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A B S T R A C T   

While niobium-containing oxide glasses are used in many technological applications, especially optical glasses, 
the exact structural role of Nb and its impact on the structure of covalent/ionic oxide glasses remain incompletely 
understood. In the present study, this issue is addressed for Nb2O5-containing lithium silicate glasses using 7Li, 
29Si, and 93Nb magic-angle-spinning (MAS) and advanced NMR methods sensitive to 7Li–7Li and 7Li–93Nb 
magnetic dipole-dipole interactions, accompanied by molecular dynamics (MD) and Monte-Carlo (MC) simula-
tions. In glasses along the compositional line (1–y)Li2Si2O5–yNb2O5, 29Si MAS-NMR spectra reveal a gradual 
silica network repolymerization with increasing y, indicating that the accommodation of the niobium oxide 
component into the glassy network requires on average about 0.7 equivalents of lithium oxide. Significant 
7Li–93Nb interactions were also detected and quantified by Rotational Echo Saturation Pulse Double Resonance 
(RESPDOR) experiments. Consistent with this finding, profound changes in the local environments of the lithium 
ions and their spatial distributions are observed in 7Li satellite transition (SATRAS) spectra and 7Li dipolar spin 
echo decays, whereas 93Nb NMR and Raman spectra suggest the formation of six-coordinated NbO6 polyhedra 
with both, corner- and edge-sharing connectivity. Results obtained on glasses along a second composition line, 
SiO2–[(Li2O)1.4(Nb2O5)], confirm the above-described structural concepts. The average homo- and heteronuclear 
dipolar interaction strengths as expressed by the second moments M2(Li-Li) and M2(Li-Nb) are consistent with 
random spatial distributions of the lithium and niobium species, with a tendency towards Nb clustering at higher 
concentrations. All of these results suggest that niobium oxide adopts a network former role in these glasses. The 
current study defines a comprehensive general strategy for elucidating the structural impact of NMR active in-
termediate oxides incorporated into silicate glasses.   

1. Introduction 

Niobium oxide (Nb2O5) is a common additive used to increase the 
refractive index of oxide glasses and facilitate a drastic increase in their 
nonlinear optical (NLO) response, which is essential for optimizing the 
visual properties of optical elements such as certain electronic displays 
[1–6]. Applications include augmented reality (also known as mixed 
reality), smart glasses, and heads-up displays, where the real and digital 
worlds are mixed by overlaying virtual images on see-through material. 
Importantly, these applications are achieved without incorporating 
toxic heavy-metal components such as lead, which is desirable from the 
environmental and health perspective. Nb2O5 is especially important for 

ultra-high refractive index (nD > 1.8) glasses, which demand up to 50 wt 
% of this oxide. Surprisingly, a workable glass-forming ability can still be 
maintained even with such high content. Niobium oxide is also used to 
improve the glass-forming ability of optical glasses doped with rare 
earth elements. These glasses have both good light transmittance and 
excellent up-conversion luminous efficiency and have broad potential 
applications in the up-conversion field [7,8]. In addition, 
niobium-containing glass-ceramics have been used in ferroelectric, 
piezoelectric, and light-emitting materials due to their high insulation 
resistance and excellent mechanical strength [9–11]. From the optical 
devices’ perspective, glass ceramics containing nanocrystalline lithium 
niobate, a material with outstanding electrical and NLO properties, are 
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of great technological interest [12–14]. 
Despite this substantial technological interest, little is currently 

known about the effect this transition metal oxide has on the network 
structure and the network modifier distribution in silicate glasses. In 
general, Nb2O5 is classified as an "intermediate oxide", unable to form a 
glass by itself under standard preparation conditions, but as a glass 
formulation component that can act either as a network modifier, 
creating non-bridging oxygen atoms (NBOs) by breaking oxide linkages 
between network former units (NFUs), or as a network former species 
integrating into a three-dimensional aperiodic framework. In this 
particular role as a network former, niobium may then form negatively 
charged polyhedra, thus attracting network modifier cations for charge 
compensation. There seems to be a general literature consensus that 
niobium in silicate glasses tends to form distorted six-coordinated oxy-
gen polyhedral units due to the second-order Jahn Teller effect [1], as 
mostly inferred from Raman scattering [15–21] and incipient solid-state 
NMR data [6,22–28]. However, surprisingly, there is little knowledge 
about the medium-range order of this oxide, i.e., the connectivities of 
these niobia polyhedra with those of other network former species and 
their spatial relations with the network modifiers. Altogether the current 
understanding of the structural impact of niobia additives upon alkali 
silicate glasses appears rather incomplete. 

The present contribution addresses this issue by means of advanced 
solid-state NMR spectroscopic methods. Owing to its element selectivity, 
inherently quantitative character, and its focus on local interactions, 
solid-state NMR is an ideally suited method for the structural charac-
terization of glasses, where the lack of long-range order precludes a 
more detailed analysis of diffraction experiments. Although NMR 
methods have indeed been widely applied to many glasses, to date, the 
full potential of modern interaction-selective experiments has been 
under-utilized in the area of niobia-containing glasses. In the present 
contribution, we develop a comprehensive investigation strategy 
comprising such experiments. Aside from standard characterization by 
29Si, 7Li, and 93Nb MAS-NMR, we present results from experiments 
selectively addressing homonuclear and heteronuclear dipole-dipole 
interactions involving the 7Li nuclear spins, using 7Li Hahn spin echo 
decay spectroscopy and the first-time application of a new version of 7Li 
{93Nb} rotational echo saturation pulse double resonance (RESPDOR) 
NMR method probing the spatial proximity between lithium and 
niobium species. The results, interpreted in the context of comparative 
Molecular Dynamics and Monte-Carlo simulations, provide new insights 
into the structural impact of niobium oxide upon the short- and medium- 
range order of lithium silicate glasses. 

2. Materials and methods 

2.1. Glass preparation and characterization 

Glasses in the pseudo-ternary compositional diagram Li2O–N-
b2O5–SiO2 were synthesized via standard melt-cooling along two 
compositional lines, see Fig. 1 and Table 1; (1) gradual substitution of 
lithium disilicate glass (LS2) by niobium oxide, i.e., the series (1-y) 
Li2Si2O5-yNb2O5 (y = 0, 0.02, 0.05, and 0.10) and (2) gradual substi-
tution of silica by a glass of composition [(Li2O)1.4-(Nb2O5)]. The latter 
system features a fixed Li2O/Nb2O5 ratio of 1.4, which was previously 
found to be favorable for producing LiNbO3-containing glass-ceramics 
[29]. The glass formulations are 7x

12(x+1)(Li2O) 5x
12(x+1)(Nb2O5) 1

x+1(SiO2), 
where the compositional parameter x is defined by the ratio ( [Li2O] +
[Nb2O5]) / [SiO2] while keeping the ratio [Li2O] / [Nb2O5] constant at 
1.4. The x-values range from 1.0 to 3.5, meaning that the SiO2 content 
ranges from 50% for x = 1.0 to approximately 22% for x = 3.5. 

For synthesis, raw materials Li2CO3 (Sigma Aldrich, 99.0%, and 
Shanghai Macklin Biochemical Co. Ltd., 99.99%), Nb2O5 (CBMM, Brazil, 
>99.99%), and SiO2 (Zetasil 02, Brazil, 99.99%, and Shanghai Macklin 
Biochemical Co. Ltd., 99.99%) were dried in a muffle furnace at 120 ◦C 

for 12 h before mixing them in their respective molar ratios. After three 
rounds of homogenization in a Speedmixer™ (FlackTek) at 600 rpm for 
3 min, the powdered mixtures were melted in a raising hearth furnace at 
1400 ◦C for 30 min in platinum crucibles. The melts were quickly cooled 
by casting them on a brass plate and splat-quenching them with a copper 
piston, resulting in visually homogeneous, colorless or slightly yellow- 
tinted, and bubble-free glasses, which were stored in a dry atmosphere. 

For the x = 1.5 sample of the LNS series, the nominal Li, Si, and Nb 
contents were confirmed via inductively coupled plasma optical emis-
sion spectrometry (ICP-OES). The sample was digested through 
microwave-assisted dissolution in a mixture of nitric and hydrofluoric 
acid and then measured on a Thermo Scientific iCAP 7000 spectrometer. 
Measurements were repeated three times and averaged. For the LNS, x 
= 1.5 sample, the analytically determined Li2O, Nb2O5, and SiO2 con-
tents were 34.7, 25.5, and 39.8 mol%, respectively, which agree with the 
nominal compositions within 0.5 mol%. Glass densities, ρ, were deter-
mined using a precision scale (Mettler Toledo) according to the Archi-
medes principle in deionized H2O at 298 K as the immersion liquid. 
Measurements were repeated five times and then averaged. Glass tran-
sition temperatures were determined on monolithic pieces of approxi-
mately 20 – 35 mg via Differential Scanning Calorimetry (DSC) on a 
Netzsch DSC 404 cell equipped with a TASC 414/3 controller at a 
heating rate of 10 K/min. Raman spectra were measured in the 200 – 
1600 cm− 1 range with an acquisition integration time of 100 s and 2 
cycles using a LabRAM HR 800 Raman spectrophotometer (Horiba Jobin 
Yvon) equipped with a CCD detector (model DU420A-OE-325) and a 
He–Ne laser (632.81 nm). 

2.2. Solid-State NMR 

29Si MAS NMR experiments were carried out at 5.64 T on an Agilent 
DD2 spectrometer (48.15 MHz Larmor frequency) in a 7.5 mm double 
resonance probe at a spinning frequency υMAS = 5.0 kHz. 256 transients 
were collected at recycle delays ranging from 30 to 600 s, resulting in 
quantitatively representative spectra. Chemical shifts are reported with 
respect to TMS (0 ppm). 7Li static and MAS NMR experiments were 
recorded at 5.64 T (94.20 MHz) in a 4.0 mm triple resonance probe at a 
MAS frequency of 14.0 kHz. All static measurements were conducted at 
− 100 ◦C to eliminate the effects of motional narrowing on the NMR 
spectra. 2048 transients were collected at recycle delays ranging from 
0.5 to 15 s, depending on the sample and the temperature. 7Li chemical 
shifts are reported with respect to 1 M LiCl solution (0 ppm). 7Li satellite 
transition spectroscopy (SATRAS) [30] was performed at υMAS = 5.0 kHz 
for the analysis of the spinning sideband patterns arising from the 

Fig. 1. Compositions of the synthesized glasses in mol% depicted in a pseudo- 
ternary diagram of the corresponding oxides. The blue and yellow dashed lines 
correspond to fixed Li2O/SiO2 and Li2O/Nb2O5 ratios of 1/2 and 1.4, 
respectively. 
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non-central (satellite) 7Li Zeeman transitions. The 7Li static and MAS 
NMR spectra were simulated, accounting for lineshapes due to 
first-order quadrupolar coupling and distributions of nuclear electric 
coupling constants (CQ) according to the Czjzek model [31], imple-
mented in the ssNake simulation program v1.5b [32]. The Czjzek model 
assumes a normal distribution of the electric field gradient (EFG) tensor 
components and results in a probability density function expressed in 
terms of CQ and ηQ by 

f (CQ, ηQ) =
Cd− 1

Q ηQ
̅̅̅̅̅
2π

√
σd

(

1 −
η2

Q

9

)

exp

{

−
C2

Q

2σ2

(

1+
η2

Q

3

)}

, (1)  

where ηQ is the asymmetry parameter of the EFG tensor, d is the number 
of independent tensor components (typically 5, as in the present work), 
and σ is the standard deviation of the multidimensional Gaussian dis-
tribution. Simulations of the 7Li NMR spectra in the presence of both 
electric quadrupolar and magnetic dipole-dipole interactions were per-
formed using the SIMPSON package [33] 

Static 7Li spin-echo decay (SED) NMR experiments were conducted 
at − 100 ◦C (to remove contributions from dynamic relaxation to the 
echo decay) using the Hahn spin-echo sequence (tπ/2 – τ1 – tπ – τ1) as 
described in detail elsewhere [34]. In order to reduce radio frequency 
amplitude gradients, only the center third of the used 4.0 mm rotors was 
filled with sample. A nutation frequency of 4.0 kHz, as measured on a 
0.1 M solution of LiCl, proved sufficiently low to provide the required 
selective CT excitation in agreement with prior numerical SIMPSON 
simulations. Decay curves were modeled as Gaussians, which proved 
valid for multi-spin systems of spin ½ nuclei [35] and valid for multi-spin 
systems of quadrupolar nuclei at sufficiently short dipolar mixing times 
[36] according to 

ln
(

I(2τ1)

I(0)

)

= −
M2E(Li− Li)

2
(2τ1)

2
. (2) 

For Li2Si2O5 and the output of the MD and MC simulations, second- 
moment values were calculated via the van-Vleck equation [37] 

M2 = f
(μ0

4π

)2
γ4

7Liℏ
2 1
NLi

∑

i∕=j

1
r6

ij
, (3)  

where the numerical prefactor f is 9/4 for 7Li with I = 3/2 in the absence 
of quadrupolar coupling and 0.9562 in the presence of quadrupolar 
coupling and selective excitation of the central Zeeman transition [38]. 
The second moment measured under these latter conditions will be 
denoted M2E(Li-Li) in the following. For glasses, an average over NLi 
nuclei is usually calculated from MD output. 

7Li{93Nb} dipolar recoupling experiments were performed with the 
Rotational-Echo Saturation-Pulse Double-Resonance (RESPDOR) 
sequence [39], which was recently modified by us employing wideband 
uniform rate with smooth truncation (WURST) pulses [40] for satura-
tion (W-RESPDOR) [41] at 14.10 T and υMAS = 20.0 kHz in a 2.5 mm 
triple-resonance probe. 7Li excitation and refocusing pulses were 4.0 and 
8.0 µs in duration (υrf = 30.0 kHz). A suitable WURST saturation pulse 
for the 93Nb spin-system was found through numerical simulations 
(using the SIMPSON package [33]) with 8 rotor-cycles duration (400 
µs), a shape parameter of N = 80, and a sweep width of 450 kHz at the 
highest possible experimental nutation frequency of 53.0 kHz (< 10% 
power reflection). The experimental W-RESPDOR curves were analyzed 
through fits to the data in the initial dipolar evolution regime (ΔS/S0 ≤

0.2) using the theoretical saturation-based recoupling curve [39,42] 
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which represents the analytical approximation of the dephasing curve 

for a two-spin system. Here S is the spin quantum number of the non- 
observed spin (in this case, S = 9/2 for 93Nb), λ = Dnτr is a dimen-
sionless parameter containing the dipolar coupling constant D and the 
dipolar mixing time nτr, (product of the number of rotor cycles and the 
duration of a rotor cycle) and the terms J±1

4 
are Bessel functions of the 

first kind. We then derived, in analogy to the analytical approximation 
of the REDOR experiment of multi-spin systems [43], the first and 
second-order approximation of the theoretical saturation-based recou-
pling curve (see Section S2 of the Supporting Information section for the 
derivation) 

ΔS
S0

(random) ≈
2

3π2M2(Li− Nb)(nτr)
2
+

8S3 − 16S2 − 7S + 1
21π4S(S + 1)2 M2

2(nτr)
4
, (5)  

which implies, as an approximation, a dephasing independent of the 
geometry of a multi-spin system at sufficiently short dipolar mixing 
times. Here, M2(Li-Nb) is the heteronuclear dipolar second moment. This 
value can be compared with the theoretical van Vleck value, calculated 
for the heteronuclear case via: 

M2(Li− Nb) =
33
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In this expression, γNb and γLi are the gyromagnetic ratios of the 
observed nucleus 7Li and the recoupled spin-9/2 nucleus 93Nb. To 
calculate the expected M2(Li-Nb) value from the simulation output, for 
each a sum over all the inverse sixth powers of the internuclear distances 
rLi-Nb is averaged for a sufficiently large number of 7Li nuclei. 

For the 7Li-93Nb two-spin interaction, we have also numerically 
tested the dependence of the dephasing behavior on the relative orien-
tations (β-angle) of their dipolar vector and the principal axis of the 93Nb 
EFG tensor (see Fig. S1 in the Supporting Information). Simulations 
considering Li-Nb distances of 2.24 and 3.0 Å reveal β-angle dependent 
variations in the second moment of about 15% and 4%, respectively, 
corresponding to distance uncertainties of 0.1 and 0.05 Å. While isolated 
two-spin interactions are usually not encountered in our glasses, except 
possibly for the case of the 0.98LS2–0.02Nb2O5 sample, the simulations 
done here correspond to the currently best possible effort of estimating 
potential systematic errors encountered with the data analysis and 
interpretation. 

93Nb MAS NMR experiments were conducted at 14.10 T (146.80 
MHz Larmor frequency) in a 1.3 mm double-resonance probe at a MAS 
rate of 60.0 kHz and a nutation frequency of υrf = 150 kHz. For the direct 
polarization (single-pulse) and rotor-synchronous Hahn-Echo spectra, 
excitation pulse lengths of 0.2 µs and 0.6 µs were used at a recycle delay 
of 0.1 s. To minimize coil ringing effects, spectra were acquired after 4 
rotor cycles. Spectra were fitted according to the Czjzek model (Eq. (1)). 
Chemical shifts were referenced against a saturated solution of NbCl5 in 
acetonitrile (MeCN), using solid LiNbO3 (δiso= 1004 ppm) as a second-
ary standard. 

2.3. Molecular dynamics and Monte Carlo simulations 

The LAMMPS software package [44,45] was utilized for molecular 
dynamics (MD) simulations, with the rigid body potentials reported by 
Sun et al [46]. These potentials consist of (i) a long-range Coulomb 
potential term, (ii) a short-range Buckingham term, and (iii) a dispersion 
interaction term, as shown below 

(r) = −
zizje2

r
+ Aijexp

(

−
r

ρij

)

−
Cij

r6 , (7)  

considering interactions between Li-O, Si-O, Nb-O, and O-O atomic 
pairs. An additional correction term used by Sun et al. for short-range 
repulsion to prevent the system from collapsing when interatomic dis-
tances become very small during the simulation was not considered in 
the present work. We conclude that the relatively slower heating and 
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cooling rates employed here were sufficient to avoid the collapse of the 
system. Table S1 summarizes the simulation potential parameters used. 

Long-range Coulomb interactions were assessed using Ewald sum-
mation with a force precision of 10–5 and a 12 Å cutoff. The velocity 
Verlet algorithm [47] was used to integrate Newton’s equations of 
motion with a simulation timestep of 1 fs. Temperature and pressure 
were regulated using a Nosé–Hoover thermostat and barostat every 100 
steps [48,49]. Periodic boundary conditions were applied on the three 
axes. Ensembles of about 10,000 atoms were randomly generated in a 
cubic simulation box, reproducing the compositions and experimental 
densities. The structure was first minimized for energy, then heated from 
300 to 5000 K at a rate of 100 K ps–1 using an NVT ensemble. The 
samples were held at the fusion temperature of 5000 K for 100 ps, then 
quenched to 300 K at a rate of 1 K ps–1 under NVT conditions. The 
samples were thermalized at 300 K for 100 ps under the NVT ensemble 
condition, followed by another 100 ps under the NPT ensemble condi-
tion. An in-house software code was employed to analyze the data, 
calculating RDFs, M2 values, and other relevant parameters. Also, 
Monte-Carlo (MC) simulations were performed by generating boxes with 
periodic boundary conditions populated randomly with Li and Nb atoms 
at the nominal concentrations based on experimental densities, using 
variable cutoff lengths for Li-Li, Li-Nb, and Nb-Nb distances. The M2E 

(Li-Li) and M2(Li-Nb) values were then calculated from the output gener-
ated and compared with the experimental values. 

For the calculation of M2(Li-Nb) by MC simulations, we generated 
random atoms in a box with periodic conditions at the nominal Li and 
Nb concentrations (see Table 1) subject to constraints of Li-Li, Li-Nb, and 
Nb-Nb cutoffs, which are of 2.05, 3.30, and 3.55 Å, respectively, based 
on crystalline materials. Under these conditions, generating boxes for 
LS2 glass was only possible for y = 0.02, y = 0.05, y = 0.1, and x = 1.0. 
For the samples x = 1.5 to x = 3.5, it was impossible to generate random 
boxes under the above cutoff constraints. However, it is possible to 
generate independent random boxes for just Li or Nb. In the case of a 
pure Li-ion-containing box, with a 2.05 Å Li-Li cutoff, it is possible to 
generate atoms up to a concentration of 130 kmol/m3, which amounts to 
~50% of the highest possible value for an FCC structure. Similarly, in 
the case of a pure Nb-ion-containing box, under an Nb-Nb cutoff of 3.55 
Å, we get a maximum Nb concentration of 25 kmol/m3, which is also 
about 50% of the FCC structure. This indicates that there might be Li-Li 
and Nb-Nb clustering in samples x = 1.5 to 3.5 if they obey the same 
cutoffs as in the crystalline systems. 

3. Results, data analysis, and interpretation 

3.1. Glass characterization 

The densities, molar volumes, and glass transition temperatures of 
the samples under study are listed in Table 1. The molar volumes 
observed for both systems increase as a function of x and y. This can be 
understood in terms of the large size of the niobium oxide polyhedra. 
The observed increase in Tg upon the successive substitution of lithium 

disilicate by niobium oxide indicates an increase in the degree of poly-
merization as a function of y. For the LNS glass series, with the increase 
in the ratio x = ( [Li2O]1.4+ [Nb2O5])/ [SiO2], the opposite trend is 
observed, consistent with a gradual decrease of the degree of network 
polymerization with increasing x. These predictions are borne out well 
by the 29Si MAS-NMR results, to be discussed below. We note, however, 
that the Tg values observed in the LNS system are higher than expected 
based merely on the silicon speciation. We attribute this fact to the 
overall higher concentration of the Nb2O5 component, which will also 
contribute to bridging oxygen density and, hence, thermal stability via 
the formation of Nb-O-Nb linkages. Thus, a direct comparison of the two 
glass systems is only possible with respect to the compositional trends, 
not the absolute values of Tg. 

3.2. Raman scattering 

Fig. 2 shows the Raman spectra for the glasses under study. For LS2 
glass, characteristic vibrational modes are observed corresponding to Si4 

(470, 1030, and 1120 cm− 1), Si3 (580, 1080, and 1120 cm− 1), and Si2 

groups (665 and 950 cm− 1) [19,50]. These bands are already over-
shadowed in the glass with the smallest (2%) Nb2O5 content by the 
intense bands stemming from the highly polarizable Nb–O bonds. For 
the LS2-based glasses, an additional strong band can be seen at about 
850 cm− 1 (c.f. region C in Fig. 2). For several Nb2O5-containing glasses, 
this frequency region was previously attributed to vibrational modes of 
NbO6 octahedra with moderate to strong distortion, such as those 
sharing a corner with at least one other NbO6 octahedron, with het-
eroatoms X in Nb-O-X linkages, and octahedra bearing non-bridging 
oxygen atoms [15–18,21,51]. This attribution is based on a systematic 
study of mixed alkali silicate glasses under variation of composition and 
correlation of Kerr coefficients with Raman spectra after the heat 
treatment of the glasses [18]. 

According to Fukumi et al., the scattering band near 800 – 950 cm− 1 

(region C in Fig. 2) up-shifts with increasing octahedra distortion and an 
increasing number of non-bridging oxygen atoms. Here such a distortion 
could be imagined if Nb in octahedral coordination was found to exhibit 
Nb-O-Si linkages with Si tetrahedra or for edge-sharing NbO6 octahedra 
as in the case of AlNbO4 [21]. 

For silicate glasses containing K2O and Nb2O5, the relative intensity 
of this band increases with decreasing SiO2 content, given a fixed K2O/ 
Nb2O5 ratio similar to the Li2O-containing glasses reported here. As y 
increases in the (1-y)LS2-yNb2O5 system, the main band near 850 cm− 1 

is accompanied by a shoulder near 800 cm− 1, which can be assigned to 
the Nb-O stretching modes of NbO6 units involved in Nb-O-Nb linkages. 
The growth of this shoulder with increasing Nb content suggests a 
progressive linking (clustering) of corner-shared, less distorted NbO6 
octahedra [21]. For y = 0.1, another shoulder in the 650 – 750 cm− 1 

region is observable (region A), which Fukumi et al. attributed to NbO6 
units with low distortion and not bearing NBOs [16]. 

The Raman spectra of the LNS glasses are similar to those presented 
previously in the literature for glasses of similar compositions [52,53] 

Table 1 
Nominal compositions, densities ρ, and glass transition temperatures Tg of the (1-y)LS2-yNb2O5 and LNS glasses.  

y [Li2O] / mol% [Li2O] / kmol/m3 [Nb2O5] / mol% [Nb2O5] / kmol/m3 [SiO2] / mol% ρ / g/cm3 (5⋅10− 4) VM / cm3/mol (±0.005) Tg / ◦C (± 2) 

0 33.3 30.9 0 0.0 66.7 2.3211 21.548 456 
0.02 32.7 29.5 2 1.8 65.3 2.4513 22.164 477 
0.05 31.7 27.4 5 4.3 63.3 2.6280 23.137 502 
0.10 30.0 24.2 10.0 8.1 60.0 2.8930 24.748 539 
x 
1.0 29.2 20.3 20.8 14.5 50.0 3.2803 28.694 566 
1.5 35.0 24.1 25.0 17.2 40.0 3.4779 29.024 556 
2.0 38.9 26.5 27.8 18.9 33.3 3.5928 29.360 548 
2.5 41.7 28.1 29.8 20.1 28.6 3.6646 29.668 541 
3.0 43.8 29.2 31.3 20.9 25.0 3.7150 29.921 535 
3.5 45.4 30.0 32.4 21.4 22.2 3.7400 30.228 531  
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and differ substantially from those of the (1-y)LS2-y Nb2O5 system. 
Encompassing the regions C and B, the broad band centered near 820 
cm− 1 may be attributed to a superposition of the features at 850 and 800 
cm− 1 discussed above, with the latter being considerably more intense in 
the LNS glasses. Here we note that the x = 1.0 sample has a pronounced 
shoulder near 920 cm− 1, which in light of its low ratio of non-bridging 
oxygen atoms (NBOs) per Nb (see discussion of 29Si MAS NMR data 
below), suggests that it may arise from linkages to Si rather than from 
NBOs. More importantly, the spectra of all the LNS glasses show intense 
scattering in region A (650 – 750 cm− 1), almost independent of 
composition. 

In fact, the spectral region (c.f. region A in Fig. 2) is very similar to 
that observed for crystalline Nb2O5 (see Fig. 2, top) and LiNbO3 [54]. 
The feature near 600 cm− 1 was previously attributed to NbO6 octahedra 
within a three-dimensional network and is also observed for Nb in 
perovskite-like environments. For increasing Nb contents, the center of 
gravity of this broad band is shifted to lower wavenumbers. In a related 
potassium niobium germanate glass system [20], this shift was attrib-
uted to a change in the connectivity of Nb(OGe)6-z(ONb)z units, for 
which the number of ONb neighbors z increases with increasing Nb 
content, as suggested by Raman [20] and 93Nb solid-state NMR exper-
iments [25]. Based on the present 93Nb MAS NMR results (see below), 
and in light of decreasing Si contents with increasing x, we make a 
similar attribution of the scattering peaks in spectral region A to less 
distorted NbO6 units with differing amounts of Si and Nb in its 
second-coordination sphere. The absence of these spectral features in 
the LS2 glasses containing 2 and 5% Nb2O5 provides some evidence that, 
in these samples, the NbO6 units still avoid clustering and are instead 
integrated into the silicate network, i.e., they are present as Nb(OSi)6 
units, as previously hypothesized [15]. Overall, the subtle changes of the 
Raman spectra along the LNS glass series, compared to the spectra of the 
LS2 series, corroborate previous findings that the Nb species distribution 
is mostly dependent on the Li2O/Nb2O5 ratio, which is fixed in the 
present case [16]. Studies on crystalline materials show that principally 
heteropolyniobates like [Nb6O19]8− are not very well stabilized by the 
small Li+ cation, and due to this low association tendency, the formation 
of these species in Li-containing glasses may not take place [55]. 

3.3. 29Si MAS NMR 

Fig. 3 shows the 29Si MAS NMR spectra obtained on the two studied 
glass series. Broad, rather featureless lineshapes are obtained, which can 
be deconvoluted into multiple contributions from the Gaussian com-
ponents representing the various Sin units. For the LS2-based glasses, the 
deconvolution model applied to lithium disilicate glass (y = 0) can serve 
as a useful starting point with three Gaussians, centered at –79.4, − 90.6, 
and –104.1 ppm, corresponding to Si2 (11%), Si3 (78%), and Si4a (11%) 
units [56]. Successive replacement of lithium disilicate by Nb2O5 with 
increasing y (Fig. 3, left) produces only subtle changes in the center of 
gravity, δCG (see Table 2). However, satisfactory lineshape fitting re-
quires an additional lineshape component near − 98 ppm, referred to as 
Si4b. As the contribution of this component increases with Nb2O5 con-
tent, we tentatively assign it to Si4 units involved in three Si-O-Si link-
ages and one Si–O–Nb linkage. Such a Si unit was previously observed in 
binary sol-gel derived amorphous Nb2O5-SiO2 materials [26], and its 
existence is compatible with the Raman band near 850 cm− 1. With the 
inclusion of this additional component, excellent lineshape deconvolu-
tions are obtained for both the LS2-based and the LNS glass series, see 
Table 2. 

In these fits, an additional lineshape component appears for samples 
with x = 3.0 and 3.5, corresponding to Si1 units while keeping the po-
sitions and widths of the remaining components mostly invariant (see 
also Table 2). While, of course, many other deconvolution models may 
be applicable, the present one takes into account charge-balance con-
siderations. It also carefully accounts for specific chemical shift regions 
of Sin units, minimizes the variation of signal positions and widths, and 
produces monotonic composition-dependent parameter trends. At-
tempts to obtain direct evidence for Si-O-Nb linkages using 29Si{93Nb} 
REAPDOR and recently developed WURST-RESPDOR double resonance 
NMR methods [41] were unsuccessful due to the low signal-to-noise 
ratio for 29Si detection. 

Overall, the 29Si MAS NMR spectra reveal that the degree of silicate 
network polymerization increases moderately from <nSi> = 3.00 to 
〈nSi〉 = 3.23 in the LS2 system and decreases significantly in the LNS 
system, from 〈nSi〉 = 3.31 in the x = 1 glass to 〈nSi〉 = 2.10 in the x = 3.5 
glass. As discussed further below, these changes are different from those 
expected merely upon consideration of the Li2O/SiO2 ratios indicating 

Fig. 2. Raman spectra of LS2 glass, (1-y)LS2–yNb2O5 glasses with y = 2, 5, and 10mol% Nb2O5 and LNS glasses. The most prominent spectral features corresponding 
to Nb-O vibrational modes have been highlighted. See the text for the definition of regions A, B, and C. 

H. Bradtmüller et al.                                                                                                                                                                                                                           



Acta Materialia 255 (2023) 119061

6

that the intermediate oxide Nb2O5 also participates in the interaction 
with the network modifier inventory. In order to assess the effects of the 
Nb2O5 species on the studied glasses, charge balance considerations are 
helpful. Here, we will assume that 4-n Li+ ions exclusively balance the 
charges on the Sin species. Any Li+ species above this amount must be 
associated with anionic niobium species, compensating their charges. 
The number of NBOs according to the silicon Sin species inventory was 
calculated based on the fractional areas shown in Table 2 and compared 
to the number of NBOs introduced by Li2O, see Table 3. 

For the Nb-containing LS2-based samples, the proposed deconvolu-
tion model reveals that the total amount of NBOs introduced by Li2O in 
the silicon network is lower than expected from the Li/Si ratio, sug-
gesting that part of the Li2O is used to charge-balance anionic niobium 
species. For the LNS glasses, the ratios k of the NBOs produced by Li2O, 
which are unaccounted for by the Sin units ( [NBO(residual)]), to the 
number of Nb atoms are similar, and comparable (near 0.66) to those 
observed for the LS2 system. The x = 1.5 sample presents the only 
exception; see the last column of Table 3. The observed lower-than-unity 

Fig. 3. 29Si MAS NMR spectra of LNS glasses under study: Left: lithium disilicate based glasses (LS2) containing Nb2O5 according to the designated labels. Right: LNS 
glasses with compositions x = (1.4Li2O+Nb2O5) / SiO2. 

Table 2 
Center of gravity, δCG, of the 29Si MAS NMR lineshape and isotropic chemical shifts, δiso, full widths at half maximum, FWHM, area fractions, f, and network poly-
merization 〈nSi〉, extracted from lineshape simulations.   

(1-y)LS2-yNb2O5 Composition x 

y 0 0.02 0.05 0.10 1.0 1.5 2.0 2.5 3.0 3.5 
δCG / ppm 

(± 0.2) 
− 90.4 − 89.4 − 88.9 − 90.0 − 91.2 − 86.2 − 85.1 − 82.9 − 82.1 − 80.6 

δiso / ppm 
(± 0.2)           

Si1 – – – – – – – – − 75.7 − 75.7 
Si2 − 79.4 − 79.4 − 79.4 − 79.4 − 79.4 − 80.9 − 80.9 − 80.2 − 79.8 − 79.7 
Si3 − 90.6 − 88.6 − 87.5 − 87.4 − 87.4 − 87.0 − 86.8 − 86.8 − 86.8 − 86.8 
Si4b – − 97.9 − 97.9 − 97.9 − 97.9 − 96.8 − 96.8 − 96.8 – – 
Si4a − 104.1 − 104.1 − 104.1 − 104.1 − 106.1 – – – – – 
FWHM / ppm 

(± 0.5)           
Si1 – – – – – – – – 9.1 9.1 
Si2 7.4 9.1 10.9 10.9 10.9 10.9 9.1 9.1 10.9 10.9 
Si3 13.0 13.6 14.8 14.9 14.5 14.1 13.6 13.6 14.1 14.1 
Si4b – 13.3 13.3 13.3 13.3 13.3 13.3 13.3 – – 
Si4a 12.5 12.5 12.5 12.5 12.5 – – – – – 
f / % (±2)           
Si1 – – – – – – – – 2 11 
Si2 11 11 7 2 1 28 41 58 65 68 
Si3 78 75 75 73 67 62 52 41 33 21 
Si4b – 7 16 21 27 11 7 1 – – 
Si4a 11 7 2 4 5 – – – – – 
<nSi> 3.00 3.03 3.11 3.23 3.31 2.86 2.66 2.43 2.31 2.10  
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values suggest that, in all samples, not all of the NbO6 octahedra are 
charge compensated or carry NBOs, but there must be a distribution of 
NbO6 species, which also varies slightly with the glass composition. This 
finding is in agreement with our hypothesis based on the observed 
vibrational bands in the Raman spectra and corroborates the suggested 
deconvolution model. The interpretation of the k value of 0.7 is tentative 
at present. The structural effect of Al2O3, another intermediate oxide, 
upon alkali silicate glasses is well documented: here, one NBO is elim-
inated for each Al3+ ion added, leading to the formation of an anionic 
AlO4/2

− unit attracting one network modifier ion for charge compensa-
tion, corresponding to a k-value of unity, the net formal melt reaction 
being described as  

SiO3/2O− + AlO3/2 → SiO3/2− O-AlO−
3/2,                                                    

with the negative charge formally located on the four-coordinated Al 
atom. In the case of Nb2O5, a similar mechanism can be envisioned, 
forming a corner-sharing anionic [NbO6/2]− unit, attracting one 

network modifier ion for charge compensation:  

SiO3/2O− + NbO5/2 → SiO3/2− O-NbO−
5/2                                                    

Again, k = 1 would be expected if this process went to completion. 
The sub-unity value of k observed in the present case may indicate that 
part of the niobium species is incorporated without attracting charge, 
possibly due to the formation of clusters involving edge-sharing between 
NbO6 octahedra. 

3.4. 93Nb MAS-NMR 

To obtain more direct information on the local environments of the 
Nb units, 93Nb MAS NMR experiments were carried out. MAS NMR 
spectra of Nb2O5 and LiNbO3 are shown in Fig. 4 for comparison. Despite 
the relatively high Larmor frequency of 146.8 MHz, single-pulse 
acquisition led to spurious coil-ringing signals, significantly distorting 
the obtained NMR spectra (data not shown). Therefore, fast-spinning 
rotor-synchronized 93Nb Hahn-echo MAS NMR spectra were recorded 
(see Fig. 5). These experiments employed interpulse delays equivalent to 
two rotor periods, led to signals free of coil-ringing, and thus, did not 
require first-order phase correction. It was possible to obtain identical 
spectra from 93Nb direct polarization (one pulse) and one rotor-cycle 
Hahn-echo synchronized MAS NMR experiments after appropriate 
first-order phase correction. 

The central-transition spectrum of LiNbO3 (see inset Fig. 4) shows a 
lineshape influenced by quadrupolar interactions and can be success-
fully modeled by second-order perturbation theory. Simulation of the 
MAS powder pattern using ssNake yields CQ = 21.9 MHz and ηQ = 0.06 
at an isotropic chemical shift of − 1003 ppm (see also Table 6) [57–59]. 
These values are close to those published in the literature [57]. The 
central transition (CT) is flanked by a set of spinning sidebands, arising 
from the modulation of the eight anisotropically broadened non-central 
satellite mI ↔ mI±1 transitions. The spectrum of crystalline Nb2O5 ex-
hibits a similar, however, expectedly more complex CT lineshape, 
reflecting the numerous nonequivalent Nb sites in this compound [27, 
60]. The lineshape can be satisfactorily fitted to a set of four distinct 

Table 3 
Concentration of non-bridging oxygen (NBO) atoms in each glass according to 
the Sin distribution obtained from the 29Si MAS NMR spectral deconvolution and 
introduced by the network modifier Li2O compared to the concentration of Nb 
atoms.  

y [NBO] (Sin) 
/ (± 2) mol 
% 

[NBO] 
Li+/ mol 
% 

[NBO 
(residual)] / 
mol% 

[Nb] / 
mol% 

k = [NBO 
(residual)] / [Nb] 
(± 0.15) 

0 66.7 66.7 0.00 – – 
2 62.1 65.3 3.3 4 0.82 (± 0.5) 
5 56.4 63.3 7.0 10 0.70 
10 46.2 60.0 13.8 20 0.69 
x      
1.0 34.5 58.3 23.8 41.7 0.57 
1.5 47.2 70.0 22.8 50 0.46 
2.0 44.7 77.8 33.1 55.6 0.60 
2.5 44.9 83.3 38.5 59.5 0.65 
3.0 42.3 87.5 45.3 62.5 0.72 
3.5 42.2 90.8 48.5 64.8 0.75  

Fig. 4. 93Nb MAS NMR spectra of LiNbO3 (top), Nb2O5 (bottom), and rotor-synchronized 93Nb Hahn-echo MAS NMR spectra (two rotor-cycles) of LNS glass with 
composition x = 1.0 (center). The gray dashed curves indicate lineshape simulations for LiNbO3 and the sum of the fit components (colored curves) for Nb2O5. 
Asterisks indicate spinning sidebands. 

H. Bradtmüller et al.                                                                                                                                                                                                                           



Acta Materialia 255 (2023) 119061

8

components, each reflecting the effects of a distribution (Czjzek model) 
of electric field gradients on the Zeeman frequencies as predicted by 
second-order perturbation theory. Fig. 4 shows the tentative simulation 
by a set of four distinct components, with isotropic chemical shifts 
ranging from about − 1140 to − 1305 ppm, and average magnitudes of 
the quadrupolar coupling constants of 18.9 to 33.7 MHz, all in agree-
ment with pentavalent niobium in distorted six-coordination [57] (see 
also Table 4). The assignment of these peaks is still uncertain owing to 
the complex nature of the Nb2O5 crystal structure, featuring a unit cell 
containing 28 niobium atoms [61]. Additionally, the observable spin-
ning sidebands are relatively narrow and well-defined. Evidently, the 
varying coordination symmetries of the off-centered NbO6 ions, which 
are engaged in both corner- and edge-sharing [62,63], result in an 
effective distribution of EFGs, similar to the situation present in the 
glasses. 

The spectra of all the glasses show significantly wider and asym-
metrically broadened central transitions flanked by a set of spinning 
sidebands. In this case, a simulation of the center band succeeds based 
on a singular Czjzek component (see Fig. 5), however, the spinning 
sidebands are not well accounted for in the model, indicating a signifi-
cant contribution of the chemical shift anisotropy (CSA). Recent 93Nb 
MAS NMR work on niobium germanate glasses [25] and phosphate 
glasses [6] reported much narrower and structured lines over the 
chemical shift range of about − 1000 to − 1500 ppm, indicating the 
presence of individual components with distinct chemical shifts. While 
the observed vibrational bands in the Raman spectra of the present 
glasses also show that there is a distribution of Nb species with different 
coordination geometries, the 93Nb NMR spectra of the present glasses 
show only rather featureless lineshapes, which do not offer the necessary 
resolution to distinguish between multiple species. In order to further 
explore the presence of several individual resonance lines, 93Nb 3QMAS 
NMR was performed, and the spectra are shown in Fig. S2 for the glasses 
x = 1.0 and 3.5. Unfortunately, due to the short spin-spin relaxation 
times (T2), the triple-quantum coherence decayed already for rather 
short evolution times and only a few points could be measured, resulting 
in rather poor signal-to-noise ratios limiting the resolution of these 
spectra. The spectra do not indicate any form of resolution into distinct 
signal components. Additional information on the speciation of many 
NMR active glass network forming elements can often be obtained 
through spectral editing experiments from double-resonance methods 
like REDOR, REAPDOR, or RESPDOR NMR. In the present case, 93Nb 
observed double resonance experiments were unfortunately not feasible 
in our laboratory due to the lack of a double-resonance probe with ac-
cess to the necessary high spinning frequencies (> 60 kHz). 

The extracted isotropic chemical shifts lie between − 1122 to − 1048 
ppm. They cover a region previously observed in other oxide glasses, 
where they have been typically assigned to NbO6 polyhedra [6,22–28, 
57]. For the LS2-based system, the isotropic chemical shifts are inde-
pendent of y, which agrees with the compositional near-invariance 
observed in the Raman spectra. For the LNS glass system, the isotropic 
chemical shifts show a monotonic trend to increase by ca. 50 ppm over 

Fig. 5. 93Nb rotor-synchronized MAS Hahn-echo spectra (black lines) after two rotor cycles for LS2-based glasses and the LNS glasses under study. Simulations (blue- 
shaded lines) are included based on a singular Czjzek distribution. Potential contributions of the 93Nb chemical shift anisotropy were not considered in these 
simulations. 

Table 4 
93Nb NMR parameters, isotropic chemical shift (δiso), the average magnitude of 
the quadrupole coupling constant (|C̄Q|), Czjzek distribution width of quad-
rupolar coupling constants (σ), Gaussian line broadening (FWHM GB), and 
fractional areas f of the samples under study.  

Composition δiso 

/ ppm (± 5) 
|C̄Q| (σ) / MHz 
(± 2) 

FWHM GB 
/ ppm (± 5) 

f /% (±2) 

Nb2O5     

Component 1 − 1137 33.7 (16.9) 44 29 
Component 2 − 1216 21.1 (10.6) 26 46 
Component 3 − 1257 23.0 (11.6) 37 18 
Component 4 − 1305 18.9 (9.5) 42 7 
LiNbO3 − 1003 CQ = 21.9 / ηQ = 0.06 13 (± 1) 100 
y = 0.02 − 1117 49.3 (24.8) 136 100 
y = 0.05 − 1122 45.8 (23.0) 146 100 
y = 0.10 − 1120 47.5 (23.9) 152 100 
x = 1.0 − 1103 48.2 (24.4) 183 100 
x = 1.5 − 1084 44.1 (24.0) 156 100 
x = 2.0 − 1077 47.8 (24.0) 161 100 
x = 2.5 − 1060 47.8 (24.0) 160 100 
x = 3.0 − 1056 47.8 (24.0) 154 100 
x = 3.5 − 1048 47.4 (23.8) 148 100  
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the entire series; this relatively moderate evolution matches the subtle 
changes in the Raman spectra, suggesting a gradual change in the 
fraction of corner- versus edge-sharing NbO6 octahedra. More specif-
ically, the 93Nb isotropic chemical shift for samples with x > 2.5 are 
comparable to those found in recently reported germanate glasses [25], 
where it was suggested that the second-coordination sphere around the 
NbO6 units is dominated by other NbO6 octahedra while for the glasses 
with lower Nb2O5 content, it is at least partially made up by GeO4 
tetrahedra. This attribution stands in agreement with the Raman data, 
which suggests an increased formation of a separate Nb-O-Nb connected 
network of NbO6 units with increasing Nb2O5 content. 

3.5. 7Li MAS-NMR 

Based on the above results, it is expected that the distribution of 
network modifier ions and their local environments may differ signifi-
cantly between the investigated samples. Therefore, MAS-NMR of the 
7Li (I = 3/2) nuclei was conducted to elucidate the short-range ordering 
of the Li+ ions. The results are summarized in Fig. 6. Similar to the sit-
uation encountered in previous 7Li MAS-NMR studies of lithium silicate 
glasses [56,64,65], the spectra are dominated by an intense sharp 
resonance corresponding to the m = ½ ↔ m = –½ central transition, 
accompanied by a spinning sideband manifold, reflecting the effect of 
MAS on the anisotropically broadened lineshapes of the 
quadrupole-perturbed m = ± ½ ↔ m = ± 3/2 satellite transitions 
(SATRAS). As previously found [56], the intensity profile of this SATRAS 
manifold is affected by a distribution of quadrupolar coupling parame-
ters, which can be simulated using the Czjzek model. The extracted 
interaction parameters are shown in Table 5. 

The MAS-NMR spectra of all samples reveal CTs centered between 
− 0.2 and 0.75 ppm with linewidths between 400 and 600 Hz (about 4–6 
ppm). In the LS2-based system, the linewidths and chemical shifts 
decrease with increasing Nb2O5 content, whereas in the LNS system, a 
successive increase can be noted. The widths (σ-values) of the Czjzek 

distributions, on the other hand, decrease monotonically with increasing 
y. A slight decrease is also noted in the LNS series; however, the varia-
tion is much less, and nearly constant values are reached for x = 2.0, 

Fig. 6. Left: Centerband of 7Li MAS NMR spectra of the glass samples under study. Circles indicate the maxima of the signals as a guide to the eye. Right: Whole 7Li 
SATRAS NMR spectra, showing the full spinning-sideband patterns. Fits according to the Czjzek model are shown as dotted curves. The light-blue highlighted regions 
indicate the breadth for which spinning sidebands are distinguishable from the noise level. 

Table 5 
7Li NMR parameters, isotropic chemical shift (δiso), average magnitude of the 
quadrupole coupling constant (|C̄Q|), Czjzek distribution width of quadrupolar 
coupling constants (σ), CT-NMR static NMR linewidth (FWHM), and homonu-
clear 7Li–7Li dipolar second moments M2E(Li–Li) from experiment and from MD 
simulation (see below) of the samples under study.  

y δiso 

/ ppm 
(± 0.05) 

FWHM 
GB 
/ ppm (±
0.5) 

|C̄Q|

(σ) / 
kHz 
(± 5) 

FWHM 
(static) 
/ kHz (±
0.5) 

M2E(Li–Li) / 
106 rad2/s2 

(SED) 
(± 2.5 ×
106 rad2/ 
s2) 

M2E(Li–Li) / 
106 rad2/ 
s2 (MD) 
(± 10 ×
106 rad2/ 
s2) 

0 − 0.20 5.5 187 
(94) 

7.16 99 170 

0.02 − 0.22 5.2 173 
(87) 

7.60 93 160 

0.05 − 0.23 4.9 174 
(88) 

7.30 89 146 

0.10 − 0.41 4.5 159 
(80) 

6.97 84 119 

x       
1.0 − 0.73 4.4 128 

(65) 
6.95 75 72 

1.5 − 0.70 5.1 125 
(63) 

7.79 76 85 

2.0 − 0.75 5.5 120 
(61) 

7.29 86 n.d. 

2.5 − 0.72 5.8 119 
(60) 

8.58 87 n.d. 

3.0 − 0.62 6.1 117 
(59) 

8.90 88 n.d. 

3.5 − 0.54 6.3 117 
(59) 

9.08 93 109  
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indicating that the local EFG distribution may depend chiefly on the 
Li2O/Nb2O5 ratio. The above observations can be attributed to changes 
in the Li-coordination environment, which are increasingly influenced 
by Nb with increasing y in the LS2-based system, whereas in the LNS 
system, the Li ions appear to adopt a nearly constant local environment, 
following minor initial structural changes near x = 1.0 to x = 1.5. 

3.6. 7Li static and dipolar NMR 

Static 7Li NMR spectra are shown in Fig. 7 (left). These spectra are 
dominated by the homonuclear dipolar interactions among the 7Li 
nuclei and by heteronuclear dipolar interactions between 7Li and 93Nb 
nuclei. While for the LS2-based glasses, the linewidths are rather 
invariant within the experimental error, a significant increase can be 
observed for the LNS glasses with increasing x, as expected from the 
increasing Li2O content. This increase can be attributed to increases in 
either the 7Li-7Li or the 7Li-93Nb dipolar interaction strengths or both. 
Unfortunately, from the static NMR spectra alone, quantitative infor-
mation cannot be obtained as the homonuclear and heteronuclear 
coupling contributions to the static lineshapes cannot be separated. 

To differentiate between these possibilities, we employed 7Li spin 
echo decay spectroscopy, first introduced to lithium disilicate glasses in 
reference [34] to selectively measure the average dipolar coupling 
strength in the form of the homonuclear 7Li – 7Li second moment M2E 

(Li-Li), see Fig. 7 (right) and Table 5. It can be observed that the value for 
LS2 glass of 99 × 106rad2/s2 decreases with decreasing Li2O content as a 
function of y. Interestingly, while the total Li2O content is higher for the 
LNS glass series with x > 1.0, the 7Li second-moments are significantly 
lower, reflecting the competition of Nb and Si for network modifiers. In 
the LNS series, the M2E(Li-Li) values show a tendency to increase with 
increasing x, and for the sample with x = 3.5, the M2E(Li-Li) value is very 
close to that in LS2 glass. Again, the compositional trend of the second 
moment is correlated to the isotropic chemical shifts. 

To selectively measure the network modifier – network former 
interaction between 7Li and 93Nb, we have exploited rotational-echo 
saturation-pulse double-resonance NMR (RESPDOR) employing 
WURST pulses for saturation (W-RESPDOR), capable of recoupling the 
dipolar interaction between spin pairs in which large shielding anisot-
ropies or strong quadrupolar interactions contribute to the Hamiltonian 
[41]. While RESPDOR has been successfully applied to several nuclear 
spin pairs in different materials [41], it has been mostly used for in-
vestigations of crystalline compounds [42,66–68] or model substances 
with isolated two-spin systems [69,70], while applications to dipolar 
coupled many-spin systems have not yet been reported. Aside from a 
recently reported Monte Carlo (MC) based modeling of RESPDOR curves 
for amorphous silica materials [71], there is no report on measurements 
or modeling of RESPDOR experiments on glasses, to the best of our 
knowledge. The work by Perras et al., introduced for 29Si observed ex-
periments, simulates several W-RESPDOR curves given all the permu-
tations of possible second-coordination spheres of the four-coordinated 
Si, in which Al and Si atoms occur in the second coordination sphere 
[71]. While this model describes well the RESPDOR curves measured in 
the binary amorphous SiO2-Al2O3 system, it is more limited for struc-
tural scenarios in which several coordination environments of the 
observed nuclear species may occur. Especially in the case of 
network-modifier-observed experiments in glasses, the distribution of 
coordination numbers is often unknown. Therefore, in the present 
contribution, we have taken a different approach to demonstrate that 

Table 6 
Experimental heteronuclear dipolar second moments, M2(Li–Nb), obtained from 
fits to the data using Eqs. 4 (analytical) and 5 (parabola), and simulated values 
obtained from MD simulations.  

y M2(Li–Nb) (analytical) / 
106 rad2/s2 (± 5%) 

M2(Li–Nb) (parabola) / 
106 rad2/s2 (± 5%) 

M2(Li–Nb) (MD) / 
106 rad2/s2 (±
5%) 

LiNbO3 

(sim.) 
271.1 (± 10%) – – 

0.02 4.9 4.9 8.8 
0.05 13.6 12.5 23.8 
0.10 24.2 20.5 51.1 
x    
1.0 38.2 29.2 106.1 
1.5 39.9 30.1 122.5 
2.5 46.7 33.7 n.d. 
3.0 44.4 32.5 n.d. 
3.5 47.2 34.0 152.3  

Fig. 7. Static 7Li NMR spectra (left) and 7Li spin echo decay curves (right) of the glasses under study. The experimental errors correspond to the symbol sizes.  
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the initial dephasing behavior of a W-RESPDOR curve can be modeled 
by a parabolic approximation, yielding a dipolar second-moment cor-
responding to the average dipolar coupling strength of the spin system 
along the lines of previous REDOR data treatments and analyses [43]. 
This approach is justified by SIMPSON simulations (see Fig. S1 in the 
supporting information), which show that the W-RESPDOR dephasing 
curves of a spin 3/2 – spin 9/2 pair are only rather weakly influenced by 
the geometry of the spin system and by the exact symmetry and relative 
orientation of dipolar and EFG tensors and the external magnetic field. 
The initial dipolar-mixing time regime, similar to the situation in the 
REDOR experiment, thus reflects the average dipolar interaction 
strength of the spin system which can be modeled by the analytical 
expression (see Eq (4)). In Section S2 of the Supporting Information 
Section, we derive a parabolic approximation of the W-RESPDOR 
dephasing curve based on the analytically modeled dephasing curve for 
a two-spin system, where the recoupled spin has spin quantum number 
S. This way, the evaluation of (W-)RESPDOR curves can be further 
facilitated. Additionally, rather than introducing a correction factor f to 
account for saturation inefficiencies, in the following, we investigated 
the effect of non-ideal saturation due to the presence of a Czjzek dis-
tribution of quadrupolar interaction parameters for a WURST pulse with 
400 µs duration, 450 kHz sweep-width and shape parameter N = 80. 

We found the latter to be effective for quadrupolar coupling con-
stants up to about 80 MHz. To this end, we used SIMPSON to calculate a 
simulation map covering a wide parameter space of CQ and ηQ and 
analyzed the residual z-component magnetization Iz for Czjzek distri-
butions with varying distribution widths σ, see Fig. 8. Given the herein- 
employed WURST saturation pulse, the residual z-magnetization is 
nearly zero for σ = 11 MHz ( ¯|CQ| ≈ 22 MHz) and decreases linearly to 
about 0.15 for σ = 35 MHz. Given that the experimentally found σ values 
lie in the order of about 24 MHz (see Table 4), we conclude that the 
experimental 7Li-93Nb second moments are likely somewhat 
underestimated. 

Further, the inset of Fig. 8 shows how incomplete saturation of the 
93Nb spin system affects the W-RESPDOR curves. We have simulated W- 
RESPDOR curves for two-spin systems assuming a fixed 7Li-93Nb effec-
tive two-spin distance of 2.24 Å, corresponding to the M2(Li-Nb) of the 
multi-spin interaction in LiNbO3 (271 × 106 rad2/s2), and 93Nb quad-
rupolar parameters according to the same Czjzek distribution as deter-
mined above. The resulting curves, after weighted averaging according 

to Czjzek distributions at a given σ, are shown in the inset of Fig. 8 
together with the dephasing curve of a two-spin system assuming the CQ 
value of LiNbO3 (21.9 MHz). We find that the underestimation of the 
first data point (NTr = 0.1 ms and ΔS/S0 ≈ 0.3), while minor, is pro-
portional to the magnitude of the residual magnetization. For the sim-
ulations with σ = 30 MHz, where there is weaker dephasing, the dipolar 
coupling constant obtained through Eq. (4) is, correspondingly, lower by 
13%, comparable to the residual magnetization of 0.13, possibly by 
coincidence. Thus, we conclude that in the present case, no correction 
factor is required for recoupling experiments involving 93Nb, consid-
ering an estimated general uncertainty of about ± 10%, often also 
estimated from REDOR experiments. 

Fig. 9 shows 7Li{93Nb}W-RESPDOR curves for LiNbO3 and the 
glasses under study. For LiNbO3, the data are compared to a simulated 
curve for a two-spin system, using an effective value of the dipolar 
coupling constant (1020 Hz) calculated from the crystallographic sec-
ond moment. They are also compared to the analytical expression given 
in Eq. (4). For the glasses, the experimental data are fitted to a parabola, 
i.e., the first term of Eq. (5), in the initial dipolar mixing regime of ΔS/S0 
< 0.2, while fits to the latter are shown in Fig. S2. The extracted mo-
ments are shown in Tables 6 and S2, respectively. 

Note that for the model compound, the experimental data are in good 
agreement with the simulated curves based on the crystallographic in-
formation (despite being treated as a two-spin interaction) further 
validating our approach. However, deviations between the experimental 
and the simulated data can be seen for dipolar mixing times beyond 0.4 
ms. The results obtained on the (1-y)LS2-yNb2O5 glasses show the ex-
pected compositional trend, indicating that with increasing Nb2O5 
content (Nb2O5/Li2O ratio) the 7Li-93Nb dipole-dipole coupling strength 
increases. For the SiO2- [(Li2O)1.4-(Nb2O5)] glasses, the second moments 
are nearly independent of composition, which is consistent with their 
constant Nb/Li ratio of 0.71. This result, again, suggests that the local 
environment of Nb and the distribution of Li relative to Nb is principally 
influenced by the total Li2O/Nb2O5 ratio. 

3.7. Molecular dynamics simulations 

Table 7 summarizes the main results from the molecular dynamics 
simulations. For LS2 glass, the potential by Sun et al. used here gives a 
very similar result as the potential by Pedone et al [72] used in a recent 
study by some of the authors. In this table, the superscript n used for the 

Fig. 8. Residual magnetization Iz after saturation of a 93Nb spin system with a given Czjzek distribution width σ. The inset shows the first points of simulated W- 
RESPDOR curves considering the indicated Czjzek distribution widths and a 7Li-93Nb two-spin system with an effective distance of 2.4 Å corresponding to the M2 
value of LiNbO3. 
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different Nbn species again denotes the number of bridging oxygen 
atoms. 

However, the results are unsatisfactory for all the Nb-containing 
glasses, as they most likely underestimate the amount of Nb-O-Nb con-
nectivity suggested by the Raman spectra. Also, the Sin speciation shows 
very poor agreement with the experimental 29Si MAS-NMR data, even 
though they qualitatively reproduce the dependence on composition. 
Finally, Fig. 10 indicates that the MD simulations produce large dis-
crepancies between the theoretically predicted values of M2(Li-Nb) and 
M2E(Li-Li) and the experimental data. 

The discrepancies are particularly large concerning the M2E(Li-Li) 
prediction in the LS2-based system and the M2(Li-Nb) prediction in the 
LNS system. We thus conclude that the MD simulations do not correctly 
capture the structural organization of these glasses. They tend to over- 
estimate the attraction of the network modifier by the niobium species 

and hence lead to silicate networks that are much more polymerized 
(having lower numbers of NBO-bearing silicate species) than found 
experimentally. Possibly, as these empirical potentials were developed 
based on LiNbO3, some bias may exist for the preferential charge 
compensation of [NbO6]− units by Li+ ions. It should be noted that in 
their study [46], the authors investigated SiO2- [Li2O-Nb2O5] glasses 
with a Li2O/Nb2O5 ratio of unity. It would be interesting to measure 29Si 
MAS NMR data on this glass system, which could provide an indepen-
dent test of the ability of their MD simulations to predict the correct Sin 

speciation. 

4. Discussion 

Based on the above experimental and simulation results, the 
compositional evolution of the (1-y)LS2-yNb2O5 system can be 

Fig. 9. Experimental and calculated 7Li{93Nb}W- 
RESPDOR dephasing curves for crystalline LiNbO3 and the 
samples under study. For LiNbO3, blue and black solid 
curves are simulated curves based on the theoretically ex-
pected M2(Li-Nb) value from the crystal structure, expressed 
in terms of an effective internuclear Li-Nb distance, using 
the numerical simulation and the analytical approximation 
(Eq. (4)), respectively. The dashed curve denotes a simu-
lation using the analytical approximation with an adjusted 
effective distance, giving better agreement with the 
experimental data. For the glasses, solid curves are fits to 
the data constrained to the initial dephasing regime ΔS/S0 
≤ 0.2, using the parabolic approximation (Eq. (5)) of the 
theoretical saturation-based recoupling curve for I = 9/2, 
see Eq. (4) [42,70].   

Table 7 
Species distribution of Si and Nb from MD simulations.  
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described as follows: Pentavalent niobium enters the structure in the 
form of a six-coordinated anionic species, creating Si-O-Nb linkages, 
thereby converting Si3 to Si4 units in a process similar to the effect of 
alumina in alkali silicate glasses. Thus, the process enhances the extent 
of network connectivity, accounting for an increase in the glass transi-
tion temperature with increasing Nb2O5 content. From the non-bridging 
oxygen balance, one must conclude, however, that the fraction of the 
lithium inventory invested in the accommodation of such anionic 
niobium species in the network in this manner is lower than unity, 
amounting to ca. 0.7 per Nb atom. Nevertheless, the partial trans-
formation of the niobium species into an anionic site suggests that the 
transition metal oxide should be considered a network former species. At 
low y-values, the NbO6 units appear to have more connectivity to silica 
than at higher y-values, according to the common interpretation of our 
Raman data. Thus, with an increasing degree of substitution, more Nb- 
O-Nb linkages and other types of connectivity, such as edge-sharing, 
may appear. The repolymerization of the silica species also results in a 
re-distribution of the lithium inventory, resulting in weaker 7Li-7Li 
dipole-dipole interactions than in lithium disilicate glass. 

For the LNS glass system, which corresponds to the SiO2– 
[(Li2O)1.4(Nb2O5)] substitution series, the majority of the lithium in-
ventory is used to create non-bridging oxygen on the silica network. This 
results in a substantial degree of depolymerization, from <nSi>= 3.31 in 
a glass with approximate composition 50SiO2–29Li2O-21Nb2O5 (x =
1.0) to 〈nSi〉 = 2.10 in a glass with approximate composition 
22SiO2–45Li2O-33Nb2O5 (x = 3.5). The connectivity analysis leads to 
the conclusion that also for this system on average each formula unit of 
Nb2O5 requires about 0. 66 ± 0.15 equivalents of Li2O for its accom-
modation as a network former species. As expected, the strength of the 
7Li-7Li dipole-dipole interactions as characterized by M2E(Li-Li) increases 
with increasing Li2O content in this compositional series, whereas the 
strength of the 7Li-93Nb dipole-dipole interactions as characterized by 
M2(Li-Nb) remains more or less constant. The latter is not unexpected 
because the Li/Nb ratio remains fixed within this compositional series. 
All of these results are consistent with an essentially random distribution 
of lithium ions, both with respect to each other and to the niobium 
species. Fig. 10 nicely confirms this result through a Monte Carlo 
simulation which closely matches the experimental data for M2(Li-Li) 

over the whole range of Li contents investigated and for M2(Li-Nb) over 
the range of Nb concentrations for which a random distribution box for 
Li-Nb distance evaluation could be generated. In this MC simulation, the 
cut-off values for Li-Li distances were put at 2.30 Å, whereas for the Li- 
Nb cut-off distance, a value of 3.3 Å was chosen. To examine how sen-
sitive the experimental results are to the choice of correct cutoff dis-
tance, the corresponding MC predictions for different cutoff distances 
are listed in the supporting Materials Section, see Fig. S4. Considering 
the composition y = 0.10, within sensible limits of cutoff values of 2.2 – 
2.4 Å for Li-Li distances and of 2.9 – 3.3 Å for Li-Nb distances, the 
variation in the simulated M2(Li-Nb) and M2E(Li-Li) data is about ± 4 × 106 

rad2/s2 (ranging from 36 to 28 × 106 rad2/s2), and ± 11 × 106 rad2/s2 

(ranging from 88 to 66 × 106 rad2/s2) respectively. Based on this ~15% 
variation in the simulated M2(Li-Nb) values, the conclusion about the 
random distribution of Li is sufficiently robust. On the other hand, at 
higher Nb concentrations, the experimental data deviate from the linear 
dependence on Nb concentration, which may be indicative of some Nb 
clustering. This finding is compatible with the Raman spectroscopic 
data, which are independent of composition for x > 1 and also indicate a 
propensity of Nb to form Nb-O-Nb linkages at these higher 
concentrations. 

Lastly, we point out that the herein obtained results do not agree 
with the conclusions proposed in a recent 93Nb MAS NMR study on Nb- 
containing aluminosilicate glasses [73] where the authors claimed to 
have observed a wide distribution of NbOn species, with n = {4, 5, 6, 7, 
8} based on an incorrect analysis (Gaussian deconvolution) of 
MAS-NMR spectra obtained with insufficient spinning rates (20 kHz). 
The present contribution based on a Czjzek analysis of spectra obtained 
with much faster spinning rates (60 kHz) gives no evidence for Nb 
species with coordination numbers different from six in niobium 
oxide-containing lithium disilicate glasses. 

An issue requiring more detailed work in the future concerns the 
analysis and interpretation of the 93Nb NMR results also obtained in the 
present study. Owing to the intrinsic nature of the glassy state, the NMR 
parameters are not uniquely defined by singular values as they are in 
crystals but are subject to distribution functions that greatly impact the 
NMR spectra. While the Czjzek model certainly provides a convenient 
way of modeling spectra affected by distributions of second-order 

Fig. 10. Homonuclear M2E(Li–Li) (left) and heteronuclear M2(Li–Nb) (right) values measured on the glasses under study and from MD and MC simulations.  
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quadrupolar effects, we find that the analysis of 93Nb NMR spectra in 
glasses encounters certain limitations arising from the effect of non- 
negligible chemical shift anisotropy, requiring field-dependent spectral 
analyses and simulations for separating these interactions. Furthermore, 
DFT calculations are required to clarify the relation of chemical shift 
anisotropies, electric field gradients, and their distributions with the 
different possible niobium coordination environments in oxide glasses. 
Further experimental work will involve spectral editing via 93Nb 
detected dipolar spectroscopy at high spinning speeds (> 60 kHz) and 
17O NMR work on isotopically enriched glasses for differentiation be-
tween corner- and edge-sharing modes. The results of these efforts will 
be reported at a later stage. 

5. Conclusions 

The present study details new important information about the role 
of niobium oxide on the medium-range order of alkali silicate glasses; in 
this case, Li silicate. To the best of our knowledge, we report RESPDOR 
experiments and modeling on glasses for the first time. All the data are 
consistent with a network former role of Nb2O5, whose accommodation 
in the glasses in the form of corner- and edge-shared octahedra requires, 
on average, 0.7 equivalents of Li2O, leading to profound changes in the 
degree of polymerization of the silica component, the local environ-
ments of the lithium ions and their spatial distribution. The average 
homo- and heteronuclear dipolar interaction strengths, as expressed by 
the second moments M2(Li-Li) and M2(Li-Nb), are consistent with random 
spatial distributions of the lithium ions with respect to themselves and 
the niobium species and with the Monte Carlo simulations presented 
herein. This conclusion holds particularly for the LS2 system, whereas in 
the LNS system, a tendency of Nb clustering can be noted at higher x- 
values. Altogether the current study defines a comprehensive investi-
gative strategy for elucidating the structural impact of (NMR active) 
intermediate oxides incorporated into silicate glasses. 
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