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ABSTRACT
The structure of (Nb2O5)x(NaPO3)1−x glasses was revisited by combining neutron and high energy xray diffraction with Raman scattering
over a wide composition range. The results were interpreted by reference to the phosphorus atom speciation found from a novel analysis of
31P magic angle spinning nuclear magnetic resonance spectra [Ensuncho et al., J. Am. Chem. Soc. 147, 31147 (2025)]. The results indicate a
distorted octahedral coordination environment for the Nb atoms across the composition range. The measured xdependence of (i) the mean
numbers of nonbridging oxygen (NBO) atoms and P–O–P and P–O–Nb connections per phosphate group, and (ii) the fraction of oxygen
atoms in Nb–O–Nb connections, are described by a selfconsistent analytical model in which there is a preferential formation of heteronuclear
P–O–Nb bonds within a network structure formed by 4 and 6coordinated P and Nb atoms, respectively, such that P–O–P connections are
absent when the niobia content exceeds x ∼ 0.22. At smaller x, the nonbridging oxygen atoms are distributed among the P and Nbcentered
polyhedral units. The model provides a connectivity density that accounts for the rapid increase in the glass transition temperature with
increasing Nb2O5 content and shows that the enhancement to the nonlinear optical properties for x ∈ 0.2 is related to a more rapid increase
with x in the fraction of oxygen atoms involved in polarizable Nb–O–Nb connections. The methodology also suggests that the dissolution
rate measured for the (Nb2O5)x(Na2O)0.4(P2O5)0.6−x glass series is dependent on the proportion of P–O–P linkages.
© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons AttributionNonCommercial 4.0
International (CC BYNC) license (https://creativecommons.org/licenses/bync/4.0/). https://doi.org/10.1063/5.0290349

I. INTRODUCTION

The (Na2O)x(P2O5)1−x (0 ≤ x ≤ 1) binary is an exemplar phos
phate glassforming system in which the addition of the network
modifier Na2O to the network former P2O5 creates nonbridging
oxygen (NBO) atoms to compensate the charge on the Na+ ions.1
This addition leads to a predictable depolymerization of the phos
phate network.2 For example, the P3 units of P2O5 (x = 0) are
replaced by P2 units for the metaphosphate composition NaPO3
(x = 0.5), where the superscripts denote the number of bridg
ing oxygen (BO) atoms per PO4 tetrahedron. Such materials can
be used as the host for Nb2O5, leading to a series of chemically
stable glasses with an enhanced glasstransition temperature, high
refractive index, and nonlinear optical properties, which opens up

the possibility of innovative applications in optical waveguiding.3–8
Importantly, the nonlinearity is achieved without the incorpo
ration of toxic components such as lead, which has a beneficial
environmental and health impact.

To optimize the material properties, it is important to know
their relationship with the glass structure. Here, the coordination
environments of phosphorus and sodium can be probed by solid
state 31P and 23Na nuclear magnetic resonance (NMR) spectroscopy,
respectively. However, the application of this method to niobium is
hampered by the large electric quadrupole moment (nuclear spin
I = 9/2) of the only stable isotope 93Nb. In crystalline niobium
containing systems, this element can take coordination numbers
from 4 to 8, where sixcoordination is the dominant configuration
with a broad distribution of Nb–O bond lengths (mean minimum
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of 1.944 Å and mean maximum of 2.046 Å) about a mean value of
1.993 Å.9 Based on work using model compounds, a 93Nb chemical
shift scale has been proposed.10 According to this scale, the mea
sured 93Nb chemical shifts for, e.g., (Nb2O5)x(NaPO3)1−x glasses
with x ∈ 0 suggest that Nb is sixcoordinated.3,4 However, as for
other nuclei with significant quadrupole moments in disordered
materials, the assignment of NMR signals to coordination num
bers in glasses based on chemical shift scales from crystalline model
compounds may not always be reliable: There is excessive line
broadening of the NMR signal due to a distribution of interaction
strengths of the nucleus with the electric field gradients present
in locally distorted environments and different chemical shifts can
be consistent with the same coordination number.11 Thus, the
composition dependence of the Nb coordination environment in
phosphate glasses must be considered to be a basic but unknown
quantity.

The purpose of this paper is to combine neutron and high
energy xray diffraction with Raman spectroscopy to investigate the
structure of four glasses along the (Nb2O5)x(NaPO3)1−x pseudo
binary tieline, with x = 0.025, 0.1, 0.2, and 0.4, which span the entire
glassforming region. A particular objective is to find the average
Nb–O coordination number and the distribution of Nb–O distances
and their dependence on the glass composition. The results are com
bined with those obtained from solidstate NMR spectroscopy12 to
build a comprehensive understanding of the structural changes that
accompany the transition from a phosphate to a niobate network
structure. An analytical model is developed for rationalizing the
structural changes that occur.

This paper is organized as follows: the essential diffraction the
ory is given in Sec. II, and the experimental information is described
in Sec. III; the results are presented in Sec. IV and are discussed in
Sec. V with the aid of analytical models for the glass structure in
which the NBO atoms are either (i) associated with the P atoms alone
or (ii) distributed between the P and Nb atoms; and conclusions are
provided in Sec. VI.

II. DIFFRACTION THEORY
In a neutron or xray diffraction experiment on glass, the mea

sured diffraction pattern can be represented by the total structure
factor,13

Sk = 1 +∑
α
∑
β
WαβkSαβk − 1, (1)

where k is the magnitude of the scattering vector. The structural
information is contained in the partial structure factors Sαβk for
the chemical species α and β. These functions are weighted by
the factors Wαβk = cαcβwαkwβk/∣⟨wk⟩∣2, where cα = Nα/N
is the atomic fraction of chemical species α, Nα is the number
of atoms of chemical species α, N is the total number of atoms,
and wαk denotes the scattering amplitude of chemical species
α. In neutron and xray diffraction, the amplitudes correspond to
the kindependent coherent neutron scattering lengths bα and the
kdependent xray atomic formfactors fαk, respectively. The
mean scattering amplitude is given by ⟨wk⟩ = α cαwαk. In the
following, the subscripts “N” and “X” will refer to neutron and xray
diffraction, respectively.

The corresponding realspace information is given by the total
pairdistribution function,

D′r = 2
π

∞
0

dk kSk − 1Mk sin kr = Dr⊗Mr, (2)

where r is a distance in real space and ⊗ denotes the one
dimensional convolution operator. The modification functionMk
originates from the truncation of the measured Sk function at a
finite value kmax and takes the form of the step function Mk = 1
for k ≤ kmax andMk = 0 for k ∈ kmax. The desired structural infor
mation is contained in Dr, which is convoluted with Mr, the
Fourier transform of Mk, unless kmax is sufficiently large that the
oscillations in Sk are not truncated. In this case, the unmodified
function measured in neutron diffraction is given by

DNr = 4πρ0 r∑
α
∑
β
Wαβgαβr − 1, (3)

where ρ0 is the atomic number density, gαβr is the par
tial pairdistribution function for the chemical species α and β,
Wαβ = cαcβbαbβ/∣⟨b⟩∣2, and ⟨b⟩ = α cαbα.

Each peak i in rgαβr can be represented by the Gaussian
function,

piαβr = 1
4πρ0

n̄βαi
ciβr

i
αβ

1√
2πσiαβ

exp
⎡⎢⎢⎢⎣−

r − riαβ2
2σiαβ2

⎤⎥⎥⎥⎦, (4)

with position riαβ, standard deviation σiαβ, and coordination num
ber n̄βαi of chemical species β around α. In neutron diffrac
tion, a weighted sum of these Gaussian functions, convoluted
with Mr, is fitted to D′

Nr14 using Rχ as a measure of the
goodnessoffit.15 In xray diffraction, the contribution of piαβr
toward SXk − 1 can be found and, after applying the relevant
weighting factor 2 − δαβWαβk, it is Fourier transformed to real
space using the same Mk function as employed for the experi
mental data. A sum of these Fourier transforms is then fitted to
T′
Xr = TXr⊗Mr using the program PXFIT,16 where TXr≡ DXr + T0r and T0r = 4πρ0r. The xray results are presented

as D′
Xr = TXr − T0r⊗Mr = T′

Xr − 4πρ0r to facilitate a
direct comparison with the neutron diffraction data.

III. EXPERIMENT
A. Sample preparation and characterization

Glassy (Nb2O5)x(NaPO3)1−x (0 ≤ x ≤ 0.4) samples were syn
thesized by a conventional meltquenching technique using Nb2O5
(CBMM, Brazil, ∈99.99%) and NaPO3 (Sigma Aldrich, 65–70 wt. %
P2O5) as starting materials. Powders were dried in a muffle furnace
at 120 ○C for 24 h before mixing in their respective molar ratios via
ten iterations of 1 min duration in a FlackTek Speedmixer operating
at 1400 rpm. Each batch of homogenized powder of mass ∼5 g was
placed into a zirconia crucible and melted for 30 min at a tempera
ture ranging from 850 to 1150 ○C, depending on the Nb2O5 content.
The melt was rapidly quenched by pouring onto a flat steel plate and
punching with a second steel plate. The quenched glasses were of
1–2 mm thickness and were clear and transparent. They were col
orless for x ≤ 0.05, had a blue tint for 0.075 ≤ x ≤ 0.15, and had a
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yellow tint for x ≥ 0.20. The glass compositions were measured using
wavelength dispersive xray fluorescence spectroscopy (WDXRF)
(Table I). The measured ZrO2 content originating from the crucible
material was small at 0.05–0.30 mol. %.12 The relatively low xray
emission energy of Na leads to the greatest uncertainty regarding
its content in the glass. The overall precision of the measurements
was about ±1 mol. %. In the following, the glasses will be referred
to by their nominal compositions, but all parameters were calcu
lated using the measured compositions after neglecting the ZrO2
content.

Polycrystalline NbOPO4 was prepared using the procedure
described elsewhere.17 4 g of NbCl5 was dissolved in 400 ml of
37% by weight hydrochloric acid. An overstoichiometric amount
of phosphoric acid was then added dropwise. After a few minutes of
stirring, the resulting precipitate was kept at 80 ○C for 12–14 h. It was
then neutralized by adding ammonia solution until the pH reached
a value of about 7, washed with distilled water, centrifuged several
times, and dried overnight at 80 ○C. Finally, the powder was kept at
900 ○C for 12 h.

Polycrystalline NaNbO3 was prepared by a conventional solid
state reaction method using Na2CO3 (Alfa Aesar, 98%) and Nb2O5
(CBMM, Brazil, ∈99.99%) as the starting materials. The powders
were dried in an oven at 120 ○C for 24 h, weighed to give the cor
rect stoichiometric ratio, and ball milled with ethanol at 360 rpm for
24 h. Finally, the mixture was calcined at 950 ○C for 4 h.18

Polycrystalline Na4Nb8P4O32 was prepared from stoichiomet
ric amounts of Na2CO3 (Alfa Aesar, 98%), (NH4)2HPO4 (Sigma
Aldrich, ∈98%), and Nb2O5 (CBMM, Brazil, ∈99.99%) using a
twostage heating method (500 ○C for 12 h, 1030 ○C for 24 h),
followed by slow quenching to room temperature.19

The amorphous vs crystalline states of the glass samples and
model compounds, respectively, were verified using powder x
ray diffraction using a Rigaku Ultima IV diffractometer with fil
tered CuKα radiation (wavelength 1.5418 Å) in Bragg–Brentano
scattering geometry. A scattering angle 2θ range of 10○–80○ was

probed at room temperature by employing a step size of 0.67○
and an integration time of 0.67 s. The xray diffraction pattern
measured for Na4Nb8P4O32 indicated a phase pure material con
sistent with the Inorganic Crystal Structural Database (ICSD) col
lection code 176659, which corresponds to the centrosymmetic
space group P21/c.19 The other crystal structures are discussed
in Sec. IV A.

The densities were measured either by using an Anton Paar
microultrapycnometer 1200e operating with helium gas or by
Archimedes’ method with isopropanol as the working fluid. In
the former, 225–275 individual measurements were made for each
sample and the mean and standard deviation were taken for the
last ≈100 data points showing a minimal drift, indicating equilib
rium with respect to the controlled temperature. In the latter, an
average was taken of three measurements on different pieces of
glass with the same composition. The glass transition temperature
Tg was measured using a Netzsch DSC 204 Phoenix differential
scanning calorimeter with a heating rate of 10 K min−1 and a
nitrogen atmosphere. Five separate measurements were made on
each sample for x ≜ 0.25 and a single measurement was made on
each sample for larger Nb2O5 contents. The measured densities
and Tg values are commensurate with those previously reported4,8
(Fig. 1).

B. Neutron and xray diffraction
The instrument D4c at the Institut LaueLangevin20 was

used for the neutron diffraction work with an incident wave
length of 0.4978(1) Å. The glass samples were coarsely ground
and the crystalline NbOPO4 and NaNbO3 standards were finely
ground. The samples were loaded into vanadium containers with
an inner diameter of either 6.8 mm (x = 0.025) or 4.8 mm (all
other samples) and wall thickness of 0.1 mm. Diffraction patterns
were collected for each sample in its container at room tempera
ture (∼25○C), the empty container, the empty instrument, and a

TABLE I. Composition, mass density ρ, number density ρ0, molar volume Vmol per atom, and glass transition temperature Tg
of the (Nb2O5)x (NaPO3)1−x glasses. The composition was measured using xray fluorescence (XRF) spectroscopy, which
separated out the mole fraction contributions from Nb2O5 (xNb2O5

), Na2O (xNa2O), and P2O5 (xP2O5 ). The density was
measured at 22.3(1)○C.
x (nominal) xNb2O5 (XRF) xNa2O (XRF) xP2O5 (XRF) ρ (g cm−3) ρ0 (Å

−3) Vmol (cm3) Tg (○C)
0 0 0.553 0.447 2.486(2) 0.073 35(6) 8.210(7) 281(5)
0.025 0.027 0.538 0.435 2.575(2)a 0.073 51(5) 8.192(6) 309(5)
0.050 0.053 0.526 0.421 2.518(2) 0.069 75(6) 8.634(7) 332(5)
0.075 0.085 0.487 0.428 2.638(5) 0.070 69(13) 8.519(16) 356(5)
0.100 0.110 0.473 0.417 2.749(6) 0.071 82(16) 8.385(18) 376(5)

2.766(2)a 0.072 27(5) 8.333(6)
0.150 0.160 0.444 0.396 2.883(3) 0.071 84(7) 8.383(9) 433(5)
0.200 0.224 0.406 0.370 3.019(5) 0.071 23(12) 8.455(14) 502(5)

3.038(2)a 0.071 67(4) 8.403(5)
0.250 0.262 0.398 0.340 3.160(6) 0.072 19(14) 8.343(16) 548(5)
0.300 0.312 0.367 0.321 3.287(5) 0.072 40(11) 8.317(13) 592(5)
0.350 0.375 0.327 0.298 3.408(2) 0.072 00(4) 8.364(5) 626(5)
0.400 0.416 0.303 0.281 3.551(3)a 0.073 14(6) 8.234(7) 652(5)
aObtained from He pycnometry.
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FIG. 1. Composition dependence of (a) the mass density and (b) the glass transi
tion temperature from the present work, Flambard et al.4 and Mošner et al.8 The
vertical lines represent the error bars, which are often smaller than the symbol
size. In panel (a), the green solid curve shows a straight line fit to the data. In
panel (b), the green curve shows the composition dependence of the connectivity
density calculated from Eq. (22).

cylindrical vanadium rod of diameter 6.08 mm for normaliza
tion purposes. The datasets were analyzed by employing the
method described elsewhere21 using coherent neutron scattering
lengths of bNa = 3.63(2) fm, bP = 5.13(1) fm, bNb = 7.054(3) fm, and
bO =5.803(4) fm.22,23

Beamline ID15A at the European Synchrotron Radiation Facil
ity24 was used for the xray diffraction work with an incident
photon energy of 98 keV. Finely powdered samples were loaded
into cylindrical polyimide capillaries of inner diameter 1.003 mm
and wall thickness 0.051 mm. The beam was collimated to illu
minate the central part of a capillary, and the scattered photons
were detected using a DECTRIS Pilatus3 X CdTe 2M detector,
which was placed at a distance of 325 mm from the sample
as found from the diffraction pattern measured for a crystalline
CeO2 standard. Diffraction patterns were collected for each sam
ple in its container at room temperature, an empty container,
and the empty instrument. The datasets were analyzed by employ
ing the method described elsewhere25 using neutral atom xray
formfactors.26

C. Raman spectroscopy
Raman spectra were measured using a WITec Alpha 300

Raman microscope system with a laser excitation wavelength of
514 nm and 10 mW power.

IV. RESULTS
A. Diffraction: Crystal structure

Figure 2 shows the measured neutron and xray Sk func
tions for the crystalline materials. The Bragg peaks are sharpest in
the xray diffraction work because the diffractometer setup led to
an enhanced kspace resolution function. The corresponding D′r
functions are shown in Figs. 3 and 4. The functions were fitted by
reference to the appropriate crystal structure. Here, the mean bond
distances r̄αβ and coordination numbers n̄βα for a given chemical
species α, over a specified distance range, were found by taking into
account the coordination environment of each of the different crys
tallographic sites for that chemical species and the number of those
sites present within the unit cell.

The crystal structure of NbOPO4 was identified as the tetrago
nal phase with space group P4/n27 by powder xray diffraction using
Cu Kα radiation, corresponding to the ICSD collection code 24110.
In this structure, chains of cornersharing octahedral NbO6 units are
linked together by tetrahedral PO4 units, i.e., each NbO6 unit is con
nected to 2 other NbO6 units along the chain direction and to 4 PO4
units. The NbO6 units have four oxygen atoms with an Nb–O bond
length of 1.969(9) Å and are distorted along the chain direction to
give one shorter Nb–O bond length of 1.783(12) Å and one longer

FIG. 2. Measured neutron and xray Sk⌞ functions for crystalline NbOPO4 and
NaNbO3.
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FIG. 3. Fitted D′
Nr⌞ and D′

Xr⌞ functions for crystalline NbOPO4. In each panel,
the filled circles represent the measured function; the black solid curve repre
sents the fitted function; and the other curves represent the contributions from the
P–O (blue broken curves), Nb–O (red solid curves), O–O (green broken curves),
and Nb–P (magenta solid curve) correlations. The displaced green solid curve
represents the residual.

Nb–O bond length of 2.321(12) Å. Each PO4 motif forms a regular
tetrahedron with a P–O bond length of 1.528(9) Å and is connected
to 4 NbO6 units. Figure 3 shows that the measuredD′

Nr andD′
Xr

functions are consistent with the P4/n crystal structure. The fitted
parameters are summarized in Table II. The bond lengths are within
1.5% of the mean values found from crystallography. The number
density measured using helium pycnometry ρ0 = 0.0807(4) Å−3 is≃3.5% smaller than the crystallographic value of ρ0 = 0.0836 Å−3.27

The crystal structure of the perovskite NaNbO3 could not be
unambiguously determined by powder xray diffraction using Cu
Kα radiation because of the similarity between the measured diffrac
tion patterns for the orthorhombic polymorphs with space groups
Pbcm and P21ma.28 Both structures are based on cornersharing
octahedral NbO6 units with 4 Nb–O bond lengths of 1.958(19)
or 1.933(51) Å and 2 longer Nb–O bond lengths of 2.034(40) or
2.096(7) Å, respectively (Table II). For both crystal structures, the
Na–O coordination number is given by n̄ONa = 12 and the Na–O
bond lengths are distributed over the range of 2.286–3.229 Å (Pbcm)
or 2.338–3.337 Å (P21ma). The structure–property relationships of
such perovskites depend on (i) the displacement of the Na+ and
Nb5+ ions from their (hightemperature) sites and (ii) the distortion
of the octahedral NbO6 units.29 Figure 4 shows that the measured
D′

Nr and D′
Xr functions cannot be fitted simultaneously using

either the Pbcm or P21ma space group structure, which may indicate
the presence of another phase. The fitted parameters are summarized
in Table II, where the peak positions are within 4% of the mean bond
lengths found from crystallography. The number density measured
using helium pycnometry ρ0 = 0.0830(4) Å−3 is ≃1% smaller than the
crystallographic value of ρ0 = 0.0841 Å−3 (Pbcm) or ρ0 = 0.0839 Å−3
(P21ma).28

B. Summary of solidstate 31P NMR results
This section summarizes the main results from a prior

NMR characterization study of the Nb2O5–NaPO3 glasses,12 which

FIG. 4. Fitted D′
Nr⌞ and D′

Xr⌞ functions for crystalline NaNbO3 assuming either
(a) the Pbcm or (b) the P21ma space group. In each panel, the filled circles rep
resent the measured function; the black solid curve represents the fitted function;
and the other curves represent the contributions from the Nb–O (red solid curves),
Na–O (violet solid curves), O–O (green broken curves), and Na–Nb (cyan solid
curve) correlations. The displaced green solid curve represents the residual.

provide useful constraints for the analysis of the diffraction data.
31P magic angle spinning (MAS) NMR experiments were performed
on exactly the same set of glass samples as used for the diffrac
tion and Raman experiments. Table III lists the phosphorus atom
speciation Pn

mNb obtained from those experiments, where n denotes
the total number of BO atoms in P–O–P and P–O–Nb connections
and m denotes the number of these BO atoms in P–O–Nb con
nections alone. The results provide the P–BO coordination number
n̄BOP and the P–NBO coordination number n̄NBOP , which is equiva
lent to the mean number of NBO atoms per P atom NNBO/NP. They
also deliver the mean number of P–O–P connections per P atom
NPOP/NP and the mean number of P–O–Nb connections per P atom
NPONb/NP. There is an evolution in the distribution of species, from
predominantly metaphosphate P2

0Nb or [PØ2/2O2]− motifs at small
x, where Ø denotes a bridging oxygen atom, to a distribution of
P3
3Nb and P

4
4Nb motifs at the largest x values that reflects an increased

degree of network polymerization. For the highest niobia content
glasses (x ≥ 0.25), at least three P–O–Nb connections are formed
and P–NBO connections remain but P–O–P linkages are absent.
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TABLE II. Peak parameters obtained from the fitted D′
Nr⌞ and D′Xr⌞ functions for crystalline NbOPO4 and NaNbO3 com

pared to the mean bond lengths found from crystallography. The neutron diffraction (ND) and xray diffraction (XRD) datasets
for NbOPO4 were fitted by assuming the space group P4/n,27 and the datasets for NaNbO3 were fitted by assuming either
the space group Pbcm or the space group P21ma.28 The coordination numbers for the peaks were set at the values found
from crystallography. The Rχ values correspond to the fitted ranges shown in Figs. 3 and 4. The errors associated with r̄αβ
and σαβ are typically ±0.010 and ±0.015 Å, respectively.

Crystallography ND XRD

Crystal αβ r̄αβ (Å) n̄βα r̄αβ (Å) σαβ (Å) Rχ r̄αβ (Å) σαβ (Å) Rχ

NbOPO4 P–O 1.528 4 1.527 0.059 0.031 1.530 0.071 0.051
Nb–O 1.783 1 1.773 0.018 1.756 0.035

1.969 4 1.986 0.049 1.984 0.054
2.321 1 2.290 0.078 2.357 0.118

O–O 2.495 2.4 2.490 0.060 2.495 0.064
2.794 4 2.786 0.089 2.809 0.062
2.850 0.8 2.868 0.090 2.840 0.120
2.977 1.6 2.986 0.061 2.981 0.098

Nb–P 3.398 4 3.363 0.065 3.407 0.063
NaNbO3 Nb–O 1.958 4 1.921 0.086 0.062 1.920 0.079 0.204
Pbcm 2.034 2 2.120 0.042 2.115 0.039

Na–O 2.344 1.5 2.293 0.035 2.313 0.080
2.589 3 2.510 0.110 2.565 0.039
2.787 4 2.720 0.150 2.790 0.117
3.101 3.5 3.180 0.150 3.130 0.065

O–O 2.775 4 2.800 0.084 2.786 0.038
2.830 4 2.842 0.132 2.821 0.079
3.448 2 3.490 0.150 3.449 0.112

Na–Nb 3.382 8 3.375 0.130 3.399 0.120
NaNbO3 Nb–O 1.933 4 1.922 0.086 0.047 1.923 0.083 0.191
P21ma 2.096 2 2.120 0.045 2.116 0.047

Na–O 2.360 1.5 2.280 0.035 2.311 0.079
2.578 4 2.493 0.108 2.561 0.034
2.885 4 2.958 0.107 2.870 0.050
3.097 1.5 3.238 0.123 3.103 0.042
3.337 1 3.267 0.100 3.308 0.115

O–O 2.803 8 2.792 0.100 2.782 0.060
2.456 2 2.490 0.131 3.483 0.084

Na–Nb 3.385 8 3.364 0.140 3.396 0.124

The 31P MAS NMR spectra were interpreted with the aid of
the results obtained from a separate set of dipolar NMR exper
iments.12 For each glass composition, the number of P–O–P
linkages per P atom was probed independently via the 31P–31P
dipole–dipole interactions measured using both 31P static spin
echo decay (SED) and 31P constanttime doublequantum dipolar
recoupling enables nuclear alignment reduction (CTDQDRENAR)
experiments. The results show a continuous reduction in the frac
tion of P–O–P linkages with increasing x and the absence of these
linkages when x ∈ 0.20. The P–O–Nb linkages were probed via
the 31P–93Nb dipole–dipole interactions measured using unprece
dented 31P{93Nb} wideband uniform rate with smooth truncation
(WURST) rotationalecho saturationpulse doubleresonance (W
RESPDOR) experiments. The method provides a quantitative esti
mate of NPONb/NP, and the extracted values are compared to those
found from the 31P MAS NMR experiments in Table III. For

each glass, the number of P–O–Nb connections deduced from the
results was found to be similar to the number of Nb–O–P connec
tions deduced from independent 93Nb{31P} rotational echo double
resonance (REDOR) experiments.

It is important to note that the Na2O:P2O5 ratio of 0.553:0.447
measured by WDXRF (Table I) for the x = 0 glass requires a P2

0Nb:
P 1

0Nb ratio of 0.763:0.237 to balance the positive charge on the
Na+ ions (the charges on the P2

0Nb and P1
0Nb motifs are −1 and −2,

respectively, in units of the elementary charge). In comparison, the
P2
0Nb: P 1

0Nb ratio of 0.90(1):0.10(1) found from the peak areas in
the measured 31P MAS NMR spectrum (Table III) is significantly
different. The latter provides a quantitatively rigorous analysis and
indicates a Na2O: P2O5 ratio of 0.524(2):0.476(2), i.e., for the x = 0
composition, the Na/P ratio is 1.10(1) rather than the value of ≃1.24
found from WDXRF. The Na:P ratios found from the XRF exper
iments are, therefore, likely to be overestimates that originate from
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TABLE III. Phosphorus atom speciation PnmNb found from the 31P MAS NMR experiments of Ensuncho et al.12 The corresponding P–NBO and P–BO coordination numbers
are given, along with a breakdown of the P–BO connections into the ratios NPOP/NP and NPONb/NP. The O–O coordination number for the shortest O–O nearestneighbor
distances of ≃2.52 Å, which are associated with the oxygen atoms in the phosphate groups, was calculated using Eq. (5). The NPONb/NP values from

31P{93Nb} WRESPDOR
experiments are also listed.12 The error on the fractions of PnmNb species is ±0.01, and the error on the WRESPDOR results is ±0.1. The full precision is given to minimize
rounding errors in the analytical models.

x P1
0Nb P2

0Nb P2
1Nb P3

2Nb P3
3Nb P4

4Nb n̄NBOP n̄BOP NPOP/NP NPONb/NP n̄OOshort NPONb/NP
a

0 0.100 0.900 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 2.10 1.90 1.900 ⋅ ⋅ ⋅ 3.85 ⋅ ⋅ ⋅
0.025 0.042 0.725 0.233 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 2.04 1.96 1.725 0.233 3.67 0.22
0.05 0.026 0.506 0.344 0.125 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 1.90 2.10 1.507 0.594 3.49 0.60
0.075 0.016 0.304 0.363 0.317 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 1.70 2.30 1.304 0.997 3.37 1.09
0.10 0.016 0.209 0.411 0.363 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 1.65 2.35 1.208 1.137 3.22 1.22
0.15 ⋅ ⋅ ⋅ 0.030 0.310 0.350 0.310 ⋅ ⋅ ⋅ 1.34 2.66 0.720 1.940 3.12 2.0
0.20 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 0.158 0.152 0.690 ⋅ ⋅ ⋅ 1.16 2.84 0.310 2.532 2.63 2.4
0.25 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 0.950 0.050 0.95 3.05 0 3.050 2.39 ⋅ ⋅ ⋅
0.30 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 0.820 0.180 0.82 3.18 0 3.180 2.18 2.7
0.40 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 0.719 0.281 0.72 3.28 0 3.281 1.78 3.3
aObtained from 31P{93Nb} WRESPDOR.

the difficulty in accurately measuring the bulk Na content of these
materials from a nearsurface analysis using the WDXRF method
(Sec. III A).

C. Diffraction: Glass structure
Figure 5 shows the measured neutron and xray total struc

ture factors for the glassy materials. At a given composition, the
contrast in shape originates from the difference in the weighting fac
tors for the partial structure factors [see Eq. (1)], where the niobium
paircorrelations receive a large weighting in the xray diffraction
work. The corresponding total pairdistribution functions D′r are
presented in Fig. 6 and show substantial changes with the glass
composition. The functions were fitted by taking into account the
information available from other experimental techniques.

In the crystalline metaphosphate NaPO3, each P atom is bound
to 2 NBO and 2 BO atoms, and the mean P–BO bond length of
1.609(11) Å is ≃9% longer than the mean P–NBO bond length of
1.478(6) Å.30 In crystalline NbOPO4, by comparison, each P atom
makes 4 P–O–Nb connections, providing a P–O bond length of
1.528 Å27 that is ≃3% longer than the P–NBO bond length in NaPO3.
In glassy NaPO3, the contributions from the P–NBO and P–BO
distances can be resolved in neutron diffraction experiments that
employ a large cutoff kmax = 45 Å−1.31 In such experiments, the
contributions from these connections are also discernible from the
asymmetry of the measured nearestneighbor P–O peak in D′

Nr
for the x = 0.08 composition, but not for the compositions when
x ≥ 0.12. In the present work, the P–O peak in D′r at ≃1.53 Å
was fitted accordingly. Two Gaussian functions were used to rep
resent the P–NBO and P–BO nearestneighbors for the x ≤ 0.10
glasses, with the corresponding coordination numbers fixed at the
values found from the 31P NMR experiments (Table III). A sin
gle Gaussian function was used for the x ≥ 0.20 glasses, with the
P–O coordination number fixed at n̄OP = 4, where the fraction of
P–O–P linkages is small or zero and a small difference is expected
between the P–O bond lengths for the P–NBO and P–O–Nb
connections.

FIG. 5. Measured neutron and xray Sk⌞ functions for the (Nb2O5)x (NaPO3)1−x
glasses.

As the niobia content of the glass increases from x = 0.025, a
shoulder appears on the highr side of the nearestneighbor P–O
peak in D′

Xr and grows in intensity. The second peak in both
D′

Xr and D′
Nr at ≃2.04 Å also grows in intensity. These changes

are attributed to the appearance of nearestneighbor Nb–O cor
relations and the features were fitted accordingly. For the glasses
with x ≥ 0.10, allowance was also made for a third Nb–O peak at≃2.28 Å.
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FIG. 6. Fitted D′
Nr⌞ and D′

Xr⌞ func
tions for the (a) x = 0.025, (b) x = 0.10,
(c) x = 0.20, and (d) x = 0.40 glasses.
In each panel, the filled circles repre
sent the measured function; the black
solid curve represents the fitted func
tion; and the other curves represent the
contributions from the P–O (broken blue
curves), Nb–O (red solid curves), Na–O
(violet solid curves), and O–O (green
broken curves) correlations. The dis
placed green solid curve represents the
residual.

The peak in D′
Xr and D′

Nr at ≃2.52 Å will originate from
the shorter O–O distances within or between the PO4 motifs and
not from the longer O–O distances associated with the niobium
or sodiumcentered polyhedral units. The coordination number
n̄OOshort for these short O–O distances can be found on the basis
that (i) each NBO atom in a P–NBO connection or each BO atom
in a P–O–Nb connection will have three nearestneighbor oxygen
atoms within a PO4 group, and (ii) each BO atom in a P–O–P
connection will have 6 nearestneighbor oxygen atoms within the
two adjoining PO4 groups. Assuming that all the NBO species are
bound to phosphorus atoms, and denoting the number of oxygen
atoms in P–O–Nb and P–O–P connections by NO,PONb and NO,POP,
respectively, it follows that

n̄OOshort = 1
NO

3NNBO + 3NO,PONb + 6NO,POP
= (3NNBO

NP
+ 3NPONb

NP
+ 6NPOP

2NP
)NP

NO
= 12 cP

cO
. (5)

The factor of 1/2 in the expression after the second equality
avoids the double counting of the oxygen atoms in P–O–P con
nections, and the expression after the last equality follows from
n̄OP = NNBO +NPONb +NPOP/NP = 4. Equation (5) gives the value

n̄OOshort = 4 found for the x = 0 (metaphosphate) crystal struc
ture30 and reproduces the n̄OOshort values reported for the
(Nb2O5)x(NaPO3)1−x glasses investigated in Ref. 31. It also pro
vides the value n̄OOshort = 1.5 found for the x = 0.5 crystal struc
tures of Na4Nb8P4O32 where all the phosphorus atoms form P4

4Nb
species.19,32 Here, each of the oxygen atoms in a P4

4Nb motif has
three nearestneighbor oxygen atoms within that motif but (i) the
overall O–O coordination number for a specified distance range is
obtained by averaging over all oxygen atom sites, and (ii) the O–O
distances within, e.g., an octahedral NbO6 unit are much longer than
2.52 Å. For the x = 0.5 composition, only 50% of the oxygen atoms
are bound to phosphorus atoms (Sec. V A), so the O–O coordina
tion number for distances around 2.52 Å, averaged over all oxygen
atoms, is given by n̄OOshort = 0.5 × 3 = 1.5. In fitting the D′r
functions, the shortdistance O–O coordination numbers were fixed
at the calculated values (Table III).

The Na–O nearestneighbors are expected to first appear in
D′r at distances around 2.3 Å. As in Ref. 31, their distribution was
best represented by using two or more Gaussian functions.

Finally, each of the D′
Xr functions also has a notable peak

at ≃2.82 Å with a highr boundary that approaches the density lineD′
Xr = −4πρ0r limit for the x = 0.20 and x = 0.40 compositions.

This feature was fitted by assuming significant contributions from
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the O–O correlations for the x = 0.20 and x = 0.40 glasses and from
the Na–O and O–O correlations for the x = 0.10 glass. An attempt
to fit the peak for the x = 0.025 glass using a combination of Na–O
and O–O correlations was unsuccessful as it led to large coordina
tion numbers that could not be reconciled with the measured D′

Nr
function. At this composition, there is, however, considerable over
lap of the peak with the correlations at larger r values, such that the
highr peak boundary does not approach the density line limit. A
benefit of fitting the feature in D′

Xr at ≃2.82 Å is to constrain the
peaks fitted at smaller r values.

The fittedD′
Nr andD′

Xr functions for the glasses are shown
in Fig. 6, and the fitted parameters are listed in Table IV.

D. Raman spectroscopy

Figure 7 compares the Raman spectra for the glasses with
those for crystalline NbOPO4, NaNbO3, and Na4Nb8P4O32, where
the latter corresponds to the composition x = 0.5 on the
(Nb2O5)x(NaPO3)1−x pseudobinary tieline. The spectrum for the
Nbfree glass features a band with a maximum near 685 cm−1, which
arises from the symmetric stretching mode vibrations of the BO
species within P–O–P linkages.33 The band at 1170 cm−1 signifies
the vibrations of the NBO atoms in P2 groups,33 and its domi
nance indicates that these metaphosphate units are the majority
species. In addition, there are small but noticeable bands at 1020

TABLE IV. Peak parameters obtained from the fitted D′Nr⌞ and D′
Xr⌞ functions for the neutron diffraction (ND) and xray

diffraction (XRD) experiments on the (Nb2O5)x (NaPO3)1−x glasses. The total Nb–O and Na–O coordination numbers are
also listed for the fitted r ranges. Fixed parameters are marked by an asterisk. The Rχ values correspond to the fitted ranges

shown in Fig. 6. The errors associated with r̄αβ, σαβ and n̄
β
α are typically ±0.010 Å, ±0.015 Å, and ±0.10, respectively.

ND XRD

x αβ r̄αβ (Å) σαβ (Å) n̄βα n̄βα(tot) Rχ r̄αβ (Å) σαβ (Å) n̄βα n̄βα(tot) Rχ

0.025 P–O 1.485 0.043 2.04∗ 0.038 1.494 0.038 2.04∗ 0.149
1.610 0.055 1.96∗ 1.625 0.051 1.96∗

Nb–O 1.820 0.040 0.72 6.3(3) 1.789 0.046 0.71 6.3(3)
2.060 0.065 5.60 2.041 0.073 5.59

Na–O 2.250 0.090 1.23 5.1(3) 2.310 0.043 0.99 4.8(3)
2.410 0.100 3.90 2.407 0.108 3.76

O–O 2.529 0.079 3.67∗ 2.539 0.065 3.67∗
0.10 P–O 1.490 0.035 1.88∗ 0.058 1.505 0.033 1.88∗ 0.092

1.591 0.058 2.12∗ 1.596 0.062 2.12∗
Nb–O 1.770 0.060 1.10 6.4(3) 1.754 0.060 1.02 6.2(3)

2.045 0.063 4.15 2.030 0.053 4.05
2.260 0.070 1.10 2.279 0.053 1.09

Na–O 2.294 0.070 0.95 5.5(3) 2.310 0.050 0.94 5.6(3)
2.395 0.080 2.90 2.425 0.107 2.79
2.815 0.120 1.60 2.836 0.084 1.84

O–O 2.524 0.068 3.22∗ 2.526 0.037 3.22∗
2.820 0.120 2.10 2.831 0.069 2.49

0.20 P–O 1.531 0.059 4.00∗ 0.035 1.537 0.053 4.00∗ 0.072
Nb–O 1.750 0.073 1.23 6.3(3) 1.751 0.065 1.20 6.4(3)

2.040 0.080 4.25 2.028 0.064 4.36
2.263 0.045 0.81 2.280 0.052 0.79

Na–O 2.334 0.050 1.12 4.9(3) 2.312 0.050 0.94 4.6(3)
2.490 0.106 3.80 2.501 0.123 3.70

O–O 2.515 0.080 2.63∗ 2.525 0.030 2.63∗
2.814 0.118 3.20 2.816 0.052 3.32

0.40 P–O 1.530 0.050 4.00∗ 0.036 1.535 0.065 4.00∗ 0.038
Nb–O 1.813 0.083 1.42 6.4(3) 1.815 0.074 1.40 6.4(3)

2.031 0.109 4.20 2.024 0.098 4.19
2.321 0.115 0.80 2.300 0.128 0.79

Na–O 2.369 0.051 1.20 5.5(3) 2.331 0.080 1.07 5.2(3)
2.560 0.077 4.30 2.563 0.047 4.14

O–O 2.505 0.088 1.78∗ 2.525 0.102 1.78∗
2.804 0.122 4.60 2.820 0.066 4.48
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FIG. 7. Measured Raman spectra for crystalline Na4Nb8P4O32, NaNbO3, and
NbOPO4 and for glassy (Nb2O5)x (NaPO3)1−x . The ordinate axis represents the
measured intensity in arbitrary units, and the spectra are stacked for clarity of
presentation. In this figure, the x values are expressed in mol. %.

and 1280 cm−1, which are assignable to the stretching modes of the
NBO atoms in P1 and P2 units, respectively.1,8,33

The incorporation of niobium oxide produces notable
compositiondependent changes to the glass spectra. For example,
the band at 685 cm−1, which arises from P–O–P linkages, shifts
toward a larger wavenumber and diminishes in intensity, indicat
ing a depolymerization of the phosphate network. This band is not
discernible as a distinct feature when x ∈ 0.10. In the glasses with
x ≤ 0.15, a single band near 910 cm−1 becomes dominant and has
been attributed to the vibrational modes of isolated NbO6 units,34,35
i.e., distorted octahedral NbO6 motifs not linked to other NbO6
units. As discussed in Sec. V D, there may also be a contribution
from the vibrations of nonbridging oxygen atoms bound to six
coordinated Nb species. In the glasses with x ∈ 0.15, an additional
band appears at 820 cm−1. Its position corresponds to that of the
dominant Raman band observed for crystalline NbOPO4, which fea
tures a network structure in which octahedral NbO6 species are
cornerlinked via bridging oxygen atoms to 4 PO4 and 2 NbO6
species.27 Based on this comparison, the band at 820 cm−1 is
attributed to the vibrations of the O atoms within NbO6 polyhedral
units connected via both Nb–O–P and Nb–O–Nb linkages.

Finally, a broad band at 630 cm−1 develops for x ≥ 0.20 and
grows in intensity. The position of this band is close to that found
for a prominent band in the spectrum for crystalline NaNbO3, which
features a structure in which slightly distorted NbO6 units corner
share with 6 other NbO6 units to form a threedimensional net
work.36 The band is, therefore, attributed to the vibrational modes
of NbO6 units connected predominantly to other NbO6 units via

Nb–O–Nb linkages, and its growth indicates that the number of
these connections increases with the niobium oxide content of the
glass, as expected from probability considerations. The Raman spec
trum for crystalline Na4Nb8P4O32, in which distorted NbO6 units
corner share with either (i) 3 NbO6 and 3 PO4 or (ii) 5 NbO6 and
1 PO4 units,19,32 supports a contribution to the region around
630–820 cm−1 from the vibrations of O atoms within NbO6
polyhedral units connected via both Nb–O–P and Nb–O–Nb
cornersharing linkages.

V. DISCUSSION
For the x = 0.025 and x = 0.10 compositions, the fitted P–O

bond distances are commensurate with those found in previous
diffraction work on Nb2O5–NaPO3 glasses31 and on crystalline
NaPO3 in which the mean P–NBO and P–BO bond distances are
1.478(6) and 1.609(11) Å, respectively.30 In this crystal, n̄ONa = 5 and
the mean Na–O distance is 2.406(66) or 2.445(42) Å depending on
the crystallographic site, where the numbers in parentheses refer to
the standard deviations. In comparison, n̄ONa ≃4.9(3) with a weighted
mean distance r̄NaO ≃2.38 Å for the x = 0.025 glass.

For each glass, the results are consistent with the Nb5+ ions
adopting a distorted octahedral coordination environment. For the
x = 0.025 composition, there is a ∼1 + 5 deformation of the octa
hedron, with the majority of Nb–O bond lengths appearing around
2.05(2) Å. For x ≥ 0.10, the distortion is similar to that found for
crystalline NbOPO4, i.e., there is a ∼1 + 4 + 1 deformation of
the octahedron with one Nb–O bond length shorter and one bond
length longer than the other four. This distribution is similar to that
previously reported for the Nb2O5–NaPO3 glass system.31

In crystalline NbOPO4, the short and long Nb–O bonds corre
spond to Nb–O–Nb connections.27 In crystalline (NbO)2(P4O13), by
comparison, each NbO6 polyhedron has five cornersharing tetra
hedral PO4 units plus one NBO atom.37 A wide range of other
conformations exist for the NbO6 polyhedral units in niobium phos
phate crystals. It is reported that the 93Nb NMR shift is relatively
insensitive to the distortion within an NbO6 unit but sensitive to the
identity of the next nearestneighbors.38 The chemical shift para
meters reported from 93Nb MAS NMR experiments on the glasses
investigated in the present work indicate a variety of NbO6 units
with different degrees of distortion.12

The overall results for the composition dependence of the
molar volume Vmol (Fig. S1) show that this parameter decreases as
the Nb2O5 content of the glass increases, and the connectivity of the
network also increases by the formation of Nb–O–P and Nb–O–Nb
linkages (Sec. V B).

A. Analytical model I (NBO atoms exclusively
Pbonded) vs statistical model for the glass structure

An analytical model for the glass structure was developed to aid
in the interpretation of the experimental results. The starting point is
a network comprising all the phosphorus and niobium atoms and all
the oxygen atoms, which are deemed to be either onecoordinated
NBO or twocoordinated BO species. Higher coordinated oxygen
atoms are not considered: Although they are common in the struc
ture of pure transition metal oxides including Nb2O5,39 they are
not included because of their absence in the crystalline model com
pounds NbOPO4 and Na4Nb8P4O32. The fraction of NBO atoms is
given by40
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f NBO = NNBO

NO
= 2 − cP

cO
n̄OP − cNb

cO
n̄ONb, (6)

where NNBO is the number of NBO atoms. The fraction of BO
atoms is given by fBO = 1 − fNBO. If all of the NBO species are
associated with phosphorus, the NBO:P ratio is given by NNBO/NP= cO fNBO/cP. For n̄OP = 4, the BO:P ratio follows from NBO/NP= 4 −NNBO/NP, where NBO is the number of BO atoms.

The number of P–O–P connections per phosphorus atom is
given by

NPOP

NP
= 4 − NNBO

NP
− NPONb

NP
. (7)

The oxygen to phosphorus ratio for those O atoms connected to P is
given by

NO,P

NP
= NNBO

NP
+ NPONb

NP
+ NPOP

2NP
, (8)

where the factor of 1/2 in the last term avoids the double counting
of BO atoms in P–O–P connections. The O:P ratio for the glass is
given by NO/NP = cO/cP but all of the O atoms are not necessar
ily associated with P atoms because of the possibility of Nb–O–Nb
connections. The fraction of oxygen atoms in these connections is
given by

f NbONb = NO/NP − NO,P/NPNO/NP . (9)

Let κ = NNbOP/NNb denote the mean number of Nb–O–P
bonds per Nb atom. The number of Nb–O–P bonds is equal to the
number of P–O–Nb bonds, so the number of P–O–Nb bonds per
phosphorus atom is given by NPONb/NP = cNbκ/cP. The parameter
κ can be viewed as a measure of the preference for the forma
tion of heteroatomic P–O–Nb linkages over homoatomic Nb–O–Nb
and P–O–P linkages. If κ is sufficiently large, then NPONb/NP
will increase and NPOP/NP will decrease with increasing x until
NPOP/NP = 0 at some value x0 ≜ 0.5. Then, for x ∈ x0, there will no
longer be P–O–P bonds to be consumed by Nb, but the remaining
P–NBO connections can be replaced by P–O–Nb connections, such
that

NPONb

NP
x ≥ x0 = NPONb

NP
x0 + [NNBO

NP
x0 − NNBO

NP
x]. (10)

At x = 0, this model gives NNBO/NP = 2, NPOP/NP = 2, and
NPONb/NP = 0 as found for crystalline NaPO3.30 At x = 0.5
with n̄ONb = 6, it gives NNBO/NP = 0, NPOP/NP = 0, NPONb/NP = 4,
and fNbONb = 0.5, as found for the crystalline polymorphs of
Na4Nb8P4O32 with space groups P2132 and P21/c.19 The model
with n̄ONb = 6 and κ = 3 gives NNBO/NP = 1, NPOP/NP = 0, and
fNbONb = 0.2727 as found for crystalline CaNb2P2O11, which sits
at x = 0.5 on the related (Nb2O5)x(CaP2O6)1−x pseudobinary
tieline.41

The model leading to Eq. (10) assumes that the addition of
Nb leads to the preferential formation of P–O–Nb bonds, such that
all the P–O–P bonds are consumed at a composition x0 ≜ 0.5. To
provide a reference point, it is instructive to consider how the predic
tions compare to those obtained from an alternative model in which
there is a statistical distribution of P–O–P, P–O–Nb and Nb–O–Nb
linkages.42

The number of P–O–Nb linkages per phosphorus atom
NPONb/NP can be found by first considering a binomial distribution
of P–BO and P–NBO bonds, such that the fraction of Pn species with
n P–O–P plus P–O–Nb bonds is given by

f Pn = 4!
n!4 − n!1 − pPNBOnp4−nPNBO , (11)

where the probability of a P–NBO linkage is given by
pPNBO = NPNBO/NPO, NPNBO = NNBO is the number of P–NBO
bonds found from Eq. (6), and NPO = NPn̄OP is the total number of
P–O bonds. Equation (11) distributes the NBO atoms among the
phosphorus sites but does not alter the composition dependence of
NNBO/NP. The fraction of Pn species that form m P–O–Nb bondsm ⩽ n can then be found by considering a binomial distribution of
P–O–Nb and P–O–P bonds, such that the fraction of Pn

mNb species
is given by

f PnmNb
= n!
m!n −m!pmPONb1 − pPONbn−m, (12)

where the probability of a P–O–Nb linkage is given by
pPONb = NNbO/NPBO +NNbO, NNbO = NNbn̄ONb is the number
of Nb–O bonds, NPBO = NPn̄BOP is the number of P–BO bonds, and
n̄BOP = 4 −NNBO/NP. The probability of a P–O–P linkage is given by
1 − pPONb. The NPONb/NP and NPOP/NP ratios can be found from
the calculated Pn

mNb speciation. The fraction of oxygen atoms in
Nb–O–Nb connections follows from Eq. (9).

An alternative method for obtaining the statistical distribution
of P–O–P, P–O–Nb, and Nb–O–Nb linkages is to consider the prob
ability of finding a P–O–P linkage, which is proportional to the
weighting factor,

WPOP = cPn̄BO
P 2/2, (13)

the probability of finding an Nb–O–Nb linkage, which is propor
tional to the weighting factor,

WNbONb = cNbn̄BO
Nb2/2, (14)

and the probability of finding a P–O–Nb linkage, which is propor
tional to the weighting factor,

WPONb = cPn̄BOP cNbn̄BONb. (15)

The factor of 1/2 in Eqs. (13) and (14) avoids the double counting
of P–O–P or Nb–O–Nb connections. The associated probabilities
of finding a BO atom in a P–O–P, Nb–O–Nb, or P–O–Nb connec
tion are given by PPOP = NO, POP/NBO = WPOP/WPOP +WNbONb+WPONb, PNbONb = NO, NbONb/NBO = WNbONb/WPOP +WNbONb+WPONb, and PPONb = NO, PONb/NBO = WPONb/WPOP +WNbONb+WPONb, respectively, where NO, POP, NO, NbONb, and NO, PONb are
the numbers of BO atoms in these connections, respectively. The
composition dependence of the probabilities is shown in Fig. 8 for
the case when n̄BONb = n̄ONb = 6.

The number of P–O–P connections per P atom is given by

NPOP

NP
= 2NO,POP

NBO

NBO

NO

NO

N
N
NP

= 2PPOP f BO
cO
cP
. (16)
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FIG. 8. Composition dependence of the probabilities PPOP, PNbONb, and PPONb of
finding a BO atom in a P–O–P, Nb–O–Nb, or P–O–Nb connection, respectively, for
n̄ONb = 6. The solid circles represent the results of model I (Sec. V A) with κ = 4.5;
the open squares represent the results of model II (Sec. V D) with κ = 5; and the
solid curves represent the results obtained by assuming a statistical distribution of
these connections.

The number of P–O–Nb connections per P atom is given by

NPONb

NP
= NO, PONb

NBO

NBO

NO

NO

N
N
NP

= PPONb f BO
cO
cP
. (17)

The number of NBO atoms per P atom NNBO/NP then follows from
Eq. (7). The oxygen to phosphorus ratio for those O atoms con
nected to P is given by Eq. (8), and the fraction of oxygen atoms in
Nb–O–Nb connections is given by Eq. (9). Both methods for cal
culating the statistical distribution of linkages are consistent with
one another, with the first providing access to the fractions f PnmNb
via Eq. (12).

A statistical distribution of P–O–P, P–O–Nb, and Nb–O–Nb
linkages with n̄ONb = 6 gives the expected ratio NPONb/NPOP = 2 at
the composition x = 1/3, where NNBO/NP = 1 and the Nb:P ratio
is 1:1. It also gives NPONb/NPOP = 3 at x = 0.5 where NNBO/NP = 0
and the Nb:P ratio is 2:1. In contrast, P–O–P bonds are absent in
the model crystalline compound Na4Nb8P4O32,19,32 which corre
sponds to the x = 0.5 composition; i.e., this crystal structure does
not correspond to a statistical distribution of P–O–P, P–O–Nb, and
Nb–O–Nb linkages.

B. Comparison between the models and experiment
Figure 9 shows that model I of Sec. V A with n̄OP = 4 and n̄ONb = 6

gives a good account of the NNBO/NP values found in our 31P solid
state NMR work12 (Table III). If κ ≃ 4.5, the model also provides
a good account of the composition dependence of the measured
NPONb/NP, NPOP/NP, and fNbONb values (Figs. 10–12). Here, the
increase in the number of negatively charged [NbØ6/2]− motifs with
increasing x will require a reduction in the P:NBO ratio. Accord
ing to the crystal structures along the Nb2O5–NaPO3 pseudobinary
tieline, the [PØ2/2O2]− groups at x = 0 will be replaced by [PØ4/2]+
groups at x = 0.5.19,30,32 For the latter, the Nb:Na:P ratio is 2:1:1, such
that the combined charge on an Na+ ion and phosphate group is
balanced by the charge on two [NbØ6/2]− motifs.

FIG. 9. Composition dependence of the ratio NNBO/NP. The symbols correspond
to the 31P NMR results from the work of Ensuncho et al.12 and Flambard et al.3,4

In the former work, NNBO/NP was found either directly from the PnmNb speciation
(Table III) or from Eq. (7) with NPOP/NP taken from the 31P MAS NMR results and
NPONb/NP taken from the 31P{93Nb} WRESPDOR NMR results. In the latter work,
the BO atoms were considered to be in either P–O–P or both P–O–P and P–O–Nb
connections. The green and black curves are from Eq. (6) of model I with n̄OP = 4
and an n̄ONb value of either 5 or 6, respectively. The cyan curve represents a
parabolic fit to the 31P MAS NMR results of Ensuncho et al.12

FIG. 10. Composition dependence of the ratio NPONb/NP. As in Fig. 9, the symbols
correspond to the NMR results of Ensuncho et al.12 and Flambard et al.4 In the
latter work, the number of P=O bonds was either kept at the value found from the
measured phosphorus speciation or the P=O bonds were redistributed to P–O–Nb
and P–O–Na connections, thereby increasing their numbers (Sec. V E). The black
curve is from model I with n̄ONb = 6 and κ = 4.5. The magenta chained and broken
curves correspond to model I with n̄ONb = 6 and either κ = 4 or κ = 5, respectively.
The violet and green broken curves are from the model for a statistical distribution
of P–O–P, P–O–Nb, and Nb–O–Nb linkages with an n̄ONb value of either 6 or 5,
respectively. The cyan curve is from model II with n̄ONb = 6 and κ = 5.

In contrast to the experiment, a statistical distribution of
P–O–Nb, P–O–P, and Nb–O–Nb linkages, with NNBO/NP calcu
lated from Eq. (6) by assuming that n̄ONb takes the value of 6 or 5,
does not lead to the elimination of P–O–P bonds with increasing

J. Chem. Phys. 163, 144510 (2025); doi: 10.1063/5.0290349 163, 14451012

© Author(s) 2025

20
O
ctob

er
20
25
19
:25
:47



The Journal
of Chemical Physics ARTICLE pubs.aip.org/aip/jcp

FIG. 11. Composition dependence of the ratio NPOP/NP. The symbols correspond
to the 31P MAS NMR results of Ensuncho et al.12 and to the 31P and 17O MAS NMR
and XPS results of Flambard et al.4 The black curve is from model I with n̄ONb = 6
and κ = 4.5. The magenta chained and broken curves correspond to model I with
n̄ONb = 6 and either κ = 4 or κ = 5, respectively. The violet and green broken curves
are from the model for a statistical distribution of P–O–P, P–O–Nb, and Nb–O–Nb
linkages with an n̄ONb value of either 6 or 5, respectively. The cyan curve is from
model II with n̄ONb = 6 and κ = 5.

FIG. 12. Composition dependence of the fraction fNbONb. The symbols correspond
to the NMR results of Ensuncho et al.12 and Flambard et al.4 In the former work,
either Eq. (9) (no NbNBO connections) or Eq. (21) (Nb–O connections allowed)
was used with NO,P/NP calculated from the 31P MAS NMR results using Eq. (8).
The black curve is from model I with n̄ONb = 6 and κ = 4.5. The magenta chained
and broken curves correspond to model I with n̄ONb = 6 and κ = 4 or κ = 5, respec
tively. The violet and green broken curves are from the model for a statistical
distribution of P–O–P, P–O–Nb, and Nb–O–Nb linkages with an n̄ONb value of either
6 or 5, respectively. The cyan curve is from model II with n̄ONb = 6 and κ = 5.

x (Fig. 11). The slower decrease in NPOP/NP with increasing x leads,
at a given composition, to fewer P–O–Nb bonds (Fig. 10) and a con
comitant higher fraction of oxygen atoms in Nb–O–Nb connections
(Fig. 12).

The Raman spectra (Sec. IV D) are inline with the solid
state NMR results. As the niobia content first increases, the spectra

indicate the elimination of P–O–P connections. As the niobia con
tent increases beyond x = 0.05, they are also compatible with the
NbO6 units making fewer Nb–O–P and more Nb–O–Nb connec
tions. The findings are in qualitative accord with the expectations
of the probabilities PPOP, PPONb, and PNbONb for the model with
κ = 4.5 (Fig. 8). It is notable that in the reported crystal structures
for Na4Nb8P4O32,19,32 which correspond to the x = 0.5 composi
tion, each PO4 unit makes 4 P–O–Nb connections such that P–O–P
connections are absent.

C. Next nearestneighbor O–O correlations
In the glass, the shortest O–O distances at ≃2.52 Å originate

from the oxygen atoms within or between the phosphate groups.
The associated coordination number n̄OOshort can be calculated
accordingly (Sec. IV C). The next nearestneighbor O–O distances
at ≃2.80–2.83 Å will originate from the shorter O–O distances asso
ciated with the distorted NbO6 polyhedral units of the framework
structure in which the Na+ ions reside (see the discussion at the start
of Sec. V). The associated O–O coordination number is given by

n̄OOlong = 1
NO

NO,NbONbn̄OO,NbONb +NO,PONbn̄OO,PONb
= NNbONb

NO
n̄OO,NbONb + NPONb

NP

NP

NO
n̄OO,PONb

= f NbONbn̄OO,NbONb + NPONb

NP

cP
cO

n̄OO,PONb, (18)

where NO,NbONb is the number of oxygen atoms in Nb–O–Nb link
ages, and n̄OO,NbONb and n̄

O
O,PONb are the coordination numbers for the

oxygen atoms in Nb–O–Nb and P–O–Nb linkages, respectively, for
O–O distances of ≃2.80–2.83 Å. The number of Nb–O–Nb linkages
is given by NNbONb = NO,NbONb, and the fraction of oxygen atoms
in Nb–O–Nb linkages is given by fNbONb = NNbONb/NO. The fNbONb
and NPONb/NP parameters can be found from the 31P MAS NMR
results (Sec. V A).

In crystalline NbOPO4, the 1 + 4 + 1 distortion of the NbO6
octahedron (Table II) leads to oxygen atoms in the P–O–Nb con
nections with three nearestneighbor oxygen atoms at 2.495(26) Å,
4 next nearestneighbor oxygen atoms at 2.790(47) Å, and 2 fur
ther oxygen atoms at 2.977 Å, i.e., n̄OO,PONb = 4 for an O–O distance
of 2.79 Å.27 The oxygen atoms in Nb–O–Nb connections have 4
nearestneighbor oxygen atoms at 2.806 Å, 4 next nearestneighbor
oxygen atoms at 2.850 Å, and 4 further oxygen atoms at 3.304 Å,
i.e., n̄OO,NbONb = 4 for an O–O distance of 2.81 Å, which increases to
n̄OO,NbONb = 8 if the O–O neighbors at 2.85 Å are also included.

For the glasses with x values of 0.1, 0.2, and 0.4, the n̄OOlong
values calculated from Eq. (18), with fNbONb and NPONb/NP derived
from the 31P MAS NMR results (Table III), are (i) 1.47, 2.76, and
3.51, respectively, if n̄OO,PONb = n̄OO,NbONb = 4, or (ii) 1.72, 3.30, and
5.07, respectively, if n̄OO,PONb = 4 and n̄OO,NbONb = 8. In comparison,
the measured n̄OOlong values obtained from the peak in D′

Xr at≃2.82 Å are 2.49(15), 3.32(15), and 4.48(15), respectively (Table IV).
The findings are consistent with the distorted NbO6 units provid
ing a coordination number n̄OO,NbONb of 6.5–8 for the glasses with
x ≥ 0.20. The large measured value of n̄OOlong for the x = 0.10 glass
may originate from uncertainty regarding the paircorrelations that
contribute toward the peak in D′

Xr at ≃2.82 Å [Fig. 6(b)]. There
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is probably overlap of the fitted O–O and Na–O contributions with
a contribution from the nearestneighbor P–P distances in corner
sharing PO4 configurations, which occur at 2.870 and 2.967 Å in the
crystalline metaphosphate NaPO3.30

D. Analytical model II for the glass structure: NbNBO
connections

In analytical model I of Sec. V A, it is assumed that all of the
NBO species are associated with the phosphate groups. Figure 9
shows, however, that the predicted NNBO/NP ratio is larger than
the measured ratio for several glass compositions, indicting a need
to consider the reallocation of a proportion of the NBO species.
Indeed, the measured phosphate speciation (Table III) does not, in
general, provide sufficient negative charge to balance the positive
charge on the Na+ ions if all of the niobium atoms are deemed to
form [NbØ6/2]− motifs (see Sec. S3). It is, therefore, necessary to
consider the possibility of NbNBO bonds, which were proposed by
Hoppe et al.31 in their work on the (Nb2O5)x(NaPO3)1−x system.

The excess in the predicted ratio NNBO/NPmodel I frommodel I
over the measured ratio NNBO/NP31PNMR from the 31P MAS NMR
experiments can be expressed as

(NNBO

NP
)
ex
= (NNBO

NP
)
model I

− (NNBO

NP
)
31PNMR

, (19)

such that the NNBO/NNb ratio is given by

NNBO

NNb
= NP

NNb
(NNBO

NP
)
ex
= cP
cNb

(NNBO

NP
)
ex
. (20)

The resultant reduction inNNBO/NP has a concomitant effect on the
NPOP/NP and NPONb/NP ratios via Eq. (7). There is also an alter
ation to the number of BO atoms involved in Nb–O–Nb connections
because a fraction of the oxygen atoms bound to Nb are now NBO
species. Equation (9) becomes

f NbONb = NO/NP − NO,P/NP − NNBO/NPexNO/NP . (21)

Figure 9 shows the effect of fitting a quadratic approximation
to the composition dependence of the 31P MAS NMR results for
NNBO/NP to find NNBO/NP31PNMR for use in Eq. (19). The asso
ciated reassignment of NBO atoms from P to Nb atoms via Eq. (20)
results in a composition dependence of NPONb/NP that can be rep
resented by choosing κ = 5 (Fig. 10). The composition dependencies
of NPOP/NP and fNbONb are shown in Figs. 11 and 12, respectively.
Relative to model I with κ = 4.5, there is little change toNPOP/NP but
a decrease in the fraction of BO atoms in Nb–O–Nb linkages.

As discussed in Sec. S3, Fig. S2 compares the composition
dependence of the NNBO/NNb ratio found from model II with
the expectations from three different scenarios for interpreting the
composition dependence of the experimental results. The model
indicates that NNBO/NNb = 1 at x ≃ 0.04, such that all of the Nb
atoms are in [NbØ5/2O2− units. The predictions of the model are
in overall agreement with the experimental findings for x ∈ 0.075,
showing that the fraction of NBO atoms in the Nbcentered units
decreasesmonotonically with increasing x and vanishes near x = 0.40
such that all of the Nb atoms are in [NbØ6/2]− units. This behav
ior is consistent with the structure of crystalline Na4Nb8P4O32

(x = 0.5) in which NbNBO bonds are absent.19,32 For x ≤ 0.075, the
NNBO/NNb values are more uncertain. As discussed in Sec. S3, the
scenario providing the most reasonable account of the experimental
results across the entire composition range suggests that the num
ber of NBO atoms per Nbcentered units diminishes to zero as the
Nb2O5 content decreases from x = 0.075.

As shown in Fig. 8, model II with κ = 5 has little effect on the
probability of finding a BO atom in a P–O–P connection, which is
set by the findings from the 31P MAS NMR experiments. Relative
to model I with κ = 4.5, there is an increased probability of finding
a BO atom in a P–O–Nb connection and a decreased probability of
finding a BO atom in a Nb–O–Nb connection as the Nb2O5 content
of the glass increases to x ≃ 0.4. At larger xvalues, NNBO/NPex = 0,
such that NNBO/NNb = 0 and these probabilities are calculated using
model I with κ = 5.

E. Comparison with previous work
The Pn speciation, where n refers to the number of BO atoms in

P–O–P connections alone, is reported in the 31P MAS NMR work of
Flambard et al.3,4 The associated NNBO/NP values can be found by
assuming that the remaining connections in a phosphate group are
P–NBO bonds. These NBO/NP and NNBO/NP values were used by
Hoppe et al.31 in the analysis of their diffraction data. Alternatively,
other bonds can be included in the distribution of the remaining
connections. Flambard et al.4 assumed a model that is equivalent
to each P atom making n P–O–P bonds, 1 P=O double bond, and
1 P–O–Na bond, such that the number of P–O–Nb bonds per
phosphorus atom is given by NPONb/NP = 4 − 2 − n = 2 − n. In this
model, NNBO/NP = 2 across the composition range if all of the oxy
gen atoms in P=O and P–O–Na connections are regarded as NBO
atoms (Fig. 9). This NNBO/NP = 2 finding is reproduced by Eq. (6)
with n̄OP = 4 and n̄ONb = 5 (Fig. 9). At each composition, the P:Na
ratio is 1:1 and the negative charge on the network structure that is
required to balance the positive charge on the Na+ ions is provided
by the [PØ2/2O2]− phosphate groups alone, thus requiring charge
neutral [NbØ5/20 species. In consequence, the model of Flambard
et al.4 is inconsistent with the notion of sixcoordinated Nb atoms,
as suggested by their 93Nb MAS NMR and Raman spectroscopy
results.

In the work of Flambard et al.,4 there is also significant discrep
ancy in the composition dependence of NPOP/NP as deduced from
their 31P MAS NMR, 17OMAS NMR, and xray photoelectron spec
troscopy (XPS) experiments (Fig. 11). In a further step during the
analysis of their 31P MAS NMR spectra, an allowance was made for
the delocalization of the P=O bonds via a procedure in which these
bonds were redistributed to form additional P–O–Na and P–O–Nb
connections in proportion to the modeled NPONa/NPO(Na,Nb) and
NPONb/NPO(Na,Nb) ratios, respectively. This redistribution has no
effect on NPOP/NP or fNbONb, where the values of the latter are in
accordance with those deduced from the 17O MAS NMR exper
iments (Fig. 12). It leads, however, to increases in NPONb/NP
(Fig. 10) andNPONa/NP relative to the case when no redistribution is
made.

The statistical distribution of P–O–P, P–O–Nb, and Nb–O–Nb
linkages, with NNBO/NP calculated from Eq. (6) and n̄ONb = 6, gives
a good account of the composition dependence of the Flambard
et al.4 results for fNbONb (Fig. 12) and for NPONb/NP after the P=O
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bonds are redistributed (Fig. 10). A coordination number n̄ONb = 5 is,
however, necessary to reproduce the assumed value ofNNBO/NP = 2
across the composition range (Fig. 9).

In summary, Figs. 9–12 show clear contrast between the find
ings of the present work and those obtained from either of the
models of Flambard et al.3,4 In particular, the new experimental
results show an elimination of the P–O–P connections at x0 ∼0.22.
A selfconsistent account of the composition dependence of all the
newly measured parameters is provided by models I and II, which
incorporate four and sixcoordinated P and Nb atoms, respectively,
along with the preferential formation of P–O–Nb bonds as the nio
bia content of the glass increases. The P–O and Nb–O coordination
numbers of 4 and 6, respectively, are supported by the present find
ings from the diffraction, solidstate NMR, and Raman spectroscopy
experiments. The results, therefore, call for a reinterpretation of the
measured 17O MAS NMR and XPS spectra for these materials.3,4

F. Structure–property relationships
1. Glass transition temperature

Figures 9–12 show that the connectivity of the P and Nb
centered network forming motifs changes substantially with the nio
bium oxide content of the glass. The density of the P–O–P, P–O–Nb,
and Nb–O–Nb connections between these motifs can be calculated
from the expression,

ρcon = ρ0( cP2 NPOP

NP
+ cP

NPONb

NP
+ cO f NbONb), (22)

where ρ0 = N/V is the number density, V is the volume, and the
factor of 1/2 in the first term avoids the double counting of P–O–P
connections. The connectivity density for the (Nb2O5)x(NaPO3)1−x
glasses was calculated frommodel I of Sec. V A using the mean value
ρ0 = 0.0728 Å−3: the number density changes by only ∼2.5% across
the composition range. Figure 1(b) shows that ρcon and Tg share
almost exactly the same composition dependence, which supports
the notion of the Nb5+ ions taking a network forming role. Model II
with κ = 5 reassigns a fraction of the NBO atoms from the P to the
Nb atoms but does not alter the fraction of BO connections, i.e., the
connectivity density ρcon is not altered.

2. Non-linear optical properties
For the (Nb2O5)x(NaPO3)1−x system, a large increase in the

nonlinear optical index n2 with the Nb2O5 content of the glass
is reported for x ∈ 0.2.4 Models I and II both show an increase
to the rateofchange of fNbONb with x, beyond the x0 ∼0.22 limit
(Fig. 12) at which the P–O–P connections are eliminated (Fig. 11).
The findings support the notion that the increase in n2 for x ∈ 0.2 is
associated with the formation of larger clusters of octahedral NbO6
units that involve highly polarizable Nb–O–Nb connections.4,5,34

3. Chemical durability
The structure and properties of glasses in the

(Nb2O5)x(Na2O)0.4(P2O5)0.6−x series (0 ≤ x ≤ 0.40) have been
investigated by Mošner et al.8 and others.43 The glass with x = 0.20
matches the (Nb2O5)0.20(NaPO3)0.80 composition investigated in
the present work. Figure 13 shows that the measured density, glass
transition temperature, and dissolution rate all display a change
in behavior at x ∼0.3. A decrease in the proportion of P–O–P

FIG. 13. Composition dependence of (a) the mass density ρ, (b) the glass transition
temperature Tg, and (c) the dissolution rate (DR) found in the work of Mošner
et al.8 for the (Nb2O5)x (Na2O)0.4(P2O5)0.6−x glass series. In panels (a) and (b),
the ρ and Tg values at x ≃ 20 mol. % from the present work and Flambard et al.4
are also provided. In panel (a), the blue broken curve is drawn as a guide for the
eye. In panels (b) and (c), the green curves represent the composition dependence
of the connectivity density and the NPOP/NP ratio, respectively, as calculated from
model I with κ = 2.75. The cyan vertical line marks the x = 30 mol. % composition.

bonds with increasing x was inferred from 31P MAS NMR spectra,8
although a quantitative analysis of the phosphorus speciation was
not performed. In the absence of this information, it is not possible
to deduce the NNBO/NNb ratio. Model I of Sec. V A was, therefore,
used to interpret the results.

Figure S3 shows that model I predicts a progressive removal of
P–O–P connections with increasing x and leads to their elimination
at x0 ∼ 0.3 when κ ∼ 2.5–3. Figure 13(b) shows that the composition
dependence of ρcon, as calculated using κ = 2.75 and ρ0 values found
from the measured mass density [Fig. 13(a)], matches the compo
sition dependence of Tg, showing a change in slope at x0 ∼ 0.3.
Figure 13(c) shows that the composition dependence of NPOP/NP
found from the model matches almost exactly the measured compo
sition dependence of the dissolution rate. The findings indicate that
the observed changes to the material properties are related to the
consumption of P–O–P bonds as the niobia content of the glass is
increased, suggesting that the P–O–P connections provide hydroly
sis pathways. The dissolution rate is zero, and the chemical durability
is enhanced when P–O–P bonds are absent from the glass structure.

Figure S4 shows the effect of setting κ = 4 on the predictions
of model I for the connectivity density and the NPOP/NP ratio for
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the (Nb2O5)x(Na2O)0.4(P2O5)0.6−x glass series. This κ value better
represents the results found from the 31P MAS NMR study of the
glass with nominal composition (Nb2O5)0.20(NaPO3)0.80,12 which
matches the composition of the (Nb2O5)x(Na2O)0.4(P2O5)0.6−x glass
with x = 0.20. The change in the κ value does not, however, alter
the premise that the dissolution rate is affected by the fraction of
P–O–P bonds present in the glass structure, nor the finding that the
connectivity density can account for the main features in the com
position dependence of Tg, which supports a network forming role
for Nb2O5.

VI. CONCLUSIONS
The structure of (Nb2O5)x(NaPO3)1−x glasses was investigated

by neutron and xray diffraction and Raman scattering, supported
by the results obtained from conventional and advanced solid state
NMR spectroscopy.12 The Nbcentered motifs are found to adopt
a distorted octahedral coordination environment at all of the glass
compositions. Along with the phosphate groups, they contribute
toward a network structure that shows a significant evolution with
increasing niobia content. The findings contrast to those found
previously,3,4 revealing a significant reduction in the fraction of
P–O–P linkages with increasing x, which leads to the elimination of
these connections at a composition x0 ∼ 0.22, and a preferential for
mation of P–O–Nb linkages. The results indicate that Nb acts as a
network former in this glass system. At low xvalues, P2 species pre
dominate, with a fraction of them forming P–O–Nb linkages, and
Nb–O–Nb connections may also be created. As x increases beyond
x0, P3

3Nb species are found to predominate and P4
4Nb species begin

to form as the fraction of Nb–O–Nb connections increases more
rapidly.

Two analytical models were developed in which a network
structure is created from 4coordinated P and 6coordinated Nb
atoms, and there is a preferential formation of P–O–Nb bonds
when niobium is introduced such that P–O–P connections are
absent when the niobia content exceeds x0. In model II, Nb
NBO bonds are invoked to ensure overall charge neutrality and
Nb–O–Nb linkages are only formed at x ∈ 0.10. In contrast to pre
vious work,4 the models provide a selfconsistent account of the
composition dependence of all themeasured parameters for both the
glassy and crystalline materials along the Nb2O5–NaPO3 pseudo
binary tieline. This account includes crystalline Na4Nb8P4O32,19,32
which marks the limit of the glassforming region near x = 0.5,
and has a structure based entirely on P4

4Nb network forming
units.

Themodels deliver a compositiondependent connectivity den
sity ρcon that matches the trend of the glass transition tempera
ture, thus confirming a networkforming role for the Nb atoms.
The rapid increase in the nonlinear optical properties reported
for x ∈ 0.24 coincides with an increase in the rateofchange of
fNbONb with x beyond x0 ∼ 0.22, i.e., it is related to a more rapid
increase in the fraction of oxygen atoms involved in polarizable
Nb–O–Nb connections. The application of model I to glasses in
the (Nb2O5)x(Na2O)0.4(P2O5)0.6−x series indicates that changes to
Tg and the dissolution rate are related to the elimination of P–O–P
bonds with increasing niobia content. The modeling approach,
therefore, offers insight into designing phosphate glass structures
with the desired physicochemical properties.

SUPPLEMENTAL MATERIAL
Section S2 of the supplementary material provides the com

position dependence of the molar volume Vmol per atom and per
oxygen atom for the (Nb2O5)x(NaPO3)1−x glass series. Section S3
describes the effect in model II of transferring NBO atoms from
P to Nb atoms and quantifies the composition dependence of
NNBO/NNb, comparing the results with those found from exper
iment according to three different scenarios for determining the
exact glass compositions. In Sec. S3, the composition dependence
of NNBO/NP, NPOP/NP, NPONb/NP, and fNbONb is calculated for the
(Nb2O5)x(Na2O)0.4(P2O5)0.6−x glass series using n̄ONb = 6 and either
(i) model I of Sec. V A for different κ values or (ii) a statistical
distribution of P–O–P, P–O–Nb, and Nb–O–Nb connections. For
the (Nb2O5)x(Na2O)0.4(P2O5)0.6−x glass series, the effect of chang
ing from the value κ = 2.75 to the value κ = 4 on the predictions of
model I for both the connectivity density and the NPOP/NP ratio is
discussed.
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