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Abstract

A new self-consistent empirical potential model based on the BMP potential
[Bertani et al., Phys. Rev. Mat. 5 (2021) 045602] has been developed for the
simulation of multicomponent borate and borosilicate glasses. We exploited
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the Bayesian optimization approach to create a set of parameters for the B-O
interaction, which depends on the glass composition, and in particular on the
R = ([A,0]+[AEQ])/[B,03] (A = alkaline and AE alkaline-earth ions) and K =
[SiO,]/[B,05] ratios. The obtained force field (FF) has been applied to several
borate and borosilicate glass series containing, as modifier oxide, Na,O, Li,0O,
CaO, and MgO and tested on experimental data, such as the fraction of BO,
(N,), density, non-bridging oxygen speciation, neutron diffraction spectra, 'B,
298i, and 70O magic angle spinning nuclear magnetic resonance. A comparison
with other interatomic potentials available in literature has also been performed.
The results show that the FF reproduces well almost all the abovementioned
properties, showing excellent agreement with experimental data in a wide range

of compositions.
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1 | INTRODUCTION

Although there has been an upsurge in the development
of borate- and borosilicate-based glasses, the majority of

Multicomponent borates and borosilicate glasses find
many technological applications in several fields.""? They
are used to make kitchen and laboratory glassware, opti-
cal glass fibers, protective cover glasses, and glass sub-
strates for high-performance electronic displays,** bioac-
tive glasses used in orthopedic and dentistry, as soft tissue
healing materials in human biomedicine,””” and matrices
for the safe immobilization of nuclear waste.*’

the glasses reported in the literature have been designed
using the conventional “trial-and-error” approach because
of the lack of a detailed understanding of the composition-
property relationships in these glasses. The determination
of such relationships relies on the detailed knowledge of
the atomic level structure of these glasses, which is, how-
ever, challenging because of the amorphous nature and the
wide range of local and medium-range structural features
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encountered in multicomponent oxide glasses. Classical
molecular dynamics (MD) simulations are playing a key
role in studying the structure and properties of glasses
because, thanks to their low computational cost, they allow
the investigation of large systems (containing up to 10°
atoms) for long times (up to ms)."’

However, MD simulations are limited by the availability
of accurate and transferable empirical potentials, or force
fields (FFs). This is a critical issue particularly for borates
and borosilicate glasses because the development of B-O
interatomic potentials able to reproduce boron environ-
ment in multicomponent glasses in a wide compositional
space is hampered by the complex chemistry of boron in
glasses.

Indeed, unlike silicon (always present as SiO, tetrahedra
in silicate glasses), boron is found in tetrahedral or triangu-
lar structures (BO4 and BOj; units, respectively) depending
on glass composition and thermal history.!' ">

The structure of vitreous B, 05 is understood as intercon-
nected BO; units through the so-called bridging oxygens
(BOs) to form three-membered rings (boroxol rings) con-
nected by B-O-B bridging bonds of 135° wide.!*!

The addition of alkaline oxides (M,0) causes two possi-
ble phenomena: (i) the breakage of the B-O-B bond and
the formation of non-BOs (NBOs) as in silicates, follow-
ing the equation 1/2M,0 + B@; = M* + BO@,~ where
O represents BO atoms that are shared between adjacent
(super)structural borate units, or (ii) the conversion of
BOj; units to BO, units, following the equation 1/2M,0 +
B@; = Mt + B@, . In the first case, the alkaline cations
act as modifiers, whereas in the second one, they act as
charge compensators of the BO, ™ units. Nuclear magnetic
resonance (NMR)" and RAMAN!*!8:19.15.20.21 experiments
suggest that the second mechanism is dominant when the
ratio R = [M,0]/[B,03] < 0.5, whereas both mechanisms
coexist for higher ratios.

A comprehensive structural model of sodium borate
glasses was proposed by Dell and Bray'>? on the basis of
B NMR data.>292! In this model, the variation of boron
coordination with composition is rationalized on the basis
of the parameters R = [Na,0]/[B,0s], as displayed by the
black curve in Figure 1. At low R, each Na™ cation acts as
a charge compensator, and the BO, fraction (also denoted
as Ny) increases linearly with R until R,,x = 0.5. Further
addition of sodium oxide leads to the formation of NBO
on BOj units and at the consequent conversion of BO,
in BOs, as the negative-charged BO, disfavors the forma-
tion of NBO atoms on this species. For this reason, the N,
fraction decreases progressively until no BO, is present at
R>2.

Similar behavior is observed for borosilicate glasses.
However, as shown in Figure 1, in these systems, the Ny
fraction depends also on the value of K = [SiO,]/[B,03].
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FIGURE 1
N, fraction in borosilicate (black curve) and sodium borate (colored

Graphical representation of the dependence of the

curves) glasses as a function of R = [Na,0]/[B,0;] and K =

[SiO,]/[B,05]. The graph is based on experimental data.'>20!

At constant K value, the N, fraction increases up to R, =
(K /8 + 1)/2, then a plateau is observed between R, and
Rp = (K /2 + 1)/2 meaning that further addition of mod-
ifiers creates NBOs on silicon. After R, a further addition
of Na, O forms NBOs on trigonal BOj; species, thus reduc-
ing Ny. Note that the relative BO,4 population grows with
the SiO, content of the borosilicate glass, and that the
maximum amount of it is consistently higher than the
corresponding borate analogs (K = 0).

This peculiar and complex behavior of boron leads to
a nonlinear variation of glass chemical properties (called
boron anomaly), which is precious for the industry that
widely exploited it to produce high-tech glasses, butitisa
huge bottleneck for the development of reliable empirical
FFs.

Indeed, the earlier MD simulations of sodium borosil-
icate glasses were carried out using the Born-Mayer-
Huggins two-body interatomic potentials with formal
charges and yielded N, values in qualitative agreement
with experimental data.'”?>?* A better agreement was
obtained with the interatomic potential introduced by Kieu
et al.** and Inoue et al.,” which allowed reproducing the
variations in the coordination number of borate units as a
function of composition, owing to the direct dependence
of atomic charges and boron parameters on glass compo-
sition. However, there are several shortcomings in these
potentials; the main one is their low transferability to
multicomponent glasses.

In the past 4 years, new interatomic potentials parame-
ters were developed by Wang et al.,? (hereafter referred to
as Bauchy potential); Deng and Du,?’ (Du potential); Sun-
dararaman et al.’®?° (SHIK potential, from the authors’
names Sundararaman, Huang, Ispas, and Kob); Stevens-
son et al.’* (Stevensson-Edén potential); and by Pacaud
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et al.*! These have been validated on neutron diffraction
and N, values determined by NMR experiments on
borates and borosilicate glasses, in different compositional
spaces.

The first three potentials are based on the rigid ionic
model with partial charges and pair-wise (Buckingham)
interatomic potentials for short-range interactions.

On the contrary, the potentials developed by
Stevensson-Edén and Pacaud are polarizable FFs. In
particular, Stevensson-Edén’s potentials are based on the
shell model proposed by Dick and Overhauser,*” where
the total charge Z of the oxygen ions is split between a
massive core (of charge Z+Y) and a massless shell (of
charge —Y) which are coupled by a harmonic spring.
Instead, the Pacaud potentials are based on the polarizable
ion model developed by Madden et al.,** in which at each
ion a dipole polarizability and an induced dipole moment
(determined by minimizing the polarization energy term)
are associated.

It is worth highlighting that the Bauchy, Stevensson-
Edén, and Pacaud potentials are independent on glass
compositions, whereas Du and SHIK potentials depend on
glass compositions. In particular, in the Du potential, the
Buckingham parameter A;; of the B-O interaction depends
on the composition and on the percentage of N, species in
the glass expected by the YDBX model,"”> whereas in the
SHIK potential, the partial charge of oxygen depends on
the composition.

In recent works,>**> Bauchy, Du, and Stevensson-Edén
potentials have been evaluated in the reproduction of the
short-to-medium range structure of some sodium borosil-
icate glasses in several R and K regions. The results of
these works showed that, concerning the rigid-ion force-
fields, the Bauchy potential can reliably reproduce the
partitioning between BO5; and BO, species at values of R
<1, whereas at higher R values, it shows an opposite trend
compared to the experiment. Instead, the Du potentials
can reproduce the N, fraction for all the R-values, thanks
to its variable parameters. As for the Stevensson-Edén
potential, it underestimates N, in glasses with K < 0.33
but can accurately reproduce the B and ?°Si magic angle
spinning (MAS)-NMR spectra of glasses with higher
K-values due to the formation of a few three-membered
rings (not observed with the rigid ionic models) in the
glass and the narrower T-O-T bond angle distributions
(BADs).

In this work, the BMP force-field**?’ (from author
surnames Bertani-Menziani-Pedone), a potential
recently developed by some of us as the evolution of
the PMMCS*%3° (Pedone-Malavasi-Menziani—-Cormack-
Segre) one, has been extended to multicomponent borate
and borosilicate glasses.

The success of the earliest PMMCS FF has been due
to its simplicity, transferability, and good accuracy in the
reproduction of the structure and properties of silicate and
aluminosilicate glasses.**~>> The BMP FF has been demon-
strated to strongly improve its performances thanks to the
inclusion of T-O-T three-body interactions coupled with
T-T repulsive interactions (T = Si, P, Al) that allow a bet-
ter reproduction of the T-O-T BAD, Q" speciation, and
density.

The results shown that the BMP FF enriched with reli-
able boron-oxygen (and consequently B-O-B, B-O-Si,
B-B, and B-Si) parameters gives performance similarly
and, in some cases, even better than polarizable FFs.
Therefore, this extended FF will constitute a useful tool
for the academic and industrial researchers to unravel
composition—structure—properties relationships in multi-
component borate and borosilicate glasses and develop
new glass formulations with tailored properties.

2 | METHODOLOGY

2.1 | The force-field functional form

The BMP FF is based on a rigid ionic model, with partial
charges to handle the partial covalency of the Si-O bond in
silicate systems. It is given by the combination of two-body
terms (Equation 1) describing the T-O, (T = Si, Al, P, B) and
O-Ointeractions through a long-range Coulomb potential,
a short-range Morse function, and a repulsive contribution
of the form B/r'?, necessary to prevent atomic collapse at
high temperature and pressure, with a three-body screened
harmonic function (Equation 2) between T-O-T bridges
(T = Si, P, B), and with a Buckingham repulsive interac-
tion (Equation 3) between former elements that is needed
to better predict the density of the glasses:

7 02 2 B
U (ry) = Zl:,]_e +D;; l(l—e_aij(ri’_r%)> —1] + %

ij rl.j
¢))
ki 3 (T Tk
U (6ijk) = % (6ijk — 6ijio) e ( e ) @)
M
U (rij) = Ajj e 3)

The charges z;; are fixed and consistent with the value
of —1.2e for oxygen (thus zy, = 1.2, 2z = 1.8, etc). D;;, a;j,
and r?j are fitting parameters connected, respectively, to
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TABLE 1 Compositions of the simulated glasses
Name Composition
NBR R(Na,O) - B,0;
LBR R(Li,0) - B,0,
MBR R(MgO) - B,0;
CBR R(Ca0) - B,0,
NBRSK R(Na,0) - K(SiO,) - B,0,

< American Ceramic Society

R = 0% 0.05% 0.11*, 0.18, 0.25%, 0.33, 0.43*, 0.67*, 1.86*, and 2.33*
R =0.11, 0.18, 0.25, 0.43, 0.54, and 0.67
R =0.30, 0.41, 0.61, 0.79, 0.82, 0.89, 1.00, 1.08, and 1.22

R =0.25, 0.33, 0.35, 0.43, 0.50, 0.56, 0.67, 0.72, 0.82, 0.89, 1.00, and
1.22

K=0.50

R = 0.10%, 0.20*, 0.33, 0.50*, 0.60*, 0.70, 0.80*, 0.90*, 1.00*

K=1.00

R =0.20%, 0.33*%, 0.40, 0.50*, 0.60%*, 0.70, 0.90*, 1.00*, 1.20*, 1.30%,
1.60, 2.00%, 2.50*, 3.00, 3.50*

K=101R=0.68

K=2.00

R =0.10, 0.20%*, 0.30, 0.40, 0.45, 0.50%, 0.55, 0.60, 0.65, 0.70*, 0.90%,
1.00%,1.10, 1.20, 1.30, 1.50*, 2.00, 2.50*, 3.00, 4.00*

K=3.00

R = 0.80%,1.00%, 1.50, 2.00%, 2.50, 3.00%, 4.00%, 5.00*

K=3.07R=1.36

K=375R=0.79

K=4.00

R =1.00% 1.50%, 2.00, 2.50%, 3.00*, 4.00*, 5.00, 6.00, 7.00*

K=446 R =2.23*

K =4.52R=0.90*

K=5

R =1.31%, 4.00*

K=6.00

R =1.50%, 2.00, 2.50%, 3.00*, 4.00*, 5.00, 6.00*, 7.00*

Note: The asterisk symbol denotes glass compositions used to fit the D(R,K) model presented in Section 2.3.4.

the dissociation energy, curvature (2Da?), and reference
minimum position of the Morse function.

2.2 | Glass generation through classical
molecular dynamics simulations

Sodium, lithium, calcium, and magnesium borate and
sodium borosilicate glasses with compositions reported
in Table 1 and named NBR, LBR, CBR, MBR, and NBRSK,
where R = ([A,0]+[AEO])/[B,03] (A = Na and Li, AE =
Caand Mg) and K = [SiO,]/[B, 03], from hereafter, respec-
tively, were generated through classical MD simulations
by using the melt-quench approach.”? NBO refers to pure
B,0s.

The fitting procedures of the final D(R,K) model pre-
sented in Section 2.3.4 were performed on the NBR and
NBRSK glasses (59 out of 114) marked with an asterisk in
Table 1, using boxes containing ~400 and ~1500 atoms
as it will be detailed later, whereas the other glasses
were used for validation of the final model. In the latter
case, two series of structural models were generated
for the simulation and analysis of different properties.
The first series consisted of boxes containing ~1500

atoms and was used to investigate short- and medium-
range order. The second series consists of small boxes
containing ~400 atoms and was used to compute B,
70, and ?°Si NMR parameters and simulate solid-state
MAS NMR spectra. Three independent replicas for each
composition were generated to improve the statistics
of structural and MAS-NMR data. Glass composition
and models are reported in Tables S1-S3. The leap-frog
algorithm encoded in the DL_POLY package™ was used
to integrate the equation of motion with a time step of
2 fs. The initial configurations were generated by plac-
ing randomly the number of atoms in a cubic box, the
dimension of which allows the experimental density to be
reproduced.

The simulations performed during the fitting procedure
were made in the NVT ensemble, equilibrating the system
at 2000 K for 20 ps ensuring a suitable melt of the sam-
ples, then cooling to 300 K at a nominal cooling rate of
5K/ps and equilibrating at 300 K for 200 ps. As the quench
rate is known to affect the N, fraction and NBO speciation
in borosilicate glasses,”’ some tests were performed using
rates of 1 and 0.5 K/ps. Although the amount of the N,
species slightly increases by decreasing the quench rate,
the differences are smaller than the deviation obtained
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on three replicates. For these reasons, we decided to use
5 K/ps, in order to decrease the computational cost. The
pressure, during the NVT quenching, ranged from 1.0 to
—2.0 katm.

The simulations made for the structural analysis and
properties calculations of all the tested compositions were
performed in the NPT ensemble, after a short NVT opti-
mization at high temperature, at a constant pressure of
1 bar using the Berendsen barostat®® with frictional con-
stants set to 0.2 ps, and following the procedure described
earlier.

Coulomb interactions were calculated by the Ewald
summation® method with a cutoff of 12 A (1500
atoms boxes) and 8 A (400 atoms boxes), whereas
short-range cutoff values of 7 A for the Van der Waals
interactions.

2.3 | Fitting strategy
The empirical fitting used followed the protocol described
as follows:

(i) Relaxed fitting on crystal structures
(ii) Design of experiment
(iii) Bayesian optimization
(iv) Creation of a model for the D parameter dependent
on the R and K ratios.

2.3.1 | Relaxed fitting on crystal structures

First, as in the original derivation, the B-O, B-B, and
B-Si pair potentials and the B-O-B and B-O-Si three-
body interaction were obtained by using the relaxed
fitting®® procedure encoded in the GULP®' code using
the experimental crystalline structure®° of B,05, LiBO,,
LiB;0s, Na3B3;0¢, Mg,B,05, Ca3B,04, NaBSiO,, and
NaBSi;03.%2°% In this way, a first guess of the parameters
was obtained. Only the 6;; value of the three-body inter-
action was kept fixed at 109.47° as it is for all the triplets
already parameterized.>® The choice of the reference angle
was biased by the sp® hybridization of BO atoms, derived
from the valence bond theory.”””! According to this the-
ory, BO atoms have four surrounding electron pairs, two
of which are bonding pairs and two are lone pairs, ideally
oriented along the vertices of a tetrahedron with angles of
109.47°. The deviations from this angle are due to repulsion
between the orbitals and elements bound to the central
atom. Obviously, this is a large simplification of the com-
bination of classical and quantum effects governing the
geometry of these systems. We emphasize that different
choices could be made for the reference angle. For exam-
ple, it can be considered a fitting parameter, as in the

popular ReaxFF,”” or fixed at experimental value, but the
physical meanings would be questionable, as in borate and
borosilicate glasses, the (B, Si)-O-(B, Si) angles cover a
broad range of values.

Any fitting procedure aims to minimize a cost function
that quantifies the distance of the results obtained with a
set of parameters with the target ones. In this work, we
used the sum of squares function F defined as follows:

2

Wi (fiobs — finim) 4)

Mz

F =

Il
—_

where M is the total number of observables used during fit-
ting, w; is a weighting factor for each observable, and f;
and f; 5y are the target (experimental or QM-computed)
and the MM-computed observables, respectively.

In the relaxed fitting method, f; 515s are the observables
(structure and properties) computed after a geometry opti-
mization. This means that the structure is optimized at
every step in the fit, and the displacements of the structural
parameters are calculated instead of the energy gradients
as used in conventional fitting. It is worth noting that this
is a minimization process in the space of the force-field
parameters, and thus the minimization algorithm (BFGS
in this work) stops when the closest relative minimum is
reached.

To better sample the parameter space, we used different
initial parameters D, a, 9, and k. The initial B-O, B-O-
Si, and B-O-B parameters ranged between 0.8 < D < 2.8,
20<a <3514 <r° <16, and 10 < k < 100, whereas
the starting A and p parameters of the repulsive B-B and
B-Si Buckingham interaction were set to the analogs Si-
Si parameters of the BMP potential.*® From this fitting, an
initial set of parameters was obtained for further refine-
ment (D = 1.06223 eV, a = 2.60414 A~2, 1= 1.543656 A,
kg_o_p = 60 eV/rad?, kz_o_si = 60 eV/rad?, Agp =
8.9594 eV and pp_p = 0.8012 A1, Ay g; = 8.9594 eV and
Pp-si = 0.9270 A~1). These parameters were tested on the
sodium borate (NBR) series but give poor results on the
BO;/B0O, speciation (see Figure 2) because of the very
complex boron chemistry in glasses that cannot be fully
parameterized using only crystalline structures. For this
reason, we decided to study the effects of the potential’s
parameters by the means of the design of experiment
approach applied directly on glasses, as described in the
following section.

2.3.2 | Design of experiment to study the
effects of the parameters

The effect of the Morse (D, a, and ) and three-body
interaction (k) parameters, and their combination on
the responses, was studied exploiting a “screening” full
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and B,-0O (panel b) distances calculated with the force-field
parameters fitted on crystals, obtained from the central composite
design (CCD), and Bayesian optimization. Comparison between
experimental”® and simulated N, species (panel c)

factorial design (FFD)”® and a subsequent “modeling” cen-
tral composite design (CCD),”*7® from which a set of
parameters was derived. Details about the two designs of
experiment are reported in dedicated Section S2.

The considered responses were the N, fraction and the
B-0 distance in NB0.25, NB0.67, and NB1.86 glasses. The
choice of these compositions was made to encompass dif-
ferent parts of the N, versus R curve without considering
the NBS glasses to simplify the model. In particular, one
glass (NBO0.25) in the first region, where N, increases,
one at the top of the curve (NB0.67), and one in the last
region (NB1.86), where N, decreases, were chosen. Exper-
imental values" of the N, fraction are 28.0%, 44.5%, and
9.7% for NB0.25, NB0.67, and NB1.86, respectively. The
value of the target B-O distance was calculated by con-
sidering the B3-O distance as 1.37 A and B*-O distance
as 1.47 A (values predicted by density-functional theory
[DFT] calculations),"®® and applying a weighted average

merican Ceramic Society

based on the experimental BO; and BO, fractions. The
values obtained are 1.398, 1.429, and 1.380 A for NBO0.25,
NBO0.67, and NB1.86, respectively.

The simulation boxes used here contained 400 atoms
to limit the computational cost. As reported in Section
S2, each point of the DoE was replicated once, except
for the central point, for which three replicas were per-
formed to evaluate the statistical deviation. The final set of
parameters was tested on three independent simulations
of systems containing 1500 atoms.

The FFD revealed that only the three Morse parame-
ters have a significant effect on the responses, whereas
the effect of the three-body interaction’s constant is neg-
ligible. The central point of the FFD (D = 1.45, a = 2.9,
and ¥ = 1.5) was also used to define the central point of
the CCD, where only Morse’s parameters were considered.
The three-body constants and the B-B and B-Si repulsive
interactions were fixed at the values found from relaxed-
fitting on crystals. As for the latter two interactions, we
realized that their main impact is on the glass density, with
only minor effects on the other properties. For this rea-
son, we decided to keep them fixed, allowing us to reduce
the dimensionality of the parameters’ space and the com-
putational cost of the fitting procedure. The CCD allows
the investigation of the quadratic effects and produced an
optimal set of parameters (D = 1.5624, a = 2.95, and °
= 1.4889) in the factor space considered. These optimal
parameters were used to simulate the sodium borate series;
the variation of Ny fraction with R is reported in Figure 2.
The set of parameters obtained from CCD underestimates
the increasing part of the N, curve (R < 0.5) and overes-
timates the decreasing part (R > 0.5). The mean absolute
error (MAE) on N, for the full glass series is 8.4. This is
acceptable by considering the fixed-parameter nature of
the potential but much larger than that obtained using Du
and Stevensson-Edén potentials (see Section 3). The B-O
distances are systematically overestimated by 0.03-0.04 A.

For this reason, we attempted to optimize the parame-
ters using the Bayesian optimization approach described
in the following section.

2.3.3 | Bayesian optimization
Bayesian optimization’””’® is a machine learning-based
approach to optimize black-box objective functions that
take a long time to evaluate and for which derivatives are
not available. It is best suited for optimization over con-
tinuous domains of less than 20 dimensions and tolerates
stochastic noise in function evaluations.

After evaluating the objective function according to an
initial space-filling experimental design, often choosing
points uniformly at random within a defined domain,
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a surrogate function is built for the objective and the
uncertainty in that surrogate is quantified using Gaussian
process regression.’”” Then an acquisition function defined
from this surrogate is used to decide where to sample the
next point. At this point, the real objective function is then
evaluated, and the surrogate function is updated. The pro-
cess is repeated iteratively for a number of times decided
by the user.

In this work, a homemade Python script exploiting the
bayes_opt package®’ has been used to explore a domain of
parameters D = [1.5-2.7], a = [2.5-3.0], and r* = [1.40-1.50].
The upper confidence bound (UCB) acquisition function
was employed,®"*? which minimizes the regret throughout
the optimization. The form of the acquisition function is

aycs = (X;{Xp, yn},6)

= 1 (X {Xp, Yn},0) — ko (X;{x,, y4},6)  (5)

where {x,, : y"}n I\_] are the observables, 0 is the step

1
(number of observations), u indicates the predictive mean
function, o is the predictive standard deviation function,
and k is a tunable parameter that balances exploitation and
exploration. In this work, the default value (2.576) has been
used.

As for the constant of the three-body terms and parame-
ters of the repulsive interactions, we kept the values fitted
previously on crystals, which reproduce the B-O-B and
B-0-Si angles in crystals with a MAE of 3.8° and 1.9°.

We first tried to optimize the B-O parameters using
the same three sodium borate glasses used for the DoEs:
NBO0.25, NB0.67, and NBL1.86, respectively. As it was done
for the DoEs, we used 400 atoms systems as we expected a
large number of optimization steps (for each step, the sim-
ulation of three glass models had to be performed). Every
time a set of parameters seemed promising, it was tested on
simulation boxes containing 1500 atoms performing three
replicas.

As objective (cost) function to minimize, we used the
sum of squares function (Equation 4) using as observables
the experimental N, fraction and the B-O distance of these
three glasses simultaneously (see the previous section).
To ensure that each observable has the same impact (in
terms of order of magnitude) on the cost function, we used
weights of 1 and 10000 for the N, fraction and B-O dis-
tances, respectively, as the deviation of the B-O distance is
the order of 1072 (10~* when squared), whereas for N, it
is on the units.

After 200 iterations, the best parameters found were: D
= 2.337, a = 2.643, and r° = 1.43667. The trends for the N,,
average B-0O, and B;/,—-O distances with R obtained with
this set of parameters are also reported in Figure 2.

The MAESs on the N4 and average B-O distances are 6.9
and 0.002, respectively. Panel (b) of Figure 2 shows that
the set of parameters obtained from the Bayesian optimiza-
tion can reliably reproduce the B;-O and B4-O distances
obtained from DFT calculations,**** displayed with dotted
and dashed black lines, showing a decreasing trend. This is
expected as the number of B-NBO bonds increases with R
and B-NBO bond distances are expected to be shorter than
B-BO ones. Albeit the Bayesian optimized set of parame-
ters predicts excellently the B-O distance, the N, curve is
still not reproduced with the desired accuracy. For this rea-
son, we decided to make the Dy_g parameter dependent on
the glass composition (R- and K-ratios) as described in the
following section.

234 | Creation of a model for the D
parameter dependency on the R and K ratios

As observed in the previous section, neither set of
composition-independent parameters provides satisfac-
tory results in the calculation of the N, fraction. As the
set of parameters obtained from the Bayesian optimiza-
tion provides excellent B-O distances, we decided to start
from these parameters and to make the Dy_o parameter
of the Morse function dependent on R and K while main-
taining fixed the a;; and r° parameters to 2.643 and 1.43667,
respectively.

First, optimal values of the Dg_g parameters that allow
reproducing the N, fraction for the glasses of the NB
and NBS series (marked with an asterisk in Table 1)
with high accuracy have been determined by using the
Bayesian optimization approach. In this case, we used
1500 atoms systems as the optimization was made on one
glass at a time and on only one parameter, so the reduced
number of simulations expected allowed reducing the
computational times. On average, 30 steps were needed
to obtain each optimal D values reported in Figure 5
(blue dots).

Subsequently, we fitted the model shown in the follow-
ing equation:

Dpodel = @ (R) - eP®EK) 4 ¢ (R) - e4®K) 4 0.001665 - K3
—0.12807 - R

a(R) = 2.11081 + ;2
(R+1)

b(R,K) = 0.02063 - R + 0.06312 - K

1
c(R) = —212213 + ——
(R+1)

d(R,K) = —7.50152 - R + 0.32778 - K (6)

858017 SUOWILLIOD A 111D 3|qeot[dde 8Ly Aq peusenob afe sjole YO 88N JO S9INJ 0§ A%eiq18UIIUO /8|1 UO (SUOIPLOD-PLR-SLLBYWIOD A8 | 1M AleIq 1 jBU1|UO//SdNY) SUORIPUOD pue Swie | 8u) 89S *[£202/20/22] Uo AriqiTauljuo A(IM euepolN Aisieniun Aq T898T 8% I/TTTT'0T/I0p/L00" A3 1M ALelq | Bul UO'SO e Bo//:Sdny Woly pepeojumod ‘2T ‘2202 ‘9T62TSST



BERTANI ET AL.

Journal | »

D opti
* D model

FIGURE 3
modeled Dy_g values for the different borate and borosilicate glasses

Fitting model: comparison between optimal and

The choice of the previous equation was derived from
mathematical intuition after observing the trends of the
optimal D values as a function of R and K. To describe the
ascending and descending trends, two exponential func-
tions with prefactors and arguments dependent on R and
K was necessary. Simple functions of R and K were tested,
and after a few attempts, the functions a(R), b(R,K), c(R),
and d(R,K) were found to be optimal to reproduce the
whole trend.

Figure 3 shows the fitting of the D values for the NB (K
= 0) and NBS glasses where the modeled Dy_q values are
reported as a function of R and K following Equation (6).

The MAE of the Dg_g calculated with the fitted model
with respect to the optimal one is 0.0314 eV and of the
Ny, calculated for the full NB and NBS glass series, results
in 2.7 units, as detailed in Section 3, confirming the huge
improvement of the prediction ability of this new variable
set of parameters.

The final parameter for B-O, B-B, B-Si, B-O-B, and
B-0O-Si interactions are shown in Table 2, the other param-
eters of the BMP force-field can be found in Table S9. As for
the other potentials tested in this work, we refer to the orig-
inal papers. The overall flowchart of the parameterization
process is reported in Figure 4.

2.4 | Re-parametrization of Mg-O
interaction

Since during the employment of the new B-O parame-
ters in the simulation of the Mg-containing borate glasses,

n Ceramic Society

TABLE 2 Parameters developed in this work for all the boron
and magnesium interaction present in the BMP force field
Morse Dj (eV) a; A2 r°; Q) B; @)
B!8-012 Equation (5) 2.643330  1.436670 10.0
Mg'2-0712  0.010000 2554310  2.610518 5.0
Screened Kijk %k (°)
harmonic (eVrad—2)
B-O-B 60.0 109.47
B-0-Si 60.0 109.47
Buckingham A; (eV) Pij (A2
B-B 8.9594 0.8012
B-Si 8.9594 0.9270

we realized that the original Mg-O parameters did not
perform with the desired accuracy we decided to refit
them. This was done by exploiting the Bayesian opti-
mization method to minimize the difference between the
experimental and simulated N, fraction, density, Mg coor-
dination, and the Mg-O distance of the MBI1.00 glass.
The obtained parameters have been tested on the simula-
tion of the experimental structures of silicate®*® (MgSiOs,
Mg,Si,05) and borate®” (Mg,B,0s) crystals using the opti-
mization method implemented in the GULP code, giving a
MAE on the Mg-0O distance of 0.14 A, which corresponds
to the 6.9% of error. The new parameters are listed in
Table 2, whereas the results will be shown in the following
sections.

3 | RESULTS AND DISCUSSION

In this section, the results of the computational simula-
tions on sodium, lithium, magnesium, and calcium borate
and sodium borosilicate glasses are reported and com-
pared with the available experimental data. A comparison
with the Bauchy, SHIK, Du, and Stevensson-Edén poten-
tials is also reported using data extracted directly from
the literature,6=%*> or computing them following the
computational procedures described in the original papers.

3.1 | N, fraction
The boron speciation is a very important structural feature
that affects the macroscopic properties of the glass,*°
such as thermal and mechanical properties. As already
discussed in the introduction, the N, fraction varies in a
nonlinear way with the composition, and the prediction
of the correct speciation is a very important challenge for
classical FF.

Figure 5 shows the N, fraction in the four studied borate
series with different modifier elements, calculated using
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FIGURE 4 Flowchart of the force-field development procedure adopted
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Comparison of the N, fraction obtained with BMP, Du, Bauchy, SHIK, and Stevensson-Edén potentials and

experiment®“%* for sodium (A), lithium (B), calcium (C), and magnesium (D) borate glasses

different potentials and compared with experimental
data.’”°"-%* The new BMP parameterization proposed in
this work satisfactorily predicts this property for all the
studied compositions (notwithstanding the fitting was
made only on sodium borates and borosilicates) giving the
best agreement with experimental data for all the alkali
borate compositions and a good agreement for alkaline-
earth ones. As for the MB series, even with the new Mg-O
parameterization, the N, fraction is overestimated for
glasses with R values <1. However, the new parameters are
the best compromise reachable with the simple functional

form employed to reproduce fairly well not only the N,
fraction, but also the Mg-O distance, Mg coordination,
and the density of the glasses. During the optimization,
we observed that to have a lower N, fraction, the Mg-O
distance had to be unrealistically very short (~1.7 A). For
these reasons, we preferred to have higher N, in some
compositional regions but physically meaningful Mg data.

Figure 6 shows a comparison of the experimental'>%’
and simulated N, fraction in borosilicate glasses.
Furthermore, a comparison with the Du FF (which
has variable parameters depending on the composition
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FIGURE 6

and on the expected N,) is reported for glasses with K
> 1,” and with SHIK, Bauchy, and Stevensson-Edén
FFs?0:28:30:34 for K = 2.

The BMP potential accurately reproduces the N, frac-
tion in the whole compositional range succeeding in
reproducing the nonlinear trends at the different K values
thanks to the variable Dy o parameter. An MAE of 2.7%
on the N, fraction was observed. The Bauchy potentials
predict good N, data for the borate and borosilicate series
investigated only at R-values lower than R,,,,. Stevensson-
Edén’s potential, which relies on the more sophisticated
core-shell model, can excellently predict the N, fraction for
all the compositions, but this comes at the price of a more
time-consuming procedure (the core-shell model needs
shorter time steps to take into account the shell vibrations).
The Du potential gives good agreement with experiments
on alkali borate and borosilicate glasses, whereas a strong
overestimation is visible for alkaline-earth borates, and
especially for calcium borates. SHIK potential reproduces
well the trend for the N, fraction in alkaline borate and
borosilicate series, but it tends to slightly underestimate it
for compositions with R close to Ry x-

Comparison of the experimental>?° and simulated N, fraction in sodium borosilicate glasses with different K values

3.2 | Density
Figure 7 shows the comparison between the
experimental'°° and predicted densities calculated

with the tested FFs for the studied borate and borosilicate
glasses. For the sake of clarity, only the NBS series with
K = 2 is reported. Densities of all the NBS glasses can be
found in Figure S3.

BMP potential reliably reproduces the density values
and the positive trends for all the studied compositions.
In particular, density is overestimated for sodium borates
at high R-values (max error = 0.18 g/cm?, so the 7.8%,
when R = 0.67). In addition, a slight overestimation in
LB series and underestimation in CB series are present
(max error = 0.07 and 0.13 g/cm®, so 3.1, and 4.7%,
respectively). As for the MB series, the new boron and mag-
nesium parameters give very satisfactory results on density
data.

All the studied potentials reproduce fairly well the
increasing trend of the density when more modifiers are
added to the composition and the plateau that this property
reaches at high Na,O content.
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FIGURE 7 Comparison of the density obtained with BMP, Du, Bauchy, and SHIK potentials and experiment®>'° for sodium, lithium,
calcium, and magnesium borates and sodium borosilicate with K = 2
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FIGURE 8 Comparison between experimental'*"'? and simulated neutron total distribution function (T(r)) of B,O5, NB0.67, LB0.67,
and CBO0.67 glasses. For the NB0.67, a comparison with other force fields (FFs) performance is shown.
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FIGURE 9 Comparison between experimental®* and
simulated neutron structure factors for NBS3_6 and NBS0.79_3.75
glasses

The Bauchy potential gives very good results on sodium
borate and borosilicate glasses, even if it tends to over-
estimate the density for all the studied series. The SHIK
FF gives good agreement for LB and CB series, whereas
it underestimates the density of the MB series and sys-
tematically overestimates it in NB and NBS series. Du’s
potential gives a very good estimation of the increasing
trend of the densities along with the glass series, but it
gives a systematic underestimation of the LB, CB, and
MB series. The Stevensson-Edén potential has not been
tested on this property because we have realized in a
previous investigation that the density is not a repro-
duce well with the actual parameterizations of core-shell
potential.*® As for the NBS glasses, the BMP reliably repro-
duce the trend of the density with increasing R values,
leading to an MAE of 0.06 g/cm> on the complete NBS
series.

3.3 | Neutron diffraction spectra

Figure 8 reports the experimental'®'%? and simulated

spectra of B,0;, NB0.67, LB0.67, and CBO0.67 glasses.

ican Ceramic Society

The formula and methods used to simulate the neutron
diffraction total distribution functions are reported in the
Supporting Information of our previous work*® as well as
in Refs. [104, 105].

A good agreement with the experimental total distribu-
tion functions (7(r)) is observed, especially regarding the
position and shape of the first two peaks at 1.4 and 2.4 A,
which are related to the B-O and B-B and O-0 distances,
respectively.

Neutron diffraction spectra cannot distinguish the B*~O
and B*-0 different distances, but the correct computation
of both of them, with the N, fraction, is fundamental
to predict the spectra. The new parameterization pro-
posed in this work predicts an average B*-O distance
of 1.368-1.377 A and B*-O of 1.465-1.476 A, which are
in very good agreement with the available experimental
data, 18384

The section of the spectra from ~3 to ~5 A is related to
the medium-range order, and especially to the presence of
ring structures. In particular, boroxol rings are massively
present in B,0j5 glass, where 60%—-80% of boron atoms are
in these rings and their amount decreases when the mod-
ifier content increases in the composition.'®> The third
peak at ~3.6 A is related to an intra-ring B-O distance
between atoms not directly bonded.”” This peak is higher in
B, 05 glass, because of the higher amount of boroxol rings
in its structure, whereas for the other glasses, it is lower.
The BMP potential cannot predict accurately the shape
of the peak, but it produces a larger band that encom-
passes the experimental peak. To our knowledge, there is
no classical force-field that can predict accurately the ring
structure of borate glasses. Among the tested potentials,
the Stevensson-Edén and BMP FFs provide almost 5% and
4% of boron atoms in the boroxol rings for B,03, respec-
tively, whereas the other potentials do not produce any
boroxol rings.

As for the comparison with other published FFs, BMP
and SHIK potentials give the best agreement of the first two
peaks and do not predict a third, small, peak at ~2.8-3.0 A
as Du and Bauchy potentials do. This third peak, which is
not present in experimental data, is given by different pre-
dicted B-B distances. The complete deconvolution of the
total distribution function given by the atomic distances is
reported in Figure S6.

To quantify the agreement between the computed total
correlation function T°%(r) with the diffraction data
T%P(r), the former has been broadened to account for
the limit of the momentum transfer (Q,,,) in diffraction
experiments,®® and the R, factor proposed by Wright!?+10>
has been computed:

Zfil [Texp (Ri) — Tecalc (Ri)]z .

100  (7)
Y [Tee (R))

R, =
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FIGURE 10 Simulated and
experimental®>!°%17 1B magic angle spinning
(MAS) nuclear magnetic resonance (NMR)
spectra of NB0.67, LB0.67, CB0.67 (14.1T),
NBS0.68_1.01, and NBS1.36_3.07 (11.7T)
glasses

""B NMR chemical shift (ppm)

The R, values calculated from the data obtained with the
different tested potentials on NBO0.67 glass are 13.75, 22.05,
13.60, 14.70, and 13.38 using Bauchy, Du, SHIK, Edén, and
BMP potential, respectively.

The R, values calculated using BMP potential for the
other glasses shown in Figure 8 are 9.89, 10.73, and 20.27
for B,03, CB0.67, and LBO0.67, respectively.

As for the borosilicate glasses, a comparison between
experimental’* and simulated neutron structure factor
Sn(Q) of two glasses is reported in Figure 9.

The BMP potential shows excellent agreement with
experimental data and overcomes the performances of Du
and Bauchy’s FFs,>* especially in the first part of the spec-
tra, which is relative to higher atomic distances in the
medium-range order. Although the latter two potentials
give the worst results, the SHIK?® one performs similarly
to the BMP and provides very good agreement with the
experiment.

3.4 | NMR spectra

NMR is a very powerful experimental technique for the
investigation of the short- and medium-range order of
the glass structure. NMR signal depends on the local

environment of the active nuclei. However, the disordered
structure of glasses causes a broadening of the signal and
the interpretation of experimental NMR spectra is often
very difficult.®® The details on the computation of the
NMR parameters and spectra are reported in Section S8.

Figure 10 reports the comparison between
experimental”>1%%197 and simulated "B MAS NMR
spectra of one sodium, one lithium, and one calcium
borate and two sodium borosilicate glasses. In all the
UB spectra, the broadest peak, at higher chemical shift
values, is relative to three-coordinated boron, whereas the
four-coordinated one gives the thinnest peak, at lower
chemical shifts. The shape of the simulated 'B spectra is
well reproduced by the BMP potential, showing the right
separation between B* and B* signals. This is given by the
appropriate simulation of the boron partition between BO;
and BO,4 and can be ascribed to a good reproduction of the
BADs (see Section S6) and B-O partial radial distribution
function.*

The slight differences in the position of the B* peak
(<1 ppm for NBS glasses, <2 ppm for NB0.67 and CB0.67,
and <5 ppm for LB0.67) can be due to little differences in
the B*-0O distances obtained with BMP potential when
compared with the experiment. These differences are
very small and could be resolved with DFT optimization
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FIGURE 11 Simulated and experimental®®Si magic angle

spinning (MAS) nuclear magnetic resonance (NMR) spectra of
NBS0.67_1.01 and NBS1.36_3.07 glasses obtained at 4.7T

of the structure, maintaining the shape of the spectra
given by the MD simulation. The comparison with the
other potentials® shows that the BMP is the only one that
provides good shape and position of the B> and B* signals
in NBS glasses. In particular, the separation between the
two peaks and the shape of the B? one is well reproduced
only by the BMP. Edén and SHIK potentials overestimate
the B® peak, whereas Du and Bauchy do not show a good
separation of the signals in NBS0.68_1.01 glass, and of the
peak shape in the NBS1.36_3.07 glass.

Figure 11 reports the comparison between experime-
ntal® and simulated 2°Si MAS NMR spectra of two borosil-
icate glasses. The Stevensson-Edén potential provides the
best accuracy in the reproduction of the shape and position
of the signal, and the BMP FF almost reaches the same
performance for NBS3_6 glass, whereas for NBS0.68_1.01,
the peak is slightly shifted to lower chemical shifts. The
differences between the BMP and Stevensson-Edén poten-
tial performances in the simulation of 2°Si NMR spectra
probably originate from different predictions of Si[Q"]
and BADs. In fact, more connected Si species give lower
chemical shift values.'”*"!!! Stevensson-Edén potential

gives a network with 3.93 bridging oxygens per silicon
in NBS0.68_1.01 glass, whereas BMP gives 3.82 BO/Si.
This difference is less pronounced in the NBS1.36_3.07
glass, where the Edén and BMP potentials provide 3.73
and 3.69 BO/Si, respectively. Another cause of this shift is
the different Si-O-B and Si-O-Si BAD. It is well known
that smaller angles lead to higher chemical shifts,3¢:1!2
and that thinner distributions tend to narrow the spectra.
The Si-O-B BAD of NBS0.68_1.01 predicted with the
Stevensson-Edén potential (see Figure S5) is centered at
lower angles but is broader than the BMP’s one. This is
reflected in the 2°Si NMR spectra, which is broader and
centered at higher chemical shifts.

Overall, among the considered rigid ion model poten-
tials, the BMP provides the best agreement with experi-
ments, both for the shape and position of the peaks, giving
a well-resolved single peak, not provided by Bauchy and
Du FFs, whereas the SHIK gives good shape only for
NBS0.68_1.01 glass.

70 MAS NMR spectra of NB0.67 glass has also been
computed and compared with experiments® and are
reported in Figure S7.

4 | CONCLUSIONS

In this paper, we have extended the BMP potential to
borate and borosilicate glasses. A new model to derive
the D parameter of the Morse B-O function as a func-
tion of the R and K ratios has been proposed and tested
on four borate glass series with different modifier ele-
ments: sodium, lithium, calcium, and magnesium and on
a sodium borosilicate glass series with compositions that
cover a wide range of R and K values. The results obtained
for structural characteristics, such as the N, fraction, den-
sity, %NBO, neutron TDF and Sy(Q), !B, #°Si, and 7O
NMR spectra of the aforementioned glass series can be
summarize as follows: The BMP force-field gives satisfac-
tory results for all the studied properties showing good
agreement with experimental data. The limitation of the
BMP highlighted in this paper is the difficulties in the
reproduction of the medium-range order of borate glasses,
especially at a low content of modifier. The latter is given
essentially by the presence of super-structural units, such
as boroxol rings. This feature is not reproduced by any of
the tested potentials available in the literature, as high-
lighted by the comparison between the experimental and
simulated neutron total distribution functions.

Obviously, the presence of the three-body interactions
reduces the computational efficiency of the BMP poten-
tials. Using the same system size and computational
setting, the BMP potential takes nearly 3.5 times the
SHIK and twice the Du and Bauchy computational time.
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However, BMP potential is 10 times more efficient than
the FFs based on the core-shell model, which needed
much shorter time step required to decouple shell and
core dynamics.
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