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Niobium-containing glasses and glass—ceramics play an important role in several technological applica-

tions, but our understanding of the structure—property relationships of many Nb-containing
compositions is still rudimentary. To address the current limitations, the present contribution reports
data from synchrotron high-energy X-ray diffraction data to unravel the structural evolution of niobate
entities in alkali—aluminosilicate glasses. The data obtained are compared with complementary Raman
and solid-state NMR spectroscopy data to provide a better interpretation of the macroscopic properties
of the glasses and their crystallization behavior in terms of the glass structure. The data show that the
incorporation of niobium into the glass network (from 0.2 mol% to 10 mol%) causes a rearrangement of
the units and induces large modifications, particularly in the medium-range order. Nb>* is present in all
glasses predominantly in the form of 6-coordinated [NbOg| units with rather invariant (Nb—O) bond dis-
tances around 2.0 A. This observation correlates well with the ®>Nb NMR data showing similarly small
changes in the chemical shift values. A contrasting scenario is presented when looking beyond the first
coordination sphere, with a particular focus on the A-Nb (A = alkali) and Nb—Nb correlations. Both are

Received 31st January 2025, strongly dependent on bulk chemistry, which, in turn, is influenced by the availability and nature of

Accepted 25th April 2025 charge-compensating alkali ions. The addition of Nb has a relatively minimal effect on Si and Al units,
promoting the association of Nb with other Nb species, thereby initiating the formation of a subnetwork

of [NbOgl units in a corner shared environment. Both alkali species and Nb>* ions in the amorphous
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rsc.li/materials-advances state tend to favor a structural arrangement very similar to that of the stable crystalline phase.

1. Introduction

Niobium-containing glasses have applications in many fields
and have been studied for their enhanced optical and dielectric
properties, radiation shielding capabilities, and energy storage
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applications.'™ Nb ions can be found in various coordination
environments in glasses and crystalline materials. In glasses,
Nb,Os is considered an intermediate oxide: it can play a network
modifying role, inducing a greater number of non-bridging
oxygens, or it can help to crosslink the structural units, improv-
ing the overall glass connectivity, e.g., ref. 6-8. Based on previous
studies, it seems that this dual role depends on the bulk
composition but also on the total Nb,Os content.®™° Indeed,
there is a fair consensus in the literature that, regardless of the
network former cation selected, Nb,O5 tends to form 3D corner-
shared [NbOg] clusters"®* ™" at high Nb-contents, independently
of the present network former. These clusters provide specific
glass properties, such as the enhancement of the electro-optical
Kerr coefficient.''® However, it has been observed that the
transition between the different Nb environments/structural
roles does not purely depend on a specific niobium content
but also strongly on the chemistry of the glass.’

Recently, in order to develop niobate perovskite-like crystals
in stable glass matrices, the Nb,Os solubility and the properties
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of three aluminosilicate glass series have been investigated,
starting from very low doping contents (0.2 mol% Nb,Os) up to
15 mol%.”** It was observed that the Nb,O5 incorporation limit
varied quite a lot depending on the degree of glass polymerization
(alkali/Al ratio), being three times lower in more polymerized
glasses. Most importantly, it was observed that the properties of
the developed glasses showed different trends and even opposite
behavior in a few cases.” Raman spectroscopy was used to identify
some fingerprint vibrations that were correlated to the different
connectivity between [NbOs] entities and to the availability of
charge compensator ions as the driving forces in determining
the solubility and properties evolution.’ The differences in the
glass topology also give rise to quite dissimilar behavior in terms of
optical properties and, in particular, regarding the use of these
glasses as self-activated lanthanides for photoluminescence
applications.'* Another distinctive feature of Nb-containing glasses
concerns the crystallization kinetics and crystallization mechan-
isms, which are strongly influenced by the bulk chemistry. Indeed,
the glass—ceramics obtained from peralkaline compositions (Na,O/
Al,O; molar ratio = 2.3) show preferential surface crystallization
with alkali-niobate crystals propagating from the edge towards the
center. A polymerized glass (Na,O/Al,O; molar ratio = 1), on the
other hand, shows a volume crystallization of sub-micron crystals,
resulting in a glass-ceramic with a high degree of transparency
even after prolonged thermal treatments.”'* Similar crystallization
behavior has been observed in a glass in the SiO,-Li,O-Nb,Os
ternary system with a Li,O/Nb,Os molar ratio of 1.4."

While Raman®'? and NMR">™" spectroscopy have provided
some insight into the compositional dependence of the Nb
structural units, more specific information on the local environ-
ment and connectivity of the Nb units, which is critical for the
design of Nb-based multifunctional materials remains elusive.
A major challenge, especially when considering cation arrange-
ments beyond the first coordination sphere, is to unravel the
“order” in disordered materials. In this work, we have addressed
this issue through a combination of synchrotron X-ray scattering,
Raman, and NMR data. The collected data documents the struc-
tural evolution of the niobate entities in aluminosilicate glasses in
more detail, helping to shed some light on the structural behavior
of this technologically important element.

2. Experimental methods

Details of the glass synthesis, bulk chemistries, and physical,
thermal, and optical properties, along with the study of the glass
structure via Raman of the present glasses and glass-ceramics,
were previously described in ref. 9, 14 and 16. The glasses belong
to the ternary system SiO,-Na,0-Al, O3, and the pristine materials
have a constant SiO, molar content (~66.6 mol%) and Na,O/Al,O3
molar ratios of 2.3 and 1, respectively corresponding to a peralka-
line composition (Na,0O > Al,0;, sample label NA66.10), and a
polymerized glass at the metaluminous joint (Na,0—Al,O3, label
NA66.17). Portions of the base glass were finely ground, doped
with commercially available K, sNa, sNbO; ceramic powder (KNN,
dso = 0.95 pm, CerPoTech, Norway) from 0.4 up to 20 mol%, then
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remelted in air with a dwell time of 1 h at 1500 °C and 1650 °C,
respectively for the NA66.10 and the NA66.17 series (the Nb,Os
content is about half that of KNN. The chemical compositions of
the glasses obtained by ICP analysis® are reported in Table S0,
ESIt). In the polymerized series NA66.17, the sample containing
10 mol% Nb,Os crystallized during quenching (label xx17-20);
therefore, the maximum amount of Nb,Os in this glass series is
~4.8 mol% (label NA66.17-10KNN). Glass-ceramic (GC) samples
were prepared from polished glass specimens (containing
10 mol% KNN) through heating at the respective exothermic event
with a 10 K min~" heating rate and a holding time of 2 to 4 hours
(see ESLt S0). The samples are labeled GC10-10 and GC17-10,
respectively, for the peralkaline and metaluminous series. Both
GCs show the presence of a single crystalline phase K,Naj_NbO;
(XRD patterns and unit cell parameters are reported in ref. 14).

The variation in the local structures as a function of KNN
molar content was investigated by high energy X-ray total scattering.
The experiments were carried out at the high-energy X-ray diffrac-
tion beamline BL04B2 at SPring-8 (Japan) by using a horizontal two-
axis diffractometer.”®! Bulk glass samples and crushed glass-
ceramics samples were measured, with the latter inserted into silica
glass capillaries. Additionally, the crystalline KNN material was
measured as a reference. Only sample with significant amound of
Nb were studied to obtain a good enough signal. Samples were
irradiated with a monochromatic X-ray beam with an incident
energy of 112.826 keV (1 = 0.1099 A), and the scattered X-rays were
detected by seven-point-type detectors. The highest scattering vector
Q (Q = 4msin0/)) was 25 A~". The raw data were corrected for
polarization, absorption, and background, and the contribution of
Compton scattering was subtracted using the data analysis software
developed by the beamline scientists (see ref. 20). The fully corrected
data were normalized to give a Faber-Ziman total structure factor
S(Q). The reduced pair distribution function (PDF), G(r), and total
correlation function 7(r) were obtained by the inverse-Fourier trans-
form of S(Q) with a Lorch function.”®* The data for the Fourier
transform were terminated at Qpa. = 23.5 A~' beyond which the
signal-to-noise ratio of the unsmoothed data was considerably low.
The concept of pair-function developed by ref. 23 and 24 to analyze
the average distances and coordination numbers of vitreous SiO,
and B,0; was used here to estimate the interatomic distances and
the cation-oxygen coordination numbers of the glasses. The proce-
dure is described in detail in ref. 21. The parameters for Si-O, Na-O,
0-0, and K-O correlations were extracted from the RMC-MD model
of alkali-silicate glasses reported in ref. 25, while the parameter for
Al-O was extracted from MD simulations of a sodium aluminosili-
cate glass.?®

Multinuclear **Na, *’Al, 2°Si, and ®*Nb solid-state NMR
experiments were carried out at 5.7, 7.05, and 14.1 T on an
Agilent DD2, a Varian INOVA 300 MHz, and a Bruker Avance
600 Neo spectrometer. 2°Si MAS NMR experiments were
recorded at a Larmor frequency of 59.2 MHz in a 7 mm double
resonance probe operating at vyas = 5 kHz. 64-128 transients of
4096 data points were recorded using 90° pulses of 6 s
duration and recycle delays of 500-1000 s. *°Si chemical shifts
are reported w.r.t. tetramethylsilane (TMS - 0 ppm) using
kaolinite (—91.2 ppm) as a secondary standard. **Na central

© 2025 The Author(s). Published by the Royal Society of Chemistry
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transition (CT) MAS NMR experiments were performed at
14.1 T (Larmor frequency of 158.8 MHz) in a 2.5 mm triple-
resonance probe at vyus = 20 kHz. Short 1 ps pulses corres-
ponding to a 30° tip angle were used for excitation and 256-
1024 transients were collected at recycle delays of 0.5-5 s. **Na
chemical shifts are reported w.r.t. a 0.1 M NaCl solution
(0 ppm). *?Al CT MAS NMR experiments were performed at
14.1 T (Larmor frequency of 156.4 MHz) in a 2.5 mm triple-
resonance probe at vyas = 20 kHz. Short 0.8 ps pulses corres-
ponding to a 25° tip angle were used for excitation and 256
transients were collected at recycle delays of 0.5-1 s. *’Al
chemical shifts are reported w.r.t. a 0.1 M AI(NO3); solution
(0 ppm) using AlF; as a secondary standard (—16 ppm). *>Nb CT
MAS NMR experiments were conducted at 14.1 T (Larmor
frequency of 146.80 MHz) in a 1.3 mm double-resonance probe
at bpas = 60.0 kHz and a nutation frequency of v,r = 150 kHz. For
the rotor-synchronous Hahn-Echo spectra, excitation pulse
lengths of 0.2 pus and 0.6 ps were used at a recycle delay of
0.1 s. To minimize coil ringing effects, spectra were acquired
after 2 rotor cycles. Chemical shifts were referenced against a
saturated solution of NbCl; in acetonitrile (MeCN 0 ppm), using
LiNbO; (d;so = —1004 ppm) as a secondary standard.

3. Results

3.1 High energy X-ray total scattering

Fig. 1 shows the total structure factor S(Q) of the samples under
study. The signals show distinct oscillations up to high Q
values, indicating the presence of well-defined coordination
shells in the glass network. By adding KNN, there is a general
damping of the oscillations at high scattering vector values
(@ > 10 A™), even though there is a large similarity in the
oscillation width and position. At low Q vectors, the most
prominent features are the first two peaks at 1.64 A~ and
2.17 A™*, with the latter becoming dominant as KNN is added.
In pure silica glass, the first peak at ~1.6-1.7 A™*, also referred
to as first sharp diffraction peak (FSDP), is associated with the
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Paper

medium-range order of amorphous materials.'>*”*® The absolute
position of these two peaks does not seem to change as a function
of the KNN content, and only the relative intensities vary. On the
contrary, the local signal maxima in the higher Q range show
rather strong changes with the increase of alkali-niobate species,
ie., the peaks at 5 A™* and 9 A~* become suppressed, while the
peak at ~4.5 A~ shifts toward smaller Q vectors.

The total correlation function 7(r) for an aluminosilicate
glass is presented in Fig. 2, along with data of crystalline
(Ko.sNag 5)NbO; (KNN), used as a reference for typical Nb-
related distances. The assignment of the different peaks is
done by comparing the interatomic distances given by the
radial distribution curve with the interatomic distances of
crystalline materials and previous reports on aluminosilicate
glasses. The T(r) of the glass having only 0.2 mol% Nb,O;
(NA66.10-0.4KNN) shows the expected peaks of aluminosilicate
glass, with no strong contributions from Nb. The intense first
peak at 1.65 A, related to nearest neighbor intra tetrahedral
bonds (T-O, T = Si, Al) derives from the partial contributions of
Si-O (~1.6 A) and Al-O pairs (~1.75 A).2>*° The two following
smaller correlations arise from the alkali cations-oxygen (A-O,
~2.30 A) and oxygen-oxygen (0O-O, ~2.63 A) distances. The
strong contribution peaking around 3.10 A derives mainly from
tetrahedra-tetrahedra (T-T) distances.*” The reference alkali-nio-
bate crystalline compound (KNN) shows well-defined, strong
peaks. The experimental PDF data analysis of the crystalline
material was refined by PDFgui®* and the results are reported in
the ESIT (Fig. S1 and Table S1). The refined structure of the KNN
crystalline compound results in an average bond length of 2.00 A
for the Nb-O octahedron, and a distortion index of the bond
length of 0.06 (Baur’s polyhedra distortion index**) compatible
with the broad Nb-O correlation observed in Fig. 2 (see Table S1
for the refined correlations, ESIt). Furthermore, mathematical
functions (Gaussians) were used to decompose the real-space data
both for the KNN crystalline material and the glass NA66.10-
0.4(KNN). The latter shows four main contributions that well
agree with the expected distances in a sodium aluminosilicate
glass. Regarding the KNN crystal compound, the first broad
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Fig. 1 Measured X-ray total structure factors for the two aluminosilicate glass series having different KNN contents (from 0.4 mol% to 20 mol%).
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Fig. 2 Total correlation function T(r) for the aluminosilicate glass
NA66.10-0.4(KNN) and the crystalline (Ko sNag s)NbO= (KNN), used respec-
tively as references for T-O, A-O and T-T distances in the glasses and
Nb-related distances. T = tetrahedra (Si, Al); A = alkali ions (Na, K). Grey
dotted and dashed curves are the Gaussian functions used to decompose,
respectively, the signals of the crystalline and glass materials.

contribution peaking around 2.00 A is split and can be deconvo-
luted into two Gaussian functions centered at 1.90 and 2.14 A
(Fig. 2). The position of both functions stands in agreement with
the PDF refined structure, and the displacement of the Nb cations
observed by Levin et al.,** reported to be predominantly along the
polar c-axis of the orthorhombic unit cell. In a similar fashion, the
second broad peak around 2.8 A derives from two sets of distances
associated with the alkali cations-oxygen pairs (A-O). The A-Nb
and Nb-Nb correlations are very prominent, and the Gaussian
functions peak, respectively, around 3.44 A and 3.98 A. These
values are consistent with the average distances obtained from the
refinement of the crystalline compound (respectively, at 3.40 A
and 4.00 A; see Table S1.2, ESI+).

The distances obtained from these two materials will be
used as a guideline for the assignment of the correlations of the
glass samples under study.

An overview of the real-space transforms of the data for the
two glass series is presented in Fig. 3 (and Fig. S2, ESIt). The
experimental reduced pair distribution function G(r) obtained
from the Fourier transformation of the total scattering struc-
ture factor S(Q) (in Fig. S2, ESIf) and the total correlation
function 7(r) show the presence of well-defined peaks, even at
longer distances (i.e., >4-5 A). In Fig. 3, the correlations related
to the aluminosilicate matrix are the most prominent ones, and
gradually, their intensities decrease as KNN is added. Only for
the richest composition (20KNN) do the Nb-related correlations
dominate the functions. Despite the significant changes in the
relative intensity, the distances related to the aluminosilicate
matrix appear to be rather constant. Indeed, the strong first
peak at 1.65 A, related to T-O bonds, and the T-T contribution
peaking at ~3.10 A, show just lower relative intensities but no
strong changes in their positions. Regarding the Nb-related
correlations, it is clear that the addition of Nb,Os results in a
peak around 2 A, whose intensity increases as the fraction of Nb
in the glass increases. Therefore, this peak can be attributed to
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Nb-O bonds. Based on the previous structural characterization
of these glasses,” we assume those distances to be related to six-
fold coordinated Nb>" units. Still, a more detailed discussion
on the coordination will be done in the Discussion section. The
other two features that are clearly emerging with increasing
KNN content are centered at ~3.45 A and ~3.85 A. Worth to be
noted is also the occurrence of an isosbestic point around 3.21-
3.24 A in the peralkaline NA66.10 glasses. Usually, the occur-
rence of an invariant point represents the presence of two
predominant species whose ratio changes depending on exter-
nal factors (in our case, the increase in KNN and a matrix
relatively depleted in the aluminosilicate fraction).

The T(r) of the glass—ceramics (GC) are compared to the glass
series in Fig. 3. The two partially crystallized samples contain
(K, Na,_,)NbOj; crystals with a perovskite-like structure.* The
GC10-10 signal resembles well the one of the parent glass
(NA66.10-10KNN, blue line) with the exception of a stronger
correlation centered close to 4 A. The same considerations can
be applied to the GC17-10 signal, which has a very prominent
contribution peaking at 3.96 A.

To better evaluate the evolution of the interatomic distances
depending on the niobate content and to highlight how these
distances differ depending on the glass polymerization, the T(r)
and their second derivatives are shown on the lower panels of
Fig. 3. The direct comparison highlights the significant differ-
ences in the atom-atom correlations of the two glass series, and
especially notable are the more pronounced features at 2.0-2.05 A
and around 3.45-3.48 A in the NA66.10 series. Therefore, the bulk
chemistry influences the local environment of the Nb species not
only with respect to the nearest neighbors but predominantly
beyond the first coordination shell. Another aspect to highlight is
the lower intensity of the Nb-O correlation in the NA66.17 series
for the same niobate content: it suggests that the probability of
finding Nb in a particular distance is much lower than in the
peralkaline bulk composition. This difference could be explained
by a larger distribution of distances stemming from a potentially
greater distortion of the polyhedra when Nb is incorporated into a
peraluminous system.

3.2 Nuclear magnetic resonance spectroscopy - NMR

Fig. 4a shows the *°Si MAS NMR spectra of selected specimens
under study. The spectra of the aluminosilicate glasses without
KNN are centered around —93 and —95 ppm, respectively, for
the NA66.10 and NA66.17 systems, indicating the presence of
mostly Q° and Q* units (see also Table 1). In the present case,
we refrained from fitting the >°Si MAS NMR spectra because of
the potentially great number of possible Sina and Sifwb
species, which cannot be resolved due to the intrinsically
limited resolution.>® The addition of KNN produces a subtle
positive shift of the center of gravities of both glass systems.
Typically, positive shifts are interpreted in terms of depolymer-
ization of the Si network, which can be expected since the
introduction of each mole of KNN introduces a mole equivalent
of (K/Na,O), increasing the alkali/silica ratio. However, Si
species bonded to AI*® and Nb'® also resonate at higher
frequencies than their Si(OSi), counterparts, all of which are

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The upper panels display the experimental total correlation functions T(r) for the two aluminosilicate glass series having increasing KNN contents
(from 0.4 mol% to 20 mol%). The T(r)s of the glass—ceramics (GC) for each respective composition are reported as well. In the lower panels, the
correlation functions of the two glass systems (red lines: NA66.10; black lines: NA66.17) and of the two GCs are compared at equal KNN content. To

highlight the changes, their second derivative signals are shown.

possible outcomes in the present glass systems. It should be
noted that the width of the *°Si line decreases slightly as a
function of KNN content. Fig. 4b shows the >’Al MAS NMR
spectra of selected specimens under study. The spectra of the
samples corresponding to the NA66.10 and NA66.17 series
show a single line centered at about 58 ppm, independently
of KNN content, corresponding to four-coordinated [AlO,]
units. All spectra were successfully simulated using a single
component according to the Czjzek distribution model of
quadrupolar parameters®® (see Fig. S3, ESIt). No significant
amounts of higher coordinated Al species can be detected, and
crystallization has no apparent effect on the NMR spectra.
Thus, it can be established that Al ions do not partition into
the B site of the crystallized perovskite in the GC samples. The

© 2025 The Author(s). Published by the Royal Society of Chemistry

*’Na NMR spectra in Fig. 4c show more pronounced variations,
both in terms of isotropic chemical shift and line width. The
*3Na center of gravity of the NA66.17 series is located near
—15 ppm compared to —13 ppm for the NA66.10 series, in
agreement with previous data on aluminosilicate glasses.’” In
particular, the lower >*Na average isotropic chemical shift in the
NA66.17 metaluminous glass compared to the peralkaline one is
expected because of the lower number of non-bridging oxygens
(NBO) in the composition.’” The addition of KNN induces
similar variations in the two glass series in terms of chemical
shift and line broadening: the spectra of the metaluminous
NA66.17 series show a shift toward even lower frequencies with
a peak maximum around —16 ppm, while no significant effect
is seen for the peralkaline glasses. In the crystallized sample
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Fig. 4 2°Si, 27Al, 2°Na and >Nb MAS NMR spectra for selected samples in the two glass series (in panels a to d, respectively).

xx17-20, the >*Na signal clearly shows a shoulder corresponding
to at least a second contribution, with maxima peaking around
—9 ppm and —16 ppm. Interestingly, in the GC sample for the
same metaluminous composition (GC17-10), both contributions
are visible, albeit the much stronger intensity of the one at
higher frequencies (—9 ppm). According to previous studies on
silicate glasses and minerals, e.g., ref. 37 and 38, the **Na
average isotropic chemical shift generally decreases for an
increase in the ion coordination and/or the average (Na-O) bond
distances. In ANbO; (A = Na, K) perovskites, the positional
disorder of the alkali atoms is mirrored by the broadening of
the NMR signals. Nevertheless, two main peaks have been
assigned to the Na-O distances in hydrothermally synthesized
NaNbO; and KNN, respectively, at —13 ppm and —21 ppm.*® In
aluminosilicate glasses, the (Na-O) distances reported are
between 2.30 and 2.43 A, whereas, in perovskites, these distances
are in the range of 2.4-2.8 A, in agreement with the low-
frequency contribution observed in the GCs. The line width in
the peralkaline series is very large and likely reflects the many
structural environments of Na in this composition as (i) network
modifier, introducing NBOs, (ii) charge compensator for 4-fold
coordinated AI** ions (Na-BO), and (iii) charge compensator of
the [NbOg] units. In the metaluminous composition NA66.17, all

3868 | Mater. Adv., 2025, 6, 3863-3874

Na® ions are charge-compensators for 4-fold coordinated AI**

ions. For each mole of KNN added there is one atom of Nb and
0.5 atoms of both alkaline elements (Na/K) inserted into the
structure: the newly added alkaline elements can disrupt the
aluminosilicate network and create NBO or favour the charge
balance of 6-fold coordinated Nb>" species, enhancing the
formation of an alkali compensated-[NbOg] sub-network. Both
scenarios are likely; however, the very limited shift observed for
the ?°Si NMR of the NA66.17 series, tends to favor the charge
compensating role as the main one.

The *>Nb MAS NMR spectra in Fig. 4d (and Fig. S3, ESIY)
show an interesting compositional effect: while all spectra are
rather large and asymmetrically broadened due to the presence
of distributions of electric field gradient (EFG) tensor and
chemical shift anysotropy (CSA) tensor components, the *>Nb
linewidth of the NA66.10 glasses stays rather invariant as a
function of KNN content. On the other hand, its center of
gravity moves systematically from ca. —1197 ppm to around
—1168 ppm when adding KNN. Different is the situation in the
NA66.17 series: the lines become significantly larger for KNN
contents above 1.5 mol%, and, on average, the center of gravity
shifts to about —1220 ppm, indicating the formation of multi-
ple unresolved Nb local environments or significant differences

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 29Si, 2Na, 2’Al, and **Nb MAS NMR parameters for selected samples under study

5&&/ppm (+ 1)

FWHM/ppm (£ 1)

[Col(0) /MHz (£0.3)

Sample 2954 %Na 27ALY 93Nb? 2954 *Na 277l 93Nb? 2771
66.10 —-93 — — — 18 23 — — —
66.10-0.8 — — — —1204 — — — 210 —
66.10-1.5 — —13 62 —1194 — — 9 230 4.0 (2.0)
66.10-3 — — — —1201 — — 210 —
66.10-5 —91 — — —1208 — — 240 —
66.10-10 —90 —13 63 —1194 22 9 240 4.1 (2.1)
66.10-20 — — — —1180 — — 250 —
GC10-10 — ~15 62 — — 19 9 — 45 (2.2)
66.17 —95 — — — 17 — — — —
66.17-0.8 — —16 62 —1209 — 18 9 260 4.5 (2.2)
66.17-3 — — — —1245 — 578
66.17-5 —93 — — —1228 — — 450 —
66.17-10 —93 ~15 62 —1242 19 9 370 4.6 (2.4)
xx17-20 — —12 63 —1135 12 9 160 4.2 (2.1)
GC17-10 — ~15 62 ~1095 — 20 9 60 4.5 (2.3)
—980 340

“ Isotropic chemical shift, 655,

in the Nb second-coordination sphere. The crystallized xx17-20
and the glass ceramic sample GC17-10 (Fig. 4d) exhibit nar-
rower linewidths of about 160 and 60 ppm that peak, respec-
tively, around —1135 ppm and —1095 ppm. These values are
very similar to those reported for nanofibers Pbcm NaNbO;
(—1094 ppm) by ref. 39, but smaller than the isotropic chemical
shift found in various NaNbO; (—1078 ppm®’) or KNbO; (—1056
ppm*®) polymorphs. According to the authors, the smaller shift
in the nanofibers is due to the occurrence of a higher degree of
structural disorder, and in particular, a mixture of coexisting
orthorhombic and monoclinic phases having different local
environments of the alkali ions.

Noteworthy is the difference observed in the *>°Nb MAS NMR
spectrum of the sample NA66.17-3 (see Table 1), which is the
broadest of all the glasses with a FWHM of 578 &+ 1 ppm, twice
that of the 0.8 mol% KNN sample, and has a lower center of
gravity 0G4 —1245 + 1 ppm. This out-of-trend spectrum
indicates a different Nb structural environment that cannot
be easily resolved by NMR. Additional considerations will be
presented in the Discussion section.

4. Discussion — the Nb structural
environment's evolution

To provide an overview of the structural evolution of the Nb
species in aluminosilicate glasses, newly acquired structural
information by nuclear magnetic resonance (NMR) and high-
energy X-ray total scattering can be coupled with the polariza-
tion information of the vibrations from Raman spectroscopy
and the physical, thermal and optical properties previously
reported.>*

The high-energy X-ray total scattering data show well-
defined coordination shells in the glass network and the
distances associated with the aluminosilicate network agree
well with previous reports. The addition of niobium (as KNN)

© 2025 The Author(s). Published by the Royal Society of Chemistry

(£5). * FWHM of 6% distribution. ¢ (£10).

into the glass network results in a rearrangement of the units,
leading to significant modifications, particularly extending
beyond the first coordination spheres. Prior to examining the
atomic ordering in the niobo-aluminosilicate glasses, it is
important to recall the interatomic distances of Nb>" in crystal-
line materials to facilitate an assessment of the probable local
environments of the Nb species.

In crystalline materials, there are many possible arrange-
ments for the Nb>* cations, since they can be found in different
coordination environments, with different connectivity (edge,
face, and corner shared) and with polyhedra having different
degrees of distortion. For instance, in CeNbO,, Nb*" is coordi-
nated by four oxygens arranged in a distorted tetrahedron,
with an average (Nb-O) bond length of 1.88 A.*' Its high-
temperature tetragonal polymorph is more regular and has
shorter Nb-O distances (1.85 A).*> [NbO;] trigonal bipyramids
have been reported in Na;NbOs**>** with Nb-O bond lengths of
1.99 (x2) A, 1.90 (x2) A and 1.88 A. The six-fold coordination is
the most common in Nb-crystalline compounds: for example,
KNDbSi,O; (P4bm) has [SiO,] tetrahedral linked to chains of
corner-shared [NbOg] units.*> These octahedra are highly dis-
torted with alternating short (1.76/1.78 A) and long (2.28/2.32 A)
Nb-O bonds and Nb-Nb distances of ~4.16 A. The closest Nb-
Si correlation is around 3.59 A. CaNb,Og exhibits chains of
edge-sharing [NbOg] octahedrons linked to each other along
their shortest edge and an average bond length of 2.02 A
(quadratic elongation = 1.04). The closest Nb-Nb interatomic
distance is 3.66 A, while the longest one is at 3.83 A.*® ANbO;
(A = Na, K) compounds have a perovskite-type structure and
atom arrangements similar to the KNN reference material
reported in this study. All octahedral units present a slightly
distorted environment due to the displacement of the central
cations, and the (Nb-O) bond lengths are ~2 A, while the Nb-
Nb distances range between 3.91 and 4.04 A.*”"*° In NaNbO;
(Pmc2,), KosNay sNbO; (Ammz2), and KNbO; (Bmmz2), the A-Nb
distances range between ~3.30 and 3.55 A. Higher
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coordination environments for Nb>* ions have been reported in
NaNb;0g*° where there are chains of two Nb®" sites: a dodeca-
hedral one ((Nb-O) = 2.075 A) and a distorted pentagonal
bipyramid with an average (Nb-O) bond length of 2.09 A.

As observed in Fig. 3, in glasses, the interatomic distances
associated with KNN incorporation are centered around 2 A,
~3.40/3.45 A and ~3.85 A. Additionally, the NA66.17 composi-
tion presents a correlation around 3.25-3.30 A. The crystalline
KNN material (Fig. 2 and Fig. S1 and related text in the ESIY)
can be used as a reference for the 6-fold coordinated Nb*>*-
related distances: the (Nb-O) correlation at 2.00 A, the (A-O)
at 2.83 A, the (A-Nb) at 3.40 A and the (Nb-Nb) correlation
at 4.00 A.

The incorporation of KNN in the aluminosilicate glasses
results in an enhancement of the correlation associated with
Nb-O bonds and a shift toward shorter distances: from 2.07 to
2.0 A in the peralkaline series and from 2.02 to 1.98 A in the
polymerized glasses. However, given the difficulties in estimat-
ing the exact position of the correlation at low Nb,O5 contents,
the Nb-O distances should be considered almost unaffected by
the KNN content. Nevertheless, the correlations are visibly at a
shorter distance in the polymerized samples. The real space
functions, the NMR data, and the observed invariance in the
(Nb-O) distance suggest that the octahedral environment is the
predominant one. Indeed, if species with lower coordination
were present, the Nb-O correlation should be expected at much
shorter distances, considering the average (Nb-O) of 1.88 A in
the 4-fold coordinated CeNbO,, and the (Nb-O) of 1.93 A in the
5-fold coordinated NasNbO;. In turn, the first correlation
related to T-O should have a larger width. However, this is
not the case. It is, therefore, reasonable to conclude that a
prevailing 6-fold coordination environment for Nb is present in
all glasses. In order to verify these considerations, the cation—-
oxygen coordination numbers were estimated on the basis of
the pair-function concept developed by ref. 23 for SiO, glass.
The pair-functions obtained are compared to the experimental
data in Fig. 5 for the structure factors and the total correlation
functions. The average coordination numbers and distances for
NA66.10 and NA66.17 glass series obtained by the pair-function
method are reported in Table S2 (ESIt), along with the results
of the two glass-ceramics. Samples with low Nb,Os contents
(0.4 and 0.8 mol% KNN) could not be accurately analyzed due
to the very weak Nb-O correlations, leading to large errors in
both coordination numbers and distances. The pair-function
method confirms the near invariability of the two network
former cations (Al and Si) and, most importantly, confirms that
the Nb coordination number is predominantly 6, regardless of
the bulk chemistry and Nb content. Another important aspect
is obtained for sample GC17-10, where the Nb-O correlation
peak shows an asymmetric shape. The Nb coordination num-
ber was studied by considering two Nb-O functions located at
1.94 A and 2.21 A, as shown in Fig. 5, and an average Nb
coordination number of 5.9 (5.2 and 0.7; Table S2, ESIt). This
Nb structural environment is very similar to that of the refer-
ence KNN material, where the distortion is mainly caused by
the displacement of the Nb cations along the polar c-axis.

3870 | Mater. Adv, 2025, 6, 3863-3874
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It is worth highlighting the results obtained for the sample
NA66.17-3KNN (see Fig. 3, Table 1 and Fig. S3, Table S2, ESIT).
The first observation concerns the lower intensity of the Nb-O
correlation around 2 A compared to the peralkaline glass,
suggesting that the probability of finding Nb at a given distance
is much lower in a metaluminosilicate composition (Fig. 3).
Furthermore, the Nb-O pair-function gives a lower bond dis-
tance and coordination number (respectively, 1.86 A and 4.1), a
unique result among all compositions. However, in the real
space function, the contribution around 2 A is visible, and the
pair-function method suggests the presence of a correlation at
2.17 A, albeit very low (0.4 coordination) (all data in Table S2,
ESIt). Therefore, similarly to the glass-ceramic, the polyhedra
units in NA66.17 show a distribution of both shorter and longer
Nb-O distances. These observations, together with the very
broad >>Nb NMR signal observed in Fig. 4, lead to the conclu-
sion that there is a greater distortion of the NbOg polyhedra in
the metaluminous composition than in the peralkaline one.
The reason for this distortion could be the preferential use of
high-field strength Na* ions to balance the negative charge of
the [AlOg4/,]™ units compared to the larger K' ions, leaving the
latter to preferentially associate with the [NbOg,]™ units. This
hypothesis also explains the preferential partitioning of K™ ions
into the perovskite crystal phase observed in the resulting
glass-ceramics.™

Although the Nb coordination remains predominantly the
same in both glass series, it is evident that the bulk chemistry
plays a key role in effecting the distortion, with the most
significant differences occurring between 3.2 A and 4.0 A:
correlations related to Nb - 2nd nearest neighbor distances.
As previously observed in the series NA66.10, the contribution
at ~3.15 A, associated with T-T distances, decreases steadily
with the inclusion of KNN, while at the same time, the ~3.42—
3.45 A distance increases in intensity. The latter distance is
consistent with the A-Nb correlation reported in crystalline
materials, and the isosbestic point marks the equilibrium point
between the two arrangements. Therefore, the invariant point is
between distances mainly related to T-T and A-Nb pairs, which
in turn suggests a progressive increase of [NbOg] units charge-
balanced by alkali species, and a very limited interaction
between the aluminosilicate network and the Nb units. Only
above 10 mol% of KNN, the peralkaline series shows a clear
correlation at higher distances (~3.85 A) related to Nb-Nb.
This evolution is in agreement with the structural data
obtained by *Na NMR, where the broad Na distribution
remains almost invariant in the NA66.10 series, confirming
that there is no drastic or sudden change at a specific Nb,O5
content, but rather is a continuous adjustment of the network
connectivity. Additionally, the structural evolution observed
well agrees with the polarized Raman spectroscopy and the
physical and thermal properties of the NA66.10 glass series.’
Indeed, the occurrence of many intermediated vibrational Nb-
units was observed in the polarized Raman, with their propor-
tions shifting as Nb,Os content increased, ultimately leading to
[NbOg] cluster formation at the highest KNN contents. Also, the
increase of the glass transition temperature of the peralkaline

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 X-ray structure factors and total correlation functions of the two glass series having different KNN contents (from 0.4 mol% to 20 mol%), and GCs
samples. The red solid curves represent the calculated structure factors and total correlation functions using the pair function methods for Si-O, Al-0O,
Nb-O, Na-O, O-0, and K-O correlations, while the blue lines are the estimated total correlation functions for the Nb—O correlation.

glass series (~50 °C higher than its pristine glass) explained by
the incorporation of Nb species in the modifier channels fits
well with the observed A-Nb correlations that further crosslink
the network.

The metaluminous NA66.17 series shows a quite different
evolution in the 2nd coordination shell, as observed in Fig. 3.
Namely, the correlation at ~3.14 A becomes broader, and
another contribution appears at longer distances (~3.50 A).
Additionally, the Nb-Nb correlation moves from 3.80 A to
~3.94 A by increasing the Nb,Os content. The change in the
Nb-O-Nb bond angle distribution could explain the shift of the
Nb-NbD correlation toward longer distances; in fact, by consid-
ering the average (Nb-O) distance of 2.00 A, a 180° corner-
shared (opposite bond angle) would imply that the niobium-

© 2025 The Author(s). Published by the Royal Society of Chemistry

niobium distance is approximatively twice that of niobium-
oxygen, at about 4.00 A. If edge-shared octahedrons
were present, the minimum distance would be reduced to
~2.83 A, a correlation not seen in any signal. Therefore, the
most reasonable explanation is the formation of [NbOs] chains
with Nb-O-Nb interatomic angle lower than 180° (estimated as
165°). The charge-compensator K'/Na" ions would change their
average bond distances accordingly, as observed from the **Na
isotropic chemical shift of the NA66.17 series. A comparison of
the GC and their respective parent glasses reveals no significant
variations in the distances of the aluminosilicate matrix (both
T-O and T-T). Therefore, it can be concluded that both alkaline
species and Nb*" ions in the amorphous state already favour a
topology very similar to that of the stable crystalline phase.
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The different evolution of the glass network depending on
the glass chemistry or rather, on the alkali/Al ratio explains the
different Nb,O5 solubility observed in the NA66.10 and NA66.17
series and also explains the different macroscopic properties.
Also, it might clarify why the solubility of Nb,Os5 is much lower
in aluminosilicate glasses compared to other systems, such as
the borophosphate® or aluminophosphate glasses.’" Indeed,
3p and *’Al NMR measurements on aluminophosphate com-
positions with Nb,Os contents ranging from 0 to 30 mol% have
shown a drastic change in both the P and Al coordination
environment and the predominant formation of Nb-O-P lin-
kages, while Nb>* speciation was rather constant and indepen-
dent of its content.”” In the aluminosilicate glasses studied here,
there is a very limited interaction between Nb and the alumino-
silicate network, since a linkage between Nb-O-Si(Al) does not
provide an efficient charge distribution, as in the case of the
phosphate matrix. In the future, it would be interesting to test
whether the inclusion of P°" ions in an aluminosilicate glass
would boost Nb solubility due to the Nb-O-P crosslinking.

The good agreement between polarized Raman spectra,
NMR, and synchrotron X-ray scattering is remarkable. To high-
light this agreement and schematically represent the correla-
tions found in this work, in Fig. 6, the radial distribution
function RDF, the perpendicularly polarised (VH) Raman spectra,
and the “*Nb MAS NMR spectra are compared. The details and
analysis of the Raman spectra have already been reported in ref. 9.
Based on these data, we propose the presence of four main
fingerprint features in the Raman spectra that can be used on
other systems to identify the local environment of the Nb and
forecast the glass properties:

(a’) Alkali compensated-[NbOg] structural units. The large
NMR peak width and the frequency of the Raman vibration
indicates a highly distorted environment. This feature dominates

View Article Online
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only in the compositions having low Nb,Os contents (<5 mol%
KNN) and prevails in compositions with high amounts of charge-
compensating ions (i.e., peralkaline). As the Nb content increases,
this contribution diminishes in intensity. The higher distortion of
the [NbOg] structural units of the NA66.17 series, and in turn, the
broader bond distribution around these units, is mirrored by the
lower intensity of the Nb-O correlation in the radial distribution
function and the Raman vibrational modes, and probably, also
from the NMR component at lower shifts (as observed in sample
NA66.17-3KNN).

(A) This contribution is related to the center of the NMR
band and to the main band associated with Nb-vibrations in the
Raman spectra. In the latter, the high polarizability of the bond®
indicates that there is a directional character of the vibrations,
while the lower frequency position compared to a’ indicates a
decrease in [NbOg] distortion. These considerations are consis-
tent with the appearance of a correlation at longer distances
related to Nb-Nb pairs. The formation of Si(Al)-O-Nb bonds
would also be compatible with a more polarizable bond (more
sensitive to light polarization because of the deformation of the
electron cloud). However, Al NMR data do not show strong
changes in the Al local environment, and the vibrational modes
related to Si-O and O-Si-O are unchanging. Therefore, the
formation of bridging bonds Nb-O-Nb is the most probable one.

(B/C) The Raman vibrations between 680 and 800 cm ™" have
lower polarizability’ (and constant polarization ratio), compa-
tible with the formation of more ionic clusters of [NbOg] units
with no preferential direction, charge compensated by the
alkali ions. These clusters do not seem to have edge-shared
units. Indeed, the Nb-Nb correlations in the 7(r) are consistent
with the formation of [NbOg] chains with Nb-O-Nb interatomic
angle of about 165°, which will evolve in the more regular 3D
arrangement of corner-sharing [NbOg] units, similar to those in

T .
201 NA66.10

04 08 3 5 10 20

L4

il

T
NA66.17

Nb-O

GC17-10

4 600 800 1000
Raman shift (cm™)

—6‘00 -9‘00 -]2‘00 -]5’00 —ISIOO
3(*’Nb) (ppm) _ o8

Fig. 6 The structural information obtained from synchrotron X-ray scattering, perpendicularly polarised (VH) Raman spectroscopy,® and NMR are
summarized here, together with a schematic representation of the different possible structural units associated with specific fingerprint features in NMR
and Raman spectra (labeled a’, A, B, and C; see text for details). Upper panels: data for glasses in the NA66.10 series; lower panels: data for glasses in the
NA66.17 series. The vertical axis of the Raman signals represents the raw intensity of the scattered light in counts (x103).
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the perovskite structure (C). The formation of these 3D arrange-
ment could be recognized also in the *Nb NMR from the
component at higher chemical shift values that overlaps with
the NMR band found in perovskite-bearing glass-ceramics.

The fingerprint features identified can be used to predict
preferred bonding and network connectivity in many glass
systems. This information will allow us to identify promising
compositions with tailored functionalities, such as highly dis-
torted niobate units able to enhance the Nb photolumines-
cence emission,'* or higher fractions of edge-shared units,
useful for electro-optical devices."

5. Conclusions

This work presents, for the first time, high-energy X-ray diffrac-
tion data for two series of alkali-aluminosilicate glasses to
unravel the evolution of the niobate units. In order to under-
stand the structure-properties relationship, these data are
coupled with complementary solid-state NMR and polarised
Raman spectroscopy data.

The results show that Nb>" is present in all aluminosilicate
glasses predominantly as 6-fold coordinated units, and with a
nearly constant (Nb-O) bond distance of 2.0 A. The addition
of Nb to the aluminosilicate network has a marginal effect on
the Si and Al tetrahedral units with very limited crosslinking.
The unchanging T-O and T-T correlations, together with the
*’Al NMR data confirm that the aluminosilicate matrix pre-
serves its network, while the Nb>" ions in the amorphous state
already favour a topology very similar to that of the stable
crystalline phase. Indeed, strong changes can be seen in the
A-Nb (A = alkaline) and Nb-Nb correlations. Therefore, the
overall glass connectivity is influenced by the availability and
nature of charge-compensating alkali ions. The different prop-
erties and structural arrangements observed in other glass
systems such as the aluminophosphate are rationalised based
on favourite connectivity due to efficient charge distribution.

The structural information obtained from NMR and
synchrotron X-ray scattering is complemented by that from
perpendicularly polarised Raman spectra, and we propose specific
fingerprint features in the NMR and Raman spectra that represent
the different possible structural units. In particular, we show that
we can use polarised Raman spectra to predict preferred bonding
and network connectivity, and use this information to identify
promising compositions with tailored functionalities.
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