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ABSTRACT
The viscoelastic behavior and shear relaxation in supercooled [NaPO3]x[Zn(PO3)2]1−x metaphosphate liquids with 0.2 ≤ x ≤ 1.0 are investi-
gated using a combination of small amplitude oscillatory and steady shear parallel plate rheometry, resonant ultrasound spectroscopy, and
differential scanning calorimetry. The results demonstrate that these liquids are thermorheologically complex with the coexistence of a fast
and a slow relaxation process, which could be attributed to the segmental motion of the phosphate chains and the Zn–O bond scission/renewal
dynamics, respectively. The segmental motion of the phosphate chains is found to be the dominant process associated with the shear relaxation
for all metaphosphate liquids. The compositional evolution of the calorimetric fragility of these liquids is shown to be related to the confor-
mational entropy of the constituent phosphate chains, which is manifested by the width of the relaxation time distribution for the segmental
chain motion. This entropy decreases and the temporal coupling between the chain dynamics and Zn–O bond scission-renewal increases with
the increasing Zn content as the higher field strength Zn modifier ions provide more effective cross-linking between the phosphate chains.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0060360

I. INTRODUCTION

The technological importance of phosphate glasses originates
primarily from their unique properties, including large composi-
tion range for glass formation, low glass transition temperature T g ,
large solubility of rare earth and other high-field strength cations,
high thermal expansion coefficient, and strong bioactivity.1–9 Conse-
quently, the atomic structure–property relationships in these glasses
have been investigated in detail over the last few decades.10–15
However, in comparison, relatively little is known regarding the
structural control on the viscoelastic behavior of the parent super-
cooled liquids from which these glasses are derived. The viscoelastic
behavior of a supercooled glass-forming liquid is intimately linked
to the material’s viability for all stages of industrial processing,
including melting, forming, and annealing, and, therefore, is of
key significance in the optimization of corresponding processing
parameters.16

Analyses of the temperature-dependent viscosity data η(T) of
alkali phosphate liquids with ≥50 mol. % P2O5 available in the
literature have shown that the fragility index m = dlogη(T)

d(Tg/T)
∣
T=Tg

is

a sensitive function of the structural connectivity ⟨n⟩ of the phos-
phate network, where ⟨n⟩ is defined as the average number of bridg-
ing oxygen per PO4 tetrahedron in the glass structure, which varies
from 2 in metaphosphates with 50% P2O5 to 3 in pure P2O5.17,18
The phosphate network of alkali metaphosphate liquids is charac-
terized predominantly by chains of corner-sharing PO4 tetrahedra,
and the high conformational entropy of these chains is believed
to be responsible for the relatively high fragility (m ∼ 80) of these
liquids.19 As ⟨n⟩ increases on progressive addition of P2O5, these
chains get increasingly cross-linked and the conformational entropy
of the network decreases with a concomitant lowering ofm. Finally,
m reaches its minimum value of ∼20 as ⟨n⟩ becomes 3 for pure
P2O5.18 Strong similarity in the variation of m with ⟨n⟩ among dif-
ferent alkali phosphate liquids suggests that shear relaxation and
viscous flow in these liquids are primarily controlled by the phos-
phate network, which is only weakly coupled to the modifier ions.
On the other hand, recent studies have shown that m can vary over
a rather large range spanning from ∼30 to 90 as a function of the
field strength of the modifier cation even in metaphosphate liquids
with the same nominal connectivity of the phosphate network.19,20
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Metaphosphates with high field strength modifier cations, such as
alkaline-earths and Zn, are characterized by lowm, while those with
low-field strengthmodifiers, such as alkalis andAg, are characterized
by rather large m. This variation was hypothesized to be related to
the fact that the extent and the strength of the effective cross-linking
of the phosphate chains by the modifier cation–oxygen polyhedra in
the structure of metaphosphate liquids increase with the increasing
field strength of the modifiers.19 Such a role of the modifier cation in
controlling the fragility of metaphosphates is clearly demonstrated
by the variation of m along the Na–Zn metaphosphate join, where
m decreases monotonically from ∼70 for the Na-metaphosphate to
∼28 for the Zn-metaphosphate.21

Recent rheological and variable-temperature 31P magic-angle-
spinning nuclear magnetic resonance (MAS NMR) spectroscopic
studies have indicated that, similar to low molecular weight chain
polymers, the viscous flow and shear relaxation of the highly frag-
ile Ag-metaphosphate liquid are closely associated with the seg-
mental motion of constituent phosphate chains.22 Additionally,
this liquid was found to be thermorheologically complex, violat-
ing time–temperature superposition (TTS). In contrast, the shear
relaxation of phosphate networks with higher degree of connec-
tivity, such as ultraphosphates, appears to be controlled by chem-
ical exchange between the constituent PO4 species via P–O bond
scission-renewal dynamics.23,24 Interestingly, an analogous transi-
tion from fragile liquids with shear relaxation controlled by seg-
mental Se chain motion to strong liquids with relaxation predom-
inantly controlled by bond scission-renewal dynamics was observed
in binary As–Se liquids with the addition of As resulting in pro-
gressive cross-linking of Se chains.25,26 However, it remains to be
seen whether a similar transition in the shear relaxation mechanism
can also be observed in metaphosphate liquids with a progressive
increase in the effective crosslinking of the phosphate chains as a
low field strengthmodifier cation (e.g., Na) is replaced by a high field
strength one (e.g., Zn).19,27 Here, we report the results of a detailed
rheological study of the viscoelastic properties and the shear relax-
ation behavior of [NaPO3]x[Zn(PO3)2]1−x supercooled liquids with
varying Na:Zn ratios using a combination of small amplitude oscil-
latory shear (SAOS) and calorimetric measurements. The relation-
ships between fragility, structure, and the various relaxational modes
and their timescale distributions in these liquids are established.

II. EXPERIMENTAL METHODS
A. Sample preparation and physical characterization

The [NaPO3]x[Zn(PO3)2]1−x metaphosphate glasses were pre-
pared by the conventional melt-quenching method. Appropriate
amounts of NH4H2PO4 (99.9%, Acros Organics), Na2CO3 (ACS
grade, MilliporeSigma), and ZnO (99.99%, Alfa Aesar) were mixed
and loaded in a quartz crucible. The mixtures were first calcined at
450 ○C for 17 h to remove any water and ammonia. Subsequently,
the calcined batches were melted at 1100 ○C for 1 h. These melts
were then quenched onto a graphite plate. Resulting glass samples
were immediately transferred into a desiccator for storage to avoid
exposure to atmospheric moisture.

The T g of these Na–Zn metaphosphate glasses was determined
using differential scanning calorimetry (Mettler Toledo DSC1).
Samples of mass ∼15–25 mg were taken in hermetically sealed
Al pans and heated at a rate of 10 K/min in a flowing nitrogen

environment above T g to remove thermal history. The fictive tem-
peratureT f was taken as the peak of the endothermic glass transition
signal while heating the sample at a specific rate q K/min ranging
from 0.5 to 30 K/min, subsequent to cooling at the same rate from
T g + 30 K to T g − 50 K. T g was determined to be within ±2 ○C
as the onset of the glass transition endotherm at a heating rate of
10 K/min. The fictive temperature T f of [NaPO3]x[Zn(PO3)2]1−x
liquids was determined as a function of the heating rate q vary-
ing from 0.5 to 30 K/min, following the method of Wei et al., and
the fragility index m was subsequently determined from the acti-
vation energy E of enthalpy relaxation according to the relation
m = E

RTg ln 10 .
28,29

Density of these glasses was measured using a gas expansion
pycnometer (Micromeritics AccuPyc II 1340) at 20 ○C using helium
(6N purity) as the displacement gas. For each measurement, ∼0.5 g
of the glass sample was loaded into a 1 cm3 cup. All reported den-
sity values are averages of ten consecutive measurements of each
sample. The shear modulus of these samples was determined at
room temperature using a resonant ultrasound spectrometer (ACE-
RUS008). The resonant ultrasound spectroscopy (RUS) technique
uses the free-body mechanical resonances of approximately mm
sized samples to determine their complete elastic modulus matrix.
Each glass sample was cut into a rectangular parallelepiped geometry
(∼7 × 5 × 3 mm3), and the surfaces were polished flat and parallel.
The as-prepared sample was mounted on opposing corners between
two piezoelectric transducers. In the RUS system, an elastic wave
of constant amplitude and varying sweeping frequency is gener-
ated by the drive transducer, and the corresponding resonances are
measured by the pickup transducer. The resonant frequency spec-
tra in the frequency range between 50 and 400 kHz were measured.
The resonances were subsequently fitted to Lorentzian peaks, and
the RUS frequency data were analyzed using the Lagrangian mini-
mization code developed at the Los Alamos National Laboratory in
conjunction with the mass density of the sample to obtain the elastic
moduli. More details on the RUS experiments and data analysis can
be found in the literature.30,31

B. Parallel plate rheometry
The viscoelastic behavior of the [NaPO3]x[Zn(PO3)2]1−x

metaphosphate liquids was measured using a parallel plate rheome-
ter (MCR 302, Anton Paar) under oscillatory shear mode in an
environment of flowing nitrogen gas. In this rheometer, the tem-
perature was controlled by a convection oven. Before the rheometry
measurements, the glass samples were heated above the softening
point to reach a viscosity of ∼105 Pa s and trimmed between the two
plates to form a sandwich-like geometry with a gap of ∼1 mm. At
each desired measurement temperature, the samples were allowed
to equilibrate for 5 min followed by the application of a sinusoidal
strain with varying angular frequency ω between 1 and 628 rad/s
and the induced torque was recorded to calculate the storage and
loss moduli G′and G′′ as a function of ω. The upper plate (8 mm
diameter, stainless steel) was used to apply the sinusoidal strain,
while the non-removable lower plate (25 mm diameter, stainless
steel) remained stationary. The corresponding stress response was
recorded using a torque transducer. The applied strain of all oscil-
latory shear measurements was controlled within a predetermined
linear viscoelastic region. Master curves of G′ and G′′ were obtained
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using time–temperature superposition (TTS) where the vertical shift
factor was found to be nearly independent of temperature and to
vary between 0.75 and 1.25 for all compositions. The systematic
errors forG′ andG′′, introduced by the torsional instrument compli-
ance, were considered and corrected using the following equations:32

G′c =
G′m(1 − Ji

kg
G′m) − Ji

kg
G′′m

2

(1 − Ji
kg
G′m)

2
+ (

Ji
kg
G′′m)

2 , (1)

G′′c =
G′′m

(1 − Ji
kg
G′m)

2
+ (

Ji
kg
G′′m)

2 , (2)

where G′c and G′′c denote the corrected storage modulus and loss
modulus values, respectively, while G′m and G′′m are the measured
values. Ji is the torsional instrument compliance, and kg is the geom-
etry factor given by kg = 2h

πR4 , where h is the sample thickness and
R is the plate radius (4 mm). The instrument compliance of the
rheometer setup was measured by the gluing method where the
upper (8mm, stainless steel) and lower plates (25mm, stainless steel)
were fixed together with a very thin layer (<20 μm) of cyanoacry-
late glue.33 After 24h drying time, a torque sweep was carried out
to measure the corresponding deflection angle and the slope of the
corresponding linear relationship was used to determine the instru-
ment compliance Ji to be 0.000 715 rad/N m. All reported G′ and
G′′ data in this work are corrected values. The Newtonian viscos-
ity of the [NaPO3]0.8[Zn(PO3)2]0.2 liquid in the range ∼105–108 Pa s
was measured using steady shear, where the viscosity was deter-
mined as the ratio of stress and strain rate at various shear rates γ̇
ranging between 0.01 and 1 s−1 at each temperature. More details
on the rheometry experiments and data processing can be found in
previous publications.34,35

III. RESULTS AND DISCUSSION
The Tg of the [NaPO3]x[Zn(PO3)2]1−x metaphosphate glasses

measured in this study displays a nonlinear compositional variation
as it steeply decreases with the initial replacement of Zn with Na as x
increases from 0 to 0.2, beyond which a more gradual linear decrease
is observed for 0.2 ≤ x ≤ 1.0 (Fig. 1). Such a variation is consistent
with the expectation that the lower field strength of the Na cations
compared to that of Znwould result in weaker effective cross-linking
of the constituent phosphate chains. In this scenario, the sharp drop
in Tg with the initial addition of Na to up to x = 0.2 is likely indica-
tive of the percolation of these weakly linked regions in the glass
structure. The increasingly weaker interchain coupling upon pro-
gressive replacement of Zn with Na in these metaphosphate glasses
is also evident in the compositional variation of the shear modulus
G, which displays a sharp drop from ∼19 to ∼7 GPa as x increases
from 0 to 0.6 (Fig. 2). A further increase in Na content results in
a negligible change in G. On the other hand, the molar volume of
these [NaPO3]x[Zn(PO3)2]1−x glasses decreases in a linear fashion
with x over the entire composition range implying a corresponding
increase in the atomic packing (Fig. 3). The highest molar volume of
the Zn(PO3)2 glass may be indicative of an open tetrahedral network
of corner shared ZnO4 and PO4 tetrahedra.

The master plots of the ω dependence of G′ and G′′ of all
[NaPO3]x[Zn(PO3)2]1−x supercooled liquids investigated in this

FIG. 1. Glass transition temperature of [NaPO3]x[Zn(PO3)2]1−x glasses obtained
in this study. Experimental uncertainties are within the size of the symbols.

study obtained by performing TTS at an iso-viscous (∼107 Pa s)
temperature are shown in Fig. 4. Although TTS is not strictly
obeyed by these liquids (see below), here we have approximated
TTS solely for the convenience of visualization of the data over the
entire frequency range, and therefore the master curves shown in
Fig. 4 should be treated as only approximate. It can be observed
that, in the low frequency viscous regime, G′ and G′′ follow the
Maxwell scaling of ∼ω2 and ∼ω, respectively, while with increas-
ing ω beyond the G′–G′′crossover, G′ reaches the glassy plateau

FIG. 2. Shear modulus of [NaPO3]x[Zn(PO3)2]1−x glasses measured in the present
study (black squares). Results reported by Al-Shamiri and Eid45 (red circle), Matori
et al.46 (blue triangle), and Jha et al.47 (green diamond) are shown for comparison.
Experimental uncertainties are within the size of the symbols.
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FIG. 3. Molar volume of [NaPO3]x[Zn(PO3)2]1−x glasses measured in the present
study (black squares). Results reported by Černošek et al.48 (red circle), Al-
Shamiri and Eid45 (blue triangle), and Tischendorf et al.49 (green diamond) are
shown for comparison. Experimental uncertainties are within the size of the
symbols.

value of G∞ (∼10 GPa) and G′′ decreases. The G∞ values of these
liquids thus obtained are found to be consistent with the shear mod-
ulus of the corresponding glasses determined at ambient temper-
ature by RUS measurements, which validates the torsional instru-
ment compliance correction methodology adopted in this study.
Perhaps most interestingly, the frequency dependence of G′ changes
from the Maxwell scaling of ∼ω2 in the terminal regime to a nearly
linear scaling of ∼ω1, which continues until the crossover of G′

and G′′. Such a scaling behavior has been reported in the litera-
ture for several supramolecular polymeric liquids that consist of
short chains of a few molecules as well as for As–Se and Ag-
metaphosphate liquids with short Se or phosphate chains, respec-
tively, and, hence, can be ascribed to the chain reorientation dynam-
ics in these liquids.19,26,36,37 Further insight into the viscoelastic relax-
ation process in these Na–Znmetaphosphate liquids can be obtained
from the van Gurp–Palmen (vGP) plot (Fig. 5) of the phase angle
δ = tan−1(G′′/G′) vs the absolute value of the complex modulus
∣G∗∣ =

√

G′2 +G′′2 at various temperatures.38 If a glass-forming liq-
uid is strictly thermorheologically simple, i.e., it obeys TTS, the vGP
plots at different temperatures are expected to overlap with each
other to form a single curve. It is clear from Fig. 5 that such ther-
morheological simplicity is violated for all [NaPO3]x[Zn(PO3)2]1−x
supercooled liquids, and especially for those with x > 0.2, which is
indicative of the existence of multiple relaxation processes with dif-
ferent activation energies. As noted above, at least twomajor dynam-
ical processes have been associated in the past with the relaxation
of phosphate liquids, one of which is a reorientation or a segmen-
tal motion of the constituent chains and the other involves P–O
bond scission/renewal.22–24 This scenario is then consistent with the
observed violation of thermorheological simplicity in the Na–Zn
metaphosphate liquids. In addition, it is apparent from Fig. 5 that
the degree of this violation, i.e., the degree of thermorheological

complexity, increases with increasing Na:Zn ratio in these liquids.
In Zn-rich compositions, the high degree of thermorheological
simplicity is the manifestation of strong inter-chain cross-linking
imparted by the high field strength Zn cations, which results in
a mechanistic coupling between the chain motion and the P–O
and/or Zn–O bond scission/renewal, with both processes likely
being characterized by similar activation energies. On the other
hand, with the increasing Na:Zn ratio, the metaphosphate chains in
these liquids become less dynamically constrained and can perform
facile segmental motion without direct assistance from bond scis-
sion/renewal. Consequently, the two relaxation processes become
decoupled with different activation energies, which gives rise to the
observed enhancement of thermorheological complexity in Na-rich
compositions. In the extreme case of Na-metaphosphate, the PO4
tetrahedral chains are the least constrained and the motion of Na
ions are strongly decoupled from the structural network. This sce-
nario is corroborated by the fact that the ionic conductivity near
T g of NaPO3 glass is over four orders of magnitude higher than
that of Zn(PO3)2 glass,21 which suggests a significantly weaker cou-
pling between the modifier cation and the phosphate network in the
former.

This hypothesis is further supported by the relaxation time
spectra H(τ) of these Na–Zn metaphosphate supercooled liquids
(Fig. 6) that were calculated from theG′(ω) data using the following
relation proposed by Ferry:39

H(τ) =
G′(aω) −G′(ω/a)

2 ln a
−

a2

(a2 − 1)2

×

G′(a2ω) −G′(ω/a2) − 2G′(aω) + 2G′(ω/a)
2 ln a

∣

1/ω=τ
,

(3)

where a is the frequency interval on a logarithmic frequency scale
of the measured G′(ω) values. As expected from the observed ther-
morheological complexity exhibited by the vGP plots (Fig. 5), the
relaxation spectra H(τ) of all liquids can be simulated with two
Gaussian components corresponding to two relaxation processes
with overlapping timescale distributions (Fig. 6). Following the pre-
viously reported analyses of the H(τ) spectra of Se-rich As–Se and
P–Se liquids,40,41 the broad and intense component peak at short
timescale in Fig. 6 is assigned to the segmental motion of the PO4
tetrahedral chains, while the weak and narrow component peak at
longer timescale is ascribed to the bond scission/renewal dynamics.
As the relative peak intensity is determined by the probability of the
relaxation mechanism, the relatively strong intensity of the broad
peak in Fig. 6, which increases upon progressive replacement of Zn
with Na, reflects the predominance of the segmental motion of phos-
phate chains in controlling the viscous flow and shear relaxation of
metaphosphate liquids.22 This result is consistent with the hypothe-
sis that the weak inter-chain cross-linking in Na-rich compositions
gives rise to a lowering of dynamical constraints on chain reorienta-
tion. On the other hand, the narrow peak corresponding to the slow
process increases in intensity with the increasing Zn:Na ratio. This
result suggests that the slow process likely corresponds to the Zn–O
bond scission/renewal, which becomes increasingly important as a
constraint on chain reorientation.

It was shown in a previous rheological study of supercooled
Se-rich P–Se liquids that the width of the timescale distribution
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FIG. 4. (a)–(f) Master plots of angular frequency dependence of storage modulus G′ (black squares) and loss modulus G′′ (red circles) for [NaPO3]x[Zn(PO3)2]1−x liquids.
The TTS reference temperature is listed alongside each composition. Blue dashed lines show frequency scaling of G′ changing from ∼ω2 in the low frequency region to ∼ω1

at higher frequencies.
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FIG. 5. (a)–(f) The van Gurp–Palmen plot of the phase angle δ vs G
∗

for [NaPO3]x[Zn(PO3)2]1−x liquids.
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FIG. 6. (a)–(f) Relaxation spectra H(τ) of [NaPO3]x[Zn(PO3)2]1−x liquids. Filled squares are experimental data. Open circles and triangles represent the Gaussian
components corresponding to the fast and slow processes, respectively. Solid lines represent the total fit to the experimental data.
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for the segmental Se chain motion reflects the associated confor-
mational entropy Sconf of the constituent chains and, thus, would
be a sensitive function of the effective chain length.41 Additionally,
the fragility index m of a wide variety of inorganic glass-forming
network liquids, including phosphates, has been related in the past
to the average connectivity ⟨r⟩ of the network through the relation

m∗ ∝( dSconfd⟨r⟩ )
2
, where m∗ = m−m0

m0
is the reduced fragility index nor-

malized with respect to a minimum fragility index m0 = 17 and
the term dSconf

d⟨r⟩ can be taken to represent the change in the confor-
mational entropy of chains upon increase in ⟨r⟩ due to progres-
sive cross-linking.18 Therefore, the effective length of the metaphos-
phate chains or their effective degree of cross-linking, the reduced
fragility index m∗, and the corresponding peak full-width-at-half-
maximum (FWHM) of the fast relaxation process in the H(τ) spec-
tra of these Na–Zn metaphosphate liquids should be qualitatively
correlated. The compositional dependence of the FWHM of this
peak (Fig. 7) in these liquids is observed to increase from ∼2.7 to
∼4.2 log units upon increasing the Na:Zn ratio. The average phos-
phate chain length is estimated to be ∼100–200 PO4 tetrahedra for
metaphosphate liquids22,42 and is likely somewhat shorter in Zn-
metaphosphate than in Na-metaphosphate due to the greater extent
of Q-species disproportionation in the former.43,44 However, the
effective chain length in alkali-zinc metaphosphate glasses is likely to
be controlled by the interaction between the phosphate chains and
the modifier cations. The stronger cross-linking of the metaphos-
phate chains via Zn–O polyhedra in Zn-rich compositions would
likely have a pinning effect on the chain reorientation and result
in an effective shortening of the chain length, consistent with the
observed compositional evolution of the FWHM of the H(τ) peak
for the segmental chain dynamics (Fig. 7). This hypothesis is also
supported by the compositional variation of the fragility index m
of these Na–Zn metaphosphate liquids. The m value, determined
calorimetrically in the present study, increases monotonically with

FIG. 7. FWHM of the Gaussian component corresponding to segmental chain
motion in relaxation spectra H(τ) of [NaPO3]x[Zn(PO3)2]1−x supercooled liquids.

the increasing Na:Zn ratio (Fig. 8). Indeed, as expected from
the above discussion, the corresponding reduced fragility indices
m∗ display an intriguing correlation with the corresponding
variation in the FWHM of the fast relaxation process in the
H(τ) spectra of these Na–Zn metaphosphate liquids (Fig. 8).
In contrast, the FWHM of ∼1.2 log units for the H(τ)
peak attributed to bond scission/renewal dynamics is found to
remain effectively constant for all [NaPO3]x[Zn(PO3)2]1−x liq-
uids, consistent with its assignment to a bond scission/renewal
process.

The validity of the deconvolution of the H(τ) spectra
into two relaxation processes can be assessed by a comparison
between the average timescales for these two processes measured
in this study with those reported by Sidebottom and Vu for
the [NaPO3]0.8[Zn(PO3)2]0.2 liquid using photon correlation spec-
troscopy (PCS).21 Such a comparison is shown in Fig. 9. Sidebot-
tom and Vu observed two dynamical processes in their study, the
faster of which was characterized by a higher activation energy and
was assigned to the shear relaxation, while the slower process with
a lower activation energy was found to be a diffusive mode that
was tentatively assigned to the slow diffusion of Zn atoms. It is
clear from Fig. 9 that the relaxation time of fast chain dynamics
obtained by oscillatory shear in the present study and that of fast
dynamics reported by Sidebottom and Vu are in good agreement.
Furthermore, these timescales are also in good agreement with the
shear relaxation time for this liquid obtained from the Maxwell
relation τ = η/G∞, where η and G∞ were measured in the present
study using steady shear rheometry and RUS, respectively. These
results suggest that the shear relaxation of these metaphosphate liq-
uids is controlled by segmental motion of the phosphate chains, the
timescale distribution of which is represented by the broad peak
at longer timescale in the H(τ) spectra in Fig. 6. On the other
hand, the timescale corresponding to the slow bond scission/renewal
dynamics in the [NaPO3]0.8[Zn(PO3)2]0.2 liquid as observed in the

FIG. 8. Compositional dependence of reduced fragility indices of
[NaPO3]x[Zn(PO3)2]1−x supercooled liquids obtained in the present study
(black square) and of FWHM of the Gaussian component corresponding to
segmental chain motion in the relaxation spectra H(τ) (blue circle). Dashed lines
are a guide to the eye. The inset shows corresponding compositional variation of
the fragility indices of these liquids.
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FIG. 9. Temperature dependence of the Maxwell relaxation timescale from viscos-
ity data (filled red circles) and relaxation timescale of the fast (filled blue triangles)
and slow (filled black square) dynamical processes obtained from oscillatory shear
rheometry in the present study for the [NaPO3]0.8[Zn(PO3)2]0.2 liquid. The relax-
ation time of slow process (open black square) and fast process (open red circle)
for this liquid obtained using PCS in a previous study are shown for comparison.21

H(τ) spectrum is consistent with, albeit somewhat faster than, the
timescale of the slow process reported by Sidebottom and Vu using
PCS (Fig. 9). However, the observed discrepancy in the timescales
measured by SAOS rheometry in the present study and by PCS in
Ref. 21 can be related to the fact that this timescale was observed
in the PCS measurements to be strongly dependent on the scat-
tering wavevector q. It is important to note here that the assign-
ment of the slow dynamics in the present study to Zn–O bond
scission/renewal is consistent with Sidebottom and Vu’s assignment
of this process to Zn diffusion based on the q-dependence of its
timescale.21

IV. SUMMARY
All [NaPO3]x[Zn(PO3)2]1−x supercooled liquids display ther-

morheological complexity and the coexistence of two dynamical
processes with timescales differing by nearly two orders of magni-
tude. The fast process, attributed to the segmental motion of the con-
stituent metaphosphate chains, is characterized by a broad timescale
distribution, and it predominantly controls the shear relaxation pro-
cess in these liquids. On the other hand, the slow process can be
ascribed to the diffusive Zn–O bond scission/renewal dynamics. The
kinetic fragility index of these liquids monotonically increases with
the increasing Na:Zn ratio and is shown to be correlated with the
conformational entropy of the metaphosphate chains. This confor-
mational entropy is hypothesized to be a function of the degree of
effective inter-chain cross-linking, which increases with the increas-
ing Zn content, imparted by the modifier–oxygen coordination
polyhedra.
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