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Featured Application 

The short range order (SRO) structure of bismuth borate glasses, xBi2O3-(1-x)B2O3 is derived by 
applying an augmented version of the Short Range Order Configuration (SROC) model, in the 
range 0 ≤ x ≤ 0.40. The findings of this study can be extended to investigate the SRO structure of 
ionic glasses of any family with cations that act exclusively as modifiers of the glassy network. 

Abstract 

The quantification of the short-range order (SRO) of glassy materials remains an open challenge over 
the years. In particular, in borate glasses this task is further complicated by the change in the B 
coordination number from 3 to 4 and by the formation of superstructural units. Nevertheless, in two 
recent articles of our group, the SRO structure of bismuth, xBi2O3-(1-x)B2O3, and zinc, xZnO-(1-x)B2O3, 
borate glasses was completely resolved by two completely independent methods. The first one, for 
Bi-borates, involved the analysis of infrared absorption coefficient spectra into Gaussian component 
bands whereas the second one, for Zn-borates, the application of the Short-Range Order 
Configuration model (SROC), an extension of the well-known lever rule. In this article, we extend the 
application of the SROC model in bismuth borate glasses, in the range where Bi cations were found 
to act predominantly as modifiers, i.e., 0.20 ≤ x ≤ 0.40. Our extension results in a modification of the 
originally proposed SROC model, by adding an additional node, and by defining the prerequisites 
for any augmented version of the model. The molar fractions of the borate units for the calculated 
SRO structure, in a continuous way throughout the range investigated, are in excellent agreement 
with existing literature data. Moreover, it is highlighted how the onset of disproportionation 
reactions, between borate units, can be handled in the framework of the introduced Augmented 
Short-Range Order Configuration model, ASROC. 

Keywords: structure of ionic glasses; quantification of the short-range order of ionic glasses; short 
range order configuration model; bismuth borate glasses 
 

1. Introduction 

Glasses are characterized by the absence of long-range order (> 20Å, “LRO”) that occurs in 
crystalline materials. On one hand, this lack may present several advantages, like the ability of glass 
formation in a continuous way within the glass forming range, in contrast to the corresponding 
formation of crystals that requires a specific molar ratio between their constituents. On the other, the 
quantification of the glass structure remains a continuous challenge and currently is in a primitive 
state compared to the highly developed solid-state theory of crystals [1]. In practice, the crystal 
structure can be completely identified by XRD diffraction studies, by exploiting the lattice periodicity, 
whereas, on the contrary, there is no experimental method for the complete quantification of the glass 
structure. 
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Borate glasses constitute an attractive family of materials from both a scientific and a 
technological viewpoint. Actually, borate glasses are encountered in a plethora of technological 
applications including linear and non-linear optical glasses [2], luminescence [3], and scintillator [4] 
applications, laser and radiation detection [5], radiation shielding [6], supercapacitors [7], energy 
storage and conversion devices [8], as well as bioactive glasses [9]. From the scientific viewpoint, 
despite of the extensive research efforts over the years, the detailed structure of borate glasses 
continues to be an open and intriguing challenge. This challenge originates by a couple of peculiar 
factors intrinsic in borate structures. The first one is attributable to the change of the B coordination 
number from 3 to 4, resulting in the conversion of B3 triangular to B4- tetrahedral entities, upon 
initial addition of a network modifier to pure B2O3 glass ( denotes a bridging oxygen (BO) atom, 
linking two structural units). This is in contrast to other conventional glass systems, like silicate 
glasses, where the initial addition of a network modifier to pure SiO2 glass depolymerizes the glassy 
network by the formation of non-bridging oxygen atoms (NBO). In borate glasses, the formation of 
NBO-containing units occurs only at higher modification levels. The second factor relies on the 
formation of superstructural units similar to those encountered in crystalline borates, at least up to 
the diborate composition. The aforementioned special features of borate glasses were firstly 
investigated and evidenced in the pioneering works of Krogh-Moe [10–12] and Bray and coworkers 
[13–15]. 

Nowadays, it is widely accepted that the SRO structure of borate glasses consists of a variety of 
triangular units, with the number of BO atoms ranging from 3 to 0, namely neutral, B3, meta, B2O-

, pyro, BO22-, and ortho, BO33-. In addition, there are two types of borate tetrahedra, i.e., meta, B4-, 
and ortho, B2O23-. It is mentioned that meta-type triangles and tetrahedra are isomeric species and 
the same holds for ortho-type triangular and tetrahedral species. Thus, in principle these units can 
participate in high-temperature isomerization equilibria: 

B2O-⇄ B4- (1) 
BO33--⇄ B2O23- (2) 

which, upon cooling the melt, govern the particular speciation of SRO structural units in borate 
glasses [16–18]. 

The particular borate speciation of the glass network depends strongly on the modifier content 
but, also, in the case of glasses having the same nominal composition, on the nature of the modifying 
cation. Nevertheless, despite the enormous number of research studies over the years, up to day there 
is no experimental technique capable to completely quantify the SRO structure of glasses. Early 
attempts of Kamitsos and coworkers provided a qualitative or semi quantitative analysis of the SRO 
structure of borate glasses by employing infrared reflectance and Raman spectroscopies [16,19–21]. 
Moreover, while synchronous NMR studies can provide unambiguously a quantification of the 
tetrahedral units population, the discrimination of the corresponding molar fractions of the various 
triangular units is still unresolved [22–25]. It is worthwhile noting that a detailed mapping of the 
borate structure can be obtained by employing classical molecular dynamics (CMD) simulations [26–
29], machine-learning molecular dynamics [30] or ab-initio molecular dynamics (AIMD) studies 
[31,32]. All these simulations are calibrated to reproduce existing experimental data, mostly the radial 
distribution functions and the structure factors obtained through neutron scattering or X-ray 
diffraction studies, though a convincing agreement with vibrational or NMR spectra is still lacking. 

Recently, we have fully resolved the SRO structure of bismuth borate glasses, xBi2O3-(1-x)B2O3, 
by a careful analysis of infrared absorption coefficient spectra into Gaussian component bands, 
combined with charge and mass balance considerations, as well as, the Lambert-Beer law for the 
integrated areas of the component bands [33]. Moreover, we also identified the SRO structure of 
binary zinc borate glasses, xZnO-(1-x)B2O3, by a completely different approach, introducing an 
extension of the well-known lever rule, namely the Short-Range Order Configuration model (SROC) 
[34]. Α brief discussion of the SROC model will be presented in the next section. 

While the analysis of infrared absorption coefficient spectra into Gaussian component bands 
can, in principle, be applied in any family of glassy materials, the unknown molar fractions of the 
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structural units, along with the unknown absorption coefficients of each particular unit, may result 
in an underdetermined system of equations with the number of unknown parameters exceeding the 
number of equations. On the other hand, the application of the SROC model is always possible when 
the metal oxide acts exclusively as a modifier of the glass former, in the chemical viewpoint of glass 
formation. In the case of metal oxides that assume both a modifier and network-forming role, the 
SROC model cannot be applied [34]. 

With the above restriction in mind, this article extends the application of the SROC model in 
bismuth borate glasses, xBi2O3-(1-x)B2O3, in the 0.20 ≤ x ≤ 0.40 range, where Bi2O3 acts predominantly 
as modifier [33]. Our extension requires a modification of the originally proposed SROC model, by 
adding an additional node in the composition range (see Section 3.2), resulting in an augmented 
version of the original model. In doing so, we also define the prerequisites and the necessary 
conditions for any future modified version of the SROC model. The proposed Augmented Short-
Range Order Configuration model, ASROC, of this study provides the molar fractions of the borate 
units in a continuous way throughout the composition range investigated. Even more, it is explicitly 
shown how the onset of disproportionation reactions, between borate units, can be handled in the 
framework of the introduced ASROC model. The results for the SRO structure of the investigated 
glasses, in the 0.20 ≤ x ≤ 0.40 range, are in excellent agreement with existing literature data. 

2. Theoretical Background: the Lever Rule and the Short-Range Order 
Configuration Model 

As explicitly described in the paper that introduced the SROC model [34], this model is an 
extension of the conventional lever rule for binary glasses. This rule says that when a modifier is 
introduced into the fully polymerized glass, nonbridging oxygens are created on network formers. 
As more modifiers are added, the creation of more nonbridging oxygens is necessitated, and so on. 
For the reader’s convenience, in the next we will consider separately the lever rule and the SROC 
model. 

2.1. The Conventional Lever Rule 

Since pure B2O3 glass consists entirely of neutral borate triangles, B3, the progressive addition 
of a modifying metal oxide will result in the gradual transformation of neutral triangles initially into 
meta-type units, B2O- or B4- , then into pyroborate triangles, BO22-, and, finally, into ortho-type 
moieties, BO33- or B2O23-. It is underlined that the peculiarity of the boron atom to change its 
coordination number from 3 to 4 results in a slight modification of the conventional lever rule. In that 
sense, upon initial introduction of a modifier in the fully polymerized B2O3 glass it is possible to create 
metaborate tetrahedra B4-, where all oxygen atoms are bridging and, thus, nonbridging oxygens are 
absent. 

The previous gradual structural transformations dictate that in the composition range of a binary 
glass with the chemical formula xMO-(1-x)B2O3, where M denotes a divalent cation, four 
fundamental nodes must be considered. These include the neutral, N (x=0), the meta, M (x=0.50), the 
pyro, P (x=0.67) and the ortho, O (x=0.75) node. Such nodes result in the partition of the composition 
range in three intervals, i.e., 0 ≤ x ≤ 0.50, 0.50 ≤ x ≤ 0.67 and 0.67 ≤ x ≤ 0.75. According to the lever rule, 
in each of these intervals only two types of units can be present and, specifically the ones representing 
the limits of the corresponding interval. For example, in the 0.50 ≤ x ≤ 0.67 range, between M and P 
nodes, the lever rule predicts that the network structure should consist only of metaborate and 
pyroborate entities. It is noted that the previous remarks hold also in the case of xM2O-(1-x)B2O3 
glasses, where M is a monovalent metal ion. 

At this point, we should state the first two prerequisites and necessary conditions, as emerged 
from the lever rule: 

Condition I: in the composition range four nodes are fundamental. These correspond to the 
neutral, N, meta, M, pyro, P, and ortho, O, nominal compositions. 
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Condition II: at each interval between the fundamental nodes, only two types of structural units 
are allowed. These units correspond to the two fundamental nodes that define the interval. 

Once the previous conditions are established, it is straightforward to calculate the corresponding 
molar fractions of the various borate building units, by invoking only mass and charge balance 
considerations. This is feasible due to condition II, since there are two equations with two unknown 
molar fractions. It is mentioned that in the original paper of the SROC model [34], instead of the 
charge conservation the equivalent representation of the ratio of oxygen atoms to boron, 𝐴(𝑥), was 
adopted. Denoting by 𝑋ே , 𝑋ெ, 𝑋௉ and 𝑋ை the molar fractions for neutral, meta, pyro and orthoborate 
species, respectively, the following equations are easily derived (for analytical details see [34]): 

Range I (0 ≤ x ≤ 0.50) 
𝑋ே(𝑥) =

ଵିଶ௫

ଵି௫
 (3a) 

𝑋ெ(𝑥) =
௫

ଵି௫
 (3b) 

Range II (0.50 ≤ x ≤ 0.67) 
𝑋ெ(𝑥) =

2−3𝑥

1−𝑥
 (4a) 

𝑋௉(𝑥) =
2𝑥−1

1−𝑥
 (4b) 

Range III (0.67 ≤ x ≤ 0.75) 
𝑋௉(𝑥) =

3−4𝑥

1−𝑥
 (5a) 

𝑋ை(𝑥) =
3𝑥−2

1−𝑥
 (5b) 

The functions 𝑋ே(𝑥), 𝑋ெ(𝑥), 𝑋௉(𝑥) and 𝑋ை(𝑥) are depicted in Figure 1. 

 

Figure 1. Molar fractions of borate units in xMO-(1-x)B2O3 glasses calculated by the conventional lever rule. 
𝑋ே, 𝑋ெ , 𝑋௉ and 𝑋ை denote the corresponding molar fractions of neutral, B3, meta-type, B2O- or B4- , pyro-, 
BO22-, and ortho-type, BO33- or B2O23-, units. In the composition range, x, the four fundamental nodes N (x =

0), M (x = 0.5), P (x = 0.67) and O (x = 0.75) are considered. 

At this point, it is also evident that each function of the molar fractions assumes a maximum 
value of 1 at the corresponding node, i.e., 𝑋ெ(𝑥) = 1 at 𝑥 = 0.5 (M node), and, in addition, it reaches 
the value 0 at the adjacent nodes, i.e., 𝑋ெ(𝑥) = 0 at 𝑥 = 0 (N node) and 𝑥 = 0.67 (P node). This 
observation imposes the third necessary condition for the lever rule: 
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Condition III: each function of the molar fractions presents a maximum value 1 at the node that 
represent the particular unit and reaches 0 at the two adjacent nodes. 

2.2. The Original SROC Model 

According to the lever rule, the SRO structure of binary borate glasses with the same nominal 
composition should be identical and independent of the cation type. Unfortunately, this is not the 
case and the SRO structure not only exhibits a strong dependence on the cation type, but, in addition, 
for a particular glass composition there is clear evidence for the existence of structural units that are 
not predicted from the lever rule, see for example [15,16,19–21,34]. 

In order to resolve the previous issues, the lever rule approach was extended by assuming that 
the functions of Figure 1 represent the normalized contributions of the particular short-range order 
configurations (SROC) in binary borate glasses, xMO-(1-x)B2O3, with x=0 (N), x=0.5 (M), x=0.67 (P) 
and x=0.75 (O). Then, these functions, denoted as 𝑋୒(𝑥), 𝑋୑(𝑥), 𝑋୔(𝑥) and 𝑋୓(𝑥), can be used to 
derive the SRO structure of any intermediate glass composition. The same extension is valid also in 
the case of xM2O-(1-x)B2O3 glasses, where M is a monovalent metal ion. 

To further formulate the SROC model, a mathematical formalism was adopted starting from a 
5-dimensional vector space, where the fundamental basis is the set of the short-range order building 
units, denoted as 𝐵௝ , where 𝑗 is the number of bridging oxygen atoms per boron atom (𝑗 = 0,1,2,3,4). 
For example, within this notation 𝐵ସ  represents a metaborate tetrahedron, B4-, and 𝐵଴  an 
orthoborate triangle, BO33-. It is underlined that this formalism does not account for the presence of 
orthoborate tetrahedra, B2O23-, since in the original study there was no experimental evidence for 
their presence in the structure of the binary zinc borate glasses investigated. Nevertheless, an 
extension to a 6-dimensional vector space, including also the possible presence of orthoborate 
tetrahedra, is straightforward. 

With the above formalism, for a particular composition of a fundamental node, i.e., the 
metaborate one, M, with x=0.50 and 𝑋୑(0.50) = 1, the SROC, M, is, in general, a linear combination 
of the borate species 𝐵௝ : 

M= ∑ 𝑓஄,௝𝐵௝
ସ
௝ୀ଴ = 𝑓஄,଴𝐵଴  +  𝑓஄,ଵ𝐵ଵ + 𝑓஄,ଶ𝐵ଶ + 𝑓஄,ଷ𝐵ଷ + 𝑓஄,ସ𝐵ସ (6) 

where 𝑓୑,௝ denotes the components of the M vector in the Bj basis. Equivalently, we can represent 
the vector M with its components, M = ൫𝑓஄,଴, 𝑓஄,ଵ, 𝑓஄,ଶ, 𝑓஄,ଷ, 𝑓஄,ସ൯. We observe that ∑ 𝑓୶,௝

ସ
௝ୀ଴ = 1, for 

any fundamental node X, and that the components 𝑓୑,௝  coincide with the molar fractions of the 
borate units for the glass having the metaborate composition. 

As a starting point, it is clear that for x=0 the corresponding SROC, N, consists exclusively of 
neutral borate triangles, BØ3, or in vector notation N = (0,0,0,1,0) . Then, for an intermediate 
composition, for example the borate glass with x=0.3, where 𝑋୒ = 0.57 and 𝑋୑ = 0.43 from Figure 
1, it is assumed that the SRO structure is a linear combination of the SROCs of glasses with x=0 and 
x=0.5 with coefficients 𝑋୒ = 0.57 and 𝑋୑ = 0.43 , respectively. 

In the original SROC model, where only the fundamental nodes N, M, P and O are considered, 
the composition interval [0,0.75) of x is divided into 3 distinct subintervals. Specifically, we have 
region I with x∈ [0,0.5), region II with x∈ [0.5,0.67) and region III with x∈ [0.67,0.75). By applying 
condition II, we have that in region I contribute only the SROCs N and M, in region II SROCs M and 
P, whereas in region III SROCs P and O. With these constraints, the molar fraction of each particular 
borate entity Bj, 𝐵෨௝ , can be evaluated at any value of x, with the following equations: 

𝐵෨௝(𝑥) = 𝑓அ,௝𝑋அ(𝑥) + 𝑓஄,௝𝑋஄(𝑥), for 0.0≤ x <0.5  (7a) 
𝐵෨௝(𝑥) =  𝑓஄,௝𝑋஄(𝑥) + 𝑓୔,௝𝑋୔(𝑥), for 0.5≤ x <0.67 (7b) 
𝐵෨௝(𝑥) = 𝑓୔,௝𝑋୔(𝑥) + 𝑓୓,௝𝑋୓(𝑥), for 0.67≤ x <0.75 (7c) 
In the framework of the original SROC model the only input needed is the specific borate 

speciation for the meta-, pyro- and ortho-borate glass compositions. Alternatively, if the SRO 
structure of meta-, pyro- and ortho-borate glass compositions are known from existing experimental 
or theoretical investigations then the array of fq,j values, for each borate unit j within each SROC q, 
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where 𝑞 ∈ ൛N, M, P, Oൟ, is known. Then, the set of Equations (7) permits a direct evaluation of the SRO 
structure of any glass composition. Further details are reported in Ref. [34]. 

2.3. Comments on the SROC Model 

The original SROC model, presented in section 2.2, was capable to describe the SRO structure of 
the binary xZnO-(1-x)B2O3 glasses, in their, rather narrow, glass forming range, x=[0.54,0.7]. 
However, we have to modify the original SROC model in at least two cases. First, where there are no 
available data for the SRO structure at one or more of the three fundamental nodes, M, P or O (n.b. 
the N node is always known). The second case is a little bit trickier, i.e., the SROCs M, P and O are 
known, but the predictions of the SROC model do not agree with the experimental data for the SRO 
structure of glasses with intermediate compositions. This situation is encountered in the present 
study and will be analytically described in the forthcoming section. 

Fortunately, both situations can be handled by adding additional nodes to the original SROC 
model, thus resulting in an augmented version of the SROC model. In the next section, we will 
describe in detail the procedure to insert an additional node in the SROC model that fulfills the 
previously reported necessary conditions I to III. 

3. Results and Discussion 

The main aim of the present study is to apply the SROC model in the binary system of bismuth 
borate glasses, xBi2O3-(1-x)B2O3. This is motivated by the fact that the SRO structure of these glasses 
is known from our previous investigation in the whole glass forming range, 0.20 ≤ x ≤ 0.80 [33]. 
Moreover, the application of the SROC model in these glasses will reveal how the original proposed 
model can be further enhanced by introducing additional nodes, besides the fundamental ones, in 
the composition range. 

3.1. The SROC Model in Bismuth Borate Glasses 

Initially, we apply the SROC model in xBi2O3-(1-x)B2O3 glasses, in the limited composition range 
0.20 ≤ x ≤ 0.40. This restriction is based on our previous finding that beyond x=0.40 Bi2O3 assumes a 
dual role, both of a modifier and of a glass former, as explicitly shown in Ref. [33]. In this case, the 
charge balance equation, or the calculation of the O/B ratio, A(x), cannot be applied, since the exact 
fraction of the Bi2O3 acting as a modifier is unknown. So, we are left with only one equation, namely 
the mass balance, or, equivalently, the normalization of the two SROCs, at each subinterval of the 
composition range, with two unknown SROC functions. 

Prior to the application of the SROC model in bismuth borates, it is underlined that two 
modifications are needed, with respect to xMO-(1-x)B2O3 or xM2O-(1-x)B2O3 glasses. These changes 
originate from the nominal charge of Bi cations, which is +3, that modifies the charge per boron and 
oxygen atoms per boron functions, compared to mono- or divalent cations. More precisely, if we 
adopt the charge per boron function, 𝑐(𝑥), for mono- or divalent cations, we have: 

𝑐(𝑥) =
ଶ௫

ଶ(ଵି௫)
=

௫

ଵି௫
 (8a) 

whereas, for trivalent cations, like Bi3+, we get: 
𝑐(𝑥) =

଺௫

ଶ(ଵି௫)
=

ଷ௫

ଵି௫
 (8b) 

The first modification is reflected in the actual value in the composition range of the three 
fundamental nodes M, P and O, with respect to xMO-(1-x)B2O3 or xM2O-(1-x)B2O3 glasses. In 
particular, the metaborate, M, SROC node, corresponding to 𝑐(𝑥) = 1, occurs at 𝑥 = 0.5, for M+ or 
M++ cations, and at 𝑥 = 0.25 for Bi3+ ions. Along the same lines, for Bi3+ ions the SROC P and O nodes 
occur at positions 𝑥 = 0.4 and 𝑥 = 0.5, respectively. This is straightforward from Eq. (8b) since for 
P node 𝑐(𝑥) = 2 and for O node 𝑐(𝑥) = 3. We recall that for M+ or M++ cations, SROC P and O nodes 
are situated at 𝑥 = 0.67  and 𝑥 = 0.75 , respectively. Such changes affect directly the different 
subintervals of the composition range. In particular, in the present case we have again three intervals 
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but with different limits: Region I with 𝑥 𝜖 [0,0.25], Region II with 𝑥 𝜖 [0.25,0.40] and Region III with 
𝑥 𝜖 [0.40,0.50]. 

The second modification is related to the expressions of the functions 𝑋ே(𝑥), 𝑋ெ(𝑥), 𝑋௉(𝑥) and 
𝑋ை(𝑥). Following the original paper, we use the ratio of oxygen atoms to boron, 𝐴(𝑥), function. Then, 
for xBi2O3-(1-x)B2O3 glasses we have that: 

𝐴(𝑥) =
ଷ௫ାଷ(ଵି௫)

ଶ(ଵି௫)
=

ଵ.ହ

ଵି௫
 (9a) 

This is a different function compared to the one that applies to M+ or M++ metal ions: 
𝐴(𝑥) =

௫ାଷ(ଵି௫)

ଶ(ଵି௫)
=

ଵ,ହି௫

ଵି௫
 (9b) 

By using the appropriate Equation (9a), the functions 𝑋ே(𝑥), 𝑋ெ(𝑥), 𝑋௉(𝑥) and 𝑋ை(𝑥) can be 
easily calculated for the three new regions, in bismuth borate glasses: 

Region I: 0 ≤ 𝑥 ≤ 0.25 (between nodes N and M) 
𝑋ே + 𝑋ெ = 1 

1.5𝑋ே + 2𝑋ெ = 𝐴(𝑥) =
ଵ.ହ

ଵି௫
  

By solving, we get: 
𝑋ே(𝑥) =

ଵିସ௫

ଵି௫
 (10a)  

𝑋ெ(𝑥) =
ଷ௫

ଵି௫
 (10b) 

Region II: 0.25 ≤ 𝑥 ≤ 0.40 (between nodes M and P) 
𝑋ெ + 𝑋௉ = 1  

2𝑋ெ + 2.5𝑋௉ = 𝐴(𝑥) =
1.5

1 − 𝑥
 

Resulting in: 
𝑋ெ(𝑥) =

ଶିହ௫

ଵି௫
 (11a) 

𝑋௉(𝑥) =
ସ௫ିଵ

ଵି௫
  (11b) 

Region III: 0.40 ≤ 𝑥 ≤ 0.50 (between nodes P and O) 
𝑋௉ + 𝑋ை = 1  

2.5𝑋௉ + 3𝑋ை = 𝐴(𝑥) =
1.5

1 − 𝑥
 

Solving the above system gives: 
𝑋௉(𝑥) =

ଷି଺௫

ଵି௫
 (12a) 

𝑋ை(𝑥) =
ହ௫ିଶ

ଵି௫
 (12b) 

A careful examination of Equations (10)-(12) shows that functions 𝑋୒(𝑥), 𝑋୑(𝑥), 𝑋୔(𝑥)  and 
𝑋୓(𝑥) satisfy the prerequisites of condition III (see Section 2.1). 

The incorporation of the aforementioned modifications in the SROC model, adapted for bismuth 
borate glasses, are depicted in Figure 2. 
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Figure 2. SROC functions in xBi2O3-(1-x)B2O3 glasses calculated by Equations (10)-(12). 𝑋ே(𝑥), 𝑋ெ(𝑥), 𝑋௉(𝑥) and 
𝑋ை(𝑥) denote the corresponding SROC functions of the four fundamental nodes N, (𝑥 = 0), M (𝑥 = 0.25), P (𝑥 =

0.4) and O (𝑥 = 0.5), respectively. For details, see text. 

Finally, Equations (7) for the molar fraction of each particular borate entity Bj, 𝐵෨௝, at any value of 
x can be replaced with the following equations: 

𝐵෨௝(𝑥) = 𝑓அ,௝𝑋அ(𝑥) + 𝑓஄,௝𝑋஄(𝑥), for 0.0≤ x <0.25  (13a) 
𝐵෨௝(𝑥) =  𝑓஄,௝𝑋஄(𝑥) + 𝑓୔,௝𝑋୔(𝑥), for 0.25≤ x <0.40 (13b) 
Now, it is possible to apply the SROC model in bismuth borate glasses in the range 0 ≤ x ≤ 0.40. 

It is mentioned that the extension to x=0 is straightforward, though the first glass composition 
examined in our previous study was x=0.20 [33]. Following the approach described in Section 2.2, the 
only input that we need is the knowledge of the SRO structure in the three fundamental nodes N, M 
and P, or, equivalently, in glasses with x=0, x=0.25 and x=0.40. The orthoborate SROC O is not 
considered since it is beyond the upper limit of the composition range under consideration. 

The structure of pure borate glass B2O3 consists of neutral triangles and in our previous study 
we analyzed the SRO structure of glasses with x=0.20, x=0.30 and x=0.40, in the range of interest [33]. 
The results for the molar fractions of the borate building units are summarized in Table 1. 

Table 1. Molar fractions of the borate building units in xBi2O3-(1-x)B2O3 glasses, for x=0.20, x=0.30 and x=0.40. 
𝑋ଷ, 𝑋ସ, 𝑋ଶ, 𝑋ଵ and 𝑋଴ denote the molar fractions of B3, B4-, B2O-, BO22- and BO33- units, respectively. For 
details see Ref.[33]. 

x 𝑋ଷ 𝑋ସ 𝑋ଶ 𝑋ଵ 𝑋଴ 

0.20 0.250 0.330 0.420 - - 
0.30 - 0.408 0.306 0.286 - 
0.40 - 0.430  0.140 0.430 

From Table 1, it is observed that the SRO structure for the glass corresponding to the M node, 
with x=0.25, is missing. Nevertheless, the SROC model, Equations (10) or Figure 2, predicts that for 
x=0.20 we have 𝑋ே(0.2) = 0.25 and 𝑋ெ(0.2) = 0.75. These predictions are in perfect agreement with 
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the data reported in Table 1, recalling that 𝑋ெ(0.2) is equivalent to 𝑋ସ + 𝑋ଶ. On these grounds, it is 
reasonable to follow the predictions of the SROC model for the SRO structure of the x=0.25 glass. 
Thus, for x=0.25, the M node, 𝑋ெ(0.25) = 1  and the structure should consist exclusively of 
metaborate type units, B4- and B2O-. Their molar fractions are unknown but we can use the NMR 
value 𝑋ସ = 0.37 of Ref. [35] and, consequently, 𝑋ଶ = 0.63, for x=0.25. 

At this point, we have all the information needed for nodes N, M and P and the results for the 
components of the corresponding SROCs, following Equation (6), are reported in Table 2. 

Table 2. Components of the SROCs for nodes N, M and P according to Equations (13). For details see text. The 
subscript q represents a SROC node and q ∈ {N, M, P}. 

SROC 𝑓௤,଴ 𝑓௤,ଵ 𝑓௤,ଶ 𝑓௤,ଷ 𝑓௤,ସ 

N (𝑥 = 0) 0 0 0 1 0 
M (𝑥 = 0.25) 0 0 0.63 0 0.37 
P (𝑥 = 0.40) 0.43 0.14 0 0 0.43 
The molar fractions of the borate entities for the SRO structure of bismuth borate glasses can be 

easily derived by applying Equations (13a) and (13b). The results are depicted in Figure 3. In the same 
figure, the data from our previous experimental study are also included [33]. Inspection of Figure 3 
shows that for x=0.2 and x=0.4 the SROC model agrees perfectly with the experimentally derived 
data, as expected. In fact, for x=0.2 this agreement has already been mentioned and served as our 
starting point for the SROC of the M node, while for x=0.4 the corresponding SROC P used the 
experimental data as input. 

 

Figure 3. Molar fractions of the borate entities in xBi2O3-(1-x)B2O3 glasses, for 0 ≤ x ≤ 0.40. Straight lines represent 
the fractions calculated by the original SROC model with three fundamental nodes N, (x=0), M, (x=0.25) and P, 
(x=0.4). Square symbols correspond to the molar fractions derived in Ref. [33]. 𝑋ସ, 𝑋ଷ, 𝑋ଶ, 𝑋ଵ and 𝑋଴ denote the 
molar fractions of B4-, B3, B2O-, BO22- and BO33- units, respectively. 

On the contrary, for the x=0.3 glass composition there is a clear divergence between the SROC 
model and the experimentally calculated data. The main discrepancy concerns the molar fractions of 
pyro- and orthoborate units. It is surprising, though, that while the SROC model predicts the presence 
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of orthoborate units with a molar fraction of ca. 0.13, derived for the data in Figure 3, experimental 
infrared absorption coefficient spectra of the x=0.3 glass strongly suggest the absence of orthoborate 
triangles, as shown in Figure 3 of Ref. [33]. 

To trace the origin of these deviations we observe that in the SRO structure of the glass with the 
nominal pyroborate composition, x=0.40, pyroborate units constitute the minority species, with a 
molar fraction of 0.14, while metaborate tetrahedra and orthoborate units are the majority structural 
entities, both having a molar fraction of 0.43. This observation, which is in contrast to the 
stoichiometric considerations, strongly supports the occurrence of the disproportionation reaction of 
pyroborate units into metaborate tetrahedra and orthoborate moieties: 

2BO22-- ⇄ B4- + BO33- (14) 
The aforementioned reaction fully explains the values of the molar fractions, reported in Table 

1, for the SRO structure of the x=0.40 glass, with the nominal pyroborate stoichiometry. If we assume 
that initially there are only pyroborate triangles in the melt, then the onset of reaction (14) will result 
in equal populations of B4- tetrahedra and BO33- orthoborate triangles, in agreement with their equal 
molar fractions of 0.43. Moreover, this value of 0.43 dictates that pyroborate units participate in this 
reaction with a molar fraction of 0.86, thus leaving pyroborate units with a molar fraction of 0.14 in 
the glass structure. 

It is worthwhile noting that inspection of Table 1 evidences that the aforementioned 
disproportionation reaction is not active in the glass with x=0.30, since there are no orthoborate 
triangles in the SRO structure. In other words, the onset of reaction (14) lies somewhere in the 
composition range above x=0.30 and below x=0.40. 

With this observation in mind, we will try to reconciliate the deviations between the original 
SROC model and the experimental findings by adding an additional node in the SROC model, as 
analytically discussed in the forthcoming section. 

3.2. The Augmented SROC Model, ASROC 

As previously evidenced, the SROC model cannot describe the SRO structure in bismuth borate 
glasses. Moreover, this weakness is probably attributed to the onset of disproportionation reaction 
(14) that affects directly the SRO structure of the glass and is not considered in the SROC model with 
the four fundamental nodes. In this section we will enhance the SROC model by inserting an 
additional node in order to incorporate the available experimental data of Ref. [33]. The obvious 
choice is the node with x=0.30, denoted as 𝑋଴.ଷ, since the SRO structure is already known from Table 
1. 

First, we observe that x=0.30 lies in region II (0.25 ≤ x ≤ 0.40), so there is a partition of this range 
into two new subintervals, namely region IIa, 0.25 ≤ x ≤ 0.30, and region IIb, 0.30 ≤ x ≤ 0.40. In order 
to proceed, we observe that for x=0.30, 𝐴(0.3) ≈ 2.143. Thus, we have the following set of equations: 

Region IIa 
𝑋ெ + 𝑋଴.ଷ = 1  
2𝑋ெ + 2.143𝑋଴.ଷ = 𝐴(𝑥)   
It is more instructive to express the coefficients appearing in the second equation with the values 

of the 𝐴(𝑥) function, that is 𝐴(0.25) = 2 and 𝐴(0.3) = 2.143. Solving the above system, we find: 
𝑋ெ =

஺(଴.ଷ)ି஺(௫)

஺(଴.ଷ)ି஺(଴.ଶହ)
  (15a) 

𝑋଴.ଷ =
஺(௫)ି஺(଴.ଶହ)

஺(଴.ଷ)ି஺(଴.ଶହ)
  (15b) 

Region IIb 
𝑋଴.ଷ + 𝑋௉ = 1  
2.143𝑋଴.ଷ + 2.5𝑋௉ = 𝐴(𝑥)  
Recalling that 𝐴(0.4) = 2.5, we get: 
𝑋௉ =

஺(௫)ି஺(଴.ଷ)

஺(଴.ସ)ି஺(଴.ଷ)
 (16a) 

𝑋଴.ଷ =
஺(଴.ସ)ି஺(௫)

஺(଴.ସ)ି஺(଴.ଷ)
 (16b) 
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Equations (15) and (16) are quite symmetric and can be easily generalized in the case of inserting 
a node q between the fundamental nodes M and P. This is accomplished by replacing the term 𝐴(0.3) 
in the above equations with the appropriate 𝐴(𝑞) value. It is easy to see that the additional node 
fulfills the necessary conditions II and III, as described in Section II. 

The SROC functions calculated by Equations (10), (12), (15) and (16) of the augmented SROC 
model, ASROC, are represented in Figure 4. 𝑋ே(𝑥), 𝑋ெ(𝑥), 𝑋௉(𝑥), 𝑋ை(𝑥)  and 𝑋଴.ଷ(𝑥)  denote the 
corresponding SROC functions of the four fundamental nodes N, (x=0), M (x=0.25), P (x=0.4), O 
(x=0.5) and of the new node at x=0.3, respectively. 

 

Figure 4. SROC functions in xBi2O3-(1-x)B2O3 glasses calculated by Equations (10), (12), (15) and (16). 
𝑋ே(𝑥), 𝑋ெ(𝑥), 𝑋௉(𝑥), 𝑋ை(𝑥)  and 𝑋଴.ଷ(𝑥)  denote the corresponding SROC functions of the four fundamental 

nodes N, (x=0), M (x=0.25), P (x=0.4), O (x=0.5) and of the new node at x=0.3, respectively. For details, see text. 

In the framework of the ASROC model, the molar fractions of the borate entities for the SRO 
structure of bismuth borate glasses can be calculated by extending Equations (13a) and (13b). Since 
now we inserted an additional node at x=0.3, the new set of equations for the molar fraction of each 
particular borate entity Bj, 𝐵෨௝, takes the following form: 

𝐵෨௝(𝑥) = 𝑓அ,௝𝑋அ(𝑥) + 𝑓஄,௝𝑋஄(𝑥), for 0.0≤ x <0.25  (17a) 
𝐵෨௝(𝑥) = 𝑓୑,௝𝑋୑(𝑥) + 𝑓଴.ଷ,௝𝑋଴.ଷ(𝑥), for 0.25≤ x <0.30  (17b) 
𝐵෨௝(𝑥) = 𝑓଴.ଷ,௝𝑋଴.ଷ(𝑥) + 𝑓୔,௝𝑋୔(𝑥), for 0.30≤ x <0.40 (17c) 
The component values 𝑓௤,௝ for the SROCs N, M, 0.3, P and O are presented in Table 3. The results 

for the molar fractions of the borate units, derived from Equations (17a) -(17c) are depicted in Figure 
5. 

Table 3. Components of the SROCs for nodes N, M, 0.3 and P according to Equations (17). For details see text. 
The subscript q represents a SROC node and q ∈ {N, M, 0.3, P}. 

SROC 𝑓௤,଴ 𝑓௤,ଵ 𝑓௤,ଶ 𝑓௤,ଷ 𝑓௤,ସ 

N (x=0) 0 0 0 1 0 
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M (x=0.25) 0 0 0.63 0 0.37 
0.3 (x=0.3) 0 0.29 0.30 0 0.41 
P (x=0.4) 0.43 0.14 0 0 0.43 

 

Figure 5. Molar fractions of the borate entities in xBi2O3-(1-x)B2O3 glasses, for 0 ≤ 𝑥 ≤ 0.40 . Straight lines 
represent the fractions calculated by the augmented SROC model, ASROC with the three fundamental nodes N, 
(x=0), M (x=0.25), P (x=0.4) and the new node at x=0.3. 𝑋ସ, 𝑋ଷ, 𝑋ଶ, 𝑋ଵ and 𝑋଴ denote the molar fractions of B4-

, B3, B2O-, BO22- and BO33- units, respectively. Square symbols correspond to the molar fractions of B4- units 
from the NMR study of Ref. [35]. 

The molar fractions of Figure 5 coincide with the experimental spectra for the SRO structure at 
x=0.2, x=0.3 and x=0.4 of our previous study [33] since we used this information as an input in the 
ASROC model. Nonetheless, it is still possible to compare our results with the available experimental 
data for the molar fraction of B4- tetrahedra from the NMR study of Ref. [35], included in Figure 5 
as square symbols. As evidenced, there is an overall close agreement between the predictions of the 
ASROC model and the experimental NMR data. It is underlined that the ASROC model provides the 
molar fractions in a continuous way in the 0 ≤ x ≤ 0.40 interval, and, more interestingly, by considering 
only the SRO structure of three distinct glass compositions, i.e., x=0.25, x=0.30 and x=0.40. 

Another interesting trend from Figure 5 is the behavior of the molar fraction 𝑋ଵ of pyroborate 
triangles. As shown, 𝑋ଵ progressively increases after the metaborate composition at x=0.25 up to 
x=0.30. Then, 𝑋ଵ decreases up to the pyroborate composition at x=0.40. This decrease is accompanied 
by a substantial increase of the population of orthoborate triangles and a slower increase of borate 
tetrahedra. These structural rearrangements can be fully understood by invoking the 
disproportionation reaction (14). Thus, the ASROC model, with the addition of only one node, 
incorporates the mechanism of these rearrangements. 

As a final remark, it would be tempting to try to extend the model above 0.40. In order to 
accomplish this task first of all the nominal orthoborate node at x=0.50 has to be translated to higher 
composition values. Based on our previous structural findings in bismuth borate glasses [33], the 
glass with x=0.80 is characterized by a SRO structure of orthoborate units only. This implies that the 
actual position of the O node lies at x=0.80 instead of the nominal x=0.50 position. Then, the problem 
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that arises is how to transform the composition interval [0.4,0.5] between the nominal positions of 
nodes P and O in the [0.4,0.8] interval, in order to cover the entire glass forming range of bismuth 
borate glasses. This subject is currently under investigation. 

4. Conclusions 

The Short-Range Configuration model, SROC, has been applied to investigate the structural 
properties of bismuth borate glasses, xBi2O3-(1-x)B2O3. The analysis is limited in the 0 ≤ x ≤ 0.40 
composition range where Bi2O3 acts predominantly as a modifier. In the framework of the SROC 
model, the SRO structure of the glasses under investigation can be derived in a continuous way 
throughout the entire composition range if the molar fractions of the borate building units are known, 
at three stoichiometric compositions. These correspond to the fundamental nodes of the model, 
neutral N (x=0), meta M (x=0.25) and pyro P (x=0.40). 

Our analysis showed that the original SROC model, with the fundamental nodes only, fails to 
describe the SRO structure in bismuth borate glasses. This was attributed to the onset of a 
disproportionation reaction, involving pyroborate, orthoborate and tetrahedral borate units. Such a 
reaction affects directly the structure of the glasses and is not incorporated in the SROC model with 
fundamental nodes only. 

The extension of the SROC model, with the addition of a new node at x=0.30, results in a 
successful calculation of the SRO structure of the glasses in the range under investigation. The new 
proposed augmented version of the SROC model, ASROC, incorporates the disproportionation 
reaction between the borate entities and the obtained results are in excellent agreement with existing 
NMR data for the molar fraction of the borate tetrahedra. 

Finally, we presented and established the necessary conditions and prerequisites, initially 
originated from the lever rule, in order to extend the SROC model in other systems of glasses. 
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