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Scores of especially dry and homogeneous (NasO)x(P2Os)100_x glass compositions over
a wide range, 0 < x < 61%, are synthesized and examined in modulated Differential
Scanning Calorimetry (m-DSC) , Raman scattering, infrared reflectance, and molar
volume experiments. The glass transition temperature variation, Ty(x), displays three
regimes; at low x (0 < x < 15%), Na serves to produce non-bridging oxygens as
Tgs decrease. At higher x, 15% < x < 50%, Na continues to serve as a network
modifier, but now chains of Q2 species steadily grow and Ty(x) increases. In this
regime, we observe a square-well-like, thermally reversing window, bordered by abrupt
rigidity transition near x, = 37.5% and stress transition near xs = 46.0% defining
the intermediate phase (IP). The rigidity transition near x, = 37.5% occurs near the
percolation of rigidity predicted by the coarse graining model. Variations of melt
fragility index, m(x), established from complex Cp measurements show m(x =0) to
be 15(1) and to increase monotonically with x to display a square-well-like fragility
window (M < 20) in the 37.5(3)% < X < 46.0(2)% range, a range which coincides
with the reversibility window. These results show that melt dynamics encode glass
topological phases. At still higher x (>50%), Tg(x) mildly decreases with increasing x,
as pyrophosphate units decouple from the backbone and glasses segregate. Raman
scattering measurements show that the fraction of the local structural species f(Q3(x)),
f(Q%(x)), and f(Q'(x)) tracks the mean-field behavior based on glass stoichiometry (x),
as noted earlier from 3'P Nuclear Magnetic Resonance (NMR) experiments. Raman
scattering also shows that the Q? structural species always display a triad of modes,
a majority mode and two satellite modes, that serve as topological defects. For the two
highest frequency optic modes, infrared specular reflectance measurements show that
the frequency difference between the longitudinal optic (LO) and transverse optic (TO)
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response displays a global minimum in the IP. The local minimum of molar volumes, a
global minimum in the LO-TO mode splitting, a fragility window that coincides with the
reversibility window, each observation provides persuasive evidence of the singular role

of the IP in present glasses.

Keywords: raman scattering, modulated Differential Scanning Calorimetry (m-DSC), topological phases,
reversibility window, fragility window, volumetric window, infrared reflectance, intermediate phase

INTRODUCTION

Sodium phosphate glasses (SPGs) have been widely examined by
a variety of probes including neutron scattering (Hoppe et al.,
1996; Suzuya et al., 1998; Brow, 2000), 31p NMR (Brow et al.,
1994, 1995, 2017; Alam and Brow, 1998; Brow, 2000; Click et al.,
2002), X-ray photo electron spectroscopy (Gresch et al., 1979;
Sammet et al., 1980), calorimetric experiments (Brow et al., 1994;
Hudgens, 1994), Raman scattering (Hudgens, 1994; Hudgens
et al., 1998; Brow, 2000), IR reflectance (Hudgens and Martin,
1993; Hudgens, 1994; Moustafa and El-Egili, 1998), and dynamic
light scattering experiments (Fabian and Sidebottom, 2009). The
base oxide, P,Os, is composed of a network of P-centered quasi-
tetrahedral units, Oy=P(O1/)3, that have three bridging and
one non-bridging oxygen near neighbor, generally specified as
a Q* species in the NMR notation. The base glass is unusual,
extremely hygroscopic, and also isostatically rigid in having three
chemical bonding constraints per atom. The Ty of the base glass
is extremely sensitive to not only its preparation but also to its
handling while sealing in an Al pan for a calorimetric experiment.
Tgs can easily decrease from 430 to 397°C as the enthalpy of
relaxation (AHy,) builds up from 0.06(2) to 0.40(2) cal/gm if
even traces of water are picked up if the Al pans are not dry or
if the relative humidity of the ambient environment in which
samples are handled is not <0.01%. Water doping converts a
bridging oxygen site into a pair of dangling OH ends, lowering
the global network connectivity that is reflected in a decrease of
Ty, and an increase of AHy, due to the opening of a new degree
of freedom of glass relaxation. Alloying NaO in the base glass
at first decreases the glass transition temperature Tg4(x) up to 15
mole % of soda, but then increases it thereafter at higher x to
display a maximum near x = 50 mole % of soda, corresponding
to NaPOs. The change in slope, dTg/dx, from negative at low x
(<15%) to positive at high x (>15%) underscores that the Na,O
additive serves as a network modifier both at low x and high
x. Stoichiometric NaPOj3 glass is composed of long P-O-P-O-P
chains in which P atoms are tetrahedrally coordinated to two
bridging oxygens (Oy) in a chain and two terminal oxygens (Oy)
that are charge compensated by a Na™ cation, a Q* species in the
NMR notation. The molecular structure of these ultraphosphate
glasses, in the 0 < x < 50% composition range, has been broadly
described (Brow, 2000) as composed of Q% and Q? species, with
the fraction of Q? species, f(Q?) monotonically growing at the
expense of the Q3 ones (f(Q?)) as x increases to 50%. In the
coarse graining model (Sidebottom and Schnell, 2013) of these
glasses, one excludes counting dangling ends, and the Q* and
Q® species then take on a two- and three-fold coordination. The

mean coordination number <r> = 2.40, as x increases to 37.5%
at the rigidity percolation transition (Thorpe et al., 2000).

We have synthesized especially dry and homogeneous SPGs in
the 0 < x < 60% range of soda and examined them in m-DSC,
Raman scattering, infrared reflectance, and molar volume
measurements. The nature of the glass transition examined
in m-DSC experiments reveals the non-reversing enthalpy of
relaxation at Ty, AHp,(x) and shows a square-well-like variation
in the 37.5% < x < 46% range. The observation identifies the
composition range with formation of isostatically rigid networks
(Phillips, 1979), i.e., networks belonging to the intermediate
phase (IP). The onset of the IP near 37.5% coincides closely with
the prediction of the coarse graining model (Sidebottom and
Schnell, 2013). The increase of Tg(x) in the 20% < x < 50% range
suggests that glass compositions at x < 37.5% are in the flexible
phase, while those at x > 46% are in the stressed rigid phase.

The increase in viscosity (1) of a glass-forming melt as its T
is lowered to T, to an astronomically high value near 10'* Pa.s
results in a frozen solid or glass that supports shear (Debenedetti
and Stillinger, 2001). In addition, one defines (Williams et al.,
1955; Angell, 1988) the fragility index m as the slope d(Log
n)/ d(T/Tg) as T approaches Ty. Upon cooling melts across Tg
and examining the resulting glass transition exotherm in m-
DSC experiments, one can establish m (Carpentier et al., 2003;
Thomas, 2005a). In the present work, such experiments show
a square-well-like minimum in m with m < 20 as a function
of melt composition in the 37.5% < x < 46% compositional
window. Thus, the window in fragility apparently coincides with
the window across which Tg becomes thermally reversing. The
finding leads us to the key central finding of the present work,
viz., there exists an intimate linkage between melt fragility index
and glass topological phases in the phosphates. Parallel results were
recently reported (Gunasekera et al., 2013a; Chakraborty and
Boolchand, 2014) in several binary chalcogenides, underscoring
that melt dynamics encode the topological phases of the
resulting glasses.

In Raman scattering and IR reflectance experiments, one
observes modes characteristic of the Q3, Q2, and Q' local
structural species. Here, Q" represents a P atom having n-
bridging O near-neighbors in the NMR notation. The observed
variation in mode frequency and mode scattering strength
with glass composition reveals new insights into the structure
evolution of glasses. The glass structure near x = 50% is
dominated by long -O-P-O-P-O- chains (composed of Q>
species) that form the extended range structure of the glasses also
in the 35% < x < 60% range. In the chains characteristic of the
glass, Q? species always display a triad of modes, a majority mode
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and two lower-frequency satellite modes, henceforth labeled as
a minority mode and a defect mode. Evidence shows that the
local structures corresponding to the minority and defect modes,
function as topological defects. They serve to relieve stress in the
flexible and stressed rigid phases but are weakly populated in the
stress-free IP. Raman scattering along with IR reflectance show
that the highest frequency optic modes display an LO-TO mode
frequency splitting (Galeener and Lucovsky, 1976) that displays a
global minimum in the IP. Thus, many experimental observables
in the calorimetric, Raman scattering, infrared reflectance, and
volumetric measurements undertaken here display anomalies in
the IP.

Finally we have put the present results on glass structure in
context with earlier reports (Cormia et al., 1963; Angell and Rao,
1972; He and Thorpe, 1985; Martin and Angell, 1986; Wische
and Briickner, 1986; Angell, 1990; Sales, 1990; Hudgens and
Martin, 1993; Brow et al., 1994; Hudgens, 1994; Hoppe, 1996;
Hudgens et al., 1998; Angell et al., 1999; Brow, 2000; Sidebottom
and Changstrom, 2008; Fabian and Sidebottom, 2009; Gupta and
Mauro, 2009; Mauro et al., 2009; Sidebottom and Schnell, 2013;
Hermansen et al., 2014, 2015; Sidebottom, 2014; Sidebottom
et al.,, 2014) on the subject. By synthesizing especially dry glasses,
new insights into the physics of glasses have emerged, and these
developments are likely to have important consequences on the
applications of these materials.

MATERIALS AND METHODS

Synthesis of (Na>0)x(P20s5)100-x Glasses
Synthesis of P2Og5 Glass

The base P,Os starting material is extremely hygroscopic and
requires rather special handling for the synthesis of the bulk
glass. Fortunately, it sublimes at 340°C into a monomeric form
and can be synthesized as a rather pure and dry bulk glass
(Hudgens and Martin, 1993) as follows. The starting material
in a powder form was transferred in a quartz tube in model
HE-493/MO-5 Glove box from Vacuum Atmospheres, which
is continuously flushed with dry N, gas and with a relative
humidity of <0.01%. An assembly made of Swagelok valve
connected to an 8-mm-diameter tube supporting connector
was used to evacuate the quartz tubing. The quartz tubing
was evacuated using a high-vacuum pumping system with a
liquid nitrogen trapped diffusion pump. The quartz tube was
then gently heated to 340°C, and a deposit sublimed on the
cold end of a long quartz tube while pumping on it. Next,
the quartz tube was sealed off, and the bulk glass was realized
by heating the sublimed P,O5 to 350°C and water quenched.
Since the thermal expansion of the glass and quartz differs,
water quenching leads to a fracture of the quartz tube a few
minutes after the water quench. Bulk glass shards are collected
and immediately transferred into the glove box. TA Instruments
Tyero pans that could be hermetically sealed were dried by gently
heating to 80°C in a quartz tube while being pumped on by
a high-vacuum line overnight and transferred into the glove
box. Pans and lids were paired and weighed with a digital
balance placed in the glove box. A 10- to 15-mg quantity of the
bulk glass was transferred in the pans and hermetically sealed

and weighed. This process was repeated several times, and in
each synthesis, several bulk glass specimens were synthesized
and examined in the m-DSC experiments. The Tg, enthalpy of
relaxation, and fragility index of these glasses were measured,
and these results are presented in section Calorimetric Results
on Tg, AHy, and m.

Synthesis of Bulk (Na20)x(P20s5)100-x Glasses in the
20% < x < 61% Range of Soda

Stoichiometric ~ sodium  metaphosphate  glass, NaPOs,
corresponding to x = 50%, was synthesized by heating
finely crushed and intimately mixed Na,CO3 and P,Os5 powders
as starting materials. In each case, the batch size was kept at
2g. Two synthesis procedures were employed. Sample A was
obtained by mixing the fine powders in a Pt crucible for 5min
using a spatula in the glove box. Sample B was synthesized by
mixing the starting materials in an agate mortar and pestle for
about 25 min, and the mixture was transferred to a Pt crucible
with a lid in the glove box. Mixtures were then placed in a
box furnace at 120°C and heated to 420°C to decarbonize the
precursor and taken to 700°C for 2h, and then to 900°C for
30min, and the melt was poured over a steel plate to realize
the bulk glass. The glass was immediately transferred to the
glove box. The stoichiometric glass was crystallized by heating
to 420°C, and a powder X-ray diffraction scan confirmed the
crystalline phase formed to be indexed on an orthorhombic
structure (JCPDS file 011-0648). Micro-Raman scattering
results show that while glass samples A were heterogeneous,
glass samples B were homogeneous (Mohanty, 2018) as will
be noted in the segment on Results. Although a full range
of glass sample A compositions were synthesized and their
calorimetric properties measured (Mohanty, 2018), in the
present work, we will largely report results on the homogeneous
glass samples B.

) 0.018 T T r T 0.018 g
= (Na,0),, (P,05) -
3 o015 % 0016 o
2 001 L0.012 3
8 0012 it HeatFlow @
T £0.009 =
« 0
g Tg =269.9 (2)°C 10.006 (';
T 0006{ AC,=0071(1)caligeC g AHw ®
o B 10.003 &
£ 0.003 AH _=0.48(5) calig pad
- £0.000 2
> 0.000 --0.003 —~
o 0
14 v . . r o
220 240 260 280 a
T(C)
FIGURE 1 | m-DSC scan of a (NasO)x(P2O5)100_x glass at x = 34% showing
the total (green), reversing (blue), and non-reversing (red) heat flow terms in the
heating cycle. The Tg deduced from the inflection point of the reversing heat
flow is 269.9(2)°C. The non-reversing enthalpy at Tq deduced after a
frequency correction is 0.48(5) cal/gm. The cooling cycle heat flow scans are
not shown.
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We repeated the processing described above at the
metaphosphate composition by extending synthesis to lower
values of x, but with some changes; we reduced the alloying
temperature from 700 to 600°C as x was lowered from 50 to
20%. This was necessary to avoid loss of P,Os as it was alloyed
with Na,O at lower x (<40%). Glass stoichiometry “x” was
independently established by energy dispersive analysis X-ray
(EDAX) measurements (Goldstein et al., 2003; Mohanty, 2018),
and these values of x were used to define the stoichiometry of
glasses. The EDAX-deduced compositions showed a steadily
higher soda content than the one based on weighed ones
as x decreased in the 30% > x > 20% range. At x > 50%,
homogeneous bulk glasses were realized in the 50% < x < 61%
range following the processing used at x = 50%. At x > 61%,
quenched glasses were found partially crystalline. Micro-Raman
scattering measurements, taken at a 1-wm spatial resolution,
revealed regions that showed narrow vibrational features
characteristic of a partially crystalline sample and broad bands
characteristic of a glass. Thus, only results on the fully glassy
range at X < 61% will be presented here.

Glass Transition Temperature Ty, Enthalpy
of Relaxation of Glasses at Tg (AHp,), and
Melt Fragility Index (m) From m-DSC

Glass transition endotherms were analyzed by m-DSC in one of
two methods. In one method, the endotherm is analyzed in terms
of the reversing and non-reversing heat flow terms (Thomas,
2005b). This method was used to establish the Ty and AHy,. In
the second method, one analyzes the endotherm in terms of the
complex specific heat (C,) with in-phase part, Ci,p, akin to the
reversing heat flow, while the out-of-phase part, Cpop, akin to the
non-reversing heat flow. The second method lends itself well to
establish the fragility index of melts.

All bulk glass samples were examined using a model Q2000 m-
DSC from TA Instruments Inc. In a typical measurement, about
10-15 mg of the glass was sealed in T,er, pans of the hermetically
sealed type. All Al pans and lids were first dried by pumping
for at least a day or longer in a vacuum oven held at 80°C. All
glass samples were sealed in Al pans in a dry nitrogen ambient
environment using the vacuum atmospheres glove box.

Glass Transition Temperature Tg and Enthalpy of
Relaxation at Tg, AHpr

The typical operating parameters were as follows: scan rate:
3°C/min, modulation amplitude: £1°C, modulation time: 100s.
The calorimeter was calibrated using indium metal T-calibration,
sapphire Cp calibration. In each case, a melt-quenched bulk
glass was first rejuvenated by heating past Ty and cooled back
to the starting temperature to dissipate stress frozen upon
a thermal quench of the melt. Next, a second heating scan
initiated to establish the total heat flow, the “reversing” and
“non-reversing” heat flow. Next, a cooling cycle followed to
establish the frequency-corrected non-reversing heat flow term,
AH,;(x), as described elsewhere (Thomas, 2005b; Dash et al.,
2017). In Figure 1, we show an actual scan of a glass at x =
34%, and find a Ty of 269.9(5)°C, as the average value of the

0.32 o
o Na_O). (P.O S
L 0.26] (Na,0)34(P,05)e6 —{0.012 &
o toa= 1208y _Z =
T 4 {0.008 2
g 0.24 ] / %t ,80s 10- H
= 0201 = 10.004 &
e 0.20 4 tmod~ 805 0.00 o
3 0.16'A 0.000 E
= A o
-g. 0.12-ﬁ/$\ -0.004 ..5
_é 0.08 ' tmodl= 120s ‘ ' °
250 260 270 280 8
T (°C)
1.261 '
1.241
1.22-
e 1.20
& 118
a4 7
1.16] 20109 7_ 24 5(5),
1.14- (b) 0(TgM 1
0.996  0.999  1.002
TIT
9
FIGURE 2 | (a) Observed variation of the in-phase O‘g and the out-of-phase
Cpop specific heat as a function of modulation frequency. Note that as the
frequency increases, the peak in Cpop shifts to higher temperatures as the
glass must relax faster so wr = 1. (b) A plot of the enthalpic relaxation time ¢
as a function of T/Tg displaying an Arrhenius variation, with a slope that fixes
the fragility index m = 21.5(5). Tg is determined from the inflection point of the
C'g at a modulation time period of 100s.

inflection point of the reversing heat flow signal in the heating
and cooling cycles. The frequency-corrected non-reversing heat
flow AHp,(x) is found to be 0.48(5)cal/gm. Such experiments
were systematically undertaken at several glass compositions x
to establish trends in Ty(x), ACp(x), and AHy(x). Results are
presented in section Results.

Melt Fragility Index (m) and Activation Energy (Ea) for
Enthalpy Relaxation

Upon cooling a melt past the glass transition, an exotherm is
manifested, which can be analyzed in terms of a complex C,

formalism: an in-phase-specific heat, C}}, that shows a step-like
feature akin to the reversing heat flow, and an out- of-phase
specific heat, Cyop, which shows a Gaussian-like peak. In these
experiments, one tracks the shift of Cpor peak as the modulation
frequency is systematically changed (Bustin and Descamps, 1999;
Carpentier et al., 2003), and one establishes the melt fragility
index, m, as illustrated next with an example at the composition
x = 34% in the present SPGs (Figure 2).

These results were obtained as a function of modulation time
period ty, in the range 60 s < ty, < 120's as the melt T is lowered
from 285 to 235°C. One finds that the step in C;p steadily shifts to
higher T as the modulation frequency w = 2m/ty, is increased.
On the other hand, Cpep displays a peak that steadily shifts to
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higher T as w increases. At the peak location, the glass enthalpic
relaxation tracks the programmed modulated T-profile, i.e., wt
= 1. By establishing the peak location, one fixes the enthalpic
relaxation time 7 at a given modulation frequency (w), and from
the abscissa of the Cop, the T at which that enthalpic relaxation
time 7 was realized. By plotting log of T as a function of Tg/T
(Figure 2b), one obtains the fragility index (Bohmer et al., 1993;
Bhosle et al., 2012b).

1
m= [d Og(t)} (1)
dTg/T T—T,
Given the fragility index m, one then obtains the activation

energy Ea for enthalpic relaxation using the following relation
(Gunasekera et al., 2013a),

Eq = m.T,.In(10) (2)

Traditionally melt fragility index of glasses has been measured in
DSC experiments following the method introduced by Moynihan
et al. (1974). The scan rate (“q”) dependence of T, is measured,
and one expects a linear variation of In “q” against 1/Tg. We
performed such experiments on samples of set B with the scan
rate varied in the range 5°C/min < q < to 30°C/min. In the
present modified oxides, we could not observe a unique slope
d(Inq)/d(1/Tg) over the range of q used. The variation was found
to be non-linear and displayed a continuously variable slope with
a high slope at low scan rates (q < 10°/min) but a low slope at
high scan rates (20°C < q < 30°C), and with the high slope nearly
twice that of the low slope in all the samples examined (Mohanty,
2018). On the other hand, the complex C, approach using m-
DSC yielded quite reproducible melt fragility index results that
varied systematically with glass composition x, as described in the
present work.

Raman Scattering

We used a model T64000 Dispersive Raman system from Horiba
Jobin Yvon Inc, with a microscope attachment, and 514.5-nm
excitation from an Argon ion laser to excite Raman scattering
from bulk SPGs. All spectra were least-squares fit in terms of
Voight lineshapes using the Peakfit Software, and keeping the
Lorentzian/Gaussian mix fixed at 57%/43%.

As an example of a Raman scattering measurement, we
compare in Figure3 the observed lineshape of crystalline
(Exarhos and Risen, 1974) NaPOj3 with its bulk glass counterpart.
These spectra show remarkable similarities: features 1, 2, and 3
characteristic of the long P-O-P-O-P chains (Brow et al., 1994,
2017; Hudgens et al., 1998; Brow, 2000) are present in both
the crystal and the glass. The prominent feature 1 near 1,166
cm™!, ascribed to the symmetric stretch mode of P-O; bonds
in a Q?-like species (Brow et al., 1994; Hudgens, 1994; Hudgens
et al., 1998; Click et al., 2002; Novita and Boolchand, 2007, 3), is
observed in both the glass and the crystal. The mode is extremely
narrow (Full Width at Half Maximum (FWHM) = 4.6 cm™!)
in the crystal but is much broader in the glass (FWHM =
14.1 cm™!). In the two panels below, we highlight the observed
lineshape of Feature 1 in glass sample A with the one in glass
sample B profiled across the glass specimen.

A perusal of the observed lineshapes shows the 1,167 cm™!

mode frequency in sample A (lower left) is found to shift by
as much as 2.0 cm™! as one moves from spot 1 to 4 in the
micro-Raman experiments. Furthermore, at spot 1, the lineshape
shows evidence of the 1,012 cm™! mode ascribed to Q!-like
species (Brow et al, 1995; Velli et al., 2005) being formed, a
feature expected only at x > 50.0%. On the other hand, the
Raman spectrum of glass sample B shows the mode frequency
of the Q? species to be steady at 1,167.0(2) cm ™! with a variance
of <0.3 cm™! as the sample was profiled at five spots. The
spots were typically separated by 2 to 3mm. These spectra
illustrate that while sample A was heterogeneous, sample B
was homogenous. Details of synthesis are presented in section
Synthesis of (Na;O)x(P205)100—x Glasses.

Infrared Reflectance

An FTIR Model Nexus 870 from Thermo-Nicolet Inc. with
a Seagull accessory for specular reflectance studies from bulk
glasses was used. The system was set up for mid-IR response
(400-6,000 cm™!) using a DTGS detector with KBr window
and KBr beam splitter. In a typical measurement, 200 scans
were recorded at 4-cm™! resolution. The system as well as glass
samples were thoroughly purged with dry air circulating inside
the Seagull chamber to flush traces of water on the surface of
platelet-like samples. A polished stainless-steel flat disc was used
as a reference to normalize the reflected light. The normalized
reflectance was then Kramers—Kronig transformed (Galeener
et al., 1983) to obtain absorbance, transverse optic (TO), and
longitudinal optic (LO) response using Grams 32 software.

Molar Volumes

Molar volumes of bulk glasses were deduced from mass density
using the Archimedes’ principle. A 125-mg glass sample or larger
was weighed in air and in 200 proof alcohol using a quartz fiber
suspended from a digital balance with a resolution of 0.1 mg.
To calibrate the density of 200 proof alcohol, a Si single crystal
wafer of known density (psi = 2.33 g/cm3) was used. To ascertain
the accuracy and reproducibility of the method, the density of a
single crystal of Ge was measured and found to be 5.322(6)/cm?,
which may be compared to the known standard value of 5.323
g/cm®. With glass samples weights exceeding 125 mg, the density
could be measured to an accuracy of 0.25%.

RESULTS

Calorimetric Results on Tg, AHpr, and m

We begin by presenting results for the base P,Os glass
corresponding to x = 0. Next, we present calorimetric results on
the SPGs in the 20% < x < 60% range.

Ty, AHpr, and AC,, of Base P2O5 Glass

Following the synthesis of the base P,Os glass described in
section Materials and Methods, at least 10 different glass samples
were examined in m-DSC experiments to establish trends in Ty,
AHyr, and ACp. An m-DSC scan of one of the driest P,Os glass
with a Ty = 430°C is shown in Figure 5A. A summary of the
m-DSC results on all other samples is given in Figure 5B as a
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FIGURE 5 | (A) An m-DSC scan of one of the driest PoOg glass synthesized.
The total, reversing, and non-reversing heat flows in the heating up cycles are
displayed (B). A plot of AHpr on the left ordinate as a function of Tg, and ACp
on the right ordinate as a function of Tq for the 10 samples measured. The
glass sample with the highest Tq of 435(2)°C is identified with dry P05 glass.
This particular glass sample has a vanishing AHnr ~ O, consistent with its
isostatically rigid nature.

plot of AHy, on the left ordinate as a function of Tg, and AC,,
on the right ordinate as a function of Tg. Because of the extreme
hygroscopicity of the glass, these 10 different glass preparations
had apparently varying water impurity content. The presence
of water impurity doping leads to the conversion of bridging O
into NBO (Walter et al., 1997; Brow, 2000), lowering the global
network connectivity, which is reflected in an increase of AHy,
and a decrease of Ty. Thus, we identify the Tg of dry P,O5 glass at
435°C and associate the vanishing AHy, ~ 0 with such a sample.
The vanishing of AH,, is fully consistent with the isostatic
nature (Georgiev and Boolchand, 2000) of the quasi-tetrahedral
local structure, which contributes three constraints per atom.
Our results also show that AC,, systematically decreases as glass
samples get drier.

Tg, AHqnr, and AC,, of Ultra- and

Pyrophosphate Glasses

m-DSC results on bulk (Na;O)x(P205)100—x glasses (SPGs) in
the 20% < x < 60% range are summarized in Figure 6. The
three panels (Figures 6A-C) plot glass compositional trends in
Tg(x), AHyy (x), and ACp(x), respectively. The Tg(x) trends are
suggestive that glass structure evolution displays three distinct
regions: I, I, and III. In region I, 0% < x < 15%, Tg(x) decrease
at a rate of near 20°C/mole of Na,O suggests that Na™ ions serve
to convert BO into NBO, thus lowering the global connectivity of

the network that is reflected in the decrease of Tg. This requires
that in a P-centered quasi-tetrahedral local structure of P,Os base
glass, Na™ ions bond only to one of the three available BO sites
(Wazer, 1958). Remarkably, the slope dTg/dx of 20.0°C/mole %
of Na,O observed in the experiments is almost identical to the
value Micoulaut (1998) predicted if one of the three BO were to be
replaced by a NBO, thus lowering the network connectivity as we
discuss later. In region II, 15% < x < 50%, increase of Tg(x) with
x suggests broadly that the Na, O additive now serves to increase
network cohesion as Na™ ions donate a —ve charge to the P-
centered tetrahedra, leading to the two double-bonded terminal
(Oy) bonds and two bridging oxygen bonds facilitating growth
of the Q? species (Wazer, 1958; Brow et al., 1994, 2017; Alam
and Brow, 1998; Brow, 2000). In region III, 50% < x < 60%,
one finds Tg(x) to mildly decrease with x, with a clear evidence
of a kink near x = 50%. In region III, the network is steadily
fragmented as pyro-phosphate dimers form, by the conversion of
Q? species into a pair of Q! species by uptake of 2 Na™ ions, and
as the backbone steadily decouples (Brow et al., 1995; Alam and
Brow, 1998; Velli et al., 2005).

Most remarkable are the trends in AHy,(x) (Figure 6B) that
steadily increase in the 0 < x < 37.5% range to show a square-
well-like local minimum in the 37.5(3)% < x < 46.0(2)% range,
and then continue to increase in the 46.0% < x < 50.0% range,
and to finally decrease in region III, 50% < x < 60% for
the pyro-phosphates. We also examined the aging effect of the
enthalpy of relaxation AHy,(x) term (Tonchev and Kasap, 2002;
Chakravarty, 2003; Micoulaut, 2016) in the 37.5(3)% < x <
46.0(2)% range by heating the glasses at 100°C for a week and
found the term to age (black filled data points) for compositions
outside but not inside the IP. The square-well-like shape and the
absence of any measurable aging in that window are features that
are characteristic of the reversibility window (Boolchand, 2006),
as we discuss in section Fragmentation of Q* Bearing Chains
by Q! Dimers in the Pyrophosphates (50% < x < 60%). An
interesting aspect of the reversibility window is that it sits on a
finite background of AH,; = 0.50 cal/gm. In fact, the background
term progressively increases almost monotonically in the 0.05
cal/gm < AH,r < 0.50 cal/gm range as the glass composition
increases in the 0 < x < 37.5% range.

In the less homogenous glass samples A (Mohanty, 2018), we
also observed a reversibility window. But in sharp contrast to the
abrupt and square-well like nature of the window seen in samples
B, the window in samples A was narrower and Gaussian like. It
appears that the litmus test of ideally homogeneous samples is the
observation of a square-well-like reversibility window, wherein
one has an abrupt rigidity- and stress-elastic phase transitions
(Jacobs and Thorpe, 1995).

Fragility Index of P20s5, Ultra-, and Pyro-sodium
Phosphate Glasses

In section Glass Transition Temperature Tg, Enthalpy of
Relaxation of Glasses at Tg (AHy,), and Melt Fragility Index (m)
From m-DSC, we outlined the procedure in which m-DSC can be
used to deduce melt fragility index (m) and the activation energy
for enthalpic relaxation (E,). The compositional variations
of these melt-related calorimetric observables are shown in
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FIGURE 6 | Calorimetric results on sodium phosphate glasses obtained from present work and two earlier reports (Hudgens, 1994; Fabian and Sidebottom, 2009).
Compositional trends in (A) Tg(x) (B) in the non-reversing enthalpy of relaxation, AHnr(x), (C) melt fragility index m(x), and (D) molar volumes Vm(x). The light blue
panel represents the glass composition range across which a glass reversibility window and a melt fragility window are observed, and it is identified with the
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glasses steadily fragment with the decoupling of pyrophosphate units. In the intermediate phase, molar volumes show a local minimum consistent with the
compacted nature of networks formed therein. The composition x = 37.5% represents the rigidity elastic phase transition in these glasses, and it coincides with the
percolation of rigidity in the Sidebottom coarse graining model (D. L. Sidebottom and Schnell 2013) of these glasses.
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Figure 6. The fragility index of the base P,O5 melt is near m =
15.0(5), and it is suggestive of a super-strong melt. Upon alloying
soda, m progressively increases in the 0 < x < 37% range, and
then shows a square-well-like minimum in the 37.5(3)% < x <
46.0(2)% range. Note that in this square-well range, m acquires
a value of <20, suggesting that melts formed in the well are
super strong. The composition range 37.5(3)% < x < 46.0%, in
which melts acquire an m < 20, will henceforth be denoted as
the fragility window. We also note that the compositional width
of the fragility window in Figure 6C within experimental error
coincides with that of the reversibility window in Figure 6B.
This is not an accident as we shall discuss in section Discussion.

Raman Scattering

The similarity in Raman scattering of crystalline with glassy
meta-phosphate (Figure 3) stems from features common to their
molecular structures. In both cases, long chains of P-centered
tetrahedral units having two bridging oxygen atoms (Oy,) and two
terminal oxygen atoms (O¢) comprise the local structure. In the
glass, feature 1 near 1,167 cm™! represents a symmetric stretch
of P-O, bonds, feature 2 near 760 cm ™! is a symmetric stretch of
P-Oy, bonds, while feature 3 near 1,250 cm ™! is an asymmetric

stretch of P-O¢ bonds. The chains are infinitely long close to
10,000 tetrahedral units (Walsh et al., 1992; Brow, 2000) in the
crystalline phase but are estimated to be about 400 tetrahedral
units (Wazer, 1958; Bunker et al., 1984; Walsh et al., 1992; Brow,
2000) long in the glassy phase. But, there are also other striking
differences in Raman scattering of the glass from that of the
crystalline NaPOs3. In the crystal, one observes (Figure 3) a single
optical phonon, with a frequency of 1,172 cm~! with a rather
narrow linewidth of 4.8 cm™!. In g-NaPOj3, one observes a triad
of modes (Velli et al., 2005; Novita and Boolchand, 2007): a
majority mode near 1,167 cm ™!, and two satellite ones on the
low-frequency side of the majority mode. One of these satellites
is centered near 1,151 cm™!, while the second one near 1,105
cm™! (Figure 7).

The centroid of these satellite modes could be localized by
Raman polarization measurements on g-NaPOj3 (Figure 7B). In
Figure 7B, we show both the Iyy and Iyy scattering. In Iyy
scattering, the E-field vector of the incident light and that of the
scattered light are kept vertical. In Iyy scattering, the incident
laser light E-field was vertical, but the scattered light E-field
polarization was horizontal. In the Iyy configuration, one can
clearly discern the majority mode from the two satellite modes
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cm~ ' to the majority mode near 1,166 cm~1, as noted by Hudgens et al. (1998) in their ultraphosphate glasses.

and localize the centroid of the latter two for detailed Raman
lineshape analysis.

In Figure8, we provide a global summary of the Raman
scattering lineshapes observed in the glasses in the 20% < x
< 60% range of soda. Examples of lineshape deconvolution
of feature 1 associated with the triad of modes related to Q2
local structures (Velli et al., 2005; Novita and Boolchand, 2007)
are included in Figure9. The scattering strength and mode
frequency variation as a function of glass composition for the
triad of modes associated with Q? local structures are included
in Figure 10. The triad of modes henceforth will be labeled as a
majority mode, anaj, near 1,166 cm™!, a minority mode, Q% ,
near 1,151 cm™!, and a broad mode that we believe is a defect
mode, Q(Zief’ near 1,105 cm™!. The triad of modes are observed
at non-stoichiometric glass compositions as well, and their
scattering strengths and frequency change in a rather systematic
fashion as a function of glass composition. In particular, one
finds the minority mode, anin, shaded blue (Figure 9), to steadily
increase in scattering strength as the soda content increases in

the 47% < x < 50% range. In the ultraphosphate range, the
minority and defect modes grow at the expense of the majority
mode. There are features of the data that suggest that the
minority and majority modes in the ultraphosphates are intrinsic
to the Q2 local structure in the glass, while the defect mode,
Q> is most likely stabilized with the presence of an additional
Na* cation in the vicinity of the Q* species. The minority
and defect Q? site act, we suspect, functionally as topological
defects in the ultraphosphates. Finally, in our Raman scattering
experiments, we do not observe a high-frequency shoulder to
the Q2 majority mode near 1,200 cm~! (Figures 8, 9) that was
noted by Hudgens (1994), in the 40% < x < 45% range of soda
concentration. The shoulder mode was traced by Hudgens (1994)
to the presence of strained tetrahedral units in their glass samples
at room temperature.

We have also analyzed features 3 and 4 as a super-position
of requisite number of Voight lineshapes. In Figures 11A-D, we
illustrate some examples of these fits. The observed variation
of the scattering strength and mode frequency of Q® local
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structure associated with feature 3 can be observed in the results.
In Figures 11E-H, we provide the lineshape deconvolution of
feature 4 associated with Q! local structure species, and here
again, the results reveal a triad of modes (Tatsumisago et al.,
1992): a majority mode, ernaj’ near 1,014 cm !, a minority mode,
ernin, near 1,005 cm™!, and a defect mode, Qéef’ near 960 cm™!

displaying a rather broad band. With increasing soda content
in the 50% < x < 60% range, we observe the minority and
defect modes to grow at the expense of the majority mode. In
addition to features 1, 2, and 3 visible in the ultraphosphates,
we also have analyzed feature 4 observed near 1,012 cm™!
associated with the Q! local structure in the pyrophosphate
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FIGURE 12 | (A) Observed Q3/Q? fractions and Q'/Q? fractions (red data points) obtained from Raman scattering features 1, 3, and 4 (Figures 8, 9, 11). The blue
data points are obtained after the Raman scattering strengths are corrected for Raman cross sections (see text). (B) The f(Q3) and f(Q?) and f(Q') fractions are plotted
as a function of x. The variations in the fractions T(Q3) and f(QQ) near x = 50% deviate measurably from the mean-field behavior as shown in the two insets of (B). See
text for details. (C) Raman P-O; mode frequency for the Q3 species and the triad of Q2 and Q' species as a function of Pauling valence unit (PVU). For
completeness, we include Raman P-Op, mode frequency with a PVU of 1. (D) Fractions of Q2 and @3 species deduced from 3P NMR results of Brow et al. (1994,
1995); Brow (2000).

glass compositions. These results are included in the plots
of Figure 11.

A summary of the observed scattering strength ratio of Q?
species-related modes (majority plus minority (feature 1) and
Q® species-related mode (feature 3) is plotted in Figure 12A
as the red filled data points in the 20% < x < 50% range.
The scattering strength ratio of the Q! mode (majority plus
minority) is displayed in Figure 12A as the red data points in the
50% < x < 61% range of composition. For the ultraphosphate
compositions (Figure 12A), it became clear that the observed
scattering strength ratio of Q*/Q? fraction was low compared
to the expected variation based on glass stoichiometry (thin
black line in Figure 12A) considerations. This suggests that the
Raman scattering cross sections of the two modes in question
are different. By requiring that the observed Q*/Q? fraction to
equalize near x = 33.33%, as the glass stoichiometry requires,
one finds that the Raman cross section for the Q% mode exceeds
that of the symmetric stretch mode of Q* species by a factor of
2.85. The suggestion is qualitatively supported by Naval Research
Laboratory Molecular Orbital Library (NRLMOL) calculations
(Porezag and Pederson, 1996, 1999; Neugebauer et al., 2002;

Park et al., 2006). The normalized Q3/Q? fraction, plotted
in Figure 12A as the blue data points, then becomes a good
representation of the concentrations of the two species in
the ultraphosphates.

The observed Q!/Q? fraction, deduced by taking the scattering
strength ratio of the sum of the majority and minority modes
of Q! species and Q? species, respectively, (Figures 9, 11E-H,
12A), are plotted as the red data points in the pyrophosphate
range of compositions, 50% < x < 61%. Here again we find
that the observed scattering strength ratios are systematically
lower than the expected Q!/Q? concentration ratio based on
glass stoichiometry considerations. These results suggest that
the Raman cross section of the Q? species exceeds that of the
Q! species by a factor 1.60. The Raman cross-section ratio
is deduced by requiring the concentration f(Q!)/f(Q?) = 1
at x 60%, as required by stoichiometric considerations
(Wazer, 1958; Brow, 2000).

From the normalized Q3/Q? ratio, one could cast the results in
terms of the individual fractions f(Q3) and f(Q?), since the sum
of the two fractions must equal 1. Thus, f(Q?) = [1 + Q*/Q*]};
f(Q®) = 1 - f(Q?). For the pyrophosphates (x > 50%), by

Frontiers in Materials | www.frontiersin.org

12

May 2019 | Volume 6 | Article 69


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Mohanty et al.

Topological Phases of Sodium-Phosphate Glasses

establishing the normalized Q'/Q? from the Raman experiments,
we obtained f(Q?) = [1 + Q'/Q?]71, and f(Q!) = 1 - f(Q?).

The observed f(Q3), f(Q?), and f(Q') fractions from the
present Raman scattering (Figure 12B) broadly track the
expected fractions (thin black lines in Figure 12B), based on glass
stoichiometry considerations. In the ultraphosphates (Wazer,
1958; Brow, 2000), 0 < x < 50% range, f(Q*) = (1 - 2x)/(1 - x),
and f(Q?) = x/(1 - x). In the pyrophosphates (Wazer, 1958; Brow,
2000), 50% < x < 66.6%, f(Q") = (2x - 1)/(1 - x),and f(Q?) = (2
- 3x)/(1 - x). Nevertheless, there are deviations from the mean-
field behavior that appear near x = 50%. These deviations are
small but finite and systematic (Figure 12B insets). For example,
we find that the concentration of the Q* species does not go to
zero at x = 50%, but it does so closer to 52%. Furthermore, Q?
species concentration never reaches its expected maximum value
of 1.0 near x = 50%. These deviations are due to the presence
of the defect Q% and defect Q, local structures that are formed,
and drain away some of the alloyed soda, leading to the scattering
strength anomalies near x = 50%.

A useful perspective on the local structures of the triad of Q2
and Q! species observed in Raman scattering can be obtained by
plotting the P-O¢ or P-Oy, stretch mode frequency as a function
of Pauling valence unit (PVU; Figure 12C; Brow, 2000). For a Q3
species, the PVU would be 2.0 since for the three BO bonds each
possessing a PVU of 1 leaves the P=0O¢ bond with a PVU count of
5 - 3 = 2, given the pentavalent nature of the P cation. For a Q?
and a Q! species, one can show that the PVU would respectively
be 1.50 and 1.33. We have included in the plot of Figure 12C
the case of P-Oy, stretch mode frequency since these bonds by
definition have a PVU of 1.0. On the plot of Figure 12C, one can
see a quasi-linear variation of the P=0; or P-O}, mode frequency
with the PVU. Both the majority and minority modes of Q? and
Q! species have mode frequencies that are quite close to each
other. On the other hand, the defect band shifts measurably to
lower frequency and has a substantially larger width. We discuss
this issue in section Discussion. For completeness, we include in
Figure 12D the 3!P NMR results on the f(Q*) and f(Q?) fractions
reported by Brow et al. (1994); Brow (2000) in the ultraphosphate
glasses. The correlation between the NMR results and the Raman
scattering is most encouraging.

Infrared Reflectance

Infrared as Probe of Water Traces in Sodium
Phosphate Glasses

The presence of water impurity atoms creates dangling ends of
P-H and P-OH as the P-O-P-O chains are cut. The vibrational
modes of the proposed dangling ends have been identified
(Novita and Boolchand, 2007; Colthup, 2012) to be as follows:
the P<>(OH)~ stretch (Colthup, 2012) at 1,654 cm™!, the P<>H
stretch (Daasch and Smith, 1951) at 2,370 cm ™!, and the O<H
stretch (Novita and Boolchand, 2007) at 2,850 cm™!. These were
used as a test of bonded water in the chains characteristic of
these glasses. In almost all glasses synthesized, we could not
detect these vibrational modes. But in select glasses, we did
observe these and also found that the Ty of these glasses were
measurably lower than their dry counterparts. These results gave
us confidence that glasses synthesized in the present work are

rather dry. Furthermore, in general, presence of water enhances
the IR absorption because of the high dipole moment of H,O
molecule that stains the chains. That feature is readily apparent
when we compare the response of a wet glass sample with the dry
one. All glass samples B synthesized in the present work were
examined by FTIR and revealed no evidence of free or bonded
water in the glasses.

Complementary Role of Infrared and Raman Activity
in Sodium Phosphate Glasses

Confidence in the assignment of triad of modes associated
with the Q> and Q! species emerged by comparing the
IR response of the glasses in Figures 4B,C with the Raman
response as illustrated in Figure4A for the case of the
stoichiometric NaPOj glass. Although the minority and defect
modes of the Q? species are weakly excited in Raman
scattering (Figure 4A), the IR response from these excitations
is rather high (Figures 4B,C). Specifically, if one compares the
scattering strength of the minority mode near 1,150 cm™!,
one finds it is weakly excited in Raman but strongly in IR-
TO response (Figure4B). In the case of the defect mode
near 1,105 cm ™!, the enhancement is qualitatively higher when
one compares the results of Figure4A with Figure 4B. The
complementary response of Raman and IR response in SPGs
were observed, in general, at non-stoichiometric compositions
as well, and it was helpful in better understanding the
nature of the triad of modes associated with the Q2 and
Q! species.

Longitudinal Optic-Transverse Optic Splitting in
Sodium Phosphate Glasses

Raman scattering, FTIR-TO response (¢), and FTIR-LO response
[Im(—e~1)] for all SPGs were obtained, the latter two from
specular reflection data on flat disc-like specimen. We show an
example at x = 50% in Figure 4. The two highest frequency optic
modes in NaPOj glass appear near 1,276.8 cm™! (v, Q?) and
near 1,317.2 cm™! (v, Q%) in Raman scattering (Figure 4D).
The corresponding TO mode frequency (vro) and LO mode
frequency (vr o) were also measured (Figures 4E,F; Galeener and
Lucovsky, 1976). In fact, we established the general variation
in vro and vip mode frequency with glass composition “x”
(Figures 13A,C) and found that vpo(x) mode frequency is
generally lower than vio(x) as expected, but in the IP, vro(x)
blue-shifts to nearly equal vip (x), leading to the vro-vro
frequency difference to display a global minimum in that special
phase. Furthermore, we find that the variation in both the LO and
TO mode frequency displays a rather abrupt blue shift in going
from x = 36% to x = x; = 37.5%, near the rigidity transition,
and a general softening of these excitations as one goes across
the IP (Figure 13). It is generally acknowledged that LO-TO
mode frequency splitting (vio-vro) provides a measure of the
internal E-fields setup in the polar glasses made of positive (P>,
Na™) cations and negative (027) anions. Most noteworthy is the
finding that the vio-vro splitting shows a global minimum in
the IP (Figure 13) for both the Q* asymmetric mode and the Q?
asymmetric mode (Figure 4A).
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Trends in Molar Volumes

Compositional trends in the variation of molar volumes [V, (x)]
of the present SPGs are summarized in Figure 6D. With
increasing soda content, one finds Vy, (x) steadily decreases from
a value near 56.0 cm®/mol to about 40 cm?®/mol in the 20%
< x < 50% range. The reported value (Hudgens, 1994) of V,
in c-NaPOj; is close to 41.1 cm®/mole, in reasonable accord
with the value we obtained in the corresponding metaphosphate
glass. The baseline variation Vp,(x) is sketched by the smooth
curve drawn through the data in Figure 6D. A closer perusal
of the results show that IP glass compositions reveal evidence
of an additional reduction in Vy, or compaction of the glassy
network from the average behavior that is illustrated by the
vertical hash marks in the inset of Figure 6D. The compaction
remarkably coincides with the reversibility window range of
37.5% < x < 46.0%. Compaction of IP glass compositions has
been noted in chalcogenides (Bhosle et al., 2012b; Chakraborty
and Boolchand, 2014) previously. The effect is generally ascribed
(Boolchand et al, 2013) to the consequence of the balance
of near-neighbor covalent bonding interactions exhausting
the available degrees of freedom in the isostatically rigid
backbone formed in the IP. That balance promotes weaker
but longer range Coulombic forces to additionally compact
networks formed in the IP, displaying evidence of molar
volume window.

DISCUSSION

Linking Melt Fragility Index With Glass

Topological Phases

Topological Phases

The calorimetric results on SPGs obtained in the present work
along with those reported earlier (Cormia et al.,, 1963; Angell
and Rao, 1972; He and Thorpe, 1985; Martin and Angell, 1986;
Wische and Briickner, 1986; Angell, 1990; Sales, 1990; Hudgens
and Martin, 1993; Hudgens, 1994; Hoppe, 1996; Angell et al.,
1999; Brow, 2000; Sidebottom and Changstrom, 2008; Fabian
and Sidebottom, 2009; Gupta and Mauro, 2009; Mauro et al.,
2009; Sidebottom and Schnell, 2013; Hermansen et al., 2014,
2015; Sidebottom, 2014; Sidebottom et al., 2014) are summarized
in Figure 6. In addition, we have included in Figure 6 the
compositional trends in molar volumes Vy,(x) obtained in the
present glasses. The central finding of the present work is the
existence of a reversibility window in the 37.5(3)% < x <
46.0(2)% range of soda across which glass transitions become
thermally reversing. The square-well-like (Chakravarty, 2003;
Chen et al., 2008; Bhosle et al., 2012a,b; Gunasekera et al., 2013b;
Chakraborty and Boolchand, 2014; Chakraborty et al., 2017)
variation of the non-reversing heat flow AH,(x) in the indicated
range is a direct evidence of the isostatically rigid IP formed in
the present glasses. Micoulaut (Micoulaut, 2010; Mantisi et al.,
2015) has shown that the enthalpy of relaxation at T of a glass
constitutes a measure of n.-3, i.e., departure of the glass network
from isostaticity (n. = 3). The increasing T, in the 20% < x
< 50% range shows that glasses at x < 37.5%(3) are in the
flexible phase, while those at x > 46.0(2)% are in the stressed

rigid phase, thus fixing the three glass topological phases in the
present glasses.

In several publications, Sidebottom has developed a coarse
graining model of these glasses by considering only the bridging
oxygen atoms serving to define the glass backbone. In this
approach, one excludes the terminal oxygen atoms and the
Na™ ions in evaluating constraints. In this approach, the mean
coordination number of the glass backbone is taken as 3 at x =0
and as 2 at x = 50%, and, in general, one can show,

<r(x)>=(3—4x)/(1 —x) (3)
A mean coordination number of <r> of 2.40 is realized
when x = 37.5% in Equation 3. Thus, in the coarse graining
(Sidebottom et al., 2014) approach, one expects the percolation
of rigidity to occur when x increases to x = 37.5%, and that
prediction is in harmony with our observation of the rigidity
transition near that composition in the present SPGs.

Dangling ends of a network play no role near the rigidity
transition, but they soften a stressed rigid network and stiffen
a flexible network as suggested earlier (Mamedov et al., 2003;
Qu and Boolchand, 2005; Boolchand and Goodman, 2017). If
one considers the dangling ends of the base P05 glass, a count
of the bond-bending and bond-stretching constraints (Georgiev
and Boolchand, 2000) shows the quasi-tetrahedral local structure
to be isostatically rigid (n. = 3). The vanishing of AHp(x) term
(Figure 6) at x = 0 is in harmony with its isostatic character of
the base glass. The increase of Tg(x) in the 15% < x < 50% range
would, of course, be in conflict with the coarse graining model,
which predicts <r> to steadily decrease in the indicated glass
range. So, one does not expect the topological phase assignment
of the coarse graining model to be in harmony with the observed
findings. But since the percolation of rigidity near <r> =2.40 is
independent of the count of dangling ends, the onset of rigidity is
correctly predicted by the coarse graining model.

Correlating Melt Dynamics With Glass
Topological Phases
The second key finding of the present work is the observation
of a melt fragility window in the 37.5(3)% < x < 46.0(2)%
range, where the fragility index m displays a square-well-
like variation with the fragility index in the well acquiring a
value m somewhat lower than 20. The finding underscores the
super-strong characteristic of melts (Gunasekera et al., 2013a;
Chakraborty and Boolchand, 2014) formed in the fragility
window (Figure 6C). The correlation between the variation of
AHp(x) (Figure 6B) and m(x) (Figure 6C) underscores that
super-strong melts upon cooling (Boolchand and Goodman,
2017) will give rise to isostatically rigid glasses, while fragile
melts formed at x < 37.5(3)% and at x > 46.0(2)% will form
flexible and stressed rigid glasses. For stressed rigid glasses, one
thus observes Ty to increase with fragility index. For flexible
glasses, on the other hand, the reverse is the case, ie., m(x)
increases as T decreases at least close to the rigidity transition
near x = 37.5% (Figure 6C).

The correlation between melt dynamics and glass topological
phases has been observed recently in the chalcogenides such as
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Ge-Se (Bhosle et al., 2012a,b) and Ge-S (Chakraborty et al.,
2017). The present case of SPG is one of the first on a modified
oxide where melt dynamics correlate with glass topological
phases. These findings strongly suggest that the dynamics of
glass-forming melts may well encode the glass topological phases,
as a general principle of glass science.

Challenges of Synthesis and Handling Sodium
Phosphate Glasses

The fragility index reported by Fabian and Sidebottom (2009)
show m = 80 at x = 50%, and the term to steadily decrease as
x decreases to 0 to display a value of m = 20 for the base P05
melt in their dynamic light scattering measurements. That trend
is broadly similar to the one observed by us in our melts, although
the absolute values of m observed by us are systematically lower.
It is encouraging to see that for the base glass (at x = 0), the
fragility index reported in ref. (Fabian and Sidebottom, 2009)
is actually quite close to the one observed in the present work
by m-DSC. These fragility index results differ qualitatively from
those of Hudgens (1994) and Martin (Martin and Angell, 1986;
Hudgens and Martin, 1993). Hudgens and Martin (1993) were
the first group to demonstrate how P,Os5 could be dried and
purified by sublimation, and we as well as Fabian and Sidebottom
followed that procedure. The results in Figure 5 presented in the
present work on calorimetric properties of the base P,O5 glass
highlight some of the challenges in working with and handling
of the base P,0O5 glass in DSC and m-DSC experiments. Not
only must the bulk glass be dry but the Al pans and lids must
be especially dry and have the capability to be hermetically sealed
to get reliable calorimetric results. The lower Ty(x) (Figure 6A)
and higher fragility index for the base P,Os5 glass at x = 0%
(Figure 6B) reported by Hudgens and Martin in their DSC
experiments compared to those reported by us in the present
m-DSC ones, particularly at x < 20%, are suggestive that these
large differences probably come from inadvertent traces of water
impurity doping of these P,Os-rich bulk glasses.

Glass Molecular Structure Evolution With
Composition From Calorimetric, Raman
Scattering, and 3P NMR Studies in Sodium

Phosphate Glasses

Three Regimes of Structure Evolution

The Tg(x) variation in the present SPGs displays three distinct
regimes of variation. Atlow x, 0 < x < 15% range, soda serves as a
network modifier cutting BO bonds to create NBO ones, leading
to a reduction of Ty4(x) at a rate that is fully consistent with the
predicted slope equations based on the stochastic agglomeration
theory (SAT) (Micoulaut, 1998; Georgiev et al., 2001).

Tg=T, [1 + (4)

o x
(1 —x)ln%

In Equation 4, T, represents the Ty of the base P05 glass,
and the slope dTy/dx = 19.7°C/mole % of Na,O, taking
Tg to be 704 K. The observed slope of 20°C/mol% of Na,O

is in harmony with the SAT predicted slope (Micoulaut,
1998). If Nat ions were to bond with the terminal O; of
the P-centered quasi-tetrahedral local structure, O=P(Oy,2)3,
the network connectivity would remain unaltered and Tg(x)
would remain unchanged. The Micoulaut slope equations have
been calculated for a variety of modified oxides such as
(Na0)(Si02)100—x and (Na0)x(GeO3)190—x. In each case,
the Tgy(x) decrease with soda content can be traced to the
reduced network connectivity as bridging oxygen atoms are
converted into non-bridging ones. The observed and calculated
slopes, dTg4(x)/dx, are in remarkable accord with each other
(Micoulaut, 1998; Micoulaut and Naumis, 1999).

Returning to SPGs, at intermediate x, 15% < x < 50%, the
additive continues to serve as a network modifier but adds to the
cohesion by promoting the growth of the Q? species forming part
of a P-O-P-O- chains. Na™ ions now charge compensate the P-
centered tetrahedral unit having two bridging oxygen (Oy) and
two terminal oxygen (O¢) permitting the P=0O; bond to form.
At higher x, 50% < x < 60% range, the Q?-bearing chains are
fragmented by pairs of Q! species forming the pyrophosphate
units. The loss of backbone structure is reflected in both Tg
(x) and AHp(x) to steadily decrease at x > 50%. This broad
picture of glass structure evolution suggested by the trends
in Tg(x) variation finds support in Raman scattering and IR
reflectance results.

Fraction of Q" Species and Molecular Structure of
the Intermediate Phase From Raman Scattering
Raman scattering (Figure 8A) results in the present glasses
reveal the three features 1, 3, and 4. Analysis of feature
1 near 1,150 ecm™!, associated with the Q2 local structure,
shows a triad of modes (Figures9, 10), a majority mode,
a minority mode, and a defect mode. Feature 3 near 1,300
cm~! was analyzed in terms of two modes (Figures 11A-D).
The highest frequency mode represents the symmetric stretch
mode of Q® species. Feature 4 near 1,012 cm™! is identified
with Q! species, and its scattering strength steadily increases
as X > 50% as shown in Figures 12A,B. These results were
cast in terms of the compositional dependence of the fractions
f(Q?), f(Q?), and f(Q!) species deduced from Raman scattering
(Figure 12B) and show that they correlate well with the 3'P NMR
results of Figure 12D. It is encouraging that two independent
probes of glass structure, one nuclear, the other optical, have
converged to provide closely similar details of local structure in
terms of the Q" species of these SPGs. Recently, Bodker et al.
(2018) have successfully reproduced the Q" speciation in SPGs
(Figures 12B,D) using a purely statistical mechanical approach
by using the experimentally known populations at one select
composition, viz., NaPOs3.

The Raman mode frequency and mode scattering strength
variation for the triad of Q? species displays other rather striking
features (Figures 10A,B) that provide new clues to the formation
of the IP. All three modes steadily blue-shift with increasing x,
giving unambiguous evidence of a stiffening of the glass network
in the 20% < x < 50% range. Furthermore, the minority and
the defect mode of the Q2 species show a global minimum in
concentration in the IP range, wherein the majority Q* mode
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FIGURE 14 | (A) A pair of Q? species forming the building block of P-O-P-O chains near x = 50%. (B) The uptake of two Na* ions with a pair of Q2 leads to the

near 1,166 cm~! steadily increases in scattering strength with
x. These features, i.e., a minimum in the concentration of the
minority mode and defect mode along with an average Q*/Q’
fraction of near 4 (Figure 12B), serve to define the characteristic
structural features of the stress-free backbone of the IP.

The generic connection between the triad of modes of the
Q? species is made more quantitative by PVU considerations
(Figure 12C; Brow et al., 1995). The plot of the Raman active
P-Oy-related stretch mode frequency scaling with the PVU
parameter (Figure 12C) provides a quantitative measure of the

P-O; bond strengths in each of these species. The majority
and minority modes of the Q? species possess P-O; Raman
frequency that are quite close to each other and illustrate how
local structural disorder is intrinsically built in the chain-bearing
glass backbone. The defect mode, on the other hand, is rather
broad and is suggestive that its local structure is more distorted,
most likely because of the presence of an additional Na™ cation
in the vicinity of the Q? local structure. Inclusion of Na* ion
is suggested by the anomalies in the fraction of Q* and Q°
species manifested near x = 50% when the concentration of the
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defect site is high in the stressed rigid glass. We alluded to these
anomalies earlier in section Raman Scattering and Figure 12B.

We view the minority mode and the defect mode of Q>
species to functionally serve as stress relief entities of the chain-
bearing backbone. Their minimum in the IP range is consistent
with the stress-free nature (Wang et al., 2005) of that phase,
and their presence a reminder of the role of fluctuations that
build the configurational entropy of that phase (Yan, 2018). The
minority mode and defect mode represent topological defects
that assist self-organization.

At x > 50%, the continued growth in concentration of the
minority mode and defect mode at the expense of the majority
mode of Q? species (Figure 10B) constitutes signature of the
loss in integrity of the P-O-P-chains. But a far more significant
structural change occurs, viz., formation of Q! species (1,012
cm™1). The Q! species break up the Qz—bearing chains as
schematically illustrated (Figure 12B). The scattering strength
variation of the Raman mode with x (Figure 12B) shows that
the Q! species become the majority species at x > 60% rapidly
fragmenting the backbone and leading Tgs to mildly decrease as
the network connectivity lowers upon growth of Q! dimers.

Fragmentation of Q2-Bearing Chains by Q'
Dimers in the Pyrophosphates (50% < x
< 60%)

By bringing two additional Na™ cations next to the P-O-P- chain
(Figure 14A), one converts the two bridging oxygen atoms (Oy)
into two terminal ones (Oy), thus forming the building block of
a Q! dimer or a pyrophosphate (Figure 14B) as schematically
illustrated in Figure 14. The three P-O; bonds in the Q! species
are nearly equivalent as suggested by simulations NRLMOL
(Porezag and Pederson, 1996, 1999; Neugebauer et al., 2002; Park
et al., 2006) and PVU estimates (Brow et al., 1995; Brow, 2000).
The cluster calculations also reveal the Raman cross section of
the P-Oy stretch vibration of Q? species exceeds that of the
corresponding vibration of Q* species by a factor of 4.5, a factor
that compares reasonably with the experimental deduced value of
2.85 as mentioned earlier in section Raman Scattering.

Simple constraint counting algorithms show that while Q3
species and Q? species are nearly isostatic (n. = 3), the Q! species
is under constrained (n. = 2.69).

It is useful to mention that the observed scattering
strength ratio of the Q!/Q? species deduced from the Raman
measurements appear to be somewhat lower than the expected
ratio based on stoichiometry considerations (Figure 12A). The
latter considerations also place the Q!/Q? fraction to equalize
at x = 60%. By imposing that condition, one finds the Raman
scattering cross section of the Q? species to exceed that of the
Q! species by a factor of 1.60. Our NRLMOL estimates of the
Raman cross section of the 1,166 cm™! mode (Q?) to the 1,012
cm ™! mode (Q') is found to be 1.93. The correlation between
theory and experiment on the Raman cross sections of the modes
due to Q%, Q%, and Q! species is, thus, in reasonable accord with
each other.

We had noted earlier that the square-well-like lowering in
the enthalpy of relaxation AHy,(x) is the signature of the IP

(Figure 6B). But we also find that the window sits on a slopping
baseline in AHp,(x) that increases monotonically with x in the
20% < x < 50% range, and furthermore, within the window,
the AH,,(x) term remains finite and constant near 0.35 cal/gm.
How can we understand this rather peculiar result? Such a result
was not observed in chalcogenides, where we always find the
reversibility window to possess a nearly vanishing enthalpy of
relaxation in the window (Novita and Boolchand, 2007; Chen
et al., 2008; Bhosle et al., 2012a,b; Gunasekera et al., 2013b).

The presence of a finite concentration of both minority mode
and defect mode of the Q? species (Figure 10B) that coexist with
the main local structures (Q? and Q3 species), we conjecture,
contributes a finite contribution to the AHp(x) term from the
presence of these under constrained local structures that form
part of the backbone. These under constrained topological defects
contribute to the AH,;(x) term over the broad 20% < x < 50%
range as their concentration suggests (Figure 10B). In the IP, a
local minimum in the AH,;(x) term comes as the right mix of Q?
(majority mode) and Q* species come together to self-organize
the network backbone.

Infrared Reflectance, Longitudinal Optic,

and Transverse Optic Response

A significant finding from the IR measurements is that the
LO and TO mode frequency splitting, vio-vro, shows a global
minimum in the IP (Figure 13) for both the two highest-
frequency optic modes, Q*> asymmetric mode and the Q°
asymmetric mode (Figure 4A). The result is most likely related
to the stress-free nature of networks formed in the isostatically
rigid IP. That speculation clearly needs to be tested theoretically,
and it is beyond the scope of the present work.

Here, we would like to draw attention to the fact that
the blue shift of the TO mode frequency, vro, in the IP
where molar volumes decrease (Figure 6D) leads in a natural
fashion to a mode Gruneisen parameter, y = —(V/v)dv/dV
of 0.75(10). The magnitude of y suggests (Zallen, 1974) an
underlying mode stiffness that is characteristic of covalent bonds.
That result appears reasonable given that for a TO mode of
the predominantly Q?-like chains formed in the IP glasses,
one expects the P-O; bonds, locally transverse to the chains,
to be involved. And these are the very bonds that will be
compressed as the glass backbone compacts (Figure 6D) and the
interchain spacing decreases. We attribute the blue shift of the
TO vibrational excitation in the IP to the underlying network
compaction. The LO mode, on the other hand, must involve
displacement of P and Oy, atoms locally along the chain axis. The
P-Oy, bonds are softer than the P-O¢ ones by almost a factor
of 0.60, as suggested by the Raman mode frequency ratio of
670 cm~!/1,160 cm™!. For that reason, we believe the LO mode
frequency may remain largely unaffected by compaction of the
network structure in the IP.

The global reduction in local electric fields observed in the
present polar glass in the IP is reminiscent of a parallel finding in
sodium germanate glasses (Rompicharla et al., 2008). The finding
may well be a general feature of glasses. We hope the present
results stimulates further discussion of the subject.
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CONCLUSIONS

We have examined scores of especially dry and homogeneous
(Na;0)x(P205)100—x glass compositions over a wide range, 0
< X < 61%, in m-DSC, Raman scattering, infrared reflectance,
and molar volume experiments. The glass transition temperature
variation Tg(x) displays three regimes; at low x (0 < x < 15%),
the additive serves as a network modifier converting bridging
oxygen atoms (BO) of the parent base material into non-bridging
oxygen atoms (NBO) lowering the network connectivity reflected
in Tg(x). At higher x, 15% < x < 50%, the additive serves as a
network modifier but adds to the cohesion of the network with
Tg(x) monotonically increasing as chains of Q? species steadily
grow at the expense of quasi-tetrahedral units O=P(O1,2)3
of the base glass. In this regime, we observe a thermally
reversing, square-well-like window, bordered by an abrupt
rigidity transition near x, = 37.5% and a stress transition near
Xs = 46.0%. Between these two transitions, glasses are viewed
to form an isostatically rigid network, the IP. Melt fragility
index, established using the complex C, formalism, reveals
m(x = 0) to be 15, to increase monotonically with x, and to
display a square-well-like fragility window in the 37.5(3)% <
X < 46.0(2)% range. That range coincides with that of the
reversibility window. The fragility window coinciding with the
reversibility window underscores that melt dynamics encode
glass topological phases. At still higher x (> 50%), Tg(x) mildly
decreases with increasing x, confirming that glasses steadily
segregate as pyrophosphate units emerge as revealed by the Q!
structural species in Raman scattering.

Raman scattering measurements also show that the fraction
of f(Q*(x)), f(Q*(x)), and f(Q'(x)) generally tracks the mean
field behavior based on stoichiometry of glasses. These trends are
quite similar to those reported earlier by Brow et al. (1994) and
Brow (2000). Raman scattering also shows that the Q? structural
species always appear with two satellite modes on the low-
frequency side. These satellite modes are viewed as topological
defects present in glasses.

Infrared specular reflectance measurements on bulk glasses
confirm the dryness of glass samples synthesized. Furthermore,
these measurements also reveal the LO and TO mode frequencies
to change with glass composition in a rather systematic fashion.
One finds that the LO-TO mode frequency difference shows a
global minimum in the intermediate phase. The observation may
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