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ARTICLE INFO ABSTRACT

Keywords: The structure of (ZnO)x(P20s)100-x glasses with 35<x < 67 is investigated using 31p and ultra-high field 577n
§1n phosphate glass NMR spectroscopy. The 3!P NMR results confirm a nearly binary Q-species distribution. The progressive decrease
67;nNII\\I/[1§R in the connectivity of the phosphate network upon addition of ZnO is manifested in a monotonic drop in Ty in the
Structure composition range 35<x < 55. The ®’Zn NMR spectra indicate that the average Zn-O coordination number varies
Fragility between 4 and 6 and increases progressively with increasing Zn content. The resulting increase in the connec-
31p tivity of the Zn-O-P network compensates for the depolymerization of the P-O-P network, which is reflected in a

reversal in the compositional trend in T, for x > 55. In contrast to Tg, the fragility index m shows negligible
composition dependence until x~50, beyond which it increases rapidly with increasing Zn content in response to
the progressive shortening of the Q? chains.

1. Introduction

Zinc phosphate glasses are characterized by a large composition
range for glass formation, high solubility of rare earth ions, relatively
high thermal expansion coefficient and good durability, which make
them viable candidates for a wide range of applications in the areas of
composites, optical waveguides, lasers and amplifiers and hermetic
glass-to-metal seals [1-6]. Consequently, the atomic structure-property
relationships in these glasses have been investigated in detail over the
last decades [7-14]. These studies have shown that progressive addition
of ZnO to P,0s leads to a monotonically depolymerizing phosphate
network where the PO4 groups closely follow van Wazer’s reorganiza-
tion model of binary speciation. However, such a monotonic evolution
of the phosphate network as such cannot explain the strongly
non-monotonic compositional variation in properties such as the glass
transition temperature T, and density p of Zn-phosphate glasses, both of
which display a minimum near the metaphosphate composition with 50
mol% ZnO. This behavior led Kordes et al. to classify Zn-phosphates as
“anomalous” glasses [15]. These authors hypothesized that such a
non-monotonic behavior of Ty and p may be related to a change in the Zn
coordination environment, where the Zn-O coordination number (CN)
increases from 4 to 6 with increasing Zn content across the meta-
phosphate composition. More recently, Tischendorf et al. [12] have also
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argued that this increase in Zn CN increases the connectivity of the
structural network in Zn-phosphate glasses with >50 mol% ZnO, which
more than compensates for the depolymerization of the phosphate
network and thus, can lead to an increase in Ty with increasing ZnO
content.

Previous X-ray and neutron diffraction studies, on the other hand,
have shown that the Zn atoms are tetrahedrally coordinated in Zn-
phosphate glasses with >40 mol% ZnO, irrespective of the ZnO con-
tent [7]. In contrast, in ultraphosphate glasses progressive lowering of
the ZnO content was reported to lead to a slow increase of the Zn CN to
~6 [16]. A careful analysis of the Zn-O peak in the X-ray and neutron
real-space correlation function by Walter et al. [7] has shown that the Zn
CN increases only slightly, from ~ 4.0 to ~ 4.2 with increasing Zn
content beyond 60 mol%. Previous molecular dynamics simulation
studies [11] have also indicated a compositionally invariant Zn CN of ~
4 in Zn-phosphate glasses with 70 mol% > ZnO > 40 mol%. Therefore,
the aforementioned non-monotonic compositional variation of Tg and p
was argued to be unrelated to a concomitant change in the Zn CN. Hoppe
and coworkers [7,16], have proposed an alternate model on the basis of
diffraction studies where the Zn CN remains unchanged, however, the
connectivity of the ZnO4 coordination polyhedra changes from isolated
tetrahedra in the metaphosphates to corner- and edge- shared tetrahedra
in glasses with >50 mol% ZnO. This increase in the connectivity
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between the ZnO4 tetrahedra results in an increase in the packing den-
sity of the structural network as well as compensates for the depoly-
merization of the phosphate network, giving rise to a concomitant
increase in T, However, an unequivocal structural origin of this
intriguing non-monotonic behavior of physical properties in
Zn-phosphate glasses remains missing to date, which warrants direct
high-resolution probing of the composition dependence of Zn coordi-
nation environment in these glasses.

Recently, high-field ®”Zn nuclear magnetic resonance (NMR) spec-
troscopy has been shown to be a powerful technique in studying Zn
coordination environments in metal-organic-framework glasses [17].
Moreover, the ’Zn NMR isotropic chemical shift ;5o has been shown to
be sensitive to the coordination environment of Zn atoms in various
crystalline oxides [18,19]. In spite of such promise, high-resolution
NMR spectroscopy of the %7Zn nuclide remains rather challenging,
owing to its low gyromagnetic ratio and low natural abundance in
combination with its large quadrupole moment [17]. These issues
necessitate the use of ultra-high magnetic fields (> 20 T) and the
application of experiments such as two-dimensional (2D) quadrupolar
magic-angle-turning (QMAT) NMR [20] to avoid the interference from
spinning sidebands in the acquisition of high-resolution 77n
central-transition magic-angle-spinning (MAS) NMR spectra. Here we
present the results of a 3P MAS and ultra-high magnetic field (up to 35.2
T) %Zn QMAT NMR spectroscopic study of the structure of
Zn-phosphate glasses with 35 mol% < ZnO < 67 mol%. The structural
evolution is shown to be consistent with the compositional variation of
molar volume, Ty and activation energy of viscous flow at T ~ Ty, i.e., the
fragility index of these glasses.

2. Experimental methods
2.1. Sample preparation and physical characterization

The (ZnO)x(P205)100x glasses with 35< x < 67 were prepared by
conventional melt-quenching method. Appropriate amounts of
NH4H5PO4 (99.9%, Acros Organics) and ZnO (99.99%, Alfa Aesar) were
mixed and loaded in alumina crucibles. The mixtures were first calcined
at 450 °C overnight to remove any water and ammonia. The calcined
batches were subsequently melted at 1200 °C for 1.5 h and then
quenched by flowing nitrogen gas. The as-made glass samples were
stored in a desiccator to avoid exposure to atmospheric moisture.

The Ty of these (ZnO)x(P20s5)100-x glasses was determined using dif-
ferential scanning calorimetry (Mettler Toledo DSC1). Samples of mass
~15-20 mg were taken in hermetically sealed Al pans and were heated
to 50 °C above Ty to erase any thermal history. The samples were then
cooled in the calorimeter at a rate of 10 K/min and subsequently
reheated at the same rate. The fictive temperature Ty was taken as the
peak of the endothermic glass transition signal while heating the sample
at a specific rate ¢ K/min ranging from 0.5 to 30 K/min, subsequent to
cooling at the same rate from T,+30 K to T,—50 K. The T; was deter-
mined to within + 2 °C as the onset of the glass transition endotherm at a
heating rate of 10 K/min. On the other hand, the dependence of Tfon q
yields the activation energy E for enthalpy relaxation according to the

ding _

relation: —E . The fragility index m was determined from E using
(3
t4

E
RT,In10 [21].

Density of these glasses was measured using a gas expansion pyc-
nometer (Micromeritics AccuPyc II 1340) at 20 °C using helium (6 N
purity) as the displacement gas. For each measurement, approximately
0.5 g of glass sample was loaded into a 1 cm® cup. All reported density
values are averages of 10 consecutive measurements on each sample.

the relation m =

2.2. 31p NMR measurements

The 3P MAS NMR spectra of all glasses were collected using a Bruker
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Avance-500 spectrometer equipped with a 11.7 T magnet (3'P Larmor
frequency of 202.4 MHz). Crushed glass samples were taken in 4 mm
ZrO, rotors and were spun at 15 kHz using a Bruker triple-resonance
MAS probe. Each 3P MAS spectrum is the Fourier transform of 64
free induction decays, each acquired with using a single pulse with a
pulse length of 0.85 ps (tip angle = 45°) and a recycle delay of 60 s. All
3lp spectra were externally referenced to Na;HPO4 with 8, at 4.6 ppm.
The spectral line shapes of 3'P MAS NMR experiments were analyzed
using the software DMFit [22]. The three principal components of the
second-rank NMR chemical shift tensor dxy, dyy and &,;, can be recast into
the isotropic shift ;, and the magnitude A and asymmetry 5 of the
chemical shift anisotropy (CSA). Following the Haeberlen convention
|62z — Biso| > |8xx — Siso| = |6yy — Jisol, these quantities are defined as:

1
5isu = 5 (511 + 5xx + 5_\’)')
A =36, = biso
5vv — (sxx
="

A

It may be noted that A and 5 represent the deviation of the tensor
from spherical and uniaxial symmetry, respectively.

2.3. Yzn QMATPASS/QCPMG NMR spectroscopy

The %7Zn QMATPASS/QCPMG NMR spectra of the Zn-phosphate
glasses were acquired at the National High Magnetic Field Laboratory
(NHMFL, Tallahassee, Florida, USA), using Bruker Avance NEO consoles
and 3.2 mm probes designed and constructed at the NHMFL. Only select
glass compositions were measured due to the long acquisition time
needed and the limited availability of the ultra-high field (35.2 T) series-
connected hybrid (SCH) magnet [23]. Two-dimensional %77n spectra
were obtained using the QMAT pulse sequence [20], and signal
enhancement via the multiple-echo QCPMG acquisition scheme [24].
For spectra acquired at 35.2 T corresponding to a ®”Zn Larmor frequency
of vo(67Zn) = 93.9 MHz, central-transition selective nn/2- and n-pulses of
2.5 and 5.0 ps were used with an rf field of 33.3 kHz, MAS sample
spinning frequency of 16 kHz, 8 hypercomplex t; increments with 49,
200 transients per increment, 14 CPMG echoes per transient, and a 20
ms recycle delay for a total experimental duration of 6.6 h per spectrum.
For spectra acquired at 19.6 T (v0(67Zn) = 52.0 MHz), central-transition
selective 1/2- and n-pulses of 5.0 and 10.0 ps were used with an rf field of
16.7 kHz, 16 kHz MAS, 8 hypercomplex t; increments with 490,000
transients per increment, 14 CPMG echoes per transient, and a 30 ms
recycle delay for a total experimental duration of 119.4 h per spectrum.
Hypercomplex data acquisition was performed by applying the method
of States et al. [25] to the QCPMG pulse phase and the receiver phase
simultaneously. The QCPMG echoes were summed before 2D Fourier
transformation. ‘Center-band only’ spectra were obtained by a shear
transformation as for MAT/CPMG spectra [26], to align the spinning
sidebands separated along the indirect dimension, followed by sum-
mation of all the sidebands. %Zn spectra were externally referenced by
recording the 170 signal of D,0 and using the }”0 and %”Zn frequency
ratios reported in the IUPAC recommendations [27].

3. Results and discussion

The 3P MAS NMR spectra of the (ZnO)x(P20s5)100-x glasses with 35<
x < 67 are shown in Fig. 1. While the center bands of the 31p MAS NMR
spectra in Fig. 1 correspond to the isotropic shifts of the various PO4
tetrahedral species in the glass structure, denoted as Q" with n being the
number of bridging oxygen atoms, the spinning sidebands originate
from the CSA of these species and thus contain information on the
anisotropic parameters A and 7. The center-band and sidebands of these
spectra were simulated using Gaussian peaks with ;o =4+ 1, —13 £ 2,
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Fig. 1. 3'P MAS NMR spectra of ZnO—P,0s glasses. Glass composition in terms
of mol% ZnO are shown alongside the spectra. Asterisks denote spin-
ning sidebands.
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Fig. 2. Representative simulations of 3P MAS NMR spectral line shapes of (a)
40ZnO—60P,0s and (b) 60ZnO—40 P,0s glasses. Experimental (black) and
simulated (red) line shapes are shown along with the Gaussian simulation
components corresponding to various Q species: Q0 (orange); Q1 (green); Q2
(teal); and Q° (magenta) (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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—30 + 3, and —41 + 4 ppm corresponding, respectively, to the Q°, Q!
Q2 and Q3 species, and with full-width-at-half-maximum of 12 + 3 ppm
(Fig. 2). These simulations yield the relative abundance of the constit-
uent Q" species from their respective peak areas including the sidebands,
and their characteristic chemical shift tensor parameters A and #. It is
clear from Fig. 1 that both the isotropic (center-band) signal as well as
the sideband pattern and intensity distribution change progressively
with composition, indicating a corresponding evolution of the Q"
speciation. The center-band displays an increase in relative intensity on
the high ppm side with increasing ZnO content, corresponding to a
progressive replacement of the Q% species with Q% and subsequently
with Q! species (see below). The experimentally determined relative
fractions of the Q" species are generally in good agreement with those
predicted by van Wazer’s binary Q-speciation model (Fig. 3), with small
deviations at the highest ZnO contents that can be attributed to the
speciation reaction: 2 Q' — Q2 ++ Q°. The resulting ratio of bridging:non-
bridging oxygen (BO:NBO) atoms in the structure of these glasses agrees
well with that expected from the nominal chemical composition of this
glass over most of the composition range though the experimental
values fall slightly below the expected trend for ultraphosphates with <
45 mol% ZnO (Fig. 4). Such a deviation could result from the presence of
some residual water in these glasses.

The compositional variation of the A and # parameters for the Ql, Q2
and Q® species obtained from simulation of the 3!P MAS NMR spectra
are shown in Figs. 5 and 6. It is noteworthy that while A is relatively
small and positive for the Q! species, it is large and negative for the Q?
and Q3 species. A similar variation in the sign of A is also well known for
295i in corresponding silicate Q species [28]. More interestingly, how-
ever, the A and 5 of Q' and Q3 species appear to be nearly independent of
composition within experimental error, while for the Q? species A shows
a relatively rapid and monotonic decrease in magnitude with Zn content
in glasses with >50 mol% ZnO (Figs. 5 and 6). We argue that this
observation is indicative of a conformational change of the Q? chains as
they progressively shorten with increasing Zn content in polyphosphate
glasses. Such conformational changes may result in a more efficient
packing for shorter chains due to a lowering of steric hindrance towards
folding. Indeed, in previous studies Hoppe and coworkers [7,16] hy-
pothesized that the “anomalous” increase in density with increasing Zn
content in this compositional regime is likely a result of tighter packing
of the constituent Q? chains.

The 1D %”Zn ’center-band only’ central-transition NMR spectra ob-
tained from 2D QMATPASS/QCPMG at 35.2 and 19.6 T for the
(Zn0)40(P205)60 glass sample are shown in Fig. 7. These spectra are
characterized by asymmetric central-transition line shapes with low-
frequency tails that are typical of quadrupolar nuclides in structurally
disordered solids such as glasses with a continuous distribution of
quadrupolar coupling constants Cq. Such central-transition NMR line
shapes are typically simulated with a Czjzek distribution of the quad-
rupolar tensor parameters along with a Gaussian distribution of §j5,[22].
It may be noted that such a simulation procedure for the
central-transition NMR spectra of quadrupolar nuclides in glasses
collected at a single magnetic field may not yield a unique solution for
the average Cq and &, if the broadening due to the quadrupolar
interaction and the chemical shift distribution are comparable. Instead,
simultaneous simulation of NMR spectra acquired at significantly
different magnetic fields helps constrain the relative magnitudes of these
interactions. This is because in units of frequency the chemical shift
broadening is proportional to the magnetic field, while the quadrupolar
broadening is inversely proportional to the field. The 7Zn NMR spectra
at the two different fields in Fig. 7 have similar line widths when
compared in units of ppm, which is highly unusual since spectra that are
predominantly broadened by the quadrupolar interaction should have
line widths in Hertz that are inversely proportional to the external
magnetic field. At the magnetic fields of 35.2 and 19.6 T, this should
translate into a reduction in line width at the higher field by a factor of
(35.2/19.6)% = 3.2 in units of ppm. Therefore, the similar line widths in
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Fig. 3. Composition dependence of relative fraction of (a) QO; (b) Ql; (c) Q2 and (d) Q3 species in Zn-phosphate glasses determined in the present study from
simulation of 3'P NMR spectra (filled squares). Literature results (open symbols) reported by Wiench et al. (red circles) [8], Sales et al. (green diamonds) [38] and
Meyer (blue triangles) [10] are shown for comparison. Solid lines are predicted fractions according to van Wazer’s binary model (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Comparison between BO/NBO ratio of ZnO—P,05 glasses determined in
the present study from Q" speciation (filled squares) and those reported liter-
ature by Wiench et al. (red circles) [8], Sales et al. (green diamonds) [38] and
Meyer (blue triangles) [10]. Dashed line corresponds to expected values from
nominal composition (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

ppm indicate that a distribution of ®”Zn isotropic chemical shift or the
presence of more than one distinct type of Zn site must be a major
contributor to the appearance of the spectra in addition to the typical
quadrupolar broadening. However, it may be noted that compared to
the spectrum collected at 35.2 T, the 19.6 T ®’Zn NMR spectrum is
broader near the low-frequency tail region, which suggests that a
satisfactory simulation of the ”Zn NMR line shapes would require the
consideration of two overlapping signals, with the component at lower
frequency being characterized by a larger Co. The NMR program ssNake
[29] was used to simultaneously fit the two 677n NMR spectra in Fig. 7
employing the Czjzek model. The fit, though possibly non-unique, re-
produces the experimental line shapes well, where one of the two Zn
sites is characterized by iso~ 66 ppm and an average Cq ~ 3.0 MHz and
the other by 5o~ 0 ppm with average Co ~ 4.0 MHz. Moreover, the
average 677n 8is, Obtained from these simulations are rather consistent
with those reported for Zn in tetrahedral and octahedral coordination
environment with oxygen in various compounds [18]. For example, the
ZnOy4 tetrahedral environment in the compound Zn(OAc), with Zn-O
distances ranging between 1.95 and 1.97 A is characterized by a ®’Zn
Siso of 67 ppm [18]. A Zn-O distance of ~1.95 A was indeed reported for
Zn-metaphosphate glass and crystal in previous X-ray and neutron
diffraction, Zn K-edge extended X-ray absorption fine structure spec-
troscopy and X-ray anomalous scattering studies [7,30]. It is important
to contrast this result with the ZnO4 tetrahedral environment in hex-
agonal ZnO with significantly longer Zn-O distances (2.33-2.39 A),
which is characterized by a 5771 Sigo Of 240 ppm [18,19]. On the other
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Fig. 5. Compositional variation of A for (a) Ql, (b) Q2 and (c) Q3 species in
ZnO—P,05 glasses.

hand, the ZnOg octahedral environment in the compound Zn
(OAc)2-2H,0 is characterized by a 5771 810 0f 0 ppm [18]. This two-site
simulation is also found to be adequate to consistently model the ®’Zn
QMAT central-transition NMR spectra of Zn-phosphate glasses with 60
and 67% ZnO (Fig. 8). The corresponding simulation parameters are
listed in Table 1, which indicate that while the §;5, and the average Cq
for these two sites do not change significantly with glass composition,
the relative fraction of the high-frequency component corresponding to
the ZnOg environment systematically increases from ~50% to ~ 70% as
the ZnO content increases from 40 to 67 mol% (see Table 1). This trend
is consistent with the shift of the center of gravity for the overall ®’Zn
NMR line shapes towards higher frequencies with increasing Zn content
(Fig. 8). When taken together, these results suggest a continuous in-
crease in the average Zn CN in these Zn-phosphate glasses with
increasing Zn content. As has been noted above, this increase in the Zn
CN with increasing Zn content in polyphosphates can compensate for the
depolymerization of the phosphate network and increase its net con-
nectivity. It should be emphasized that the extraction of NMR parame-
ters for the two distinct Zn sites in these glasses would be considerably
more ambiguous (maybe even impossible) without the large difference
in magnetic field afforded by the 36 T SCH magnet compared to typically
accessible NMR systems.

The compositional variation of Ty and of molar volume for these
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glasses as determined in the present study and in a number of previous
studies are shown in Figs. 9 and 10, which are indeed consistent with the
structural evolution observed in this study. In general, the T of a glassy
network depends on the degree of connectivity of the network and the
strength of the bonds that constitute the network. The decrease in T,
with increasing Zn in the composition region 35 mol% < ZnO < 55 mol
% can thus be ascribed to the loss of connectivity from progressive
depolymerization of the phosphate network. The depolymerization of
the phosphate network results in a collapse of the network and a
concomitant increase (decrease) in the atomic packing (molar volume).
Further increase in ZnO content beyond 55% results in an increase in Ty,
which can be attributed to a net increase in the network connectivity due
to an increase in the Zn CN, despite the continuing depolymerization of
the phosphate network and shortening of Q2 chains. As hypothesized
originally by Hoppe and coworkers [7,16] and evidenced in the varia-
tion of A and # of the Q2 species in this composition regime (Figs. 5 and
6), the Q? chain shortening results in a lowering of steric hindrance to
packing, which in combination with the increase in Zn CN gives rise to a
marked increase in the rate of molar volume decrease in glasses with >
55 mol% ZnO (Fig. 10).

The compositional variation of the fragility index m of these Zn-
phosphate glasses is shown in Fig. 11 and is compared with that for
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Fig. 7. Two-site simulation of ®’Zn QMAT central transition NMR spectra of
(Zn0)40(P20s)6o glass collected at 35.2 T (bottom) and at 19.6 T (top).
Experimental (solid black line) and simulated (red dashed line) line shapes are
shown along with the two simulation components (blue and green peaks).
Simulation parameters are listed in Table 1 (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 8. Two-site simulation of ®”Zn QMAT central transition NMR spectra of
ZnO—P,05 glasses collected at 35.2 T. Glass compositions in terms of mol%
ZnO are shown alongside the spectra. Experimental (solid black line) and
simulated (red dashed line) line shapes are shown along with the two simula-
tion components (blue and green peaks). Simulation parameters are listed in
Table 1 (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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the Na-phosphate glasses, as reported in the literature [31]. It is inter-
esting to note that while m for the Na-phosphate glasses starts to rise
rapidly upon increasing the Na,O content beyond 35 mol% (Fig. 11), for
Zn-phosphates the onset of the rising trend is located at the
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Fig. 9. Glass transition temperature of ZnO—P,0s glasses measured in the
present study (filled squares). Literature results reported by Brow et al. (red
circles) [13], Tischendorf et al. (green diamonds) [12] and Ouchetto et al. (blue
triangles) [39] are shown for comparison (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 10. Molar volume of ZnO—P,0s glasses measured in the present study
(filled squares). Literature results reported by Tischendorf et al. (green di-
amonds) [11] and Meyer (blue triangles) [10] are shown for comparison (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Table 1
Chemical shift and quadrupolar parameters used for two-site simulation of ®”Zn QMAT central transition NMR spectra of Zn-phosphate glasses collected at 35.2 T and
at 19.6 T.
Glass composition and magnetic field sites Siso(+5 ppm) average Cqo(+0.2 MHz) average 1 Czjzek width (MHz) Relative fraction (+5%)
(Zn0)40(P20s)60 1 67 2.9 0 2.5 45%
196T 2 0 3.8 0 3.8 55%
(Zn0)40(P20s)60 1 65 3.0 0 3.0 50%
35.2T 2 0 4.0 0 4.5 50%
(Zn0)eo(P20s)40 1 62 3.0 0 3.7 37%
35.2T 2 -5 4.1 0 5.0 63%
(Zn0)67(P20s)33 1 62 3.1 0 3.9 29%
35.2T 2 -5 4.1 0 5.4 71%
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Fig. 11. Fragility indices of ZnO—P,0s glasses (filled squares) determined in
the present study, and of P,Os (red circle) and Na,O—P50s (blue triangles)
glasses reported in the literature [31] (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of
this article.)

metaphosphate composition (>50 mol% ZnO). The fragility trend dis-
played by the Na-phosphates has recently been explained by Sidebottom
and coworkers using the coarse-graining model (CGM) [32-36]. This
model attempts to establish a universal relationship between m and the
network connectivity (n) in glass-forming liquids on the basis of the

2
relationship m« (d;?";’;f ) . The term (dgg;’;f ) represents the dependence of

configurational entropy Sc,ns of a network on its connectivity, which, for
chains with various degrees of cross-linking has been investigated in
detail in the polymer literature using the self-avoiding walk model.
Sidebottom [32] used this model to estimate the change in the confor-
mational entropy of a disjointed chain of monomers, upon progressive
addition of cross-links, as a function of the length of the chain segments
in between consecutive crosslinks. Sidebottom [32,35] has shown that
this model can explain the compositional variation in m vs. (n) for
simple alkali phosphates and aluminophosphates along the meta-
phosphate (NaPOs3)-P20s5 join, where (n) represents the number of
bridging oxygen atoms per P atom in the structure. Specifically, as (n)
increases from 2 in alkali metaphosphates and approaches 2.4, m rapidly
decreases from ~80 to ~30, beyond which further increase in (n) up to 3
for pure P2Os results only in a small decrease in m (Fig. 11). Here the PO4
tetrahedra are “coarse-grained” and treated as rigid super-structural
units, which then do not contribute individually to the conformational
entropy and only contributions from the inter-tetrahedral conforma-
tional changes need to be considered. This hypothesis in the CGM is
based on the assumption that these rigid structural units do not undergo
significant deformation in response to an applied shear, instead majority
of the deformation is taken up by the linkages between these units.
Recent rheological studies have shown that compared to alkali
metaphosphates, Zn-metaphosphate is characterized by stronger cross-
linking of the metaphosphate chains via Zn-O tetrahedra, which would
likely impose strong restrictions on the chain reorientation and lower its
conformational entropy [37]. Therefore, the conformational entropy
only becomes a function of (n) once the Q2 chains start shortening with
further increase in the ZnO content beyond the metaphosphate
composition and the steric hindrance towards chain conformation is
lifted. Moreover, as shown in the present study, the Zn CN mono-
tonically increases with increasing Zn content in this composition range
and Zn increasingly assumes the role of a conventional network modi-
fier. These effects, when taken together, are indeed consistent with the
observation that m of Zn-phosphate glasses starts to increase with Zn
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content only in the polyphosphate composition region with >50 mol%
ZnO (Fig. 11).

4. Summary

The compositional evolution of the structure of binary Zn-phosphate
glasses is investigated using 3'P MAS and ®’Zn QMAT NMR spectros-
copy. The phosphorus Q-speciation is found to be nearly binary. With
increasing ZnO, the phosphate network becomes depolymerized with
the gradual replacement of Q® and Q2 species by a more closely packed
structure constituted of Q% and Q' species, which leads to a lowering of
the molar volume and Ty in the composition range 35 mol% < ZnO < 55
mol%. Further increase in the ZnO content results in a shortening of the
Q? chains and lifting of their conformational constraints, as evidenced in
the progressive lowering of the magnitude of 3!P CSA parameter A for
the Q2 species. Such structural changes of the Zn-phosphate network in
these polyphosphate compositions result in a rapid increase of the
atomic packing density and fragility index due to a lowering of the steric
hindrance of Q2 chains. On the other hand, the 577n QMAT NMR spectra
indicate the presence of tetrahedral and octahedral Zn coordination
environments in all glasses. The relative fraction of the octahedral
environment and hence, the average Zn CN is observed to increase with
increasing ZnO content beyond 40 mol%. The resulting rise in the
average structural connectivity appears to compensate for the depoly-
merization of the phosphate network in the polyphosphates, which is
manifested in a reversal of the compositional trend in Tj.
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