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Studies of network forming oxide liquids are combined with studies of
network-forming chalcogenide glasses to demonstrate a universal dependence of
the glass forming fragility on the topological connectivity of the network. This
connection between structure and dynamics is congruent with theoretical
predictions for a rigidity transition near an average bond number of 2.4 and the
common pattern of fragility may be traced via a simple two-state bond model to a
common variation of configurational entropy with connectivity. However, in order
for this universality to appear the connectivity of the oxide networks must be
defined in a progressive manner that accommodates the presence of those rigid
structural units which comprise both the short range and intermediate range order.
Replacement of these robust structural units by equivalent network nodes is
necessary but can be viewed as a coarse-graining of the network to a bond lattice of

weakest links that are most relevant to zero-frequency properties like the fragility.
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[. Introduction

Even the Ancients understood that the properties of a glass depend upon its
chemical composition and quality of ingredients[1]. The addition of sodium oxide to
silica, for example, reduces the number of bridging oxygen bonds in the network
structure. This weakens the network and results in a lowering of the glass
transition temperature, Ty. Conversely, calcium oxide can then be added to this
damaged network to improve chemical durability and reduce water solubility.
Moreover, other oxide glass formers like B203, can be combined with silica to
produce glasses with improved tolerance to thermal stress. Indeed, these chemical
modifications alone result in the well known soda-lime silicates and borosilicates
that are the foundation for almost all commercial glass products being
manufactured today[1,2].

But these same chemical modifications also affect the viscous properties of
the glass forming melt just above Ty. For example, the addition of sodium oxide not
only lowers the Ty, but also enhances the temperature range over which the
viscosity remains low enough for the melt to be formed into a desired shape[1].
This "workability" of the melt is a complex function of the temperature and
composition dependence of the viscosity but is also sensitive to the heat capacity
and thermal conductivity. Clearly the industrial processing of glass products
requires very accurate knowledge of both the thermal and viscous behavior of a
melt with regards to both temperature and chemical composition and it is not
surprising that the goal of many researchers[3] has been to develop a clearer

theoretical understanding of the glass transition as well as a better understanding of



how glass forming dynamics may be related to the underlying chemical structure of
the glass.

In this paper, we examine the connections between the fragility of network
forming liquids and the degree of connectivity of their network structure. Fragility,
to be defined momentarily, is a signature metric of glass forming dynamics and is
seen to respond sharply to increased connectivity in both oxide glasses and
chalcogenide glasses. Indeed, we demonstrate that the fragility decreases in an
identical fashion with increasing connectivity of the network provided the network
is coarse grained such that inflexible structural units that comprise either the short
range or intermediate range order are treated as equivalent network nodes. The
resulting “bond lattice” then reflects only those weakest connections of the network
that participate in the low frequency deformations leading to viscous flow of the
melt. We argue that this common dependence of fragility on network connectivity
might be interpreted within the framework of a classical two-state model[4-6] in

which a free energy, AG =AH —TAS separates the intact bond state from a

thermally excited, broken bond state. In this model, the fragility is then determined
solely by the entropy increase, AS, that represents the wealth of new configurations

which become accessible when the bond is broken.

[I. A. Dynamics and Fragility
The glass transition temperature is a conventional benchmark loosely
defined as that temperature where the viscosity reaches 101> Pa-s or the structural

relaxation time, 7, is of the order of 100 seconds. With heating above Ty, both these



quantities decrease as the melt "unthickens" and it is the rapidity of this
unthickening that is characterized by the fragility[7-9]. Although there are other
ways of characterizing the fragility, the most widely adopted definition is that
derived from a logarithmic plot of the relaxation time (or viscosity) against inverse

temperature scaled to Ty. In this representation, the fragility is defined as the slope,
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near the glass transition temperature.

Glass forming melts with a high fragility (m > 80) are melts that unthicken
rather abruptly when heated above Ty. This rapid unthickening is most common for
a large number of simple molecular liquids (e.g., glycerol) that interact through
reasonably weak bonding forces. By comparison, glasses that form a 3D network of
covalent bonds have fragilities in a range from m = 20 to 30 and are often referred to

as "strong" glass formers.

[1. B. Structure and Rigidity Theory

Theoretical ponderings on the role of network connectivity in relation to
elastic properties of a glass came of age with the advance of rigidity theory based
upon constraint counting. Introduced by Phillips[10] and refined in later work by
Thorpe[11,12], rigidity theory considers the topology of a 3D network consisting of
N atoms of which a fraction, f;, form r = 2, 3, 4, ... bonds to neighboring atoms. These

bonds produce constraints in the system, and according to the theory, an atom with



r 2 2 bonds has r/2 bond length constraints and (2r-3) bond angle constraints[11].

The average number of constraints per atom is then given by
5
Zﬁ{(r/2)+(2r—3)}:5<r>—3, (2)

where <r> = Zfr” is the average bond number per atom. Of obvious interest is how

y

the total number of constraints compares with the available degrees of freedom
(equal to 3 per atom). If the constraints outweigh the degrees of freedom, then the
network is over constrained or rigid. Conversely, if the constraints are fewer than
the degrees of freedom, then the network is under constrained or floppy. One can

easily show that the transition between rigid and floppy then occurs when <r> =2.4.

Early simulations by He and Thorpe[12] largely confirmed the existence of a
transition but it was only later that the theory was applied to real amorphous
materials that form covalently-bonded networks. In work by Halfpap[13] and later
by Tatsumisago[14] and Boehmer[15], researchers investigated the glass forming
properties of a series of so-called chalcogenide (group VI) glasses based on Se but
doped with As and Ge. When Se (with r = 2) is doped with either As (r = 3) or Ge (r =

4), the average bond number can be varied continuously between <r> = 2 to about

2.7 while remaining within the glass forming range of this system. In this way, both
the dynamics and thermodynamics of the glass could be monitored as the network

evolved from one that is under constrained (floppy) to one that is over constrained

(rigid).



Later extensions to the original theory include: (1) corrections for systems
with r = 1 (so-called dangling bonds) that result in a shift of the transition point [16]
and (2) emerging evidence that in many systems the transition between under
constrained and over constrained is often separated by a so-called intermediate
phase that is characterized by a vanishing non-reversing heat flow[17]. In even
more recent work, the theory has been applied to the folding of proteins[18]

A particular consideration in the works by Tatsumisago[14] and
Boehmer|[15] was the dependence of the fragility of these chalcogenide liquids as a
function of network structure. Their results are reproduced in Fig. 1 and show that
the fragility of these network forming glasses is reasonably high, with m =~ 80 for

amorphous Se (polymeric with <r> = 2), but decreases rapidly between <r> =2 and
<r> = 2.2 then less rapidly thereafter as additional covalent bonds are introduced. A
slight minimum was reported[15] at the critical <r> =2.4,but for 2.3 < <r> < 2.7 the

fragility remains reasonably constant around m = 33 * 3. Although rigidity theory

makes no specific prediction for the fragility, this trend in which (r) ~ 2.4 separates

the weaker, under constrained networks that are fragile from the over constrained

networks that are non-fragile resonates well with the principles of the theory.

II. C. Bond Lattice Model
To address the fragility in these network forming glasses, one needs to model
the developing fluidity that arises when some fraction of bonds are being broken as

aresult of increased thermal energy. The simplest model is a classic two-state



model[4-6] in which each connecting bond can be either intact or broken. These
two states are separated by a free energy barrier, AG=AH —TAS, and at thermal
equilibrium, the fraction of broken bonds is given by[4]

-1

X, =(1+exp(AG/RT)) (3)

Here, the enthalpy change AH is largely determined the by the strength of the
covalent bond while AS is a measure of the entropy gain, in the form of increased
conformations that become available, when the constraint is removed.

In the model, the probability for a rearrangement of atoms to occur such that

viscous flow may proceed is given by [5]

P(T)ec 7' = Qexp(— a /XB), (4)

where f* represents some critical fraction of broken constraints (often taken as
unity). Angell and coworkers|[5,6] have studied the bond lattice model numerically
and have concluded that the liquid's fragility is determined entirely by the
magnitude of AS. This then offers some insight into the dependence of the fragility

of the chalcogenides on the average bond number. Near and above <r>: 2.4, where

the network is either critically constrained or over constrained, the presence of
redundant constraints means that the removal of a single bond produces very little
in the way of additional configurations the system can access. Here, AS is very
small and so too is the fragility. But as the system becomes under constrained,
removal of a single bond can release a sizable number of accessible configurations.
AS then increases with decreasing bond density and, within the framework of the

bond lattice model, is mirrored by the increasing fragility seen experimentally.



[1I. A. Phosphate Networks

We believe this connection between fragility and configurational entropy
helps us to understand the results of a recent dynamic light scattering (DLS) study
of sodium phosphate glass forming melts[19]. Unlike the chalcogenide system
discussed above, these phosphate melts form an oxide network filled with P-O-P
bonds whose number can be manipulated through the addition of an alkali oxide.
Here, it is customary for glass scientists to describe the structure of an oxide
network as composed of discrete structural units (building blocks of well-defined
short range order (SRO)) that are interconnected through bridging oxygen bonds.
The basic structural building block of the oxide network in alkali phosphate glasses,
such as (Naz0)x(P20s)1-, is the PO4 tetrahedron[20] illustrated in the inset to Fig. 1.
In pure P205 (x = 0), each PO, unit forms three bridging oxygen bonds to neighboring
phosphor atoms (NMR spectroscopists often refer to this as a Q3 configuration)
while the forth oxygen is double bonded and non-bridging. Addition of Naz0 brings
about the cleavage of a single bridging oxygen bond with a uniform conversion of
the PO4 units from @3 to @?, each having only 2 bridging oxygen bonds. Thus the
network of bridging oxygens is transformed from a 3D continuous random network
(CRN) (present at x = 0) to a system of linear [PO4], polymer chains at the
metaphosphate (x = 0.5) composition. The compositional fractions of Q3 and Q2

units in the phosphate system are well established[20] as,

o) (2]
1-x 1-x

and the average bridging oxygen bond number is given simply as <n> =2/ +3f .




Considering how this phosphate network would respond to those low
frequency deformations that contribute to viscous flow, we might anticipate that the
PO4 units remain largely inflexible in the sense that their P-O bond length and angles
would be unaffected. That is, the POs would behave as a rigid structural unit that
maintains its tetrahedral shape. Instead, the flexure would occur mainly at the
oxygen bridge between PO, units and viscous flow would be controlled almost
entirely by the thermal disruption of these same bridging bonds. We would then
expect the bond lattice relevant for the two-state model to be obtained by coarse
graining out the PO structural units and replacing them with an equivalent network

node. In this way, the structures of both the sodium metaphosphate with <n>= 2
and amorphous selenium with <r> = 2 would appear topologically equivalent (i.e.,

each is composed of polymer chains) and may be expected to share similar
properties in terms of their configurational entropy.

In fact, this seems to be born out in Fig. 1 where the fragility of the sodium
phosphate liquids exhibit exactly the same dependence on lattice connectivity

(measured by (r) or (n), respectively) including even a minor minimum in the
vicinity of <n>: 2.4. Again, within the framework of the bond lattice model[6], the

fragility is directly dependent on the amount by which configurational entropy is

changed when a single connection is removed. Here we conclude that this AS is the

same for these two topologically equivalent networks and so too is the fragility.
Additional support is provided by an even more recent light scattering

investigation[21] of aluminophosphate melts which are included in the figure. In



this instance, there occurs a conversion from @2 to Q¢ as PO, units are replaced by
six-coordinated AlOs units when aluminum metaphosphate is substituted for
sodium metaphosphate[22,23]. The average bridging oxygen bond density can be

obtained as <n> =2 f104 T 6,06 Where the fractions of POs and AlOs have been

determined by NMR[23] studies and again, when the network is coarse grained in
such a manner to replace the rigid, structural units comprising the SRO by
equivalent network nodes, a common dependence of the fragility on lattice
connectivity emerges.

Before proceeding, we pause briefly to address a handful of potential issues
that might be raised. Firstly, in our analysis we have tacitly assumed that the
fragility we obtain from the structural relaxation probed by DLS is equivalent with
that obtained from the viscosity. In principle, the VV light scattering we analyze is
influenced by any orientational motion that may be present in addition to the
structural relaxation[24] and so the proportionality between our relaxation time
and the viscosity is not ensured. However, it is unlikely for these covalent networks
to exhibit any significant decoupling of rotational motion from structural relaxation
and, since there are many experimental examples in the literature[25,26] for which
the relaxation time is observed to parallel the viscosity, we believe our assumption
is justified.

Secondly, we should emphasize that our picture of the coarse graining is one
in which the network of robust structural units (e.g., PO4) are linked together by
weaker bridging oxygen bonds to form the bond lattice whose connectivity is

characterized by the density of these linkages, <n> Just above Ty, it is these weak

10



linkages between structural units that first break to give rise to viscous flow while
those bonds internal to the structural units remain largely intact. Obviously, at
some very high temperature these structural units will eventually lose their
integrity with internal bonds being broken. But this would only happen at
temperatures far from T, and thus far from the region in which the fragility is
defined.

Lastly, the approach we have taken should not be viewed as merely an
extension of the sort of modifications to rigidity theory developed by Boolchand and
coworkers[27] mentioned previously. There, rigidity theory has been augmented to

accommodate dangling bonds (with r =1) as well as contributions to <r> from those

loose alkali ions that are responsible for the formation of non-bridging oxygens[28]
and these modifications have helped in understanding certain thermal and
vibrational properties that constitute the so-called intermediate phase. However,
the underlying approach to counting constraints in these studies remains one that is
based upon an atomic-level enumeration of the average bond density - an approach
that does not separate off those bonds that comprise the short range order as does
our current coarse-graining approach. It seems that while certain thermal and
vibrational properties may be better described by the connectivity at all scales (both
local and long range), the low frequency deformations of the network that
contribute to the fragility are better understood using a bond lattice in which rigid

structural units are treated as equivalent network nodes.

[11. B. Borate Networks

11



In an effort to evaluate the generality of our finding shown in Fig. 1, we turn
now to yet another network forming oxide system, namely the alkali-modified
borate glasses of the form (M20)x(B203)1x. B203 forms a network of BOz units with @3
bridging connectivity[29]. But unlike the phosphate liquids which suffer a reduction

in bridging oxygen bonds and a decrease of <n> with the addition of alkali, the initial

addition of alkali to B203 results in the replacement of three-coordinated boron (BO3
units) by four-coordinated boron (BOs units described as Q4)[29] that reinforce the

network by increasing the value of <n>

Naturally, it was our expectation that the fragility of alkali borate melts

would decrease with increasing <n> However, measurements of the fragility
obtained from the viscosity of both lithium borate[30] and sodium borate[31,32]

melts clearly indicate the fragility increases with alkali addition up to concentrations

of x = 35 mol% alkali oxide. In fact, when the fragility are plotted as a function of

(n)= 4(1 al j+ 3(1 — 2x) as is done in Fig. 2, it is clearly evident that they share no
—x —x

similarity with the pattern seen earlier for the chalcogenides and the phosphates.

Equally peculiar is the odd "dogleg" seen for m vs. (n) (i.e, in advance of (n) = 3.3

the fragility increases rapidly but then abruptly plateaus at m = 60 between 3.3 to
3.5) that occurs in this region far removed from the rigidity transition point.

A puzzle immediately presents itself. How can the fragility of the borate
network increase as more bonds are being introduced - a trend that is precisely
opposite what we observed for the phosphate and chalcogenide networks? Some

have recently shown[32,33] that the increasing fragility in the borates may be
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modeled by introducing into rigidity theory constraints that are thermally switched
on or off. In this approach, constraints are enumerated on an atom-by-atom basis

(i.e., using <r> as was done above for the chalcogenides) but each constraint is also

assigned a special temperature above which the constraint becomes broken. For the
borate system, the model can account for the compositional variation of the glass
transition temperature nicely, but despite the added flexibility afforded by the
thermally activated constraints, it provides only a qualitative description of the
fragility[32].

Motivated by our success in using <n> as a means of coarse-graining the

phosphate network to achieve what seemed to be the proper characterization of
network connectivity (at least that relevant for zero frequency modes of
deformation), we have chosen to explore an alternative resolution to this puzzle and
seek to identify some special feature unique to the borate network that might
account for the discrepancy. One prominent feature that distinguishes the borate
glass structure from other oxide network-forming glasses is its tendency to form
well-documented[28,34,35] intermediate range order (IRO). Both Raman
spectroscopy[36,37] and NMR[35,38,39] studies have repeatedly concluded that
some fraction of the BO3z units in B203 reside in 6-membered "boroxol" rings (see
inset of Fig. 3). The presence of these rings is signaled by a very sharp Raman line
centered near 808 cm-1[36] caused by a symmetric breathing mode that suggests
the rings form a robust, rigid substructure of the network. Although the actual

proportion of boron atoms participating in rings has been a matter of some debate
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in the past, more recent evidence[40,41], including a first-principles molecular
dynamics simulation[42], support a fraction somewhere between 60 to 75%.

In addition to the boroxol rings found abundantly in B203, other robust
superstructures (mainly the diborate and tetraborate units shown in the inset of Fig.
3) are known to develop with the addition of alkali ions. The earliest models of this
IRO structure were developed by Krogh-Moe[34] nearly 50 years ago and modern
NMR measurements such as those on potassium borates by Youngman and
Zwanziger[35] shown in Fig. 3, reaffirm that the borate structure (at least for x < 33
mol%) can be well accounted for using a collection of just five structural units: loose
BO3, loose BO4, boroxol rings, tetraborate units and diborate units. The fraction of
all boron atoms participating in each of these structures (f3, f4, f5, fr, and fp,
respectively) was determined from the NMR study and is presented here in Fig. 3 as
a function of the mole percent of K;0.

We believe it is the unique IRO of the borate network that causes its fragility
to increase despite the increasing connectivity of the boron atoms. How does this
happen? We will argue again, that in the same manner in which the SRO of the
phosphate glasses was sufficiently robust as to be impervious to the long
wavelength deformations that result in viscoelastic flow of the liquid and which in
turn determine the liquid's fragility, so too are the superstructural units that make
up the IRO of the borate network. Thus, if a means can be found to coarse-grain the
network at yet another level so that the superstructual units associated with the IRO

are likewise replaced by equivalent network nodes, then it may be possible to

14



achieve a lowering of the bond lattice connectivity (despite the increased
coordination of the boron atoms) that would resolve the puzzle.

As way of an illustration, consider first the boroxyl rings that comprise
roughly 65% of the boron atoms in B203. Replacing each ring with an equivalent
node would result in an object that has three bridging bonds to the surrounding
network. As each ring has 3 boron atoms, it would seem appropriate to assign an
effective bond number neg= 1 to those boron residing in rings while assigning nz = 3
to remaining 35% of the boron that exist in loose BO3. This would then result in

<n>IRO =3(0.35)+1(0.65)=1.7 for B203. While this has produced the lowering of the

connectivity we desire, it incorrectly implies that the 65% of the boron atoms form
dangling bonds that serve no function in connecting one part of the network to
another. Instead we propose to view each boron atom in the ring as a two-sided
link with nef= np = 2 because each serves to connect the outside network to the
ring/node itself. Adopting this recipe, we would characterize the connectivity of the

B203 network by <n>m0 =3(0.35)+2(0.65)=2.35 which places the fragility (m ~ 33)

in reasonable agreement with those data in Fig. 1.

By similar reasoning, each boron in a diborate unit (see inset to Fig. 4) would
then be assigned np = 2, while those in the tetraborate structure are assigned nt =
1.5. In the case of the tetraborate, only six of the eight boron atoms in this structural
unit function as links to the external network and each of these is again assigned nes
= 2. However, since the other two boron atoms that reside entirely within the

tetraborate unit provide no added connectivity between the tetraborate unit itself
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and the external network, they would be assigned nes= 0. Hence we arrive at an

effective bond number for those boron atoms in a tetraborate of n, =(6x2)/8=1.5.

Together with loose BO3 (n3 = 3) and loose BO4 (n4 = 4), we can now test the

prediction for a coarse grained connectivity given by <n>lRO =2fg+ 1.5fr+ 2fp+ 3f3 +

4f4, where the fractions of boron in each structural unit are taken directly from the
NMR investigation[35] provided in Fig. 3. As shown in Fig. 4, our simple recipe
indeed produces exactly the desired effect! The aforementioned dogleg has

vanished leaving a monotonic dependence of m on <n>[R0 that coincides precisely

with that of both the chalcogenide and phosphate glasses. We emphasize that this
collapse of four different network-forming glasses is achieved using no adjustable

parameters.

IV. Conclusions

What is the significance of this result? We believe the universal pattern seen
for the chalcogenides, phosphates and borates in Fig. 4 arises from how each
network has been properly transformed to an equivalent bond lattice consisting only
of those weakest linkages whose rupture will contribute most to viscous flow. For

any given value of the connectivity ({r), (n) or (n) _, depending on the rigid

IRO
substructures present), these bond lattices share a common topology and therefore
a similar sensitivity of the configurational entropy to the addition or removal of
bonds. Within the framework of a simple two-state bond model, it is this

configurational entropy that determines the fragility and thus accounts for the
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pattern observed in Fig. 4. In this way we have uncovered a tangible relationship
between the dynamics of a glass forming liquid and the underlying network
structure of its solid counterpart based upon simple thermodynamic principles.

In summary, we find evidence for a universal relationship between the
dynamics of a network forming liquid and the structure of the network itself. This
relationship appears in the form of a common dependence of the fragility for
chalcogenide, phosphate and borate glasses as a function of the average bond
number for the corresponding bond lattice of weakest links. This bond lattice is
derived from the original covalent network by coarse graining those rigid structural
units that make up either the short range or intermediate range order into
equivalent nodes in the lattice. Connections of this sort between dynamics and
structure are rare, but are of fundamental importance for manufacturing concerns

and for our general understanding of the glass transition.
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Figure Captions:
Fig. 1

The fragility of chalcogenide [15] (solid squares), sodium phosphate [19] (solid
circles), and sodium aluminophosphate [21] (open circles) glass forming melts

plotted as a function of the average bond number, <r> or <n>as defined in the text.

The dashed line is a guide to the eye. Inset illustrates the network structures of the
chalcogenides and of the phosphate oxide network containing PO, units with Q3 and

Q? as well as AlIOs withn =6

Fig. 2
The fragility of Li and Na-borate glasses[30,31] are seen to increase with <n> and

fail to collapse onto the same curve of Fig. 1. Inset illustrates the network structures

of the borate system containing BO3 and BO; units.

Fig. 3

The fraction of boron atoms found in the various IRO superstructures of the borate
glass system at selected concentrations of alkali oxide as reported by a recent NMR
investigation[35]. These superstructures are illustrated in the inset. In addition to
the loose BO3 and BO4 units, superstructural units include the boroxol ring
(containing 3 boron), the tetraborate unit (containing 8 boron), and the diborate

unit (containing 4 boron).

Fig. 4

The fragility of Li and Na-borate glasses[30,31] are shown to collapse onto the same
curve of Fig. 1 provided the average bond number is defined to include the IRO of
the network as discussed in the text. Inset illustrates how the superstructural units

in the borate network are coarse-grained into equivalent network nodes.
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Figure 1

The fragility of chalcogenide [15] (solid squares), sodium phosphate [19] (solid
circles), and sodium aluminophosphate [21] (open circles) glass forming melts

plotted as a function of the average bond number, <r> or <n>as defined in the text.

The dashed line is a guide to the eye. Inset illustrates the network structures of the
chalcogenides and of the phosphate oxide network containing PO units with Q3 and

Q? as well as AlIOs withn =6
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Figure 2

The fragility of Li and Na-borate glasses[30,31] are seen to increase with <n> and

fail to collapse onto the same curve of Fig. 1. Inset illustrates the network structures

of the borate system containing BO3 and BOs units.
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Figure 3

The fraction of boron atoms found in the various IRO superstructures of the borate
glass system at selected concentrations of alkali oxide as reported by a recent NMR
investigation[35]. These superstructures are illustrated in the inset. In addition to
the loose BO3 and BO; units, superstructural units include the boroxol ring
(containing 3 boron), the tetraborate unit (containing 8 boron), and the diborate

unit (containing 4 boron).
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Figure 4

The fragility of Li and Na-borate glasses[30,31] are shown to collapse onto the same
curve of Fig. 1 provided the average bond number is defined to include the IRO of
the network as discussed in the text. Insetillustrates how the superstructural units

in the borate network are coarse-grained into equivalent network nodes.
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