution of
lithium in ternary, quaternary or more complex glass systems. Inter-
estingly, the full replacement of lithium with sodium through the con-
ventional splat-quenching preparation method spans only a narrow glass
formation range [61], suggesting significant structural differences be-
tween both glass systems. In a broader perspective, the structural study
conducted herein will aid in the comprehension of analogous d° tran-
sition metal elements in glasses, where intrinsic polyhedral distortions
are at play. In terms of advanced solid-state NMR techniques, this
contribution reveals fertile ground for extending the W-RESPDOR pulse
sequence protocols to examine glasses configuring both observed and
non-observed heteronuclei with strong quadrupolar interactions.

5. Conclusions

Herein, ternary niobium lithium metaborate glasses with composi-
tions xNby05-(100—x)LiBO, were prepared up to the threshold level of
niobium incorporation (x ~ 25 mol %), and were structurally charac-
terized by combining solid-state NMR and Raman spectroscopies.
Niobium incorporates into the network as distorted anionic NbOg
octahedra acting as a network-forming unit throughout the entire glass
series, reducing the overall anionic charge on the borate species via an
incorporation mechanism described by Egs. (4) and (5). For niobium
concentration ranging from 10 to 15 mol %, pronounced structural
modifications are evidenced by a change in the °>Nb chemical shift
trend, combined with a subtle decrease in N4 values and a systematic
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change in the concentrations of BO;/,0~ and BOj/, moieties. Raman
spectra suggest the formation of Nb-O-Nb clusters at niobium oxide
contents exceeding 10 mol %. Double-resonance NMR techniques reveal
that even at low niobium concentrations, lithium cations indeed serve as
charge compensators for anionic NbOg,, units. At NbyOs contents
below 10 mol %, the niobium species associate preferentially with the
BUD species, while at higher concentrations, niobium associates with
B™ and B™) moieties without evidence of preferential interaction with
one over the other. In turn, the W-RESPDOR pulse sequence demon-
strates strong potential for state-of-the-art investigations of nuclides
previously deemed challenging for NMR studies of glassy materials.
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