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The computational design of new materials has long been a “holy grail” within the materials
chemistry community. However, accurate prediction of glass properties from first principles is often
impossible, because of computational restrictions. Here, we present an alternative analytical
modeling approach that focuses on the topology of the glass network. Specifically, we demonstrate
the use of a temperature-dependent constraint model to enable accurate prediction of dynamic
properties, taking the ternary soda—lime—borate glassy system as an example. Borate glasses have
posed a particular challenge for traditional molecular dynamics simulations, because of the change in
boron coordination that occurs in the presence of network modifiers. Focusing on topological
constraints instead of interatomic force fields, the calculated compositional trends with our model are
in quantitative agreement with experimental measurements. Our modeling approach enables the
exploration of new composition spaces of glassy materials and is proving to be a valuable tool for
revealing the topological source of properties such as liquid fragility, which has been a longstanding

problem in condensed matter science.
1. Introduction

For many years, scientists have sought predictive meth-
ods for tailoring the properties of materials.'”* Despite
considerable progress in computational materials chemis-
try, there has been no major breakthrough in the quantita-
tive design of glassy materials, because of the complicated
noncrystalline structure of glass and the long time scales
involved with glass transition and relaxation phenomena.
Such modeling is further complicated by the wide range of
structural and dynamic heterogeneities in glass.” ® Re-
cently, Kerner and Phillips®* demonstrated that analytical
modeling based on simple topological counting arguments
can be used to predict the optimum glass-forming composi-
tion within the soda—lime—silicate system without using
any adjustable fitting parameters. In this work, we present
a comprehensive study applying temperature-dependent
constraint theory to predict dynamic properties such as
glass transition temperature (7,) and fragility (1), thereby

providing a powerful analytical tool for designing new
glassy materials. We choose the soda—lime—borate ternary
(Na,O—CaO—B,03) as the object of this study, since
borate glasses contain an abundance of interesting struc-
tural and topological features (e.g., boron speciation'®~!”
and heterogeneous distribution of network modifiers).'®
The theory is further developed in a manner to consider
structural heterogeneities during the prediction of dynamic
glassy properties.

Following the original work of Phillips and Thorpe,
the atomic structure of a glass may be treated as a network
of bond constraints. According to this view, the network
can be floppy (underconstrained), isostatic (optimally con-
strained), or stressed rigid (overconstrained), depending
on the relative difference between the network dimension-
ality (d) and the average number (1) of constraints per
atom.'””2! When n < d, the network is underconstrained
and contains low-frequency deformation modes (so-called
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“floppy modes”). The network is optimally rigid when
n = d and stressed rigid when n > d. Since the pioneering
work of Phillips and Thorpe, constraint theory has been
extensively studied.”> >® Recently, Gupta and Mauro®**°
developed a novel approach to the topological modeling
of glass-forming liquids that accounts for the tempera-
ture-dependent nature of the network constraints. They
successfully applied this temperature-dependent constraint
approach to predict the scaling of the glass transition tem-
perature (7,) and fragility (m) with composition (x) in
binary germanium selenide® and alkali borate®® systems.
"Se NMR spectroscopy studies on germanium selenide
liquids have recently provided experimental evidence for
the temperature dependence of network constraints.'

The Gupta—Mauro approach®-° formulates shear
viscosity (17(7,x)) in terms of temperature-dependent con-
straints that become rigid as the liquid is cooled from high
temperature to low temperature. This approach allows
for calculation of T, and m as a function of composition,
i.e., the two independent parameters for describing the
complete temperature dependence of liquid and super-
cooled liquid viscosity.*> Here, T, o is defined as the tem-
perature at which the shear viscosity is equal to 10'* Pa s
and this isokom temperature has been shown to be
equivalent to the calorimetrically measured 7, value for
oxide glasses.”>® The fragility m is defined as the slope of
the log # versus T,/T curve at Tg:34

_ dlog
"= AT, M

Using Adam—Gibbs theory” and the energy landscape
analysis of Naumis,”®?” Gupta and Mauro derived ex-
pressions for calculating T, and m as a function of
composition.”** T o(x) can be calculated, relative to that
of some reference composition xg, as

_ d—n(Ty(xr), xr)
RO

Ty(x) _ f(Tg(xr), Xr)
To(xr)  f(Te(x),x)

where d = 3 for a three-dimensional glass network and
f(T,x) is the number of low-frequency floppy modes
(atomic degrees of freedom) for composition x at tem-
perature 7. The fragility index m can be calculated from
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the temperature derivative of f{T,x):

oln f (T, x)

- |
m(x) = mo| 14— =

3)

T=Ty(x)

where my & 17 is the fragility of a strong liquid.?® The
derivations of eqs 2 and 3 can be found in refs 29 and 30.

To understand the network topology and structure of
the soda—lime—borate glass system, in this paper, we
extend the topological model for the first time to a ternary
composition space, viz, alkali—alkaline-earth—borate
systems, and demonstrate how it can be applied to the
discovery of new glass compositions in a system that has
received little attention previously.*® Through compar-
ison of the model parameters and predictions with mea-
sured experimental data, we elucidate the microscopic
topological origins of glass transition temperature and
fragility. Besides studying the ternary system, we also
prepare a sodium-free analog (CaO—B,03) to evaluate
the impact of sodium and calcium on the glass network.
We determine the boron speciation in the glasses using
"B magic-angle spinning (MAS) NMR spectroscopy
and we compare the calculated and measured values of
Ty and m.

2. Experimental Section

2.1. Sample Preparation. Twelve glass samples (see Table 1)
were synthesized using analytical reagent-grade H;BO3 (Sigma—
Aldrich, 299.5%), Na,CO; (Sigma—Aldrich, 299.5%), CaCOs;
(Fluka, =299%), and Fe,O3 (Aldrich, 299.9%) powders. Most
of the studied glasses contain 1 mol % Fe,0Os3, since they are also
used in a parallel study that seeks to establish the influence of
boron speciation on ionic transport. The transport properties will
be studied using an inward cationic diffusion approach, which
requires the presence of a polyvalent element in the glass.>”*®
Therefore, for the sake of comparison, we have also prepared
iron-free samples.

Batches calculated to yield 400 g of glass were prepared for the
iron-containing samples, whereas, for the iron-free samples,
batches to yield 200 g of glass were prepared. The thoroughly
mixed batches were melted in a covered PtoyRh;, crucible
at 1050—1150 °C for ~15 min in an inductively heated furnace.
Melting using a covered crucible and the relatively low melting
temperatures and short times were chosen to minimize boron
evaporation. Measurements of the weight loss due to melting
indicate that the glasses are within 1—2 wt % of the desired
compositions.

To obtain glasses, the melts were cast onto a brass plate and
cooled in air to room temperature. The melts with the highest
sodium contents (Cal0—Na35and Cal0—Na35—Fel) had to be
pressed by another brass plate to avoid crystallization during
cooling. We also attempted to prepare a glass with 40 mol %
Na,O, but this was not possible due to crystallization.*® After
determining the T, value (see Section 2.3), the as-prepared
glasses were annealed at their respective T, values for 2 h to
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Table 1. Nominal Compositions and Properties of Investigated Glass Samples

Nominal Composition (mol %)“

notation B,O5 CaO Na,O Fe,0; Ny (£1%)° Ty (K) m?
Cal0—Na5 84.85 10.1 5.05 708
Cal0—Nal5 74.75 10.1 15.15 37 775
Cal0—Na25 64.65 10.1 25.25 46 764
Cal0—Na35 54.55 10.1 35.35 413 716
Cal0—Na5—Fel 84 10 5 1 16 693 45+2
Cal0—Nal0—Fel 79 10 10 1 24 756 49 +2
Cal0—Nal5—Fel 74 10 15 1 36 771 5443
Cal0—Na20—Fel 69 10 20 1 40 768 5844
Cal0—Na25—Fel 64 10 25 1 46 756 65+ 5
Cal0—Na30—Fel 59 10 30 1 43 740 5646
Cal0—Na35—Fel 54 10 35 1 42 711 5343
Ca36—Fel 63 36 1 43 912

“The weight loss due to melting in the induction furnace was 1—2 wt %. ® The ratio of tetrahedral to total boron (N,) has been determined by "B MAS
NMR. “The glass transition temperature (7,) has been determined using differential scanning calorimetry (DSC) at 10 K/min, and the error in T,
associated with this method is generally +2—3 K. ¢ The fragility index (m) has been calculated using egs 4 and 5.

diminish internal stresses. The isothermal annealing at 7, was
followed by slow cooling to room temperature. Because of the
hygroscopic character of the borate glasses, all samples were
kept in glass or plastic containers with desiccant.

2.2. ''B MAS NMR Spectroscopy. ''B MAS NMR spectra
were acquired using a JEOL Model INM-ECA930 spectrometer
that was equipped with a JEOL magnet (21.8 T) operating at
a Larmor frequency of 298.2 MHz for ''B. All MAS NMR
spectra were acquired using a solid 10° pulse (1.4 us). Crushed
samples were taken in ZrO, rotors and were spun at 16 kHz in
a4-mm JEOL MQ/MAS probe. A recycle delay of 1 s was used
and a total of 560—2000 free induction decays were averaged
and Fourier-transformed to obtain each "B MAS NMR spec-
trum. The chemical shift for ''B was externally referenced to
BF3 M Etzo

2.3. DSC Measurements. The values of T, and m were deter-
mined using a calorimetric method. The calorimetric measure-
ments were performed with a differential scanning calorimetry
(DSC) instrument (STA 449C Jupiter, Netzsch, Selb, Germany).
The measurements were conducted in a purged argon atmosphere
(40 mL/min). The isobaric heat capacity (C,) curve for each
measurement was calculated relative to the C,, curve of a sapphire
reference material of comparable mass.

The samples were subjected to two runs of DSC upscans and
downscans. The rates of the upscans and downscans were
always equal, and the scan rate ¢ was varied between 2 K/min
and 30 K/min. The recorded heat flow of the first upscan reflects
the enthalpy response of a sample with an unknown thermal
history (i.e., an unknown cooling rate experienced by the sample
during melt-quenching), whereas that of the second upscan
reflects the enthalpy response of the sample with a well-defined
thermal history (i.e., a known cooling rate). At the second
upscan, the calorimetric fictive temperature (7%) is defined as
the cross point between the extrapolated straight line of the glass
C, curve before the transition zone and the tangent at the
inflection point of the sharp rise curve of C, in the transition
zone. The value of Tyincreases with increasing upscan rate, and
the Ty value measured during an upscan rate of 10 K/min after a
previous downscan at the same rate corresponds to the standard
T, value.*® According to previous studies,*® the dependence of
the reciprocal DSC upscan rate on 7Ty corresponds to the
temperature dependence of the equilibrium viscosity. Thus, we
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may write

q E,
In{ =) = ——=+constant 4
(7) = =5+ @
where E, is the activation energy for equilibrium viscous flow in
the glass transition region and R is the ideal gas constant. The
fragility m may then be calculated from E, and T, as™

Eg
T RT,1n 10 )

3. Theoretical Approach

3.1. Network Structure and Topology. Pure B,O; glass
consists of corner-sharing BO;5 triangles, which combine
to form three-membered boroxyl ring units. When alkali
oxides are added to B,Os, there are two possible scenarios:
(a) creation of a nonbridging oxygen (NBO), rupturing the
linkage between two trigonally coordinated BO; groups;
or (b) conversion of boron from a three-coordinated (B?)
to a four-coordinated (B*) state without the creation of
NBO. The ratio of B* to B® depends on the concentra-
tion of network modifiers, which causes many physical
and chemical properties to vary nonmonotonically with
composition. For example, T initially increases and later
decreases with increasing alkali content.*'** This effect
has been termed the “boron anomaly” by glass scientists,
and numerous studies have been carried out by using
NMR,'*" 13 X-ray diffraction (XRD),'*" infrared (IR)
spectroscopy'® and Raman spectroscopy.'®!” Besides
the compositional effect, the change in boron specia-
tion can also be induced by changes in pressure and
temperature.*> %

Let us now consider the soda—lime—borate system. As
a first approximation, we neglect the presence of iron in
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the glasses and write the chemical formula as xNa,O-
yCa0-(1 — x — y)B,0;. Following Greenblatt and Bray*®
and Lower et al.,*” we consider that the effect of CaO
on boron speciation is the same as adding Na,O. In other
words, the addition of CaO converts two trigonal B atoms
to a tetrahedral state. In the regime of x +y < 1/2,
we suggest that there are four network-forming species to
consider in this system: (i) four-coordinated boron bonded
to four bridging oxygens (B%): (ii) three-coordinated boron
bonded to three or two bridging oxygens (B); (iii) oxygen
(O), including both bridging and nonbridging varieties;
and (iv) network modifiers (Na and Ca) that create NBOs
(M™B). The modifiers that convert boron from B* to B*
have only a charge-compensating role and are not con-
sidered as part of the network, i.e., by themselves they
contribute neither degrees of freedom nor constraints. The
effect of the charge-compensating ions is taken into ac-
count through the boron coordination change. The fact
that we consider the modifiers that create NBOs as part of
the network requires justification. In silicate glasses, the
modified random network model of Greaves*’ suggests
that the modifiers form clusters between the bridged SiO4
units, to which they are linked primarily via the NBOs. The
clustering of modifiers has been confirmed by molecular
dynamics simulations.*** Recently, such nonrandom dis-
tribution of bridging oxygens (BOs) and NBOs around
modifiers has also been observed for boroaluminosilicate
glasses.”® The clustering of modifiers indicates that there
could be a constraint on them, since they are not free to be
randomly distributed in the network. In Section 4.2, it will
be shown that the experimental 7, data can only be
predicted by the topological model if point (iv) is built into
the model.

Various structural models of borate glasses have been
proposed in the literature. The models of Abe®' and
Beekenkamp?? are based on the structure involving only
B’~0-B? and B*~0—B* bridges, whereas B*~0—B*
bridges are unlikely to occur. In our topological model,
we describe the boron speciation in terms of the random
pair model of Gupta,™ since it has proved successful
across a wide range of modifier contents.’*>* This model
is based on three rules for network formation:

e BO, tetrahedra occur in corner-sharing pairs, i.e.,
there is one B*—0O—B* bridge for every pair. The
B*—0O—B* angle within a pair is random.

e Pairs of BO, tetrahedra cannot be bound to each
other.

e NBOs occur only in BO; groups and not in BOy4
groups.
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Figure 1. (a) Fraction of network-forming species and (b) boron specia-
tion in the soda—lime—borate systems from Table I, following the
random pair model of Gupta.>

With these rules, the addition of alkali or alkaline-earth
oxide will always result in the conversion of B* to B* when
the modifier-to-boron ratiois <1/2 ((x + p)/[1 — (x + y)] =
1/2,i.e., x + y < 1/3). NBOs first begin to form when x + y
>1/3. Following Mauro et al.,** we calculate the fraction N of
each network-forming species (see formulas in the Support-
ing Information). These fractions are plotted as a function
of x in Figure 1a, in which we have set y = 0.1 (cf. Table 1).

3.2. Calculation of Glass Transition Temperature and
Fragility. Next, we apply the temperature-dependent con-
straint model to calculate Ty(x,y) and m(x,y). To do so,
we first identify and count the number of constraints
associated with each distinct network-forming species.
The different constraints are then ranked in terms of their
relative bond strengths (i.e., constraint onset temperature).
Equations 2 and 3 may then be applied to calculate T4(x,y)
and m(x,y), respectively. In the Results section, we com-
pare these values with those obtained from experiments.

We consider the following types of bond constraints:

e o: B—0O and M™®—0 linear constraints. There are
two o constraints at each oxygen.

e f: O—B—0O angular constraints. There are five
B constraints per B* to form a rigid BO, tetrahe-
dron and three f constraints per B* to keep the BO;
unit planar.

e y: B—O—B angular constraints. There is one y
constraint at each oxygen.

e u: additional modifier rigidity due to clustering
effects. Based on the ensuing discussion, we con-
sider two u constraints per NBO-forming Na atom,
whereas there are zero constraints for Ca.
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The constraint onset temperatures are ordered such
that

T, < T,(0,0) < T5(0,0) < T), < Ty (6)

Here, the linear constraints freeze in at the highest tem-
perature, because these bonds are the strongest. The u
constraint is considered to be the second strongest, since it
is also two-body in nature. We assume that the § con-
straint onset temperature is dependent on the ratio of
[Na,O] to [CaO] (see reasoning in the Supporting In-
formation):

2x Na

y Ca
7%+ T
Zx—i—y) B (2x+y) B )

Tp(x,y) = (

where TﬂNa is obtained from Mauro et al.** (7 ?a = 740 K)
and T§* is obtained from Donohoe and Shelby*® (75* =
910 K). These temperatures correspond to the 7, values
for [Na,0O]/[CaO] ratios of infinity and zero, respectively.
Following the structural analysis of Mozzi and Warren, '
the O—B—0O angle has a stronger constraint than the B—
O—B angle, i.e., 74(0,0) > T,. In fact, the B—O—B angu-
lar constraints freeze in at the lowest temperature, since
T, can be estimated based on the Vogel temperature of
B,Os, T, ~ T(0,0) = 328 K.3%% The glass transition
temperature of pure B>O3, T(0,0), is 543 K.3°

Following the constraint counting arguments above,
the number of constraints per atom is given by

4x

n(x,y) = 5N(B4)+3N(B3)+2N(O)+2x+y

N(MNB)

(8)

in the glass transition range T, < T4(x,y) < Tp(x,y). The
corresponding number of atomic degrees of freedom is

f(xvy) = 3—n(x,y) = 3_5N(B4)

4x
SV o)

—3N(B*) —2N(0)

By combining eqs 2 and 9, the scaling of the glass
transition temperature 7, with composition is given by

£(0,0)
S(x,p)

The minimum function (“min”) in eq 10 results from the
breakdown of eq 9 when T,(x,y) > Tp(x,y), since eq 9
assumes that the § constraints are rigid. When the calcu-
lated T, rises above the onset temperature of the 3 con-
straints, then this assumption is violated.

The temperature dependence of the constraints is
modeled by the constraint onset function, g{7), which
is a measure of the rigidity of any constraint 7 as a func-
tion of temperature. Following Mauro et al.,** a discrete
(unit step) form of ¢(7) was used to calculate T,(x,y).
However, since the calculation of fragility m involves
taking the temperature derivative of f(7,x,y) in eq 3, we

To(x, ) = min| Tp(x, y), T4(0,0) (10)
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Figure 2. Representative high-field ''B MAS NMR spectra of soda—
lime—borate glasses with (dashed lines) and without (solid lines) 1 mol %
Fe,03. The spectra from top to bottom correspond to glasses with 35, 25,
and 15 mol % Na,O.

must use a continuous form of ¢,(7T) to calculate m(x,y).
According to the energy landscape approach, ¢ 7T) can be
computed as a continuous function of temperature,’’

qi(T) = [1 —eXp<—i?>

where AF¥ is the activation energy for breaking the
i constraint, v the vibrational attempt frequency, and 7,
the observation time. AF} can be calculated from the
constraint onset temperature 7;,°

Viobs

(11)

*

AF; = _le ln[l —271/<W0b5)] (]2)
Hence, v, 1s the only unknown parameter. This para-
meter can be adjusted to study the cooling-rate depen-
dence of the glass transition; however, we consider a con-
stant value of vt in this study, since we are interested
in the composition dependence of fragility. Here, we will
obtain the value of vty by fitting to the experimentally
measured values of fragility.

4. Results

4.1. Boron Speciation. The predicted boron speciation
is now compared with experimental data obtained by ''B
MAS NMR spectroscopy. A representative set of high-
field ''B MAS NMR spectra of Na,O—CaO—B,0; glas-
ses with 0 and 1 mol % Fe,O3 are shown in Figure 2.
These spectra are characterized by a broad, almost-sym-
metric peak centered at ~16 ppm, corresponding to the B
sites and a relatively narrow symmetric peak centered
at ~1 ppm, corresponding to the B* sites. The presence of
1 mol % Fe,O4 results in broadening of the two '' B peaks,
because of dipolar coupling between ''B nuclear spin
and unpaired spin of d-electrons in Fe (see Figure 2).
However, quantitative analyses using spectral integration
that includes all spinning sidebands over a wide frequency
range indicate that no ''B signal is lost due to such
spectral broadening. The relative fractions of B* and B*

(57) Gupta, P. K.; Mauro, J. C. J. Chem. Phys. 2007, 126, 224504.
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Figure 3. (a) Dependence of the glass transition temperature (7,) on
composition for Na,0—CaO—B,0j3 systems with 0 or 1 mol % Fe,Os3.
The lines show the computed T(x,y) values using eq 10, assuming two
rigid u constraints per NBO-forming Na (solid line) or zero modifier
constraints (dashed line). (b) Dependence of fragility (77) on composition
for Na,0O—CaO—B,0; systems with 1 mol % Fe,Os. The solid line shows
the predicted m(x,y), using the topological model with vz,,s = 60.

sites can be immediately obtained from the areas under
the corresponding peaks in the ''B MAS NMR spectra
and are reported in Table 1 and Figure 1b. Figure 1b
reveals good agreement between the experimental results
and the predicted boron speciation following the random
pair model of Gupta.>® The BO, concentration peaks
near the composition with x4y = 1/3, suggesting that
the effect of CaO on boron speciation is indeed the same
as that of Na,O. The results also reveal that the addi-
tion of 1 mol % Fe,O; has a negligible impact on boron
speciation.

4.2. Glass Transition Temperature. The computed va-
lues of T(x,y) using eq 10 are compared with experimental
values of T(x,y) for the systems investigated in this study
(see Figure 3a). Note that the maximum in 74(x,y) does not
correspond to the maximum in the fraction of tetrahedral
boron (see Figure 1b). In Figure 3a, the modeled results are
given under two different assumptions: no modifier rigid-
ity (dashed curve) and two rigid u4 constraints per NBO-
forming Na atom and zero for Ca (solid curve). There
are other possible assignments of modifier rigidity (Na
and Ca can each have zero, one, two, or three constraints
per atom), but the assumption of two rigid u constraints
per NBO-forming Na provides the best prediction of the
experimental values. Furthermore, the assumption that
sodium sets up a locally rigid environment due to clustering
effects whereas calcium does not is in good agreement with
previous findings for boroaluminosilicate glasses.” In
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Figure 4. Dependence of the constraint onset temperatures and Ty(x,y)
on composition for the xNa,O-0.1Ca0O- (0.9 — x)B,0O; system.
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Figure 5. Plot of In(¢/T{%) as a function of 1/} for the xNa,0+0.1Ca0--
(0.89 — x)B,05-0.01Fe,0O5 systems with different concentrations of Na,O
(5, 10, 15, 20, 25, 30, or 35 mol %). The five data points for each com-
position correspond to heating/cooling rates of 2, 5, 10, 20, and 30 K/min,
respectively. The solid lines represent linear fits to the data, and the
fragility m can be calculated from the slope of each line, using eqs 4 and 5.

Figure S1 in the Supporting Information, we also demon-
strate good agreement between our modeling predictions
and the experimental T(x,y) values of Donohoe and
Shelby.*® Finally, Figure 3a shows that the addition of
1 mol % Fe,O5 reduces the glass transition temperature.
When Fe,O5 was added to the glasses, the contents of all
the other oxides were scaled proportionally. Therefore,
addition of Fe,Oj5 results in a higher ratio of total modifier
to B,O3 content in these glasses, which could explain the
slight decrease in 7.

To understand why our model is able to capture the
composition dependence of the glass transition tempera-
ture for the soda—lime—borate systems, it is worthwhile to
consider the composition dependence of the constraint
onset temperatures. Following the discussion of Mauro
etal.,’ weset T, = Ty(0,0) = 328 K, where T((0,0) is the
Vogel temperature of pure B,O3.”> Using eq 7, we have
calculated and plotted 7(x,y), the onset temperature for
the O—B—0 angular constraints, as a function of com-
position in Figure 4. According to eq 2, thawing of the
B constraints necessarily results in a decrease of T,(x,y).
This pushes the glass transition temperature again below
Tp, where the 8 constraints again become rigid. The net
result of these competing effects is that the glass transition
temperature is frozen at T(x,y) until enough NBOs are
formed to satisfy eq 2 at a new T4(x,y) below Tg(x,y).
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4.3. Liquid Fragility. Fragility, which is denoted as
m(x,y), is determined using DSC to establish the depen-
dence of the fictive temperature (77) on the heating rate
q (see Figure 5). Using eqs 4 and 5, we calculate m from
the slope of each line and the resulting values are reported
in Table 1 and Figure 3b. The fragility values are fit to our
topological model, and we obtain v¢,,s = 60. Figure 3b
clearly shows that the experimental m(x,y) values are in
very good agreement with the calculated m(x,y) values.
The main feature is that fragility peaksat x +y = 1/3 (i.e.,
at the onset of NBO formation).

5. Discussion

We have shown that the addition of soda to a soda—
lime—borate glass results in the conversion of BO3 to BO4
units until the total modifier content is ~33%; after that
point, conversion of BO4 to BO; and NBO occurs. These
coordination changes may be quantitatively predicted
by the random pair model of Gupta® and are identical
to those found for binary alkali borates. Furthermore,
we have found that substitution of the monovalent
Na™ ions by the divalent Ca®" ions has a minimal effect
on the boron speciation (compare boron speciation in the
Cal0—Na25—Fel and Ca36—Fe | glasses in Table 1).
The work of Donohoe and Shelby®® supports our find-
ings, since they have reported that the position of the
maximum in 7}, varies only slightly with the ratio of soda
to lime. This indicates that only small variations in boron
speciation occur as a function of the ratio of soda to lime.
This is remarkable since a Na™ ion is associated with a
single BO, group, whereas a Ca®" ion needs to be asso-
ciated with two BO, groups (i.e., one Ca®" ion per pair of
BOy, units in the Gupta random pair model). In contrast,
Kamitsos et al.® have shown that the substitution of
M¢gO for Na,O in MgO—Na,O—B,0; glasses induces the
formation of boroxyl rings, because of the destruction of
diborate groups. Apparently, Mg>" can relieve the rigid-
ity of the diborate structure by polarizing the oxygen that
bridges the two BO4 groups, which causes the breakage of
the B*—O—B* bridge.”® The fact that the Ca>" ion does
not have this effect may be due to its lower field strength.
It is well-known that magnesium often behaves differ-
ently from the larger alkaline earths in glasses, because of
its higher field strength.**:3:¢0

In the current model, we did not include a preference
for sodium or calcium to induce the boron coordination
change. To test the validity of this assumption, we build in
such preferences in the model and then calculate Ty(x,y)
using eq 10. The results are shown in Figure S3 in the
Supporting Information and clearly demonstrate that
there is no significant preference for either sodium or
calcium to cause the boron coordination change. The
substitution of soda by lime has an impact on the absolute
value of T, (compare T, of Ca36—Fel and Cal0—Na25—

(58) Kamitsos, E. I.; Karakassides, M. A.; Chryssikos, G. D. J. Phys.
Chem. 1987, 91, 1073-1079.

(59) Kroeker, S.; Stebbins, J. F. Am. Mineral. 2000, 85, 1459—1464.

(60) Shimoda, K.; Nemoto, T.; Saito, K. J. Phys. Chem. B 2008, 112,
6747-6752.
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Fel in Table 1), viz, T, increases as soda is replaced by
lime. Since only a few percent of modifier is used for NBO
formation in these glasses, the difference in 7, is most
likely not a result of differences in Ca—O and Na—O bond
strengths. Instead, the effects are explained by the impact
of Ca on Tg(x,y) ineq 7, i.e., the presence of Ca increases
the rigidity of the O—B—0O angular bonds.

The fragility of our soda—lime—borate systems increases
with increasing sodium oxide content until x + y &~ 1/3 (see
Figure 3b). Similarly, the fragility of binary alkali borate
glasses increases with increasing alkali content for x =<
1/3.5176 Compositions corresponding to x + y = 1/3 (or
x = 1/3 in the binary case) have a peak in the number of
tetrahedrally coordinated B atoms. This also corresponds
to a peak in the number of O—B—O angular constraints
(B constraints), since there are five 3 constraints for every
tetrahedrally coordinated boron but only three 5 constraints
per trigonally coordinated boron. From our modeling of
To(x,p), it is apparent that the glass transition in soda—
lime—borate glasses is dominated primarily by the O—B—0O
angular constraints. As the number of these constraints
peaks at x + y=1/3, and since Ty(x,y) ~ Ty(x,y) for most of
the compositions under study, the fragility calculated from
eq 3 must also display a maximum at x + y = 1/3. Hence,
the nonmonotonic scaling of fragility with composition is
yet another consequence of the so-called “boron anomaly”
in these systems. Specifically, the microscopic origin of
fragility of borate systems is the scaling of the concentration
of O—B—0 angles with composition.

The topological modeling approach presented in this
paper represents an intermediate level of approach be-
tween traditional atomistic simulation techniques such as
molecular dynamics and other more empirical macro-
scopic modeling. With constraint theory, we can isolate
the key physics governing macroscopic properties such as
glass transition temperature and fragility. Indeed, this
work suggests that, with additional research, other ther-
mal, mechanical, and rheological properties of glass may
also be accurately predicted using constraint theory, since
these properties are also strongly linked to the network
topology. Constraint theory is already proving to be useful
for efficiently exploring uncharted regions of composition
space. For example, Figure 6a shows a complete ternary
diagram for T,(x,y) and Figure 6b shows that for m(x,y)
in the xNa,O-yCaO-(1 — x — y)B,O;5 system. With con-
straint theory, these are simple analytical calculations.
With traditional atomistic techniques (such as mole-
cular dynamics), such calculations are currently infeasible.
Note that the entire composition space in Figure 6 cannot
be turned into glasses using standard laboratory melt-
quenching techniques.*® Hence, the glass-forming ability
of the melts must also be considered when designing new
glassy materials.
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Figure 6. Model calculations of (a) Ty(x,y) and (b) m(x,y) for the
xNa,O-yCaO-(1 — x — y)B,03 system. Ty(x,y) is calculated using
eq 10, whereas m(x,y) is calculated using eqs 3 and 11 with vz,,, = 60.
The topological modeling approach described in this paper is an efficient
way to explore composition space without having to melt glasses across an
entire phase diagram.

6. Conclusion

We have successfully combined topological modeling
and experimental studies to gain insight into the network
topology, structure, and properties of soda—lime—borate
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glasses. The addition of soda or lime to boric oxide results
in a change in the boron coordination from three to four.
This conversion occurs until the total modifier content
is ~33%, and further additions of modifier result in
the formation of NBOs. These changes in boron specia-
tion may be quantitatively predicted by the random pair
model, i.e., our study has strengthened the universality of
this model. In the NBO regime, comparison of computed
and measured T,(x,y) values shows that the Na™ ions set
up a locally rigid environment of NBOs around them-
selves, whereas this does not seem to be the case for
calcium, i.e., the two modifiers have significantly different
effects on the glass structure. However, there is no pre-
ference for either sodium or calcium to cause the boron
coordination change. The modeling approach also allows
us to predict the scaling of fragility with composition,
which shows a maximum at the peak concentration of
four-coordinated boron. The microstructural origin of
fragility is related to the number of O—B—O constraints
in the system, which peaks at x + y = 1/3. Although the
topological modeling approach presented here does not
capture the minute level of detail captured by traditional
atomistic simulation techniques,®* % it accurately cap-
tures the most relevant aspects of interactions that allow
an accurate prediction of trends in the dynamic properties
of glasses. The topological modeling approach is proving
to be a valuable tool for exploring new composition
spaces where glasses have not yet been melted.
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