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A B S T R A C T   

The structural model of 66.7PbO-33.3B2O3 glass was constructed using a reverse Monte Carlo (RMC) method, in 
which bond valence sum (BVS) was added as a constraint condition to suppress formation of unrealistic local 
structures. Based on the crystal structures, the optimal BVS calculating conditions were determined. As a result, 
BVS distributions with small deviation were successfully achieved without lowering the reproducibility of other 
experimental constraints. The geometric asymmetry of PbOn polyhedra was evaluated from the eccentric dis
tance between Pb and gravity center of oxygen atoms. The average eccentric distance was shorter than that in the 
lead borate crystals, indicating less asymmetry of PbOn units in the RMC glass model. The connectivity between 
BOn and PbOn units was investigated. It was consequently concluded that the glass had a different network 
structure from the crystal with the same composition, which might be due to the different chemical bonding 
character between the lead borate glasses and crystals.   

1. Introduction 

Glasses containing PbO have features such as high refractive index, 
low melting point and radiation shielding ability. Due to these charac
teristics, lead borate glasses have been used in various applications, and 
their structure has been investigated [1–7]. Tanabe et al. reported the 
application of a PbO-ZnO-B2O3 glass frit to immobilization of 
Iodine-129, which is a radionuclide with extremely long half-life and 
high volatility [1]. It is indispensable to evaluate the long-term nuclide 
confinement performance of the vitrified materials not only in experi
ments but also in theoretical simulations. In the simulation of dissolu
tion or leaching process, structural information in the atomic level such 
as arrangement of the constituents is essential. Regarding the structure 
of lead borate glass, Akasaka et al. suggested based on X-ray diffraction 
(XRD) and molecular dynamics (MD) studies that PbO-2B2O3 glass has 
group structures of di-pentaborate and di-triborate, which is different 
from the PbB4O7 crystal with the same composition but a 
densely-packed rigid structure consisting of three coordinated oxygen 
[2]. Meera et al. claimed according to Raman spectra that at ~70 mol% 
PbO, chain-type and ring-type metaborate groups [B3O6]3− and ’loose’ 
diborate groups [B4O9]6− are present instead of pyroborate [B2O5]4−

groups [3]. Takaishi et al. reported from XRD analyses that Pb atoms in 
the glasses with higher PbO content form PbO3 trigonal pyramids to act 
as a network former, and in the low-PbO glasses, however, they form 
PbO6 octahedra as a network modifier [4]. Hosono et al. concluded from 
electron spin resonance (ESR) analyses that PbOn units in 3PbO-B2O3 
glass have trigonal- or tetragonal-pyramidal structure [5]. 

Mukunoki et al. have carried out structural analyses of PbO-ZnO- 
B2O3 glasses based on various techniques such as NMR (nuclear mag
netic resonance), XAFS (X-ray absorption fine structure), XPS (X-ray 
photoelectron spectroscopy) spectroscopic methods and X-ray and 
neutron diffraction methods [6, 7], and they also constructed structural 
models by using Reverse Monte Carlo (RMC) calculations [7]. In the 
RMC models, however, even when EXAFS (extended X-ray absorption 
fine structure) constraints were added, some unrealistic local structures 
were formed; for example, Pb atoms coordinated by extremely small or 
large numbers of O atoms, distortion of the polyhedral units, and wide 
distribution of formal charge of the constituents. The reason why such 
the unrealistic structures are produced in the RMC models is supposed to 
be the lack of constraints to minimize the local energy. 

The RMC simulation [8] is one of the structural modeling methods, 
where three-dimensional models for liquids and glasses can be 
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constructed to reproduce various experimental data (e.g. X-ray diffrac
tion, neutron scattering, NMR, and XAFS). In the RMC modeling, the 
experimental data used as constraints reflect principally the interatomic 
distances but no energetic interactions, which may allow the unrealistic 
local structures. It is expected that Ab-initio calculations are helpful to 
avoid such the unrealistic structures, and however, it has not yet been 
implemented in the RMC programs publicly available. 

Among the constraints which can be used in the RMC programs, it 
has been clarified that bond valence sum (BVS) is effective to reproduce 
chemically reasonable structures [9, 10]. BVS is a simple but sophisti
cated concept which takes into account interatomic distance and coor
dination number, and if BVS is estimated correctly, the value should be 
equal to the ideal ionic charge or formal valence. Therefore, it has also 
been used widely in the stability evaluation of crystal structures [9, 10]. 
Sajiki et al. applied BVS constraint to the RMC simulation of 
Nb2O5-0.8H2O amorphous thin film, and it was revealed that BVS 
constraint is effective to increase the structural regularity around H 
atoms with less structural information [11]. 

Then, in the present study, BVS constraint was also introduced in the 
RMC calculation to suppress the formation of unrealistic local structures. 
Structural models of 66.7PbO-33.3B2O3 glass were constructed by using 
the RMCA computer program [12], where sets of experimental infor
mation obtained from neutron and X-ray diffraction and 11B MAS NMR 
measurements were used as the constraints other than the BVS 
constraint. Furthermore, the reproducibility of structures characteristic 
of lead borate crystals was evaluated by comparing the local structures 
around Pb and O atoms against RMC models. 

2. Experimental and simulation procedures 

2.1. Bond valence sum 

BVS of an atom i, Vi is given by the following equation [9]. 

Vi =
∑

j
sij =

∑

j
exp

(
R0 − Rij

B

)

(1)  

where sij is the bond valence, that is, the charge transferred between the 
atoms i and j, and Rij is the bond length. R0 and B are the parameters 
which are characteristic of the pair of atoms. 

In the present study, BV parameter sets reported elsewhere [13–15] 
were used. BVS calculating condition, that is, the upper limit (cutoff) 
distance for the BV accumulation was examined from the related crys
tals, where the crystallographic data of 25 crystals containing Pb2+

[16–38] and 19 crystals containing B3+ [16–32] were collected from the 
Crystallography Open Database (COD) [39] and the Cambridge Crys
tallographic Data Center (CCDC) [40]. BVS values of Pb2+ and B3+

atoms were calculated by changing the cutoff distance, and the appro
priate cutoff distance was determined to reach the target BVS values. In 
the BVS evaluation, the BVS values of anions, not only oxygen but also 
sulfur and fluorine present in the crystals were also estimated. 

2.2. RMC calculation 

The structural model for 66.7PbO-33.3B2O3 glass was obtained using 
the RMCA program [12]. As the initial atomic configuration satisfying 
periodic boundary condition, 6480 atoms (Pb, 1440; B, 1440; O, 3600) 
were randomly distributed in a cubic cell corresponding to the atomic 
number densities of 0.06879 Å− 3. The constraints based on the experi
mental facts [7] were (1) neutron scattering structure factor, SN(Q), (2) 
X-ray diffraction structure factor, SX(Q), and (3) the fraction of 4-fold 
coordinated boron, N4 of 32% determined by 11B MAS-NMR. In addi
tion to these constraints, BVS constraints were also applied to all the 
elements, Pb, B, and O to increase their local structural order in the RMC 
model. 

3. Results 

3.1. Determination of the optimal BV parameter set 

Fig. 1 shows the bond valence of PbO pairs, sPbO and bond valence 
sum of Pb atoms, VPb for Pb6B10O21 and Pb2B2O5 crystals [30, 31], 
which have three and six Pb sites. R0 = 2.032 Å and B = 0.442 Å [15] 
were used as the parameter set when calculating the bond valence. The 
continuous curve shows the sPbO in Eq. (1) at the Pb-O distance of RPbO. 
The vertical bars with different colors indicate sPbO for the respective 
Pb-O pairs at RPbO. The filled circles with different colors exhibit VPb of 
the respective Pb accumulated over RPbO. VPb tends to increase with 
increasing RPbO, reaches almost 2.0 at 3.0 - 3.2 Å, and then turned to a 
gradual increase. A similar trend is also confirmed in other 
Pb-containing crystals. 

Fig. 2 shows the BV and BVS values for the Pb and B sites in various 
crystals. Figs. 2(a) - 2(c) were obtained from Pb2+-containing crystals 
[16–38], in which BV and BVS values were calculated from the different 
BV parameter sets [13–15]. In these figures, a wide distribution of the 
BVS values is commonly observed at RPbO ≤ 3.2 Å, and at RPbO ≥ 3.2 Å, 
however, the BVS distribution becomes narrower, converging to the 
nominal valence of +2. In the determination of the appropriate BV pa
rameters which enable to reproduce more-ordered structures, it was 
considered desirable shorter M-O distance at which VM reaches its target 
value and smaller VM dispersion at the M-O distance where an objective 
coordination number (Pb: 3 - 6, B: 3, 4) is reproduced, in which longer 

Fig. 1. Bond valence sPbO and bond valence sum VPb of the Pb sites in (a) 
Pb6B10O21 and (b) Pb2B2O5 crystals. The curve shows sPbO at Pb-O bond dis
tance RPbO, where BV parameters R0 and B used are 2.032 Å and 0.442 Å, 
respectively. The vertical bars and filled circles show the sPbO and cumulative 
VPb values, respectively, at the distances from each Pb to the respective 
O atoms. 
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limit of the M-O distance will be used as a cutoff distance for the BV 
accumulation. In Fig. 2(a), the slope of the sPbO curve is largest in the 
short Pb-O distance region, and VPb reaches ~2.0 at the shortest RPbO, 
but the dispersion of VPb is greatest as compared with the results shown 
in Figs. 2(b) and 2(c). The VPb dispersion in Figs. 2(b) and 2(c) is similar, 
but VPb seems to reach 2.0 at the different RPbO of ~3.2 Å in Fig. 2(b) and 
~3.5 Å in Fig. 2(c), respectively. Then, the BV parameter set, R0 = 2.032 
Å, B = 0.442 Å [15] used in Fig. 2(b) was selected for the BVS calculation 
in the subsequent RMC simulations, where the cutoff distance of Pb-O 
pair was determined as 3.2 Å. Fig. 2(d) shows the BV and BVS values 
for the B sites in 19 crystals [16–32], where a BV parameter set in Ref. 15 
was used. VB reaches 3.0 at RBO ~1.4 Å, at which, however, the 

coordination number of B is three. Four-coordinated boron atoms in the 
crystals give the VB plots at ~1.5 Å in Fig. 2(d), suggesting that cutoff 
distances longer than 1.4 Å should be used to reproduce BO4 units. 
Therefore, the B-O cutoff distance of 1.55 Å and the BV parameter set of 
R0 = 1.372 Å, B = 0.357 Å used in Fig. 2(d) were chosen for the BVS 
constraint. In the RMCA program used, only one cutoff distance can be 
set as a BVS constraint parameter for an atomic species, and hence the 
cutoff distance for oxygen was set to 3.2 Å, which is the same as the 
cutoff distance for Pb. 

Fig. 2. Bond valence sMO and bond valence sum VM (M = Pb or B) in the crystals containing Pb2+ or B3+ calculated from the different BV parameter sets, (a) R0 =

2.112 Å, B = 0.37 Å, (b) R0 = 2.032 Å, B = 0.442 Å, (c) R0 = 1.963 Å, B = 0.49 Å, (d) R0 = 1.372 Å, B = 0.357 Å. The curve shows sMO at M-O bond distance RMO, and 
the vertical bars and filled circles show the sMO and cumulative VM values, respectively, at the distances from each M to the respective O atoms. 

Fig. 3. Structure factors of neutron scattering SN(Q) and X-ray diffraction SX(Q) for 66.7PbO-33.3B2O3 glass . Red curves: RMC glass models, black dashed curves: 
experiments. (a) with BVS constraints, (b) without BVS constraints. 
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3.2. Effects of BVS constraint on the structural reproducibility 

By using the optimal BV parameter sets, RMC calculation was per
formed, and for comparison, the calculation without applying the BVS 
constraints was also executed. Fig. 3 shows the structure factors of 
neutron scattering, SN(Q) and X-ray diffraction, SX(Q) of 66.7PbO- 
33.3B2O3 glass. Even after applying the BVS constraints, the structure 
factors of the RMC glass model exhibit good agreement with the 
experimental ones, and the change in the residual sum of squares χ2 of 
structure factors is quite small: χ2 of SN(Q) with BVS constraints model 
= 2.62 × 103, without BVS constraint model = 2.72 × 103, and χ2 of 
SX(Q) with BVS constraints model = 4.54 × 103, without BVS constraint 
model = 4.78 × 103. 

As mentioned, the maximum cutoff distance for the BVS constraints 
is 3.2 Å, and it was hence expected before the RMC calculation that the 
BVS constraints would not give any effect on the middle to long-range 
structures in the RMC glass models. As shown in Fig. 3, however, high 
reproducibility is kept over almost the entire Q region. Fig. 4 shows the 
partial pair distribution functions, gij(r). It is recognized that the BVS 
constraints induce slight change in gij(r). After applying the BVS con
straints, shorter B-O pairs in the first gij(r) peak increases slightly, and as 
described later, however, N4 remains unchanged. Thus, the structural 
changes in the RMC glass model due to the BVS constraints seem to be 
very small according to the S(Q) and gij(r). However, significant changes 
are found in the local structures around the glass constituents. 

Fig. 5 shows the coordination number distributions of Pb and B. As 
already described, to obtain the target VPb value of 2.0, it is required to 
accumulate the sPbO values up to 3.2 Å, which evokes that Pb and O form 
a Pb-O bond if their distance is less than 3.2 Å. As shown in Fig. 4, 
however, Pb-O pair gives a first gij(r) peak at ~2.3 Å, and the longer end 
of the peak is at around 2.7 Å not 3.2 Å. Another peak with the end at 3.2 
Å is not seen in the Pb-O gij(r) curve so that the number of O atoms 
around a Pb atom within 2.7 and 3.2 Å was counted and used as a co
ordination number of Pb. As shown in Fig. 5(a) for the case of 2.7 Å, a 
narrower distribution for Pb is successfully achieved by applying the 
BVS constraints, and in Fig. 5(b) for the case of 3.2 Å, however, a nar
rower distribution is certainly obtained, but the change is not so drastic. 
Comparing Figs. 5(a) and 5(b), the distribution of Pb coordination 
number shifts larger side in the longer RPbO of 3.2 Å, which may appear 
as if the coordination structure has changed. However, it is noteworthy 
to emphasize that Figs. 5(a) and 5(b) are obtained from the same RMC 
model, and the only difference is the cutoff distance RPbO for estimating 

the coordination numbers of Pb. As for the RMC model with the BVS 
constraint, Fig. 5(a) indicates that 3- and 4-coordinated Pb atoms are 
predominant in the coordination sphere of 2.7 Å, and Fig. 5(b) also 
suggests that Pb-O bonds longer that 2.7 Å are present in a non- 
negligible amount. As for B shown in Fig. 5(c), no change in the distri
bution is observed. As mentioned, the coordination number constraint 
was applied even in the RMC calculation without the BVS constraints, 
and it is, therefore, reasonable to obtain the same coordination number 
distribution in the case of boron. 

Fig. 6 shows the BVS distributions of Pb, B, and O in the RMC glass 
models. By applying the BVS constraints, the average of BVS values 
approach the respective target values (Pb: 2.0, B: 3.0, O: 2.0), and at the 
same time, while the root mean square deviations (RMSD) decrease, 
which may be suggestive of the increase in the local structural order. The 
decrease in RMSD of VPb is significant, and it is also remarkable that the 
RMSD of VB without the BVS constraint is large even while the coordi
nation number (fraction of 4-fold coordinated boron) constraint is used 
in the RMC calculation. 

As shown in Fig. 6(b), the BVS distribution for B shows noticeable 
change with the BVS constraint. As defined in Eq. 1, BVS is calculated 
using the atomic distance and coordination number (number of an 
atomic pair). Bond valence sij is sensitive to the atomic distance Rij, 
particularly in the shorter distance region, which means that BVS Vi, that 
is, sum of sij, changes significantly as a result of changing the atomic 
distance even when the same coordination number (number of neigh
boring atom j). As shown in Fig. 5(a), the Pb site with coordination 
numbers of three and four increases by applying the BVS constraint. As 
mentioned, it was reported that Pb atoms in high-PbO glasses have three 
or four neighboring O atoms [4, 5], and it is, therefore, acceptable to 
form a larger amount of three- and four-coordinated Pb atoms. However, 
when BV accumulation was quitted at RPbO = 2.7 Å as in the case of 
Fig. 5(a), VPb did not reach 2.0. It suggests that Pb-O interaction at RPbO 
> 2.7 Å is surely present even for the Pb atoms with apparent coordi
nation numbers of 3 and 4, that is, these Pb atoms also interact with the 
fifth or sixth oxygen at a distance greater than 2.7 Å to achieve VPb of 
2.0. 

Thus, based on these results, it is supposed that the BVS constraint is 
effective to reproduce highly-ordered geometrical arrangement in the 
RMC glass model. It should also be mentioned that the Pb site with the 
coordination number of one disappears after applying the BVS 
constraint, which suggests that the BVS constraint is also effective to 
remove unrealistic coordination structures. 

Fig. 4. Partial pair distribution functions gij(r) of the RMC models for 66.7PbO-33.3B2O3 glass. Solid curve: with BVS constraints, dotted curve: without BVS 
constraints. 
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Fig. 5. Coordination number distributions in the RMC models for 66.7PbO-33.3B2O3 glass (upper: with BVS constraints, lower: without BVS constraints). Coordi
nation numbers were obtained within the Pb- or B-centered spheres with the radius RMO. (a) Pb-O in the coordination sphere of 2.7 Å, (b) Pb-O in the coordination 
sphere of 3.2 Å, (c) B-O in the coordination sphere of 1.55 Å. 

Fig. 6. BVS distributions of (a) Pb, (b) B, (c) O atoms in the RMC models for 66.7PbO-33.3B2O3 glass. Upper: with BVS constraints, lower: without BVS constraints. 
The width of each bar is 0.05, and the bar length (probability density) is normalized so that the total bar area becomes 1.0. RPbO, RBO, and ROM mean the upper limit 
distance for the bond valence accumulation. Ave and RMSD indicate the average and the root mean square deviation of BVS, respectively. 

Fig. 7. Eccentric distance | r | between the center of gravity of oxygen atoms, OCG and (a) Pb or (b) B in Pb2B2O5 crystal. OCG was determined for the oxygen atoms 
within the Pb- or B-centered coordination shell with the radius R. In the coordination models, Pb, B, O, and OCG are drawn by black, green, red, and blue balls, 
respectively. 
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4. Discussion 

4.1. Symmetry of polyhedral units 

As shown in Figs. 5 and 6, from the viewpoint of coordination 
number, the unrealistic structures around Pb with very small coordi
nation numbers seemed to have been removed by introducing the BVS 
constraint, and a narrow BVS distribution has been successfully ach
ieved. Pb2+ ions possess 6s2 lone pair electrons, and due to the elec
trostatic repulsion between electron pairs, PbO3 and PbO4 polyhedra 
have distorted shapes of trigonal pyramid, trigonal bipyramid, and 
square pyramid. Then, the symmetry of PbOn and BOn units was 
examined based on the geometric arrangement. 

As for the geometric symmetry of an MOn polyhedron, the eccentric 
distance | r | between the center of gravity of oxygen atoms, OCG and the 
cation M was evaluated. As shown in Fig. 7, an MOn unit within the M- 
centered coordination shell with the radius R is extracted, and the M- 
OCG distance at R is calculated to obtain | r |. Fig. 8 shows the eccentric 
distance | r | for the PbOn and BOn units in the RMC glass model obtained 
with the BVS constraints and lead borate crystals. A similar result was 
obtained in the RMC glass model without applying the BVS constraints. 
It is commonly observed that | r | decreases with increasing the radius of 
Pb- or B-centered coordination shell, R. Regarding the BOn polyhedra in 
the lead borate crystals, as shown in Fig. 8(b), | r | becomes almost zero, 
when the last ligand oxygen, that is, third or fourth neighboring oxygen 
enters the coordination shell. In the case of the BOn polyhedra in the 
RMC glass model, a similar trend is confirmed, but | r | is widely 
distributed near zero, indicating that BO3 and BO4 units are not in 
regular triangular and tetrahedral shapes and have larger distortion. On 
the other hand, as for the PbOn polyhedra shown in Fig. 8(a), the | r | 
distribution even in the crystals is less convergent than that of the BOn 
polyhedra, and at R = 3.2 Å, most of the PbOn polyhedra in the crystals 
take the | r | values larger than 0.5 Å, indicating the asymmetric shape of 
the PbOn polyhedra. It is also notable that the | r | values of PbOn 
polyhedra in the RMC glass model decrease faster than those in the 
crystals with expanding the coordination sphere, that is, with the in
crease in R. It is consequently suggested that the PbOn polyhedra in the 
RMC glass model have higher symmetry than those in the crystals, and 
even with introducing the BVS constraint, it is difficult to fully repro
duce the asymmetric arrangement characteristic of the PbOn polyhedra. 
If the actual lead borate glass consists of PbOn polyhedra with the 
completely same shapes as the lead borate crystals, additional con
straints, such as O-Pb-O bond angle restriction, should be used in the 
RMC calculations, or structural optimization of PbOn polyhedra based 
on Ab-initio calculations should be applied to the RMC glass model. 
EXAFS constraint is also applicable to the RMC calculation, and in the 
case of glass, the information obtained from Pb-EXAFS spectrum is 
restricted to the Pb-O bond length and coordination number. Therefore, 

it is hardly expected to reproduce the same geometry of PbOn units as the 
lead borate crystals with the EXAFS constraint. 

4.2. Local structure around oxygen atoms and connectivity of BOn and 
PbOn units 

In the previous section, the slight symmetry differences in the PbOn 
and BOn polyhedra between the RMC glass model and the lead borate 
crystals were confirmed. In this section, local structures around oxygen 
atoms, that is, connectivity of the PbOn and BOn polyhedra were 
examined, and the reproducibility of the structural characteristics in the 
crystals to the RMC glass model was evaluated. 

First, the structural characteristics in the lead borate crystals were 
investigated by classifying the oxygen atoms by the type of surrounding 
boron and lead atoms, where lead borate crystals with different 
composition (PbO-2B2O3, 6PbO-5B2O3, 2PbO-B2O3, and 4PbO-B2O3) 
[29–32] were selected. Fig. 9 shows the bond valence sOM (M = B3, B4, 
and Pb) and the cumulative bond valence sum VO for the oxygen sites in 
these crystals, where B3 and B4 indicate 3-coordinated and 4-coordi
nated boron atoms, respectively. The BV values (sOB3, sOB4, and sOPb) 
for each oxygen site were calculated for the boron and lead atoms within 
the oxygen-centered coordination shell with a radius of 3.2 Å, and they 
are shown by the vertical bars. In these crystals, the following charac
teristic oxygen atoms are present, that is, tri-cluster oxygen surrounded 
by three B4 (Fig. 9(a), O-index: 0-3), non-bridging oxygen (NBO) 
bonded to one B4 (Fig. 9(b), O-index: 19-20 and Fig. 9(c), O-index: 
10-13), and isolated oxygen surrounded only by Pb (Fig. 9(c), O-index: 
14 and Fig. 9(d), O-index: 22-27), where Pb2+ is assumed as a network 
modifier. It is generally understood that the oxygen atoms mentioned 
above are absent or rarely found in typical alkali borate glasses. It is also 
noteworthy that even for the bridging oxygen (BO) bonded to two B, VO 
reaches 2.0 due to the additional interaction with Pb. 

Next, the RMC model of 66.7PbO-33.3 B2O3 glass was analyzed using 
the same procedure. Fig. 10 shows the result with the BVS constraints, 
and almost the same result was obtained without using the BVS con
straints. A similar trend found in the lead borate crystals is also repro
duced in the RMC glass model. Even for the typical bridging oxygen 
bonded to two boron atoms, the contribution of lead atoms is not 
negligible to attain VO of 2.0. The RMC glass model has the same 
composition as 2PbO-B2O3 crystal (Fig. 9(c)), and in the RMC glass 
model, however, the oxygen atoms, such as tri-cluster oxygen and B3-O- 
B3 bridging oxygen which are not present in the crystal, are formed. 
Table 1 shows the classification of oxygen in the RMC glass model and 
the crystals. The fraction of bridging oxygen, including tri-cluster oxy
gen, is ~41% in the RMC glass model and ~53% in 2PbO-B2O3 crystal 
with the same composition as the glass. As for non-bridging oxygen, a 
larger amount of NBO (B-O-Pb) is produced in the RMC glass model as 
compared with the crystal. Thus, network connectivity seems to be 

Fig. 8. Eccentric distance |r| between the center of gravity of oxygen atoms, OCG and (a) Pb or (b) B in the RMC glass model obtained with the BVS constraints and 
lead borate crystals. OCG was determined for the oxygen atoms within the Pb- or B-centered coordination shell with the radius R. 
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different between the RMC glass model and the crystal with the same 
composition. 

Density and N4 value of the 66.7PbO-33.3B2O3 glass are experi
mentally measured as 6.65 g/cm3 and 32%, and those of the 2PbO-B2O3 
crystal are 7.16 g/cm3 and 67%, respectively, suggesting that the glass 
has a sparser packing structure than the crystal, which is also consistent 
with the formation of a larger amount of NBO in the RMC model. It is 
consequently acceptable that the lead borate glass has different network 

connectivity from the crystal. Such a different network structure is also 
found in PbO-2B2O3 glass and crystal [2]. 

It is commonly recognized that NBO has higher polarizability than 
BO, because more electrons are localized on NBO. In the lead borate 
glass, oxygen in B-O-Pb bonds is regarded as NBO, and hence oxygen 
atoms in PbO3 and PbO4 units in the RMC model should have a relatively 
higher proportion of NBO. Then, it is supposed in the RMC model that 
electrostatic repulsion between the oxygen atoms in PbO3 and PbO4 
units is greater, resulting in wider O-Pb-O bond angles and shorter 
eccentric distances of PbO3 and PbO4 units. The structure of a material is 
ruled by its chemical bonding character, and it is supposed that change 
in the chemical bonding character leads to the formation of different 
chemical species, such as B3, B4, BO, NBO, and so on. The structural 

Fig. 9. Bond valence sOM (M = B3, B4, and Pb) and cumulative bond valence sum VO of the O sites in the lead borate crystals of (a) PbO-2B2O3, (b) 6PbO-5B2O3, (c) 
2PbO-B2O3, and (d) 4PbO-B2O3, where B3 and B4 indicate 3-coordinated and 4-coordinated boron atoms, respectively. The O sites are sorted by ΣsOB accumulated 
over the neighboring B3 and B4 atoms. 

Fig. 10. Bond valence sOM (M = B3, B4, and Pb) and cumulative bond valence 
sum VO of the O sites in the RMC model of 66.7PbO-33.3B2O3 glass obtained 
with the BVS constraints, where B3 and B4 indicate 3-coordinated and 4-coor
dinated boron atoms, respectively. The O sites are sorted by ΣsOB accumulated 
over the neighboring B3 and B4 atoms 

Table 1 
Fraction (%) of oxygen atoms in the RMC model of 66.7PbO-33.3B2O3 glass and 
the related crystals of PbO-2B2O3, 6PbO-5B2O3, 2PbO-B2O3, and 4PbO-B2O3.   

RMC glass model crystal   

66.7PbO- 
33.3B2O3 

PbO- 
2B2O3 

6PbO- 
5B2O3 

2PbO- 
B2O3 

4PbO- 
B2O3 

O––– 2.0 28.6 0.0 0.0 0.0 
B3-O- 

B3 
15.9 0.0 4.8 0.0 7.1 

B3-O- 
B4 

18.1 0.0 47.6 26.7 0.0 

B4-O- 
B4 

4.9 71.4 9.5 26.7 0.0 

B3-O- 27.3 0.0 28.6 13.3 71.4 
B4-O- 21.7 0.0 9.5 26.7 0.0 
O2- 10.1 0.0 0.0 6.7 21.4  
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difference between the lead borate glass and crystal may be essential, 
which originates from the different chemical bonding character. 

If so, even when the interatomic potential obtained from the lead 
borate crystals is used to construct the structural models, it may not be 
possible to reproduce the structures present in the actual lead borate 
glasses. The structural difference as seen in Fig. 8(a), that is, the faster 
decrease in the eccentric distance of PbOn units in the RMC glass model, 
may be essential in the lead borate glasses. It was supposed from Fig. 8 
(a) that further RMC constraint is required to reproduce the PbOn units 
with correct structures, but the structures that actually exist in the lead 
borate glass may have been already reproduced in the present RMC glass 
model. 

5. Conclusion 

The BVS constraint was applied to the RMC calculation for 66.7PbO- 
33.3B2O3 glass to suppress the formation of unrealistic coordination 
structures of PbOn units. The optimal BV parameter set and the appro
priate cutoff distance were determined based on a large number of 
crystals containing Pb, B, and O atoms. After applying BVS constraints, 
the narrower distributions in BVS and coordination number of lead 
atoms in the RMC glass model were successfully attained without 
degrading the reproducibility of experimental facts, such as the struc
ture factors and the fraction of 4-fold coordinated boron atoms. The 
eccentric distance | r | was investigated to evaluate the geometric 
symmetry of PbOn and BOn units in the RMC glass model. BOn units in 
the lead borate crystals had | r | values close to zero, and those in the 
RMC glass model showed widely distributed | r | values near zero. As for 
the PbOn polyhedra, the | r | values did not converge to zero for both the 
RMC glass model and the crystals, and a faster decrease in the | r | values 
with expanding the coordination sphere was observed in the RMC glass 
model, denoting that PbOn units in the RMC glass model had higher 
symmetry than those in the lead borate crystals. The local structure 
around oxygen in the RMC glass model was evaluated to examine the 
connectivity of PbOn and BOn units. The oxygen atoms characteristic of 
the lead borate crystals, such as tri-cluster oxygen, B4-O-Pb, and Pb-O- 
Pb, were also reproduced in the RMC glass model. However, the rela
tive contents of oxygen atoms with different coordination structures 
disagreed between the RMC glass model and 2PbO-B2O3 crystal with the 
same composition, supporting the difference in network connectivity 
between the actual lead borate glass and crystal. In order to elucidate the 
cause of the structural difference, it might be necessary to understand 
deeply the nature of chemical bonds in lead borate glasses. 
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