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B,0; glass is a non-tetrahedral network-forming glass whose structure consists of boroxol rings that cannot form
in crystalline phases under ambient conditions. In this study, a three-dimensional structural model of B,O; glass
containing a large fraction of boroxol rings (~80 %) was successfully constructed by reverse Monte Carlo
(RMC) modeling on the basis of high-energy X-ray diffraction data. This achievement is notable given that
maintaining such a large fraction of boroxol rings has traditionally been considered difficult in conventional
RMC modeling. Analyses of coordination number, bond angle distributions, and ring size distribution confirmed
that the boroxol rings were well preserved in the model. The ring size distribution and persistence diagram
revealed that B,0O; glass contains a large fraction of boroxol rings and a small fraction of larger rings with
exceptionally high topological order, compared with typical tetrahedral network-forming glasses such as SiO,
glass. Our modeling and topological analysis can be extended to various B,O3-based glasses to provide a firm
basis for understanding their physicochemical and structural properties at the atomic level.
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1. Introduction

B,03 is one of the representative glass formers. Unlike
other typical glass-forming oxides such as SiO, and P,0Os,
which are characterized by networks of tetrahedral
structural units (SiO4 or POy tetrahedra), B,Os3 glass is
composed of triangular BO; structural units. Furthermore,
a significant fraction of B atoms in B,0; glass (hereafter
denoted as f) is incorporated into a larger structural unit,
the B3Og boroxol ring."” The value of f has been estimat-
ed to be 70-85% using various techniques, such as
nuclear magnetic resonance,”® nuclear quadrupole reso-
nance,” X-ray diffraction (XRD),® and neutron diffraction
measurements.”)

To date, numerous studies have been performed to
construct a structural model of B,Os glass.®?” Such a
model is crucial for understanding the origin of the phys-
icochemical properties, including the boron anomaly in
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alkali borate glasses,'>?2?% superior chemical durability of
borosilicate glasses,”® various optical properties of rare-
earth-doped borate glasses,’*2% and low melting and
glass-transition temperatures of pure B,O; glasses.?”?®
The reverse Monte Carlo (RMC) method?” is a powerful
tool for constructing three-dimensional atomic configura-
tions of glasses based on X-ray and neutron diffraction
data. RMC calculations have been applied to B,0;
glass.'® 2D Although the structural models obtained in
these studies successfully reproduced the experimentally
obtained structure factors, the large fraction of B atoms
incorporated into boroxol rings could not be accounted
for in Refs. 18) and 21). In Refs. 19) and 20), the f value
was not discussed in detail. Molecular dynamics (MD)
simulations have also been extensively carried out.’!?
Whereas in the early days, the formation of boroxol rings
was not well reproduced by MD simulations,® reasonably
large values of fhave been obtained in more recent studies
mainly because of the refinement of the interatomic poten-
tials.!>!Y Despite these advances, reproducing such a
boroxol-ring-rich network remains difficult within stand-
ard MD simulation procedures starting from random con-
figurations. Moreover, diffraction data derived from the
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MD-based structural models tend to show only moderate
agreement with experimental results, particularly in the
low-wavenumber (Q) region, when compared with RMC
modelings. For example, Urata and Lodesani have recently
reported the results of a combination of classical and
ab initio MD simulations,'” in which they controlled the
fraction of boroxol rings in the initial configurations. In
their study, the agreement of simulation data with diffrac-
tion data is insufficient, particularly for the principal peak
(PP) observed at O ~ 3 A~! in the XRD data. As a result,
reconciling diffraction data with a high f value has been
considered challenging.

In addition to the techniques in the above studies, em-
pirical potential structure refinement (EPSR)*? was also
employed to build a structural model of B,Os glass.>") The
X-ray- and neutron-weighted structure factors derived
from the constructed structural model were in good agree-
ment with experimental data with a maintaining large f
value of ~75 %. The key idea in Ref. 31) was the incor-
poration of dummy atoms at the centers of boroxol rings to
reinforce constraints and prevent their collapse during the
structural refinement. This idea can also be applied to the
RMC method. Although Swenson and Bérjesson'® con-
cluded that it was not possible to construct a structural
model with /> 30% using the RMC method based on
neutron diffraction data, the concept of using dummy
atoms could improve the RMC modeling for B,O; glass.

In our previous studies, we have applied the RMC
modeling technique to various glass systems,’>>% and in
the present work, we aim to extend this method to address
the long-standing issue of boroxol ring fractions in B,O3
glass. In this work, we perform RMC modeling based on
high-energy XRD data of B,03 glass using a dummy-atom
approach and successfully construct a structural model that
reconciles the diffraction data with a large fraction of
boroxol rings. The validity of the obtained structural
model is confirmed in terms of the boroxol-ring fraction,
diffraction data, coordination number, and bond-angle dis-
tribution. Furthermore, the ring size distributions, persis-
tence diagrams, and cavity-volume analyses are applied to
the constructed model, revealing an exceptionally high
degree of topological order in B,Oj5 glass.

2. Experiment and modeling

The B,0; glass was prepared by melting HBO, at
1300 °C in air for 90 min and quenching the melt in a brass
mold. The glass samples were sealed in a vacuum-packed
plastic bag to prevent moisture adsorption.

The high-energy XRD experiments were performed at
BL04B2 in SPring-8.39 To measure high-Q diffraction
data, XRD data were obtained at an incident energy of
61.3keV. The scattering angle 26 ranged from 0.300 to
48.9° using a combination of four CdTe and three Ge
detectors. The corresponding @ ranged from 0.16 to
25.72 A", The measurements took approximately 1.5 h.

A structural model of B,O; glass was constructed by
RMC modeling based on the XRD data using the RMC++
code.’® The initial atomic configuration was constructed
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by dividing the oxygen atoms into two types, O") and O®.
The 0" and O@ atoms are defined by whether they were
incorporated into the boroxol ring. The dummy atoms X
were placed at the centers of the boroxol rings to reinforce
the constraints for maintaining the shapes of the boroxol
rings during the simulation. Here, the weighting factor of
the dummy atoms for X-rays was set to 0. The length of
the side of the simulation box was set to 33.45 A to repro-
duce the number density (0.0800 A—%) of the sample.

The initial atomic configuration in RMC modeling is
often obtained by MD simulations.*?**) However, con-
structing the initial atomic configuration of B,0O3; glass
obtained by MD simulation is challenging because the
boroxol rings easily collapse during the calculation in
conventional RMC modeling. Therefore, the initial atomic
configuration in this study was constructed as follows.

First, 400 boroxol rings consisting of three B atoms and
three O atoms were randomly distributed in the simu-
lation box, taking into account reasonable distances be-
tween the rings. Next, the dummy X atoms were placed at
the center of the 320 boroxol rings, whereas no dummy
atoms were placed in the remaining 80 boroxol rings to
deform their rings during the subsequent simulations.
Hereafter, 240 O atoms belonging to the 80 boroxol rings
without X atoms were treated as O® atoms. Then, 600 O®
additional atoms were placed between two B atoms be-
longing to two different boroxol rings. The initial atomic
configuration, which contains 3320 particles (1200 B,
1800 O, and 320 X atoms), was created by a hard-sphere
Monte Carlo (HSMC) simulation. Two types of constraint
were applied to avoid physically unrealistic structures: the
closest atom—atom distance and the coordination number.
The closest atom—atom distances for B-B, B-O, O-0O, B—
X, 0-X, and X-X pairs were set to 2.10, 1.25, 2.10, 1.25,
1.25, and 1.00A, respectively, to avoid unreasonable
spikes in the partial pair distribution functions. The con-
straints on the B-O, O-B, X-B, and X-O coordination
numbers were applied; all of the B atoms were coordinated
to three O atoms, all of the O atoms were coordinated to
two B atoms, and all of the X atoms were coordinated to
three B and three O atoms. Furthermore, the constraints for
B-X-B and O—X-O bond angles at 120° were applied.
The first coordination distances for constraints for coor-
dination numbers and bond angles were set to 1.5 A. The
obtained initial atomic configuration is shown in Fig. 1. In
addition to the boroxol rings bridged by the O® atoms,
BO; trigonal planars appear as a consequence of the
collapse of the boroxol rings in the absence of X atoms at
the center. After the HSMC simulation, the configuration
was refined by RMC simulation with the constraints of the
B-0O, O-B, X-B, and X-O coordination numbers, and the
B-X-B and O—X—O bond angles.

The bond angle distribution B(6) was calculated as the
number of bonds between 8 + Af, which depends on the
solid angle A o sin(6) subtended at that value of 6. Each
bond angle distribution was therefore plotted as B(6)/
sin(f) to compensate for the effect of AQ. The (B-O), ring
size distribution of B,0; glass was calculated from the
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Boroxol ring

Fig. 1. Initial atomic configuration of B,0; glass.

Fig. 3. Atomic configuration of B,O3 glass obtained by RMC
modeling (7-A-thick slice).

(a) (b)
FSDP — RMC modeling 6 B-O —RMC modeling
15 | PP A Experiment I P e Experiment
~ 1.0
=
p—
95
0.5
0.0 | | | |
0 5 10 15 20 25
Q (AT)

Fig. 2. (a) Total structure factor S(Q) and (b) pair distribution function g(r) obtained by RMC modeling
together with the experimental high-energy XRD data for B,0; glass.

RMC model using the R.IN.G.S. code.’’® The surface
cavity analysis of the RMC model of B,O; glass was
conducted using the pyMolDyn code®” with a cutoff
distance 7, = 2.5 A. Persistent homology analyses*” were
performed to derive the B/O-centric one-dimensional per-
sistence diagram using the HomCloud Package.*>*" For
the analyses of the ring size distribution, cavity, and
persistent homology, the dummy X atoms were removed.

3. Results

Figure 2(a) shows the structure factors S(Q) of B,0;
glass obtained from the RMC calculations [SRMC(Q)] and
the XRD measurements [S®P(Q)]. Excellent agreement
between calculation and experimental results is confirmed.
In particular, the first sharp diffraction peak (FSDP) ob-
served at O ~2A~" and the PP observed at O ~3.5A~!
in the S¥P(Q) are well reproduced by the RMC modeling
in terms of both peak position and height. The R-factor
reached a value of 11.3 %, which indicates that the three-
dimensional structure constructed by RMC modeling ac-
curately reflects the experimental data. Note that the PP is
clearly observed in XRD data unlike in the case of SiO,
glass, because the atomic number of B is smaller than that
of O; consequently, the positive contribution from the O—-O
partial S(Q) is larger than the negative contribution from
the B-O partial S(Q) at the position of the PP.!*?? The
agreement with the experimental XRD data demonstrates

the overall structural consistency, while the fraction of
boroxol rings is examined in detail below.

Figure 2(b) shows the pair distribution functions g(r) of

B,0; glass derived by the Fourier transforms of SRMC(Q)
and SP(Q), denoted as gR"MC(r) and g®P(r), respectively.
A Lorch modification function was applied to the data
up to Omax = 25 A~!. Here, we can confirm a very good
agreement between the g®MC(r) and g®P(r). The peaks
observed at 1.35 and 2.36 A correspond to the B-O bonds
and B-B/O-0O correlations, respectively. Their positions
are in accordance with the previously reported values of
1.35-1.37 and 2.36-2.38 A.1-73D

Figure 3 shows a slice of the atomic configuration of
B,0; glass obtained by RMC modeling. It is confirmed
that a number of boroxol rings maintain their hexagonal
shapes around the dummy X atoms. Figure 4 shows the
partial pair distribution functions, g;(r) of B,Os3 glass
derived from the RMC model. The peak positions of B-O,
B-B, and O-O correlations in g;(r) are in agreement with
the interatomic distances in B,O3 glass reported in a pre-
vious study." Note that the O-X, and B-X peaks are
observed at around 1.35 A, which is consistent with the B—
O distance, demonstrating that the symmetric shape of the
boroxol rings is maintained during the RMC modeling.

The results of the coordination number analysis are
summarized in Table 1. The B—O coordination number of
2.99, which is close to 3.00, indicating that the basic
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structural units of B,0; glass, i.e., boroxol rings and the
trigonal planar units, are properly formed in the model.
Furthermore, the X—B and X—O coordination numbers are
both 3.00, demonstrating that the shape of the 320 boroxol
rings, which corresponds to /= 80 %, has been maintained
without significant distortion.

The bond angle distributions B(A)/sin6 of B,O; glass
are shown in Fig. 5. The O-B—O and B—O-B bond angle
distributions exhibit peaks at approximately 120° in
Figs. 5(a) and 5(b). These peaks primarily originate from
the O-B—O and B—O-B bond angle distributions within
the boroxol rings, as evidenced by the these distributions

50
o-0
40
B-B
—~ 30—
&
i O-X
= 20
B-X
10
B-O
0 | | A<~
0 1 2 3 4 5 6

r (A)
Fig. 4. Partial pair distribution functions, g;(r) obtained from
the RMC model for B,O; glass.

Table 1. Coordination numbers in B,Oj3 glass obtained from the
RMC model

Atomic pair Coordination number

calculated from bond angles exclusively in the boroxol
rings (dashed curves), which produce a sharp distribution.
This feature indicates that the symmetric shape of the
boroxol rings is preserved during the RMC modeling. This
symmetric hexagonal shape is further supported by the
peaks at 60° in the B-B-B and O-O-O distributions
[Figs. 5(c) and 5(d)], and at 30 and 90° in the O—B-B and
0O-0O-B distributions [Figs. 5(e) and 5(f)]. Moreover, as
shown in Fig. S1 in Supporting Information, the B-X-0,
B-0-X, and X—B-O distributions exhibit peaks at around
60°, the O—X—0O and B-X-B distributions at around 120°,
and the X-B-B distribution at around 30°. Additionally,
the B(0)/sin 6 value increases as 6 approaches 180° in the
X—B—O0 distribution. These features correspond well to the
symmetric shape of the hexagonal boroxol rings.

The results of the coordination numbers and bond angle
distributions together with the excellent agreement be-
tween STMC(Q) and SP(Q) described above consistently
demonstrate that the structure of B,O; glass with a large
number of boroxol rings has been successfully reproduced,
highlighting the capability of the present method to con-
struct a realistic structural model of borate glass. Impor-
tantly, this large fraction of boroxol rings is achieved
without compromising the agreement with the experimen-
tal XRD data shown in Fig. 2.

4. Discussion

Figure 6(a) shows the primitive*” (B-O), ring size
distribution obtained from the RMC model of B,0; glass.
As can be seen in the figure, it has a large fraction of
threefold rings, indicating that the boroxol rings are the
dominant structural unit in the glass. The total number of
boroxol rings incorporating 972 B atoms is 324. Therefore,
the fraction f'is estimated to be 972/1200 = 0.81. In addi-

B-O 2.99 tion, as clearly shown in the inset of Fig. 6(a), a certain
X-B 3.00 fraction of the larger rings (n > 3) is present, which is
X0 300 attributed to larger rings formed by the linkage of multiple
(b) (c)
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Fig. 5. Bond angle distributions of (a) O-B-O, (b) B-O-B, (c) B-B-B, (d) 0-O-0, (¢) O-B-B, and (f) O-O-
B obtained from the RMC model for B,O; glass. Dashed curves in (a) and (b) indicate the bond angle

distributions within the boroxol rings.
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Fig. 6. (B-0), ring size distributions of the RMC model for
B,0; glass calculated using the (a) primitive and (b) King
criteria.

boroxol rings via O® atoms. Figure 6(b) shows the ring
size distribution calculated on the basis of King’s crite-
rion.*¥) Tt exhibits 324 boroxol rings, as observed in the
primitive ring size distribution. However, compared with
the primitive rings, it shows a clearer ring size distribution
ranging from 4- to 23-fold [inset of Fig. 6(b)]. The differ-
ence arose from different algorithms in the two criteria; the
primitive ring size distribution enumerates all the shortest
closed paths along with B—O bonds within a maximum
search depth, exhibiting a broader distribution including
larger rings (n > 24). In contrast, King’s criterion enables
the finding of a combination of boroxol (threefold) rings
and other rings, which cannot be detected by the primitive
ring criterion, because it cannot detect a decomposable
(nonprimitive) ring. [see Refs. 37) and 38) for details of
ring size statistical analysis]. Indeed, the presence of the
larger rings, excluding the boroxol rings, demonstrates the
formation of a topologically disordered network, which is
a characteristic of glasses.***) Nevertheless, the B,0;
glass is exceptionally topologically ordered compared with
typical glasses such as SiO, glass,***” owing to the dom-
inant fraction of boroxol rings. Notably, this coexistence is
not imposed by explicit constraints on ring sizes in the
RMC modeling, but instead emerges naturally from the
diffraction-based structural refinement.

Figure 7 shows the persistence diagram obtained from
the RMC model for B,O5 glass. We can observe a distinct
vertical profile along with the death axis at the birth b ~
0.5 A2, corresponding to half of the B-O bond. Region I
(highlighted in blue) around b~ 0.5A% and within
1.4 A? < death (d) < 1.9A? corresponds to the birth and
death of boroxol rings. This prominent profile is a signa-
ture of the topologically ordered feature of B,O; glass, as
mentioned above. On the other hand, region II (high-

<
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0 I L0 | 1
0 1 2 3 4 5 6
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Fig. 7. Persistence diagram of the RMC model for B,O5 glass.

Fig. 8. Visualization of surface-based cavities in the RMC
model for B,O; glass. In the image, green and red circles repre-
sent B and O atoms, respectively. Cavities are highlighted in
gold.

lighted in red) around b= 0.5A% and within 2.2 A% <
d < 5.5A% corresponds to the profiles originating from
larger rings with various sizes, which are observed in the
persistence diagrams of SiO, glass.32334%)

The surface-based cavities of B,03 glass are visualized
in Fig. 8. The cavity volume ratio was found to be 34.2 %
(12825 A3 of the cell volume of 37500 A%), which is com-
parable to that of SiO, glass.>® As mentioned in Intro-
duction, the incorporation of other oxides into the structure
of B,0j5 glass gives rise to various physicochemical prop-
erties, because such oxides are considered to disrupt the
B-O network by occupying the cavity regions associated
with the increase in density. Therefore, the information of
the cavity obtained in this study should be useful for
understanding the origin of various properties in borate
glasses induced by the addition of network-modifying
oxides. In addition, since the cavities are generally com-
pressed under high pressure, such information may also
provide valuable insights into the structural evolution of
B,0; glass under compression, which remains an active
area to be explored.**>3 Overall, our model provides a
reliable basis for further atomistic discussions of its struc-
tural and physicochemical properties in B,O3 and borate
glasses.
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5. Conclusion

Using RMC modeling based on high-energy XRD data,
we have derived a structural model for B,O; glass,
although maintaining a large fraction of boroxol rings has
long been considered difficult. The structural model was
successfully reproduced by introducing dummy X atoms
to stabilize the boroxol rings. The structure factor obtained
by the RMC calculation showed excellent agreement with
the XRD data. Analysis of the obtained structural model
confirmed that a large fraction of symmetric boroxol rings
(~80 %) was well reproduced, as evidenced by the coor-
dination number, bond angle distribution, and ring size
distribution. In particular, the ring size distribution and
persistence diagram revealed a large number of three-
membered rings corresponding to the boroxol rings, with
only a minor fraction of larger rings, highlighting the
exceptionally high topological order of the B,O; glass.
Furthermore, cavity analysis based on the structural model
was performed, and its fraction was found to be 34.2 %.
Our approach can be extended to B,O3-based glasses con-
taining various network-modifying oxides and to studies
of structural evolution under high pressure, which will
provide a firm basis for understanding the physicochem-
ical and structural characteristics of borate glasses at the
atomic level.
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