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Sources of Configurational Entropy versus Compositional
Trends in Fragility of Inorganic Glass-Forming Liquids

Sabyasachi Sen* and Hao Chen

The effect of the average network connectivity (r) on the configurational entropy
Scont Plays a key role in governing the compositional evolution of the fragility
index m for chalcogenide, silicate, and phosphate glass-forming liquids (GFLs).
The effect of (r) on S, and thus on min chalcogenide and phosphate GFLs can
be explained using the self-avoiding walk model for a chain of either chalcogen
atoms (e.g., Se) or PO, tetrahedra, with various degrees of cross-linking. It is
shown that while a disjointed chain is suitable for modeling the inverse rela-
tionship between m and (r) in chalcogenides, semiflexible chains with a higher
degree of bending stiffness are more appropriate for modeling the phosphate
liquids. In contrast, the silicate and aluminosilicate GFLs exhibit a fundamentally
different pattern, which is indicative of S_,.r being controlled by the structural
relaxation of a dynamically percolative network via the chemical exchange
between bridging and non-bridging oxygen. In contrast to silicates and phos-
phates, in the case of borate and germanate GFLs, the temperature dependence

of the relative fractions of B or Ge atoms in multiple coordination states becomes

the predominant contributor to the %, which is consistent with their apparently

“fragile,” the former (latter) being character-
ized by a relatively low (high) value of m.”!

It is now widely accepted that the origin
of the non-Arrhenius behavior of viscosity
of a GFL or its fragility lies in the tempera-
ture dependence of the configurational
entropy  Sconr 0f  the liquid.[2’4"8]
According to the model by Adam and
Gibbs, upon cooling, the structural relaxa-
tion time 7 of a GFL increases exponentially
with 1/(TSconf)." This strong dependence
of 7 on Scour indicates that only a modest
change of the latter with temperature can
account for the strongly non-Arrhenius
behavior of the former in some GFLs.
However, the nature and source of S.qur
in various GFLs are not always clear. In this
study, we attempt to model and explain the
general trends in the compositional varia-
tion of m in the major families of inorganic

anomalous trend of m increasing with (r).

1. Introduction

The processing of glass products is critically dependent on the
viscosity of the parent liquid and its variation with temperature.™
Typically, upon supercooling, the viscosity # of a glass-forming
liquid (GFL), and hence its shear relaxation timescale 7y,
increases by many orders of magnitude, and the activation
energy of viscous flow increases in a non-Arrhenius manner.”
The degree of departure of the temperature dependence of 5
of a supercooled GFL from an Arrhenius behavior is often
parameterized by the fragility index m, which is defined
dlog;n

d(Tg/T) T:Tg,
temperature.®’! The quantity m has been shown to be a useful
parameter for the classification of GFLs into “strong” and

as m= where T, represents the glass transition
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network GFLs semi-quantitatively by relat-
ing the corresponding structural evolution
and its temperature dependence with S.qp¢.

2. Models, Results and Discussion

2.1. Chalcogenides—Disjointed Chains to Networks

Several studies in the literature have reported a sharp change in
m as a function of the average network connectivity (r) across (r)
~2.3—2.4 in a wide variety of chalcogenide GFLs.'” For exam-
ple, the structure of liquid elemental Se consists of —Se—Se—Se—
chains with (r) =2 and is characterized by a rather high fragility
index of m = 80. The addition of Ge and/or As to Se leads to a
progressive increase in (r) as the Se chain segments get cross-
linked via GeSe,/, tetrahedra or AsSe;, pyramids. As (r)
increases from 2 and approaches 2.4, m rapidly decreases to
~30, beyond which further increase in (r) up to the point
of the stoichiometric composition GeSe, ({(r) =2.67) results in
negligible change in m (Figure 1) Sidebottom!® has shown that
this variation in m versus (r) in these GFLs can be explained ele-
gantly using a combination of the Adam-Gibbs configurational
entropy model of relaxation and the self-avoiding walk (SAW)
model of the conformational entropy of polymeric chains.
As noted earlier, according to the Adam-Gibbs
model, 7 and hence 5 of a GFL increase exponentially with
1/(TSconf)- Hence, by definition, m of a GFL is proportional to
- () 4
) )\ dT
Tg

. The term <—> corresponds

dSconf
dT dT

T—Ty
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Figure 1. Comparison between the trend in the variation of ddsc—ﬁ"f :
calculated using the disjointed chain SAW model (dashed line) and
experimentally determined fragility index m in Ge-Se system (filled
symbols: blue circles,*! blue triangles,”ﬂ blue square,[‘w] blue
diamond,“® red squarel*”) as a function of (r).

to the temperature dependence of the average connectivity of the
network, which is expected to be driven by configurational
entropy and using the thermodynamics of a two-level
system of Dbroken versus intact bonds it can be shown

that (%)oc (%) and hence mx (%)2‘[8] The term

(d;Z‘;;‘) represents the dependence of configurational entropy

of a network on its connectivity, which, for chains with various
degrees of cross-linking, has been investigated in detail in the
polymer literature using the SAW model. Sidebottom!®! used this

model to estimate ASgaw = (djzﬁg“), i.e., the change in the con-

formational entropy of a disjointed chain of monomers, upon
progressive addition of cross-links, as a function of the length
of the chain segments in between consecutive cross-links. The
conformational entropy of a chain of 2-coordinated Se atoms
can be approximated as a disjointed chain performing SAW,!
for which the number of possible conformations W of a chain
of N monomers scales as W ~ ZNN=9, where Z=4.7 and
6=1.76 in 3D. Consequently, it can be shown that the
change in the conformational entropy of a disjointed chain of
N Se atom monomers, upon progressive addition of j—1
cross-links, as a function of the length L = N/j of the chain seg-
ments in between consecutive cross-links is given by!®!

AScon , j N

This cross-linking scheme mimics the addition of Ge and/or
As to Se in the structure of a chalcogenide GFL. We have used
this model with N~200 for pure Se to calculate the variation in

(”l’fg;';f ) 2along the Se-Ge join and a comparison between this

quantity and the experimentally determined m values as a func-
tion of (r) for Se-Ge liquids is shown in Figure 1. Here, we
ignore the possibility that the validity of the SAW expression
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for W likely becomes questionable for L smaller than the persis-
tence length of the chains, corresponding to a high degree of
cross-linking. It must also be noted that the expression for the
conformational entropy used here only accounts for that of
isolated chains and does not include the collective effect of
inter-chain interactions on the entropy, although the latter effect
is expected to be significantly smaller than the former.'!
However, despite these approximations, it is intriguing to note
in Figure 1 the good qualitative agreement between the calcu-
lated and experimental m values as a function of (r) for liquids
on the Se-Ge join in the range 2.0 <(r) < 2.4, lending support to
Sidebottom’s model.’®)

Beyond this point, with further shortening of Se chain
segments, their contribution to Sconr from the conformational
entropy likely becomes insignificant compared to the
temperature-dependent network reconfiguration “reactions.”
Two such temperature-dependent “reactions” that have been
studied in the literature in detail in the Ge,Se;_, system using
Raman spectroscopy are 1) the conversion of GeSe, tetrahedra
between edge-shared and corner-shared geometry and 2) the
conversion between homopolar and heteropolar bonds, e.g.,
Ge-Ge + Se-Se <2 (Ge-Se).'>!3] The latter reaction may, in
fact, become a dominant source of temperature-dependent con-
figurational entropy in chalcogen-deficient GFLs with an excess
of Ge or As, which is consistent with the experimental observa-
tion that the m of Ge/As—Se networks increases with increasing
connectivity in Se-deficient compositions (Figure 1)."* In fact,
the m of As,Sejgo_ GFLs starts to increase even for composi-
tions with x > 35 as As—As homopolar bonds begin to appear
in slightly Se-excess compositions.'” We emphasize the key role
of such structural reactions in explaining the compositional vari-
ation of m in over-constrained oxide networks (vide infra).
Moreover, local non-monotonic compositional variation of m
in As and P chalcogenide GFLs has been related to the appear-
ance of molecular units (e.g., AssSes, P4Se;, and As,S; units)
over certain composition ranges, as such units can drastically
lower the connectivity of a network as well as induce strong
non-monotonic variation in various other physical properties.!*>)

2.2. Phosphates—the Inorganic Polymers

The structure of phosphate glasses is dominated by chains of
corner-shared PO, tetrahedra over wide composition ranges
and share a strong similarity in their rheological behavior with
organic chain polymers.*® These similarities include experimen-
tal observations such as shear-induced crystallization and entro-
pic shrinkage of phosphate chains that have been observed in
phosphate liquids."”) Moreover, a recent study based on high-
temperature *'P NMR spectroscopy and rheometry has shown
that phosphate chains do indeed behave like polymer chains
in the sense that the reptation motion of these chains controls
shear relaxation and viscous flow in metaphosphate liquids.!"®!
Therefore, it may be argued that the SAW model of
conformational entropy of disjointed chains could also be
extended to model the fragility of phosphate GFLs along the
metaphosphate-P,0s5 join where the structural connectivity (r)
now represents the connectivity of the phosphate network in
terms of the number of bridging oxygen (BO) atoms per PO,
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tetrahedron in the structure.!” Here, the PO, tetrahedra are
“coarse-grained” and treated as rigid super-structural units,
which then do not contribute individually to the chain conforma-
tional entropy and only inter-tetrahedral conformational changes
need to be considered for the estimation of entropy. Moreover,
these rigid tetrahedral units do not undergo significant deforma-
tion in response to an applied shear; instead, the majority of the
deformation is taken up by the linkages between these units.
However, such a model ignores the fact that while the confor-
mational entropy of a chain of 2-coordinated Se atoms may be
approximated as that of a disjointed chain performing SAW,
the conformational entropy of a chain of tetrahedral units must
be lower due to the excluded volume effect in addition to the ste-
ric constraints associated with tetrahedral rotation, and thus
needs to be treated as a semiflexible chain performing a con-
strained SAW. Here, we adopt the definition for the term “semi-
flexible chain” from the polymer literature, where it denotes
chains with bending stiffness that is large enough to successfully
compete with their tendency for entropic coiling/folding. Further
constraints for tetrahedral chain conformations in phosphate
networks are introduced by the network-modifier cations, as high
field strength modifiers such as Mg and Zn are known to provide
stronger inter-chain coupling in metaphosphate GFLs, compared
to their low field strength counterparts.””! Indeed, such
constraints are manifested in the large variation in m shown
by metaphosphate liquids, where it monotonically decreases with
increasing field strength of the modifier cation (Figure 2).
Previous Monte Carlo simulation studies have shown that con-
formations of constrained chains follow the same scaling relation
as thatofa SAW, i.e., W ~ ZNN~9, except the parameter § for the
former becomes progressively lower as the chain motion
becomes increasingly restricted.**?! The corresponding varia-

Lo 2 . .
tion in (djgisf > versus (r) for a series of § values ranging between

1.0 and 1.5, calculated using Equation (1), is shown in Figure 3
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Figure 2. Fragility index m of various metaphosphate liquids as a function
of modifier connectivity strength expressed as a product of field strength
(Z/¥*) and coordination number N of the modifier cation. Z and r represent
charge and average modifier-oxygen nearest-neighbor distance. Arrow
showing trend is a guide to the eye. See a previous study®” for details
and sources of data.
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Figure 3. Fragility index m of SrO-P,Os (blue squares) and Na,O-P,Os
(red triangles) liquids determined in this study, as a function of tetrahedral

connectivity (r). Dashed lines correspond to the variation in (djz;’;f) with

(ry in the SAW model for chains (dashed lines from bottom to top:
6=0.75,1.00, 1.25, and 1.50, respectively) and for disjointed chain (top-
most dashed line: 5§=1.76).

and compared with that for the SAW of a disjointed chain with
6 =1.76. The results suggest that considering the proportionality

4Scon
between m and ( dmf

nected structure to a chain-like 2D structure, m would be
expected to rise less rapidly for a network that is more con-
strained and vice versa. A comparison between these calculations
and the m values of Na-phosphate and Sr-phosphate GFLs exper-
imentally determined in this study indicates that while the behav-
ior of the former GFLs corresponds to § ranging between 1.76
and 1.5, that of the latter is best described by §~1.0
(Figure 3). These results suggest that the constrained SAW
model can explain the compositional variation in m for phos-
phate GFLs containing modifier cations with large differences
in field strength. The high field strength Sr cations provide stron-
ger constraints compared to the low field strength Na cations for
phosphate networks with identical connectivity in the region with
2.0 <(r) < 2.4 (Figure 3). Further increase in (r) up to 3 for pure
P,0s results only in a small decrease in m.[**!

2
) , as a network evolves from a 3D con-

2.3. Silicate and Aluminosilicate Networks—a Case for
Percolation?

Silicate and aluminosilicate GFLs are archetypal examples of
tetrahedral network liquids with corner-shared SiO4 and AlO,
tetrahedra. Unlike metaphosphate liquids, no coupling between
chain reptation and viscous flow was observed in a high-
temperature 2°Si NMR spectroscopic study of a silicate liquid
close to the metasilicate composition (Na,SizOg).**! Rather,
previous *’Si and 7O dynamical NMR studies indicated that vis-
cous flow and shear relaxation in silicate liquids are controlled by
the Si-O bond scission-renewal process, which involves an
exchange between the BO and non-bridging oxygen (NBO)
environments.**?%! Therefore, it is not surprising that the
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Figure 4. Fragility index m of compositions of multicomponent natural
and synthetic silicate liquids (red circles), and Ca-Al-silicate liquids
(black squares) as a function of tetrahedral connectivity (r).%?”1 Solid
red line through circles is a guide to the eye.

compositional variation of m versus (r) in these liquids follows a
different pattern than that observed for chalcogenides and phos-
phates (Figures 1, 3, and 4). The m of silicate and aluminosilicate
GFLs increases relatively rapidly as the NBO content increases
and the inter-tetrahedral connectivity (r) decreases from 4 in
SiO, to &3-3.5 at the disilicate or tetrasilicate composition
(Figure 4).*%*"] Further increase in modifier content and conse-
quent decrease in (r) result in little change in m down to the
metasilicate composition with (r) =2 (Figure 4). This variation
of m versus (r) is reminiscent of a percolative transition where
the NBO content in the structure is sufficient for the dynamical
percolation of mobile pathways for BO-NBO exchange that ena-
bles structural reconfiguration. Indeed, a number of previous
studies have indicated that the temperature dependence of
Scont, and hence m in silicate liquids is likely dominated by
the ability of oxygen atoms to explore new configurations and
topological arrangements as volumetrically the oxygen sublattice
dominates the structure of these liquids.”®**! The sharpness of
this percolative transition, however, appears to be strongly
system dependent as the Ca—Al-silicate liquids show a steeper
rise in m with lowering of (r), while the natural alkali-
alkaline-earth-Fe—Al silicate liquids display a more gradual
transition (Figure 4). This attribute of the transition is likely con-
trolled by the chemical interactions between the cations and the
oxygen atoms that control the spatial distribution of the NBO
atoms in the structure. Further systematic studies are needed
in the future to address this issue from an atomistic standpoint.

2.4. Borate and Germanate Networks—a Resolution of the
Apparent Anomaly

While for silicates and phosphates, the addition of a modifier
oxide results in the formation of NBO atoms that lower the con-
nectivity of the network, the borate and germanate networks
respond quite differently, as unlike Si and P, the constituent
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network-forming B and Ge cations can adopt multiple
nearest-neighbor coordination states.>” Specifically, with the
initial addition of network modifiers, the B-O coordination in
borates increases from 3 to 4 and the Ge-O coordination in ger-
manates increases from 4 to 5 and 6.°” Such an increase in the
average coordination number increases the average connectivity
of the network. Therefore, based on our experimental observa-
tion on silicates, phosphates, or chalcogenides as discussed ear-
lier, one would expect that the initial addition of modifiers would
result in a lowering of m in borate and germanate GFLs.
However, experimentally m is observed to “anomalously”
increase in alkali borates with up to 40 mol% alkali oxide and
in alkali germanates with up to 20 mol% alkali oxide.®" 1t is
important to note here that Vilgis proposed a model for the fra-
gility of network liquids, where it was hypothesized that the com-
positional variation in m can be mapped onto the fluctuation of
the coordination number of the network.*? In a recent study,
Matsuda et al.*® tested this hypothesis by estimating the
quenched fluctuation F in the boron coordination number Z
in Li-borate glasses in terms of the weighted variance of the coor-
dination number from the mean value Z, which was expressed as
F=(3-2)> - N;+(4-2Z)*- N, where Z=3-N;+4-
N4 and N3 and Ny are the relative fractions of the 3- and 4-coor-
dinated B atoms, respectively. These authors showed a remark-
able one-to-one correlation between F and m in these
networks.**! As the differential entropy of a structural variable
is related to the variance of its probability distribution function,
it is obvious that F can be related to S.onr. However, such a treat-

ment does not explicitly include any temperature dependence of

F, and thus considering mocdf;%"f

|T_*Tg, the origin of the

observed correlation between m and F remains unclear. In con-
trast, previous studies over the last several decades have exten-
sively investigated the effect of temperature on the coordination
of B atoms in oxide glasses/liquids, where it has been demon-
strated that increasing temperature shifts the equilibrium reaction
N, = N3 + NBO to the right.[34_38] Therefore, the temperature
dependence of S.onp, and hence m must be closely related to this
equilibrium fluctuation in the B coordination environment in
borate liquids.**# It was shown that the approximate contribu-
tion of this boron speciation reaction to the change in the config-
urational heat capacity could be estimated by using the
temperature dependence of the equilibrium constant K for the
homogeneous reaction:>**!

K- X[N3][NBO] 2
[N4]

where the terms in square brackets denote the concentrations of

the different species involved in the speciation reaction and X is

the ratio of the corresponding activity coefficients. The tempera-

ture dependence of K is given by the van't Hoff relation:**

anl —anz
1 _ 1

. T,

AH=—-R 3)

In this expression, AH is the enthalpy change associated with
the speciation reaction, R is the gas constant, and K; and K, are
the equilibrium constants for the reaction at two different

© 2022 Wiley-VCH GmbH
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temperatures T; and T,. Therefore, AH for the speciation reac-
tion can be calculated by approximating X to be temperature
independent and by using the experimentally determined equi-
librium concentrations of the N3, Ny, and NBO species at two
different temperatures T; and T,. Estimations of the correspond-
ing contribution of this speciation reaction to the configurational
heat capacity Cpconf of alkali borate liquids were shown to be large
enough to account for nearly the entire jump in C;, across glass
transition.*>~#!

Here, we have used Equation (2) and (3) to estimate the per-
centage Nrof B atoms that would undergo a change in their coor-
dination number near T, upon increasing the temperature from
Ty/T=1to T,/T=10.85 in (Na,0),(B,03);_, glasses with alkali
oxide contents of up to 30 mol%. The compositional variation in
the N4Nj ratio in these glasses was taken to be equal to*”
x/(1 —x) and the NBO concentrations were taken from the
thermodynamic speciation model of Ota et al.,*” which yields
the percentage of BOs3 units with 1 NBO in this composition
range whose composition dependence can be approximated
by the expression 7.92x—35.17x"+271.88x’. The T, of
(Na;0),(B,03)1_, glasses were taken from a previous report
by Chryssikos et al.*! Finally, we have used a composition-
independent value of AH=45k]mol ' of B for the boron
speciation reaction (see Equation (3)).** The calculated compo-
sitional dependence of Ny is shown in Figure 5 to be in good
agreement with that of m in alkali borates, as reported by
Chryssikos et al.*” Therefore, when taken together, these results
clearly indicate an inextricable mechanistic connection between
the % associated with the temperature dependence of the
boron coordination environment and m in borate GFLs.

Although detailed data on the temperature dependence of
structural speciation are not available, a similar argument can
also be made for the germanate GFLs, where, similar to borates,
m increases with the initial addition of alkali oxide network
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Figure 5. Comparison between the trends in the compositional variation
of calculated values of N (solid squares, see text for details) and experi-
mentally determined fragility index m (open symbols) in alkali borate sys-
tems. Open squares, circles, and triangles correspond to m of sodium
borate, lithium borate, and potassium borate liquids, respectively, deter-
mined in previous studies.[#*42>%
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modifiers despite increased connectivity of the network via an
increase in the Ge-O coordination number. In fact, recent
Raman spectroscopic studies have indicated a temperature-
dependent Ge speciation in K,0-GeO, GFLs that can
be expressed as Ge@i 2M* + Ge@, > 2(Ge@;0~-M¥),
where @ and O represent bridging and NBO atoms, respec-
tively.**) We argue that, similar to borates, such structural spe-
ciation reactions can act as an important source of % in
germanates, which can explain the apparently anomalous com-
positional trends of m in networks where the constituent net-
work-forming cations can assume multiple coordination
environments with relative ease.

3. Conclusions

The chalcogenide and phosphate GFLs display a relatively rapid
drop in the fragility index m with increasing connectivity (r) in
the region 2.0 <(r) < 2.4, beyond which m does not show any
significant variation with composition. The decreasing trend
in m in the region 2.0 <(r) < 2.4 can be related to the lowering

. P . _— .
in (%) with progressive cross-linking of the constituent

chain-like elements in these liquids as (r) increases beyond
2.0. The differences in the rate of change of m with (r) in phos-
phate versus chalcogenide liquids can be ascribed to the corre-
sponding dissimilarities in the relative bending stiffness of
the constituent chain-like elements. The bending stiffness
appears to be the lowest for chains of 2-coordinated chalcogen
atoms, which behave as disjointed chains performing SAW
resulting in a sharp rise in m as (r) approaches 2.0 in chalcoge-
nides. In comparison, m rises less rapidly with decreasing (r) in
phosphate liquids, indicating that a chain of tetrahedral PO,
units needs to be treated as semiflexible with a higher bending
stiffness, performing constrained SAW. The field strength of the
modifier cation is shown to have a similar effect on the effective
bending stiffness of the constituent phosphate chain elements as
cations with higher field strength provide stronger inter-chain
coupling, thus increasing the effective stiffness of these chains
and lowering their conformational entropy. Although m
increases with decreasing (r) in silicate and aluminosilicate
GFLs, the variation displays a pattern that is fundamentally dif-
ferent compared to that in chalcogenide and phosphate GFLs and
is suggestive of Scons being controlled by structural rearrange-
ments in a dynamically percolative oxide network via NBO-
BO chemical exchange. In contrast to chalcogenide, silicate,
and phosphate liquids, m increases with increasing (r) in borate
and germanate liquids. This apparently anomalous trend in m
versus (r) in borate liquids is shown to be related to the fact that
upon addition of modifier cations to B,03, the network-forming
B atoms adopt multiple coordination states and their relative
fractions become dependent on temperature. Consequently,

temperature-dependent speciation reactions such as BO4 <>

BO; + NBO act as the dominant source of di{;“f and control

the composition dependence of m in these liquids. A similar
scenario is suggested for germanate liquids via the recently
observed  temperature-dependent  speciation  reaction:
Ge@Z - 2M™T + Ge@, < 2(Ge@;0™-M™).

© 2022 Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.pss-b.com

ADVANCED
SCIENCE NEWS

physica

www.advancedsciencenews.com

4. Experimental Section

The calorimetric fragility index m of (NayO),(P20s)100-x and
(Sr0),(P20s)100_x glasses were determined in this study. These glasses
were prepared by the conventional melt-quenching method. The fragility
index m of these phosphate glasses was determined using differential
scanning calorimetry (Mettler Toledo DSC1). Samples of mass
~15-20 mg were taken in hermetically sealed Al pans and were heated
to 50°C above T to erase any thermal history. The samples were then
cooled in the calorimeter at a rate of 10Kmin~' and subsequently
reheated at the same rate. The fictive temperature T was taken as the peak
of the endothermic glass transition signal while heating the sample at a
specific rate q ranging from 0.5 to 30 K min ™", subsequent to cooling at the
same rate from To+30K to T,—50K. The T, was determined to within
+2°C as the onset of the glass transition endotherm at a heating rate
of T0Kmin~". On the other hand, the dependence of T; on q yields the

activation energy E for enthalpy relaxation according to the relation:

Z(IS_S = —£ The fragility index m was determined from E using the relation

E__[44
RT,In10°

m =
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