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ABSTRACT: The physicochemical properties of phosphate ©°
glasses are strongly influenced by the modifier cation—oxygen
bonding interaction and the spatial distribution of modifier cations,
yet direct experimental insight into these structural-chemical
aspects remains limited. In this work, we present a comprehensive
multinuclear (*'P and 7O) NMR study of single- and mixed-
modifier metaphosphate glasses containing alkali (Li, Na, Rb) and
alkaline-earth (Mg, Ca, Ba) cations with identical nominal network
connectivity. The *'P magic-angle-spinning (MAS) NMR spectra
confirm that the network structure of these glasses is dominated by
Q’ phosphate units, while 7O MAS and triple-quantum MAS
(3QMAS) NMR provide an oxygen-centric view of bridging (BO) PpPM

and nonbridging oxygen (NBO) environments and elucidate their

interactions with the modifier cations. A relationship between the '’O quadrupolar asymmetry parameter and the P—O—P bond
angle is established using ab initio calculations, enabling extraction of the bond-angle distribution (BAD) directly from experimental
70 3QMAS NMR data. These distributions show increased disorder in the P—O—P BAD with increasing modifier field strength,
consistent with enhanced chain folding/coiling effects. Analysis of '’O 3QMAS isotropic line shapes in single- vs mixed- modifier
glasses in conjunction with bond-valence considerations indicates that the mixing between alkali and alkaline-earth cations are more
uniform, while that between dissimilar alkali cations is more random. Such cation mixing behavior appears to be controlled by the
structural preference to maximize a uniform spatial charge distribution and to play a key role in controlling the dependence of the
glass transition and ionic transport behavior on the modifier compositional makeup.
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1. INTRODUCTION phosphate glasses can be obtained relatively readily by magic-
angle-spinning (MAS) at moderate magnetic fields (e.g., 9.4 or
11.7 T) and spinning speeds (e.g., 10—15 kHz). Such spectra
can yield short-range information on the phosphate Q"
speciation where n denotes the number of bridging oxygen
atoms on a PO, tetrahedron.'’”"* Moreover, two-dimensional
(2D) NMR spectroscopic techniques can also yield inter-
mediate-range structural information in terms of the
connectivity between the constituent Q" species.' "> On the
other hand, X-ray and neutron diffraction techniques have
been employed in the past to investigate the local bonding
environment of the modifier cations M.'®™'® The results from
such studies were used to hypothesize how, with increasing

Phosphate glasses constitute an important family of oxide
network glass-forming systems with relatively unique proper-
ties including low melting point and glass transition temper-
ature Ty, high coefficient of thermal expansion, good UV
transparency, relatively high solubility of rare earth and other
high-field strength cations, strong bioactivity and in some cases
fast ionic mobility.' ™ These unique characteristics enable their
applications in the areas of glass-to-metal sealing, laser host
medium, nuclear waste encapsulation, biomedicine and solid
electrolytes. The atomic structure of these glasses has therefore
been investigated using a wide variety of diffraction and
spectroscopic techniques as well as molecular dynamics
simulations to build predictive models of structure—property
relationships.lo_zo Received: February 24, 2026
Nuclear magnetic resonance (NMR) spectroscopy, being an Revised:  April 10, 2026
element specific technique sensitive to short and intermediate Acce}’ted‘ APr%l 10, 2026
range order, played an important role in this regard as *'P is a Published: April 20, 2026
highly sensitive NMR-active spin-1/2 nuclide with 100%
natural abundance. High-resolution *'P NMR spectra for
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Figure 1. Schematic of experimental setup for solid <> gas oxygen isotope exchange.

modifier content, the connectivity established between the M—
O polyhedra may provide additional rigidity to the phosphate
network and can explain the nonmonotonic compositional
variation of molar volume and the glass transition temperature
T, Additionally, the average spatial distribution of alkali
cations and the degree of mixing between unlike alkalis have
been studied in various oxide and chalcogenide glasses using
spin—echo decay NMR spectroscopy and its heteronuclear
variants such as the rotational echo double resonance and
spin—echo double resonance techniques.”' ™’

However, systematic experimental studies of the local spatial
distribution of M cations and their relative affinity for
nonbridging oxygen (NBO) vs bridging oxygen (BO) atoms
can be done most directly using 'O NMR spectroscopy, and
such studies have remained rather limited in literature even in
the case of simple phosphate crystals and glasses. A case in
point is the relative affinity of alkali atoms for bonding with
NBO and BO atoms in binary alkali phosphate crystals. For
example, all Na atoms are solely bonded to NBO atoms in
NaPO;, while BO atoms participate in the coordination shells
of Na atoms in NayP;O,, and in Na,P,0,°* " A similar
situation is observed in the case of KPO; and AgK(PO,),,
where the K atoms are found to have significant bonding
interaction with BO atoms in their nearest-neighbor
coordination shells.”*** Such structural aspects are not only
important in understanding static properties such as molar
volume in terms of atomic packing, but also dynamic
properties such as long-range ionic transport in these glasses.
The spatial distribution of M cations is also at the heart of the
fundamental models of glass structure such as the continuous
random network (CRN) model and the modified random
network (MRN) model.**™*® As opposed to CRN that
hypothesizes a relatively random spatial distribution of the M
cations, the MRN proposes a preferential clustering of these
cations in channels decorated by NBO atoms. Therefore, the
MRN model suggests sharing of NBOs between M—-O
polyhedra and minimal bonding interaction between the BO
atoms and the M cations in the glass structure. The existence
of these ion channels in a MRN also has consequences for the
diffusivity of the M cations and hence, on the ionic
conductivity of glasses.

Analyses of temperature-dependent viscosity data, (T), for
alkali phosphate liquids containing >50 mol % P,Oj reported
in the literature demonstrate that the fragility index.

_ dllog n(1)]

a1/ T) as well as T, are highly sensitive to the

=%

structural connectivity of the phosphate network.>”** As the
connectivity increases with progressive addition of P,Os, the
PO, groups become increasingly cross-linked, leading to a
corresponding decrease in m and increase in T, However,
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recent studies have shown that even in metaphosphate liquids
(50 mol % P,0;) with identical nominal network connectivity
controlled by the predominant presence of Q units, m and T,
can vary over a wide range depending on the field strength of
the M cation.””*" Metaphosphates containing high field
strength M cations, such as the alkaline-earths, exhibit
relatively low m and high T,, whereas those modified by low
field strength M cations such as alkalis display significantly
higher m and lower T, values. This behavior has been
attributed to the variations in the extent and strength of
effective cross-linking of phosphate chains in metaphosphates
by the M—O polyhedra, which increases with increasing field
strength of the M cations.”

These hypothesized structural and bonding scenarios can be
directly interrogated by building an oxygen-centric view of the
phosphate glass structure using high-resolution 7O NMR
spectroscopy. This type of studies was pioneered in the
literature for silicate glasses by Stebbins and co-workers.*'~*
Here we report the results of such a structural study of binary
alkali (Li, Na, Rb) and alkaline-earth (Ca, Mg, Ba) phosphate
glasses with nominal metaphosphate composition, ie., with
similar network connectivity, where the M cation field strength
was systematically varied. We have utilized *'P and 7O NMR
spectroscopy to investigate the nature of the BO and NBO
environments, the P—O—P bond angle distribution (BAD) and
the M—O bonding interaction as a function of the nature of
the modifier ions in these single-modifier glasses. Furthermore,
70 NMR is employed to probe the spatial distribution and
mixing of modifier cations in mixed-modifier metaphosphate
glasses and their effect on the compositional variation of their
physical properties.

2. EXPERIMENTAL DETAILS

2.1. Sample Preparation

A series of single-modifier metaphosphate glasses of compositions
NaPO,, LiPO;, RbPO;, Mg(PO,),, Ca(PO;), and Ba(PO;), and
mixed-modifier metaphosphate glasses of compositions Liy sRb, sPO3,
NagsLigsPO;, (NaPO3)os(MgosPO3)os, (NaPO3)gs(CagsPOs3)gs,
and (NaPO;),s(BaysPO;)os were prepared by the conventional
melt-quenching method. The single-modifier metaphosphate glasses
were prepared using reagent grade NH,H,PO, (99.9%, Arcos
Organics), Na,CO; (99.99%, Alfa Aesar), Li,CO; (99.999%, Alfa
Aesar), Rb,CO; (99%, Thermo Scientific), MgCO; (99%, Sigma-
Aldrich), CaCO; (ACS, Sigma-Aldrich), and BaCO; (99.95%, Alfa
Aesar). Stoichiometric amounts of these chemicals were mixed, taken
in silica crucibles and calcined at 450 °C for 48 h to remove H,O,
NH;, and CO,. The batch was then transferred to a platinum crucible
and melted in air at temperatures ranging between 1000 and 1300 °C
for 2 h followed by quenching on a graphite plate. The mixed-
modifier metaphosphate glasses were made by mixing the end
member single-modifier glasses in a platinum crucible followed by

https://doi.org/10.1021/acs.jpcc.6c01260
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melting at 1000 °C for 1 h and subsequently quenching on a graphite
plate.

The '7O-enriched metaphosphate glasses were prepared from
unenriched glass samples using a gas <> solid exchange method. The
unenriched metaphosphate glasses were crushed into powder, taken
on a platinum foil and loaded onto an alumina boat, which was then
placed in a silica glass tube fitted to a clamshell furnace (Figure 1).
The glass tube was sealed with a vacuum flange and pumped down to
107° atm, then backfilled with dry 70% 7O enriched gas (Nukem
isotopes, Germany) to 1 atm at room temperature. The tube was then
heated to a temperature where the viscosity of the supercooled liquid
reached a value of ~10* Pa-s and held isothermally at that
temperature for 4 days to promote exchange of oxygen isotope
between the supercooled liquid and the gas phase (Figure 1) before
cooling down back to room temperature. These temperatures, where
the isotope exchange was performed, are listed in Table 1. All samples

Table 1. Temperatures Used for Gas < Solid Exchange in
the Synthesis of Various ’O-Enriched Metaphosphate
Glasses

glass composition exchange temperature (°C)

NaPO, 600
LiPO, 650
RbPO, 550
Mg(PO,), 1050
Ca(PO,), 1000
Ba(PO;), 800

were found to be partially to completely devitrified after the exchange.
Therefore, these isotope-enriched samples were transferred to a
platinum crucible and remelted for 30 min to restore the glassy state
and to remove any potential compositional heterogeneity formed
during the exchange, followed by quenching on a graphite plate.

2.2. NMR Spectroscopy

2.2.1. P NMR Spectroscopy. The *'P magic-angle-spinning
(MAS) NMR spectra of all glasses were collected using a Bruker
Avance 500 spectrometer operating at a 3P Larmor frequency of
202.4 MHz (magnetic field of 11.7 T). Crushed glass samples were
taken in 4 mm ZrO, rotors and were spun at 15 kHz using a Bruker
triple-resonance MAS probe. The one-pulse P MAS NMR spectra
were acquired using a 77/6 pulse (0.84 us) and a recycle delay of 60 s.
A total of 64 free induction decays were averaged and Fourier
transformed to obtain each spectrum. All *'P spectra were externally
referenced to Na,HPO, with &, at 4.6 ppm. One-pulse 3'P MAS
NMR spectra were also collected on select glass compositions with a
longer recycle delay of 300 s to ensure that a shorter delay of 60 s was
sufficient to obtain quantitative spectra. All simulations and analysis of
3P and 7O NMR spectral line shapes were carried out using the
software DMFit.*® The three principal components of the 3P NMR
chemical shift tensor &, J,, and &,, were recast into the isotropic shift
O, and the magnitude A and asymmetry # of the chemical shift
anisotropy (CSA) following the Haeberlen convention®” I8, — 8| >
6, = 150 | 215, — 8o, with

1
5iso - g(ézz + 5xx + 5)/}/) (1)

A= 5zz - 5150 (2)
_ 6yy - 6xx
A ©)

2.2.2. 70 NMR Spectroscopy. A low-field 7O MAS NMR
spectrum of the '"O-enriched NaPO; glass was collected using a
Bruker Avance 500 spectrometer operating at a '’O Larmor frequency
of 67.8 MHz (11.7T). Crushed NaPOj; glass was taken in a 4 mm
ZrO, rotor and was spun at 10 kHz using a Bruker triple-resonance
MAS probe. The one-pulse 7O MAS NMR spectrum was acquired
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using a solids /6 pulse (0.6 us) and a recycle delay of 0.5 s. A total of
64 free induction decays were averaged and Fourier transformed to
obtain the spectrum, which was externally referenced to H,O with &,
at 0 ppm.

The 'O triple-quantum MAS (3QMAS) NMR spectra of all '7O-
enriched glasses were acquired at the National High Magnetic Field
Laboratory (NHMFL, Tallahassee, Florida) using a Bruker Avance
850 NEO console operating at a '’O Larmor frequency of 115.3 MHz
(By =20 T) and a Low-E 3.2 mm HX MAS probe designed and
constructed at the NHMFL. Crushed glass samples were packed into
3.2 mm ZrO, rotors and spun at 16 kHz. A shifted-echo SPAM
MQMAS pulse sequence was used."® > Pulses of 3 and 1 us were
used for excitation and conversion of 3Q coherence with a rf
amplitude of ~110 kHz. The indirect spectral window was rotor-
synchronized by incrementing the t, delay by the rotor period, 62.5
ps. The recycle delay, number of averaged transients, number of
complex points acquired in the indirect dimension, and total
experiment time for each sample are listed in Table 2. The whole-

Table 2. Experimental Conditions Used for Acquisition of
70 3QMAS NMR Spectra of Various Single- and Mixed-
Modifier Alkali and Alkaline-Earth Metaphosphate Glasses

recycle delay t experiment time

composition (s transients  points (h)
NaPO, 0.7 288 48 2.7
LiPO, 0.7 2112 48 19.7
RbPO, 0.7 1440 20 5.6
Mg(PO,), 0.7 960 24 4.5
Ca(PO;), 0.7 384 40 3.0
Ba(PO,), 02 13,920 24 18.6
NaMg,;(PO;), 0.7 1056 48 9.9
NaCay5(PO;), 0.7 576 20 22
NaBays(PO;), 02 2880 96 15.4
NaLi(PO,), 1.0 288 40 32
LiRb(PO;), 0.7 1920 20 7.5

echo 7O 3QMAS spectra were processed by Fourier transformation
of the direct dimension, followed by shearing of the indirect
dimension using t-dependent first-order phase correction,”’ and
then Fourier transformation of the direct dimension.

2.3. Calculation of 70 NMR Quadrupolar Parameters
Using Density Functional Theory

The O NMR quadrupolar coupling constant Cq and the asymmetry
parameter of the electric field gradient (EFG) tensor # are calculated
in select crystalline phosphate compounds (Na;P;0, Na,P,0,
Na,P,0,,, Ba(PO;),, Ba,P,0,, LiPO;, Mg,P,0,, Na,Ca(PO;),, and
NaBa(POs;);) using the gauge-including projector augmented wave
(GIPAW) method based on density functional theory (DFT)**™** to
establish a relationship between Cq, #7 and the P—O—P bond angle 6.
The GIPAW method allows the reconstruction of the all-electron
magnetic response within a pseudopotential formalism well suited for
extended systems with periodic boundary conditions. The atom
positions in the phosphate crystal structures as reported in the
literature®>™®" were first optimized using DFT-based geometry
optimization prior to the calculation of the NMR parameters. All
calculations were carried out using the code CASTEP-NMR (Biovia
Inc.) within the generalized gradient approximation with Perdew—
Burke—Ernzerhof (PBE) XC functionals using on-the-fly generated
ultrasoft pseudopotentials and plane wave basis sets with an energy
cutoff of 610 eV, where the total energy converged within 1077 eV/
atom. The Brillouin zone was sampled using the Monkhorst—Pack
scheme and a 4 X 4 X 4 k-point grid. The EFG tensor was calculated
from the second spatial derivative of the electrostatic potential
associated with the charge density in the crystal. Diagonalization of
this second rank tensor yields the principal components V, > V,, >
V. which can be used to calculate Cq and 7 following the relations

https://doi.org/10.1021/acs.jpcc.6c01260
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Cq = eQIV..I/h )
7] — V’C.’C - Vyy
V.. (%)

where e is the electronic charge, & is Planck’s constant, and Q is the
quadrupole moment of 7O (—25.58 mB). The results of these
calculations are listed in Table 3. The calculated "O Cq and 77 agree
well with the experimentally measured values that have been reported

in the literature for a limited set of phosphate compounds (Table
3)‘55,62

Table 3. 'O Quadrupolar Parameters Calculated by DFT
for BO Sites in Geometry Optimized Structures of Select
Phosphate Compounds”

compound P—O-P angle (°)  Cq (MHz) n

Ba(PO;), 119.70 7.22 0.71
144.00 8.54 0.27
Na;P;0,, 121.80 7.33 0.66
BaNa(PO,), 125.80 7.48 0.64
126.60 7.53 0.61
130.60 7.99 0.54

Na,P,0, 126.00 7.40 (~7.0)  0.65 (0.60 + 0.05)
127.00 7.60 0.60

Na,P,0, 127.13 7.10 (7.3) 0.62 (0.55 + 0.05)
LiPO, 133.00 8.10 0.46
138.00 8.12 0.40
140.00 8.47 0.38
142.00 8.55 0.37
Ba,P,0, 133.30 7.80 0.42
Na,Ca(PO;), 135.00 7.96 0.37
Mg,P,0, 143.40 8.44 0.30

“Values in parentheses correspond to experimentally determined Cq
and 7 for select compounds, reported in literature.”>"*

3. RESULTS AND DISCUSSION

3.1. Single-Modifier Metaphosphate Glasses

The *'P MAS NMR spectra of all single-modifier (SM)
metaphosphate glasses studied here are dominated by the
resonance characteristic of the Q> phosphate unit, confirming
that the structural network of these glasses is primarily
composed of metaphosphate chains (Figure 2). Minor
contribution from Q' species is also detected in some
compositions as a weak resonance located downfield, with up
to ~8% of P being present in the form of Q' (Figure 2). Such
small fraction of Q' species does not significantly affect the
average connectivity of the phosphate network. On the other
hand, no significant contribution from Q? species is observed
in these *'P MAS NMR spectra. Therefore, the presence of Q'
is not a result of Q-species disproportionation but likely
reflects slight deviation of the glass composition from the
metaphosphate stoichiometry with a modifier excess of up to 1
mol % and/or the presence of a small amount of residual water
in the form of hydroxyl group that leads to chain termination
effects. The *'P NMR parameters 5, A, and 7 for the Q*
species and &, for the Q' species, as obtained from the
simulation of the corresponding center band and spinning
sidebands in the *'P MAS NMR spectra are reported in Table
4. The signal from the Q' species in these *'P MAS NMR
spectra was found to be too weak to obtain reliable values of A
and 7 from the *'P MAS spectra.

6246

QZ

Ba(PO,),
ES \ *
* * Ca(PO,),
* %
*
* Mg(PO
% 9(PO;),
%k
%
%
* \ *  RbPO,
LS
%k
%
* e NaPO,
*
%k
* . LiPO,
200 100 0 -100 -200

3P Chemical Shift [ppm]

Figure 2. *'P MAS NMR spectra of single-modifier metaphosphate
glasses. Glass compositions are denoted alongside each spectrum.
Asterisks denote spinning sidebands.

Table 4. *'P NMR Parameters for Constituent Q Species in
Various Single-Modifier Alkali and Alkaline-Earth
Metaphosphate Glasses”

glass composition  site &, (0.5 ppm) A (+S ppm) 7 (£0.05)

NaPO, Q -19.8 —146 0.42
LiPO, Q! -7.0 N.D. N.D.
Q? -22.3 —-131 0.45

RbPO, Q! -9.2 N.D. N.D.
2 -19.8 —148 0.42

Mg(PO,), ! —16.0 N.D. N.D.
Q -32.0 —131 0.44

Ca(PO;), ! —9.6 N.D. N.D.
Q —262 —130 0.38

Ba(PO;), Q! -83 N.D. N.D.
Q -23.9 —134 0.45

“N.D. = not determined.

These *'P NMR parameters are in good agreement with
those reported in previous studies on glasses of similar
composition in the literature. Here we note that previous *'P
NMR studies of metaphosphate glasses indicated that the *'P
0y, decreased, i.e,, its shielding increased, and the line width
(FWHM) increased nearly linearly with increasing potential Z/
a of the M cation, where Z and a are its charge and radius.®>7%°

This trend in *'P §,,, was explained to be due to a decrease in

https://doi.org/10.1021/acs.jpcc.6c01260
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the covalency of the P—O bond in the presence of strongly
electronegative M cations, which decreases the paramagnetic
deshielding of the 3P nuclide. These authors also noted that
the correlation became worse when the cation field strength Z/
a* was considered instead of its potential. On the other hand,
the trend in FWHM was related to a distribution in P—O bond
distance and/or P—O—P bond angle.65 Here we show in
Figure 3 that the *'P §,, of the Q® species in the

180

31P 5iso [ppm]

-32 - u .

1 L 1 L 1 L 1 L 1 L 1 " 1 L 1 L 1

0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55
ZI(M-O)2 [1/A2]

Figure 3. Variation of *'P isotropic chemical shift with field strength
of modifier cations. Error bars are within the size of symbols.

metaphosphate glasses used in the present study indeed
systematically decreases with increasing field strength of the
alkali or alkaline-earth M cation, where the field strength of a
cation M is defined as the ratio Z/+* with r being the typical
M-O bond distance in these glasses, as determined by
previous diffraction studies.'®™"*

At the outset of presenting the 7O NMR results on these
glasses, we note that besides the low natural abundance of the
O nuclide, which can be circumvented by enriching the
samples with 7O isotope, its NMR spectroscopy is further
complicated by its low sensitivity and large quadrupolar
broadening,”***%” Although MAS can average the first order
quadrupolar broadening effects, the second order broadening
effects for the BO and NBO sites in phosphates can be
substantial.*>°>®” This situation is demonstrated in Figure 4
where the 7O MAS spectrum of the NaPOj glass collected in
this study at a magnetic field of 11.7 T shows strong overlap
between the two constituent resonances. Simulation of this
central-transition line shape (Figure 4) yields the following
NMR parameters for these two resonances: d;,, ~ 85 ppm and
~125 ppm, quadrupolar coupling constant C, of ~4.8 MHz
and ~7.7 MHz and quadrupolar asymmetry parameter 5 of
0.30 and 0.60. These two resonances can be readily assigned to
the NBO and BO sites, respectively, on the basis of their
relative abundance of 2:1, as expected for a metaphosphate
composition. These 7O NMR parameters for the NBO and
BO sites are also consistent with those reported in a previous
study by Zeyer et al.*®®

Such challenges with the sensitivity and quadrupolar
broadening in '’O NMR can, however, be efficiently untangled
by performing multiple-quantum MAS (MQMAS) NMR
spectroscopy at higher magnetic fields of >20 T.” The
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Figure 4. Experimental (black solid line) and simulated (red dashed
line) 7O MAS NMR of NaPOj glass obtained at 11.7 T. Individual
simulation components are shown as blue and green shaded line
shapes corresponding, respectively, to NBO and BO sites. Simulation
components are offset for clarity.

MQMAS experiment is a two-dimensional NMR spectroscopic
technique that relies on mixing single- and multiple-quantum
coherences to generate an isotropic spectrum free of second-
order quadrupolar broadening effects in the indirect
dimension, which is correlated with the single-quantum MAS
central-transition spectrum in the direct dimension. In this case
the spectrum in the isotropic dimension is only broadened by
the distributions of the chemical and isotropic quadrupolar
shifts. Such spectra also allow for the study of the distributions
of Cq and #n for a specific structural site in a disordered
material, as a function of its 8, i.e., its local environment.***’
Therefore, in the present study we focus on the application of
the 7O triple-quantum MAS (3QMAS) technique to study the
structure of these phosphate glasses.

The 'O 3QMAS spectra of the binary SM metaphosphate
glasses studied here are shown in the form of contour plots in
Figures Sa,b. These spectra are generally similar in the sense
that they are dominated by two distinct resonances, one with a
significantly higher relative intensity and smaller Cq than the
other, which can be assigned to NBO and BO sites,
respectively.”>°® These two sites are also clearly resolved in
the isotropic dimension for all glasses, except for the Ba(PO;),
glass, where the isotropic line shapes for these two sites overlap
(Figure Sb). It is interesting here to note that where resolved,
simulation of the spectral projection in the isotropic dimension
with Gaussian line shapes yields an NBO/BO ratio of ~3:1
instead of the expected value of 2:1 for metaphosphates. This
deviation from the expected value may be due to less efficient
3QMAS excitation of the BO resonance compared to the NBO
resonance, owing to the significantly larger C, of the former.”
Simulation of the MAS projections of the NBO and BO signals
in these 3QMAS spectra yields the 6, Cq and # for the NBO
ad BO sites in these glasses, which are listed in Table S. The
Ois0r Cq and 7 for the P—O—P BO sites vary over a relatively
narrow ranges of 114—125 ppm, 7.4—8.1 MHz and 0.34—0.43,
respectively. Such narrow ranges for the 70O NMR parameters
in a wide range of glass compositions is not surprising
considering the P—O—P oxygen environment is not signifi-
cantly affected by the nature of the M cation in the structure.
However, it is interesting to note that the '7O &, for the BO
site systematically increases with increasing radius of the M
ions (Table S and Figure 6), in the alkali series: from 118 ppm
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Figure 5. (a) Contour plots of 7O 3QMAS NMR spectra of (i) LiPO; (top left), (ii) NaPOj; (top right), and (iii) RbPO; (bottom) glasses. NBO
and BO sites corresponding to the Q? species are denoted alongside the contours. NBO-pyro corresponds to NBO on Q' species. Total projections
along the MAS and isotropic dimensions are shown for each spectrum. MAS slices (black line) at the isotropic peak positions and corresponding
simulated line shapes (red line) are shown on the extreme right panels. (b) Contour plots of 7O 3QMAS NMR spectra of (i) Mg(PO,), (top left),
(ii) Ca(PO;), (top right), and (iii) Ba(PO;), (bottom) glasses. NBO and BO sites corresponding to the Q species are denoted alongside the
contours. NBO-pyro corresponds to NBO on Q' species. Total projections along the MAS and isotropic dimensions are shown for each spectrum.
MAS slices (black line) at the isotropic peak positions and corresponding simulated line shapes (red line) are shown on the extreme right panels.

for LiPO; to 125 ppm for RbPOj;, and in the alkaline-earth
series: from 114 ppm for Mg(PO;), to 122 ppm for Ba(PO;),.
On the other hand, the 7O &, Cq and 5 for the P—O-M
NBO sites range between 77 and 125 ppm, 4.5—5.1 MHz and
0.20—0.27, respectively (Table 5). The O &, for NBO
appears to show a positive correlation with the average M-
NBO distance typical of phosphates, i.e., the 7O nuclide in the
NBO environment in these metaphosphate glasses gets
progressively deshielded with increasing M—O distance
(Figure 7). This correlation is similar to the trend of 'O &,
for BO sites with the ionic radius of M cations in these glasses
as shown in Figure 6. For example, typical Mg—O and Li—O
distances in phosphates are relatively short, ~2.0—2.1 A, while
the Ca—O distances are intermediate, ~2.4—2.5 A and Rb—O
and Ba—O distances are significantly longer, ~2.8—2.9
AOTIBSOSTTIZTS e corresponding values of 7O &, for
the NBO are (see Table 5): ~76—83 ppm, ~105 ppm and
~112—125 ppm, respectively. It is interesting to note that a
similar trend was reported in a previous study by Turner et al.
on group-II metal oxides where the 7O &, was observed to
increase with increasing cation radius.”*
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Previous systematic '’O NMR studies have shown that the
7O Cq for an oxygen site in oxides decreases with increasing
average ionicity of the metal—oxygen bonds associated with
the site.°° This correlation is consistent with the observation of
the relatively large Cq of the P—O—P BO site, which is
significantly less ionic compared to the P—O—M linkages (M =
alkali, alkaline-earth), i.e., the NBO sites, with the latter being
characterized by substantially lower Cy values (Table $).
Among the phosphate glasses studied here, the NBOs in the
Mg-phosphate composition shows the largest Cq of 5.1 MHz,
which may therefore suggest that the P—O—Mg linkage has the
lowest ionic character.

Finally, we note that for Rb, Ca and Mg-metaphosphate
glasses with a relatively high Q' content (6%—8%), the NBO
signal shows the presence of a distinct second NBO
environment (Figure Sa,b) that is characterized by a large
Cq (~6 MHz) compared to the typical value for the majority
NBO species (~4—5 MHz). This NBO resonance, though
weak, is most clearly resolved in the RbPOj; glass, where a
simulation of the line shape (Figure Sa) yields &, = 80 ppm,
Cq = 6.5 MHz and 57 = 0.2. Here we tentatively assign this
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Table 5. 70 NMR Parameters for NBO and BO Sites in 130 T — T
Various Single- and Mixed-Modifier Alkali and Alkaline- n
Earth Metaphosphate Glasses 120 - .
composition site 8 (£0.5 ppm) Cq (£0.1 MHz) 7 (+0.02)
NaPO, BO 120.0 7.5 037 110} ® |
NBO 82.7 4.5 0.20 3 -
LiPO; BO 118.5 79 0.35 2
NBO 813 47 0.22 & 100 - 1
RbPO, BO 125.2 7.6 0.36 (o)
NBO 1122 47 027 < g0l 4
Mg(PO,), BO 114.6 8.1 034 |
NBO 76.7 S.1 0.21 ° [
Ca(PO;), BO 118.7 7.4 0.43 80 . )
NBO 104.9 4.6 0.22
Ba(PO,), BO 121.9 7.4 0.39 70 L . L . L . L . L .
NBO 125.4 4.5 0.24 2.0 2.2 24 2.6 2.8 3.0
NaMg,s(PO;),  BO 118.7 7.8 0.37 M-O distance [A]
NaCa,s(PO;),  BO 119.3 7.8 036
NaBaps(POy),  BO 1202 76 036 Figure 7. Variation of 17O isotropic chemical shift of NBO site in SM
NBO 132.0 45 026 meta.phosph.ate glasses with alkali (circles) or alkaline—'ear.th (squ‘ares)
NaLi(PO), BO 1193 79 036 modéﬁfr cation—oxygen bond length. Error bars are within the size of
LiRb(PO;), BO 121.8 7.5 0.35 Symbo®s.
126 - T T T that these quadrupolar parameters for BO sites may be related
L4 to the associated bond angle 6 (e.g, Si—O-Si or P—O-P
124 | i angle). Therefore, the 70 3QMAS NMR spectra presents an
opportunity to extract the P—O—P bond angle distribution
122 L - i (BAD) .in these phosphate glasses from the corresponding
- distribution in 7. Specifically, the O NMR study of Na-
g_ phosphate glasses by Zeyer et al.%® used the expression derived
% 120 |- i T by Sternberg”® between 7O 7 and 6 to calculate the average
o ° = P—O-P angle in a NaPOj; glass. This relationship can be
‘,:O 118 | - written as’>
el
ner T T T 505 0 (6)
114 | . i However, eq 6 was derived on the basis of purely geometric
. , . . , arguments and did not take into account the electronic
0.6 0.8 1.0 1.2 1.4 1.6 structure of the bonding environment. Therefore, instead of
M radius [A] using eq 6, here we have built a correlation between '’O 7 and

Figure 6. Variation of 7O isotropic chemical shift of BO site in SM
metaphosphate glasses with radius of alkali (circles) or alkaline-earth
(squares) modifier cation. Error bars are within the size of symbols.

resonance to NBO sites in [P,0,]*" pyrophosphate units as
such relatively high 'O C values were reported in the
literature for the NBO sites in several alkali and alkaline-earth
pyrophosphate crystals.”>®>

As noted above, a 3QMAS NMR spectrum allows for
obtaining distributions of the quadrupolar parameters Cq and
n as a function of the chemical shift for a specific structural site
in a disordered material. These distributions of Cq and # are
obtained from simulation of slices of the BO resonance along
the MAS dimension in the 7O 3QMAS NMR spectra for all
glasses except for the Ca and Ba-metaphosphates (Figure 8),
where the BO signal is too weak and/or overlaps too strongly
with the NBO signal for reliable analysis of the NMR line
shapes. These distributions are generally similar in the sense
that they all show relatively little change in Cq within
experimental error, while # decreases monotonically from ~0.5
to ~0.3 with decreasing &, Previous studies®”***” indicated

150°*
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6 based on experimental results as well as DFT-based
calculations of # in a variety of crystalline alkali and alkaline-
earth phosphate compounds (Table 3) as shown in Figure 9. A
fit to this 7 vs € data set yields

y = [ 3.9456
1 — 3cosd (7)

We have used eq 7 to convert the distribution of # in Na, Li,
Rb and Mg metaphosphate glasses as shown in Figure 8 to the
corresponding P—O—P BAD (Figure 10). It is intriguing to
note that the P—O—P BAD of NaPO; glass derived this way
from 7O 3QMAS NMR is strikingly similar to that reported
by Marchin et al.”® in a recent molecular dynamics study
utilizing potentials that incorporated three-body interactions.
This distribution shows a peak value of the P—O—P angle of
~139° with a full-width-at-half-maximum (FWHM) of ~10°.
The peak of the P—O—P BAD shifts to a slightly higher value
of ~142° for the LiPO; and Mg(PO;), compositions. More
importantly, the FWHM of this BAD increases significantly to
~15° for the Mg(PO;), glass, while it was found to be
somewhat narrower in the RbPO; glass. This limited data set
suggests that the disorder in the P—=O—P BAD increases with

} — 0.833
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black solid line correspond to eqs 6 and 7, respectively, in the text.

increasing field strength of the M cation. This result can also
explain the aforementioned trend reported in the literature of
increasing *'P FWHM of the Q* resonance in metaphosphate
glasses with the M cation field strength.“_65 The increased
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disorder in the P—O—P BAD implies increased folding or
coiling of the Q® phosphate chains in these glasses. The
phosphate chains in crystalline polyphosphates are indeed
known to show increased contortion with increasing field
strength of the M cation.”® Such an effect is likely driven both
by the valence of the M cation where the folding of the chain
allows for an efficient charge compensation of the former, as
well as by the fact that high—field-strength cations such as
Mg** can strongly polarize the NBOs, thereby reducing
repulsion between the PO, tetrahedra in the chains and
favoring chain folding,”®

3.2. Mixed-Modifier Metaphosphate Glasses and Spatial
Distribution of M Cations

Previous *'P NMR studies of mixed-alkali metaphosphate
glasses in the literature have shown that the *'P §;, decreases
nearly linearly with progressive replacement of one alkali with
another of higher field strength, while the Q-speciation remains
unaffected.”*** A similar trend is also observed in the present
study for the mixed-modifier (MM) metaphosphate glasses.
Here we only show the *'P MAS NMR spectra of select MM
compositions that have not been previously reported in the
literature to the best of our knowledge, namely the Na—Mg
and Na—Ca metaphosphate glasses and compare them with
the SM end members (Figure 11). These *'P MAS NMR
spectra also display an increase in the FWHM of the Q’
resonance for the MM compositions compared to that for the
corresponding end members.
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Figure 10. P—O—P BAD in (a) Na, (b) Li, (c) Rb and (d) Mg metaphosphate glasses (filled squares), calculated using eq 7 and experimental
distribution of 5 for the BO site obtained from '’O 3QMAS NMR spectra (see text for details). Open circles in top left panel denote P—O—P BAD
in NaPOj glass, obtained in a recent study by molecular dynamics simulation.”® All P—O—P angles are estimated to within +1°.

Previous O 3QMAS and Dynamic-Angle-Spinning (DAS)
NMR spectroscopic studies of silicate and aluminosilicate
glasses with MM cations have shown that an NBO site
population analysis can provide unique information regarding
the distribution of the M cations in the structure. Pioneering
70 DAS NMR studies by Florian et al.*' indicated random
mixing between alkali cations such as Na and K in silicate
glasses. On the other hand, 7O 3QMAS NMR studies by
Stebbins and co-workers indicated random mixing between
alkaline-earths Ca and Ba,"* while Na and Ca were found to be
mixed more uniformly® in silicate glasses. In contrast, the high
field-strength Mg in K—Mg silicate glasses was reported to
show a clear preference for NBO, thereby pushing K cations to
bond with BO while, Ca was reported to mix more randomly
with Mg in (Ca, Mg)SiO; glasses."* A different behavior was
reported for Ca in Ca—Mg aluminosilicates,”> where NBOs
were found to bond preferentially with Mg, thereby forcing Ca
to have significant bonding interactions with BO atoms. Such
preference was also reported to be dependent on the Al/Si
ratio in these glasses.

Similar to the 7O 3QMAS spectra of the SM alkali and
alkaline-earth phosphate glasses, those for the MM meta-
phosphate glasses also show two distinct resonances, which can
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be readily assigned to NBO and BO sites (Figure 12).
Following the methodology outlined in previous 7O 3QMAS
NMR studies by Stebbins and co-workers,””~** here we have
analyzed the isotropic projections of the 7O 3QMAS NMR
spectra of the MM glasses and compared them to those of the
SM end members in Figure 13. In the case of the Na—Li
mixed-alkali series, the NBO peak for the MM composition has
a FWHM similar to those for the end member compositions,
while it is located at an intermediate position compared to the
latter, implying intimate mixing of Na and Li in the structure of
the MM glass. Before we attempt to interpret these results
further, it may be insightful here to consider the possible NBO-
M coordination environments in these glasses in terms of the
bond valence (BV) model. According to the BV model the
sum of bond valences at each atom is equal to the atomic
valence of that atom.”””® In practice the equality in this
valence sum rule is found to be valid to within 5—10%.”"”*
The bond valence s for P—O bonds in oxides is given by the
expression77

s = exp[—(R — RO)/B] (8)

where the empirical constants Ry = 1.62 A and B = 0.36, and R
is the corresponding P—O bond length. For NaPOj; glass the

https://doi.org/10.1021/acs.jpcc.6c01260
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Figure 11. Comparison between 3'P MAS NMR spectra of mixed-
modifier metaphosphate glasses (black solid line) and that of their
respective end members (red dashed-dotted line and blue dashed
line).

P-NBO = 1.48 A'**° and consequently sp.ypoy = 1.475. Since
the absolute value of the atomic valence of oxygen is 2.0, the
rest of the BV of 0.525 must come from M—O bonds.
Experimentally, the Na—O bond distance in NaPOj; glass has
been observed to be 2.38 A'®*° and one can use the same
empirical form of the BV expression as in eq 8 for the bond
valence of the Na—O bond with Ry, = 1.661 A and B = 0.44,
which yields sy, npo)y = 0.195. Therefore, besides 1 P atom, the
NBO is expected to be bonded to 2—3 Na atoms. Such
environments are indeed present in the crystalline Na-
trimetaphosphate Na;P;0,.>> On the other hand, the Li—O
bond valence contribution can be calculated using eq 8, where
Ry = 1.292 A and B = 0.48. The experimentally determined
Li—O bond length R in the LiPO; glass is 2.0 A" and thus,
sinpoy = 0.23. This would indicate that the NBO in this glass
is bonded to 2 to up to 3 Li atoms, and the former is observed
in crystalline LiPO,.*° Therefore, for a random distribution of
2 (Na+Li) atoms around the NBOs, O(Na),, O(Na,Li), and
O(Li), sites would be present in 1:2:1 ratio. Similarly, for a
total of 3 M atoms, the possible configurations O(Na);,
O(Na,Li), O(Li,Na) and O(Li); would be present in a 1:3:3:1
ratio for a random distribution. On the other hand, if Na and
Li are uniformly distributed then there would be one NBO site
of the type O(Na,Li). The other extreme structural scenario
would be a fully clustered distribution with only O(Na),,; and
O(Li), 5 sites. In the case of the 7O 3QMAS isotropic line
shape of the Na—Li metaphosphate glasses (Figure 13e), the
NBO peak for the MM composition overlaps too strongly with
those for the end member compositions to distinguish between
these mixing models, though the symmetric NBO peak of the
(Na, Li)PO; glass with similar width and intermediate position
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compared to those of the end members strongly suggests a
uniform or random mixing of Na and Li cations rather than a
clustered distribution.

In the case of the Li, Rb metaphosphate glasses, the BV
contribution of the Rb—O bond can be calculated from the
relation””

s = (R/R)™ (9)

where the empirical constants R, = 2.22 A and N = 7.0, which
yields sgpnpo) = 0.15 for typical experimental Rb—O bond
length of 2.9 A in RbPOj; glass.”' Consequently, the NBO in
the RbPO; glass is likely bonded to 3 Rb atoms to satisfy the
atomic valence of the oxygen, as is the case for crystalline
RbPO,.”> Therefore, for a random distribution, the four
possible NBO environments in the (LiRb)POj; glass O(Li)s,
O(Li,Rb), O(LiRb,), and O(Rb); would be present in a
1:3:3:1 ratio. The 7O 3QMAS isotropic spectrum of the
(Li,Rb)PO; glass (Figure 13c) shows a main peak that is
broader than the NBO peaks for the end member
compositions and its center of gravity is located between
those of the end member glasses, though it is shifted more
toward the peak for the LiPO; end member. This result
qualitatively suggests significant mixing between Li and Rb
ions in the glass structure. Additionally, the NBO resonance in
this spectrum displays a clear shoulder located at 112 ppm that
is similar to the location of the NBO peak in the RbPOj; glass
(Figure 13c) corresponding to the O(Rb)j sites. Simulation of
the 'O isotropic spectral line shape for the NBO resonance of
the (Li, Rb)POj; glass with Gaussian line shapes and peak area
integration shows that this shoulder constitutes about ~16% of
the NBO signal in the (Li, Rb)PO; glass. It may be noted here
that such simulations yield quantitative results as the NBOs in
all glasses are characterized by a narrow range of Cq, which
implies uniform 3QMAS excitation efficiency. Therefore,
approximately 16% of the NBO in this MM glass is in the
form of O(Rb)j; sites, while a perfectly random distribution of
Li and Rb would predict the relative fraction of the O(Rb),
sites to be 12.5%. These observations, when taken together,
indicate that the Li and Rb distribution around the NBO
atoms in the (Li, Rb)PO; glass is close to random.

Finally, in the case of alkali—alkaline-earth MM metaphos-
phate glasses, the BV contribution from the Mg—0, Ca—O and
Ba—O bonds can be calculated using either eq 8 or eq 9, using
the empirical parameters listed in ref 77 and the typical bond
lengths of 2.0, 2.4, and 2.8 A, respectively, as reported in the
literature for these metaphosphate glasses.'°”"® The resulting
BV values are s(yon80) = 041, S(ca-npo) = 0-29, and s(g, nBo) =
0.25. Therefore, considering sp.npo) = 1.475, each NBO in the
end member alkaline-earth metaphosphate compositions can
be bonded to 1 Mg, 2 Ca or 2 Ba atoms. The 70 isotropic
spectrum of the Na—Mg metaphosphate glass (Figure 13b)
shows an NBO peak that is located nearly at the same position
as the NBO peak for the NaPO; glass and is only slightly
broader than that of the latter. These NBO peaks significantly
overlap with the NBO peak of the Mg(PO;), glass, although
the latter peak is significantly broader. Therefore, considering
that Na and Mg are present in 2:1 ratio in the NaMg
metaphosphate glass we argue that the NBO peak in the MM
glass likely corresponds to two types of NBO sites, one with
NBO bonded to ~3 Na atoms as in the NaPOj; glass and the
other with NBO bonded to 1 Mg and 1 Na atom to satisfy the
required BV sum of 2.0 to within +10% as well as to satisfy a
spatially uniform charge distribution from the M cations
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Figure 12. Contour plots of '’O 3QMAS NMR spectra of mixed-modifier (a) Na—Li, (b) Na—Mg, (c) Na—Ca, (d) Na—Ba and (e) Li—Rb MM
metaphosphate glasses. NBO and BO sites corresponding to the Q” species and Q'-NBO sites (NBO-pyro) are denoted alongside the contours.

around the NBOs. This scenario therefore suggests a relatively
ordered distribution of Na and Mg atoms in this glass.
Finally, the 7O isotropic spectra of the Na—Ba and Na—Ca
metaphosphate glass (Figures 13d and 13a) shows a rather
broad NBO peak with constituent resonances located at
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positions intermediate to those that are characteristic of the
end members, indicating significant mixing between these two
M cations in the glass structure. Both spectra contain a
relatively well-resolved resonance located nearly at the same
position as the NBO peak for the NaPO; glass. Simulation of
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these isotropic spectra with Gaussian line shapes yield a
relative fraction for this NBO peak of ~31% for the Na—Ba
composition and ~35% for the Na—Ca composition. These
values indicate that nearly one-third of the NBOs are in ONa,
configuration and not bonded to Ca or Ba. Again considering
that Na/Ca or Na/Ba cation ratio in these MM glasses is 2:1,
this relative fraction of NBOs in ONa; configuration would
indeed be expected for a uniform mixing between Na and Ca
or Ba around NBOs in O(Na, Ca) or O(Na, Ba)
configurations with the rest of the Na being in ONa,
configuration.

It is therefore important to note that bivalent alkaline-earth
cations behave differently from monovalent alkalis such as Rb
and Li in their mixing behavior with Na, with the former being
more uniform with preference for pairing between dissimilar
cations while the latter being more random. This general
observation in phosphates is broadly consistent with that
reported for silicates and it likely results from the preference of
the structure to maximize a uniform spatial distribution of
charges associated with the modifier cations. Such difference in
the mixing behavior between two alkalis vs an alkali and an
alkaline-earth cations can have important consequences for
ionic transport in these glasses as well as for the configurational
entropy of the parent supercooled liquids. For example, for a
random distribution of dissimilar alkali cations, the hopping
path of one cation can be most efliciently blocked by the
presence of the other due to the mismatch in their site
geometry and this blocking effect will be maximized for
subequal concentration of the two cations, leading to a
minimum in ionic conductivity. This nonlinear composition
dependence of ionic conductivity is well-known in the
literature as the mixed-alkali effect.””™* On the other hand,
for a uniform distribution of two dissimilar cations, the ionic
mobility will be expected to decrease monotonically with
composition as the mobile alkali cation is progressively
replaced by a relatively immobile alkaline-earth cation. Such
a monotonic behavior of ionic conductivity has indeed been
reported in the literature for mixed alkali—alkaline-earth
phosphate glasses.*>™®” The configurational entropy of mixing
of the M cations has been linked in the literature to the mixed-
alkali effect on the glass transition temperature T, and
isothermal viscosity. Clearly, this entropic contribution will
be maximized for a random distribution of dissimilar M cations
as observed here for the mixed-alkali metaphosphates and will
decrease with increased ordering in the distribution and thus
will likely be very small for mixed alkali—alkaline earth
metaphosphates. This expectation is consistent with the
experimental observation made in previous studies that a
strong mixed-cation effect on T, and viscosity is only observed
in the case of mixed-alkali systems, while mixed alkali—alkaline-
earth systems show a monotonic variation of these dynamic
properties with the makeup of the M cations.*>*®

As noted above, the 7O §,, for the BO sites show
systematic decrease with increasing field strength of the M
cations in SM metaphosphates and the BO 7O §,, for any
MM metaphosphate glass is located at values that are
intermediate between those of the corresponding SM end
members (Table 5). It may be noted here that the dependence
of BO 0 6, on the nature of the modifier cation is rather
small compared to the large range of d,, displayed by the NBO
sites, consistent with the expected relatively weak interaction
between the modifiers and BO in phosphate glasses. However,
these small but systematic changes in BO O &, may
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originate from a systematic change in the P—O—P angle with
changing field strength of the M cations. In order to test this
hypothesis, the P—O—P BAD for the Li—Rb and Na—Mg MM
metaphosphates are calculated (Figure 14) following the
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Figure 14. P—O—P BAD in (a) Li—Rb and (b) Na—Mg MM
metaphosphate glasses (circles), calculated using eq 7 and
experimental distribution of # for the BO site obtained from 7O
3QMAS NMR spectra (see text for details). BAD of corresponding
single-modifier end members are shown (squares and triangles) for
comparison. All P—=O—P angles are estimated to within +1°.

procedure outlined above for the SM metaphosphate glasses.
The resulting average P—O—P angle is indeed observed to
increase upon replacement of Rb with Li and of Na with Mg as
the corresponding BO 7O §,, decreases (Figure 15), thus
providing support to the above hypothesis.

4. CONCLUSIONS

The tetrahedral chain conformation, modifier-oxygen inter-
action and spatial distribution of dissimilar modifier cations are
studied in SM and MM metaphosphate glasses using high-
resolution *'P and 7O NMR spectroscopy. While *P NMR
spectra provide information on Q" tetrahedral speciation, '’O
3QMAS NMR spectra of these glasses are shown to provide
site-specific insight into both bridging (P—O—P) and non-
bridging (P—O—M) oxygen environments. The large contrast
in quadrupolar coupling constants between BO and NBO sites
directly reflects the higher covalency of P—O—P linkages
relative to modifier-coordinated NBO environments, while
systematic trends in 7O isotropic chemical shifts reveal a
strong dependence of NBO electronic structure on M—O bond
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isotropic chemical shift for BO sites in Li—Rb (top), Na—Li (middle)
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distance and modifier field strength. A correlation between the
70 quadrupolar asymmetry parameter 7 and the P—O-P
bond angle is established using DFT calculations on crystalline
phosphates, enabling direct extraction of the P—O—P BADs of
these glasses from the 7O 3QMAS spectra. The resulting
BADs show increasing average P—O—P angle and increasing
disorder with increasing modifier field strength, consistent with
enhanced contortion of phosphate chains. These results also
provide an atomistic explanation for previously reported trends
in *'P line widths in SM vs MM metaphosphate systems.

In MM metaphosphate glasses, analysis of ’O 3QMAS
isotropic projection line shapes combined with bond-valence
considerations reveals predominantly uniform mixing between
monovalent alkali and bivalent alkaline-earth cations, while a
nearly random mixing behavior is displayed by dissimilar
monovalent alkali cations. Such contrasting behavior is
hypothesized to be driven by the tendency for maintaining
spatial uniformity in the charge distribution and is argued to be
a key controlling factor for the mixed-modifier effect on the
transport properties in glasses and corresponding supercooled

liquids.
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