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Abstract—This study is aimed at the analysis of two structural models of the structure of sodium borosilicate
glasses (the Dell model and the thermodynamic (TD) model), which differ significantly in their fundamental
principles. Where it is possible, we compare the model’s predictions regarding the structural features of
glasses in the Na,O—B,03;—Si0, system on the near (distribution of basic structural units) and average (the
content of superstructural groups as a function of glass composition) scales with the experimental data. The
analysis gives an idea of the information content of both models and their correctness in terms of their pre-

dictions.
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INTRODUCTION

The study of the structure and properties of boro-
silicate glasses has a long history. Interest in these
glasses is due, on the one hand, to their widespread use
and the potential for the further expansion of their
field of application in various industries, and, on the
other hand, on the complexity of the structure, which
is largely determined by the presence of two glass-
forming oxides, SiO, and B,0;, each of whose cations
form their own structural units. Silicate structural
units are known to be SiO, tetrahedrons that differ in
the number of bridging oxygen atoms. In the litera-
ture, these tetrahedra are also known as Q" units,
where n is the number of bridging oxygen atoms
belonging to the given tetrahedron. Because the n can
take values from 4 (fully polymerized Q* structural
units) to 0 (completely depolymerized Q° units), five
types of silicate tetrahedra are distinguished in total,
and the modification of the local structure of the sili-
cate network upon interaction with a modifier oxide
can generally be represented as the following reaction:

Qn + Qk + 02— N Qn—l + Qk—l’ (1)

where O% is the additional oxygen introduced into the
system in the form of modifying oxides. This reaction
implies that as a result of such an interaction the bridge
bond between the two structural units breaks and two
terminal (nonbridging) oxygen atoms are formed.

As for the borate structural groups, here, as in the
previous case, it is customary to distinguish the five
basic units: the symmetrical triangle BO; (O is a bridg-
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ing oxygen atom), in which all three oxygen atoms are
bridging atoms, the tetrahedron [B@,]~, where all four
oxygen atoms are also bridging atoms and there are
three more trigonal borate units, differing in the num-
ber of bridging oxygen atoms—the metaborate triangle

B®,0~, pyroborate unit B@Og_, and the fully depo-

lymerized orthoborate anion BO§_. The modification
of the boron—oxygen framework differs from that
characteristic of the silicon—oxygen network, and this
is due to the fact that the oxygen coordination number
of boron atoms can change when a typical modifier
oxide is added to B,0O;. For example, in binary alkaline
borate systems, such a sequence can be expressed as
follows:

1

[BO,] 2°

lg

2
BQO; — BO; .

2- 2—

BY; — - 2)
,0

It should be clarified that although sequence (2)
indicates the possibility of transforming symmetrical
triangles BQ; as in tetrahedra [B@,]~ and into asym-
metric metaborate units BO,0, in fact, with the addi-
tion of an oxide-modifier of up to approximately 25—
30 mol %, there is mainly a transformation of symmet-
rical triangles into BO, tetrahedra, and the appearance
in the glass structure of trigonal borate units with dif-
ferent numbers of nonbridging oxygen atoms begins
only at higher concentrations of the modifying oxide.

Another specific structural feature of the structure
of borate glasses is the presence in them of the so-
called superstructural groups, which consist of a cer-
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Table 1. Mathematical formalism of the Dell model
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tain number of basic structural units strictly oriented
relative to each other [1, 2]. Examples of such super-
structural units are boroxol B;0;0; rings, triborate

B,0,0, rings, pentaborate B;O(@D, and diborate

B405®i_ groups, a metaborate BBOé_ ring anion, etc. It
is logical to expect that such groups can also be present
in borosilicate glass, and their concentration should be
high in glasses with a low SiO, content. In addition,
the formation of bridging oxygen bonds between
borate and silicate structural units leads to the fact
that, in addition to superstructural groups typical of
pure borate systems, mixed ring groups, such as dan-
burite or reedmergnerite rings, can also form in boro-
silicate glasses. Both types of rings, danburite or reed-
mergnerite, consist of four tetrahedrally coordinated
structural units, only in the first case the ring is formed
from two SiO, tetrahedra and two [BQ,]~ tetrahedra,
and in the second, the ring contains three SiO, tetra-
hedra and one borate tetrahedron.

Thus, the description of the structure of borosili-
cate glasses requires, in the most general case, the
identification of ten types of structural units (five sili-
cate and five borate) and the determination of their
concentrations as a function of the glass composition
and/or external parameters (for example, pressure or
temperature), as well as the type and concentrations of
larger superstructural groups (including mixed rings)
that can form in the glass. It is obvious that changes in
the concentration of silicate or borate structural units
and the formation patterns of of superstructural
groups in the glass structure are determined by the dis-
tribution of the modifying oxide between the silicate
and borate components of the borosilicate glass net-
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work and the corresponding mechanisms of their
modification.

Significant efforts have been made in studying
these issues, in particular, the structure of glasses of
the Na,0—B,0;—Si0, system. The logical generaliza-
tion of such works was the development of a number of
structural models that differ significantly in their fun-
damental principles. The aim of this study is to analyze
two well-known models in terms of the amount of
information they provide, as well as the extent to
which their predictions are correct.

DELL MODEL

Historically, one of the first models of the structure
of sodium borosilicate glasses is the semiempirical
Dell model [3, 4], which is based on a set of experi-
mental data on the modification of the borate compo-
nent of the sodium borosilicate glass network accumu-
lated by the end of the 1970s and the beginning of the
1980s. In this model, the glass compositions are
expressed in terms of oxide concentration ratios, R =
[Na,0]/[B,05] and K = [SiO,]/|B,0s], and each sec-
tion with a constant value of parameter K divided into
four ranges depending on the value of parameter R.
Thus, to calculate the concentrations of borate struc-
tural units, a specific set of equations is used for each
range (see Table 1). It makes sense to emphasize that
such calculations result in the local distribution of
borate structural units; i.e., the concentrations of
borate units are calculated in relation to the total num-
ber of boron atoms in the system, and not in relation to
the number of all network-forming cations.

No. 6 2022
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Fig. 1. Concentrations of borate structural units (local distribution) in glasses of the Na,O—B,03;—SiO, system of sections with

K=05,1,2,3,4,5, and 6 (Dell model). Concentrations [BQ4]~, BO3, BO,O™, and B@O%_ units are designated as Ny, N3,

N3,, and N, respectively.

Figure 1 shows the results of calculating the con-
centrations of borate structural units, N, ([BQ4]7), N5

(BQ3), N;, (BO,07), and N;, (B@Og_), for 7 sections
with K = 0.5, 1, 2, 3, 4, 5, and 6. According to the
model in the first range, all of the sodium oxide inter-
acts only with the borate component of the borosili-
cate glass network, and the only result of such an inter-
action is the transformation of symmetrical borate tri-
angles into borate tetrahedra. Therefore, regardless of
the value of parameter K, an increase in the proportion
of borate tetrahedra is described by the same straight
line. The same is true for the proportion of symmetri-
cal triangles, since no other borate structural units are
formed in this range; i.e., the concentration of metab-

orate B@,0™ triangles and pyroborate B@Og_ units is
zero here. As the value of parameter K increases (with
the increasing concentration of SiO, in the system),
the width of the first range increases and the maxi-
mum possible concentration of borate tetrahedra for
the given K increases.

In the second section, no changes take place in the
concentrations of borate structural units. Here it is
assumed that the entire oxide modifier interacts only
with the silicate component of borosilicate glass. In
the third and fourth ranges, the model assumes a pro-
portional distribution of the modifying oxide between
silicate and borate structural units, and in each section
with a constant value of K, the decrease in the propor-
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tion of borate tetrahedra is described by the same
expression (see Table 1). Therefore, we cannot visually
highlight the border between the third and fourth
ranges on the dependence of the concentration of
borate tetrahedra on the value of parameter R. As for
the concentration of symmetrical triangles BQ;, their
fraction in the local distribution monotonically
decreases to zero in the third range, and in the fourth
range, and according to the Dell model, symmetrical
borate triangles are absent in the structure of borosili-
cate glasses. The concentration of metaborate asym-
metric triangles B@,0~ increases in the third range
and reaches its maximum value at R = R,, and in the
fourth, on the contrary, it decreases to zero. As for

pyroborate B@Og_ units, their concentration
increases both in the third and fourth ranges. We note
that the increment in the proportion of pyroborate
units in the third range is somewhat less than in the
fourth. As the value of K grows, this difference in the
magnitude of the increment gradually decreases.

Thus, according to the Dell model, the transforma-
tion of the local structure of the borate component of
the disordered network of borosilicate glass in differ-
ent ranges is determined by different mechanisms.
Namely, in range I, the modification of the structure
at the level of basic structural units is described solely
by the reaction

2BQ, + 0 — 2[BO,T. (3)

2022
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Fig. 2. Concentrations of borate structural units (general distribution) in glasses of the Na,O—B,03;—SiO, system of sections with

K=0.5,1,2,3,4,5, and 6 (Dell model). Concentrations of [BO4]~, BO3, BO,0™, and B(Z)O%_ units are designated as ny, 15,

n3,, and np, respectively.

As noted above, in range 11, out of the entire variety
of basic borate structural units in glass, only fully
polymerized symmetrical triangles BO; and tetrahe-
dra [BQ,]~ are present, while the concentrations of
other borate units are zero. Moreover, within the sec-
ond range, no changes occur in the distribution of
borate units.

In range III, the model predicts an increase in the

proportion of meta- (B@,07) and pyroborate (B@Og_)
units against the background of a decrease in the pro-
portion of symmetrical triangles and borate tetrahe-
dra. The proportion of metaborate asymmetric trian-
gles at the end of this range reaches its maximum value
in all sections with the fixed K parameter, and the pro-
portion of symmetrical triangles becomes zero. Obvi-
ously, here the modification of the local structure can
be expressed in the form of two simultaneously occur-
ring reactions:

2BQ, + 0" — 2B0,0", 4
2[B@,] + O — 2BOO; . (5)

Finally, in range IV, the model predicts a decrease
in the concentration of metaborate units from the

maximum value to zero. The proportion of [BQ,]|~ tet-
rahedra is reduced to zero, while the concentration of

pyroborate B@Og_ continues to grow. Hence it follows
that reaction (5) is also valid for describing structural
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transformations in the last (fourth) range. However,
reaction (5) does not provide a complete idea of the
modification of the local structure in the fourth range,
since it does not give an idea of the decrease in the pro-
portion of metaborate triangles against the background

of the increase in the concentration of B@O3 units.
Therefore, to describe the mechanisms of structural
transformations in the last range, it is necessary to use an
additional reaction involving metaborate triangles:

2B0,0” + 0~ — 2BQO; . (6)

Consideration of the local distribution, whether
only borate or only silicate (in this case, only borate),
is not suitable for obtaining a visual representation of
the modification of the local structure of glass with
two network-forming cations. For these purposes, it is
more convenient and clearer to use the total distribu-
tion of the structural units: in this case, the proportion
of borate structural units calculated in relation to the
total number of network-forming cations in the sys-
tem. Having at our disposal the composition of the
glass and the expressions describing the local distribu-
tion of borate units, it is quite easy to move from the
local distribution to the general one. The dependences
of the concentrations of borate structural units on the
glass composition (7, (| BO4]7), #5, (BO5), 15, (BO,07),
and n;, (B@Og_)), recalculated taking into account
the total content of boron oxide in the Na,0—B,0;—
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SiO, system, are shown in Fig. 2. It can be seen that in
the overall distribution, the maximum possible values
of the concentrations of different types of basic borate
groups gradually decrease with an increase in the value
of parameter K. This is quite logical, since with the
growth of K the content of boron oxide in the system
decreases and, consequently, the actual total concen-
tration of all possible borate units decreases.

Within the range of glass composition changes for
which the Dell model was developed, we find that the
maximum concentration of borate tetrahedra varies
from 0.5, for binary sodium borate glass with a compo-
sition of 0.33Na,0-0.67B,0;, up to 0.2 in borosilicate
glass with K= 8. The maximum concentration of sym-
metrical triangles for the same limit values of K varies
from 1 (glass-like B,O;) to 0.15. The proportion of
metaborate triangles varies from 0.33 (binary glass) to
0 (inthe context of K= 8 the model does not assume the
existence of such structural units for any R) and, finally,
the maximum concentration of pyroborate units will
vary from 1, in binary sodium borate glass, to 20% in
borosilicate glass with an extremely high value of K.

Obviously, knowledge of the distribution of only
borate structural units in borosilicate glass does not
give a complete picture of its structure. It is also nec-
essary to know the distribution of silicate structural
units. The Dell model, explicitly, that is, in the form in
which it is presented in Table 1 does not provide such
information. The exception is the first range, where,
according to the model, the modification of silicate
structural units is completely absent, which means
that only completely polymerized Q* units are present.
Nevertheless, knowing the distribution of borate
structural units, we can obtain the necessary informa-
tion about the distribution of silicate structural units.
For this, it is convenient to use the concept of the aver-
age charge of a structural unit. In the case of a system
with monovalent modifier cations, this value will be
numerically equal to the ratio of the number of modi-
fying cations to the total number of network-forming
cations:

_ 2[Na,0]
- 7
7 [SiO, ]+ 2[B,0;]’ @
or
_ 2R
- 8
q T K ®)

if we substitute the oxide concentrations expressed in
parameters R and K into Eq. (7):

R

Na,O]= —=8 9
[Na,0] R+K+1 ©)
1

B,O,]=—— 10
[B,O;] Fa (10)
. K
sio,]=—2& 1
[5i0.] R+K +1 (n
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However, the average charge of a structural unit
can be expressed in terms of the concentrations of
structural units:

2
m(N4 'i'N:;a +2ND)

N +2N_,+3N_ +4N .
Q Q Q Q

g=
12

% (12)
2+ K

In expression (12), N is the concentration of the
corresponding type of borate or silicate units (the sub-
script indicates the type of structural unit) in the cor-
responding local distributions. Since the sum is known
(determined by the composition of the glass, see
Eq. (8)), the first term is also known, and it is not dif-
ficult to express the average charge of silicate struc-
tural units in terms of the concentrations of borate
base groups and the glass composition (parameters R

and K):

+

NQ3 + 2NQ2 + 3NQ1 + 4NQ0
2R 2

= ;_E(NA‘ "'N:;a + 2ND)'
At the same time, the average charge of silicate
structural units is known to be numerically equal to
the average number of nonbridging oxygen atoms per
silicon atom. In binary alkaline silicate systems, the
average number of nonbridging oxygen atoms per sili-

con atom is as follows:

(13)

HMK _ 2x

Si  1-x
where x is the concentration of the modifier oxide,
expressed in mole fractions. Equating the right parts of
Egs. (13) and (14) and solving the resulting equality
with respect to x, we obtain that part of the modifying
oxide that is spent on the modification of the silicate
component of borosilicate glass:

" K+R—(N,+ Ny, +2N,)

The results of calculations of the proportion of
modifier oxide interacting only with silicate structural
units are shown in Fig. 3. It can be seen that in any sec-
tion with the given value of K, the maximum concen-
tration of alkaline oxide consumed for the modifica-
tion of the silicate subnetwork is 50%; i.e., the local Q"
distribution changes from N ot = 1 (it corresponds to

the first range of the Dell model, where there is no
modification of silicate structural units) up to a distri-
bution corresponding to glass of the metasilicate com-
position (0.5Na,0-0.5Si0,).

The concentrations of silicate structural units in
the local representation can be obtained in different
ways. It is possible to calculate the local distribution
for the binary sodium silicate system using the k; and
k, of the disproportionation reactions,

(14)

(15)

2022
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Fig. 3. The proportion of alkaline oxide spent on the modification of the silicate component of the disordered network of boro-

silicate glass for sections with K=10.5, 1, 2, 3,4, 5, and 6.

2Q' = Q' +Q’, (16)
2Q° Q' +Q, (17)

which determine the equilibrium concentrations in
binary sodium silicate glasses whose composition var-
ies from pure SiO, (x = 0) to sodium metasilicate (x =
0.5) by solving the following system of equations:
NQ4 +NQ}+NQ2 +NQ1 =1
_ 2x
NQ3 + 2NQ2 + 3NQ] == .
N o N @
N
NoNg
Ng

For example, according to the data Si NMR [5],
ky;=0.02 2Q° © Q*+Q? and k, = 0.06 2Q* < Q* +Q")
for glasses of the sodium silicate system at room tem-
perature. However, in this study, we used a different
approach: we used the previously developed three-
parameter statistical algorithm for modeling Q" distri-
butions in binary alkaline silicate systems [6, 7]. As can
be seen from Fig. 4, this approach provides a fairly rea-
sonable description of the experimental data available
in the literature [5, 8—13] (shown in the figure by sym-
bols) on the local structure of glasses of the Na,O—
SiO, system in the range of interest.

ky = (18)

y =

The transition from the local Q" distribution char-
acteristic of the binary Na,O—SiO, system, to the total
distribution (in terms of the total number of silicate
and borate structural units in borosilicate glass) gives
the following picture (Fig. 5) of changes in the con-
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centration of different types of silicate structural units
in the glasses under consideration. As can be seen from
Fig. 5, with the growth of K, the maximum concentra-
tions of Q" units grow, which is quite logical, since the
concentration of silicon oxide increases and, conse-
quently, the number of silicate structural units
increases. Of the four Q” units that can be formed in
the system (n = 4, 3, 2, and 1), only Q? units demon-
strate the nonmonotonic nature of the change, while
the concentration of Q* units systematically decreases,
and the concentrations of Q? and Q! units systemati-
cally increase with increasing R within each section
with a constant value of parameter K. This is also log-
ical, since in the previously shown binary distribution,
only the concentration of Q? units changed nonmono-
tonically in the range of compositions in which the
Dell model works. Moreover, it can be noted that the
value R, at which the concentration of the Q° units
reaches its maximum, depends on the content of SiO,
in glass and systematically shifts to the region of large
values with a gradual increase in the value of K.

Combining the data on the concentrations of
borate and silicate structural units (Figs. 2, 5), we can
get a complete picture of the distribution of basic
structural units in sodium borosilicate glasses. As an
example, two distributions are shown for sections with
K=0.5and 2 in Fig. 6. These distributions give a fairly
complete idea of the predictions of the Dell model in
terms of changes in the local structure of glass within
each selected section with a constant value of parame-
ter K and also allow us to see the general patterns of
changes in the structure of glasses when this parameter
is changed. However, the question of what can be
learned from the Dell model regarding the presence or
absence of borate or mixed borosilicate superstruc-
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Fig. 4. Simulation results (lines) of Q" distribution in glasses of the Na,O—SiO, system. Symbols are experimental data [5, 8—13].

tural groups in the structure of borosilicate glass of
various types remains open.

As follows from Table 1, the model does not explic-
itly address this issue. From the most general consid-
erations, it can be assumed that since mixed borosili-
cate rings (danburite or reedmergnerite) consist of
borate tetrahedra and Q* units, these rings will be
formed in the region of compositions where the Q*
units and borate tetrahedra are present simultaneously
in the maximum number, i.e., where the product of
the concentration of these structural units has a maxi-
mum. The dependence of the change in the product of
concentrations Q* and [B@,]~ units of the glass com-
position for a number of selected sections with a con-
stant value of Kis shown in Fig. 7a. It can be seen that
this product strongly depends on the ratio of glass-
forming oxides in the system: as the value of K
increases from 0.5, the maximum value of the product
increases rapidly and, in the section of K=4, becomes
maximum and then slightly decreases (see Fig. 7b).
Within each specific section with a fixed value of K,
with the growth of R, the value of the product o Ny

increases quite rapidly and, after reaching the maximal
value, gradually begins to decrease. It can also be
noted that the range of values R, within which the
product Ry My reaches its maximum is quite narrow:

0.525 £ R £ 0.875 when K varies from 0.5 to 6. The
position of the points corresponding to the maximum
values of the product of the concentrations of fully
polymerized borate and silicate tetrahedra is shown in

GLASS PHYSICS AND CHEMISTRY Vol.48 No.6

the triple composition diagram. All of them visually fit
on one straight line. According to the assumption
made earlier, it can be expected that glasses whose
compositions lie near this straight line will be charac-
terized by an increased (relative to glasses of other
compositions) content of mixed borosilicate rings.

It obviously does not make much sense to compare
the predictions of the Dell model regarding the change
in the concentration of borate structural units as a
function of the glass composition, since these data
underlie the model, which is effectively a piecewise
linear approximation of the corresponding experi-
mental dependences. It is much more interesting to
evaluate the correctness of the model’s predictions
regarding the modification of the silicate component
of the disordered network of sodium borosilicate
glasses. This point will be considered in the next sec-
tion.

THERMODYNAMIC MODEL

The next model considered in this paper is the ther-
modynamic (TD) model developed by the staff of the
Grebenshchikov Institute of Silicate Chemistry, Rus-
sian Academy of Sciences. It can be immediately
noted that, unlike the Dell model, which is based on a
set of experimental data on the structure of sodium
borosilicate glasses accumulated by the time of its cre-
ation, the TD model does not rely on empirical struc-
tural information when modeling the glass structure.

2022



526

(@)

1
By o >y by oy By
L [ T

(SRR RNV

nQ4
Lo
oW R Loy

o

0.7
0.6
0.5

NO/ 0.4

0.3
0.2
0.1

OSIPOV, OSIPOVA

0.7 -
0.6 |
0.5}
5 0.4 F
S 03¢
0.2+
0.1F
0
0.07r_
0.06 | rmmk=s
0.05  mk2s i
- ——k=2 I
:oo.o4 g i
0.03 F S
0.02 | R
F AR A
R A e

o 1 2 3 4
R

Fig. 5. Q" concentrations of units in sodium borosilicate glasses of sections with K=0.5, 1, 2, 3, 4, 5, and 6 as a function of param-
eter R, calculated relative to the total amount of network-forming cations in the system.

nBl,nQ”
cooooooo
el P A YS I SNV, o) SEN o]

(=)

0 05 1.0 L5 20 25 3.0 35 40
R

Fig. 6. Examples of the distribution of basic structural units in sodium borosilicate glasses—the Dell model.

Without completing the exposition of the TD
approach to modeling the structure and properties of
glass-like materials, we will briefly outline its funda-
mental ideas. (More detailed information about the
principles of the TD approach to modeling the struc-
ture and properties of oxide glasses and glass-forming
melts can be found, for example, in [14, 15]). In this
approach, glasses and melts are considered as solu-
tions of chemical groups, which are salt-like products
of the reactions of the interaction of the initial oxides
and unreacted oxides. In their stoichiometry, salt-like
products coincide with crystalline compounds that
exist in the phase diagram of the studied system and,
therefore, the choice of chemical groups for each spe-
cific system is based on the analysis of the correspond-
ing phase diagrams. In particular, for the Na,O—
B,0;—Si0, system, this analysis yields two ternary
compounds (Na,0-B,04-2Si0,, Na,0-B,04:6Si0,),
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eight binary borates (Na,0-9B,0;, Na,0-5B,0;,
Na,0-4B,0;, Na,0-3B,0;, Na,0-2B,0,, Na,0-B,0;,
2Na,0-'B,0;, 3Na,0-B,0;), five binary silicates
(3Na,0-8Si0,, Na,0-25i0,, Na,0-Si0,, 3Na,0-2Si0,,
2Na,0:-Si0,), and three initial oxides (Na,O, B,0;,
Si0,) [15—17]. Each of the reactions of the formation
of ternary and binary compounds is characterized by
its standard Gibbs free energy, and the equilibrium
amounts of chemical groups is determined by mini-
mizing the free energy of the system as a whole. The
latter is achieved by solving the system of mass balance
equations for the components and the law of mass
action for all reactions occurring in a system of the
given composition [14]. Solving such a system results
in information about the equilibrium amounts of
chemical groups as a function of glass composition,
which is called the chemical structure of glass. Exam-
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Fig. 7. The product of the concentrations of fully polymerized silicate (Q4) and borate ([BO4]™) units in sodium borosilicate
glasses (a) and the range of compositions where the presence of mixed borosilicate (danburite or reedmergnerite ) rings are most
likely to be present in the glass structure (b). (Column P contains the numerical values of the product n.4ny).

ples of these equations for sodium borosilicate glasses
can be found in [15—17]. The transition from the
chemical structure of glass to the distribution of basic
structural units or superstructural groups is carried out
within the framework of the assumption and structural
similarity of chemical groups and crystals correspond-
ing to them in terms of the stoichiometry of the ratio of
different basic structural units or superstructural
groups. Thus, if we know the number of chemical
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groups in a system of the given composition and have
information about the structure of the corresponding
crystalline compounds at the level of basic structural
units or superstructural groups (the latter is relevant
for boron-containing glasses), we can obtain the
desired distributions.

Figure 8a presents the results of the TD modeling
of the structure of soda borosilicate glasses concerning
the concentration of borate tetrahedra as a function of
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Fig. 8. The concentration of tetrahedra [B@,]|™ in sodium borosilicate glasses. Comparison of the results of TD modeling (iso-
concentration lines) with the experimental data (symbols, numbers near the symbols correspond to the concentrations of borate
tetrahedra in glass of the given composition) (a), comparison of TD simulation results (smooth gray lines) with the Dell model
(black broken lines) (b). The values calculated in relation to the total amount of network-forming cations in the system are given
in (a). The curves in (b) represent the change in the concentration of borate tetrahedra in the local representation (the proportion
of tetrahedra [BQ,]™ in relation to the total number of borate structural units).

glass composition. This figure is a reconstruction of  (All subsequent figures showing the results of the TD
Fig. 9 published in [17] (the calculation results are pre- modeling of the structure of sodium borosilicate
sented in the form of isoconcentration lines) on which  glasses are also reconstructions of the corresponding
the corresponding experimental data [3, 18—25] figuresfrom [17], on which additional information was
obtained by various authors were additionally plotted.  applied). It follows from the figure that in glasses of
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the Na,O—B,0;—Si0, system, the concentration of
borate tetrahedra cannot exceed 43%: this value corre-
sponds to the content of the [B@,]~ units in a binary
glass of the 0.33Na,0-0.67B,0; composition (indi-
cated by an arrow in the figure). Tracking the values of
the concentrations of borate tetrahedra in glasses of
various compositions shown in the figure along (near)
the isoconcentration curves, it is easy to see that the
bulk of the experimental data agrees quite well with the
predictions of the TD model both at the qualitative
and quantitative levels. For example, near the isocon-
centration line, for which n, = 20%, the concentrated
experimental data values lie approximately in the
internal of 16 to 26%, and the scatter of experimentally
determined concentrations of borate tetrahedra in
glasses whose compositions are located near the curve
with n, = 30% is 22—34%. In general, out of the 74
experimentally determined values shown in the figure,
the discrepancy between the model and experiment
appears quite significant only for 8 glasses (these val-
ues are highlighted in gray in the figure). These
“unsatisfactory” values include the following values:
ny, = 38% {~25%} (0.25i0,°0.4B,05:0.4Na,0) [19],
31% {10% < n, <20%} (0.185S10,0.371B,05°0.444Na,0)
[19], 29% (0.28i0,-0.5B,04:0.3Na,0) {35% < n, <
40%} 122], 9% (0.222Si0,-0.222B,0;-0.556Na,0)
{ny <5%} 3], 17% (0.25Si0,°0.25B,05-0.5Na,0){n, <
5%} (3], 11% (0.333Si0,:0.167B,040.5Na,0){n, <
5%} [19], 17% (0.364Si0,-0.182B,05:0.455Na,0){~5%}
[19], and 18% {5% < n, < 10%} (0.5Si0y
0.1B,050.4Na,0) [25]. (The values in curly brackets
correspond to the predictions of the TD model).

Figure 8b compares the predictions of the Dell
model (black broken lines) and the TD model (gray
smooth curves) regarding the change in the concen-
tration of borate tetrahedra in the structure of glasses
of the Na,0—B,0;—Si0, system in sections with K =
0.5, 1, 2, 3, 4, and 6 (the TD simulation data are a
reconstruction of Fig. 3 from [16]). The presented
dependences characterize the proportion of borate tet-
rahedra with respect to borate structural units only
(local representation). It can be seen that both models,
in general, do not contradict each other. Moreover, in
range | according to Dell (see Table 1) both models
give identical results for all the presented sections.
However, for large values of R this quantitative identity
deteriorates somewhat. The TD model does not
assume the existence of dependence N, on the glass
composition of the area where the concentration of
tetrahedra [B@,|~ remains unchanged (section II in
the Dell model), of a simple linear change in the con-
centration of the 4-coordinated boron atoms in ranges
III and 1V (according to Dell) or any kinks character-
istic of the Dell model (transitions from range I to II
and II to III) . Since the Dell model is, in essence, a
piecewise linear approximation of the experimental
data, the selection of certain ranges in it with clear
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Fig. 9. Concentrations of metaborate (a) and pyroborate
(b) groups in glasses of the Na,O—B,03;—SiO, system.
The solid lines are the results of TD modeling (the large
numbers near the solid lines are the numerical values of the
concentrations of metaborate and pyroborate units in
glasses whose compositions lie on the given isoconcentra-
tion line), small numbers near the symbols in (a) denote
the ordinal numbers of the glasses studied in [26—29].
Small numbers for the symbols in (b) are the concentra-
tions of pyroborate units calculated in the Dell model for
glasses from two sections with K= 0.5 and 1.

boundaries is mathematically justified, but an artifi-
cial separation. The TD model does not resort to any
similar artificial simplifications and any changes in the
dependence curves N, on the composition is a direct
consequence of the change in the chemical structure
of the glass, which, in turn, is the result of solving one
single system of equations for the mass balance of the
components and the law of mass action for all reac-
tions occurring in the system.

It is shown in Figs. 9a and 9b the how the concen-
tration of metaborate (asymmetric triangles B@,0~

and ring B;O, anions) and pyroborates (BQO; ) of
atomic groups in glasses of the Na,0O—B,0,—Si0O, sys-
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tem changes depending on their composition in the
form of isoconcentration lines. Unfortunately, the lit-
erature almost completely lacks quantitative informa-
tion on the concentration of various types of trigonal
borate units with nonbridging oxygen atoms. In such a
situation, only a qualitative comparison of theoretical
calculations with the experiment is possible (but not
always). It is known that vibrations of the terminal
oxygen atoms of asymmetric metaborate triangles pro-
duce in the Raman spectra a band with the maximum
in the region of 1410 to 1490 cm~!. Therefore, by
changing the intensity of this band, we can assess the
changes in the concentration of this type of borate
units. The numbered symbols in Fig. 9a correspond to
the compositions of sodium borosilicate glasses,
whose spectra were published in various works [26—
29]. As follows from the spectra published in [26], in
the spectrum of glass with the serial number 2, the
intensity of the scattered signal in the region 1410—
1490 cm™! is extremely small, while in glass with num-
ber 1 it is much higher. Such a change in the intensity
of the 1410—1490 cm™! is entirely consistent with the
predictions of the TD model. Indeed, point 2 lies out-
side the isoconcentration line with the minimum cal-
culated value of the concentration of metaborate
structures (1%), while point 1 is near the line describ-
ing the compositions of those glasses in which the
concentration of metaborate groups is 5%. The
Raman spectra of glasses whose compositions are
numbered in Figs. 9a from 3 to 6 were published in
[27]. The authors of this study showed that as the glass
composition changes in the direction from point 3 to
point 6, there is a systematic increase in the intensity
of the band with the maximum near 1480 cm™! (see
Fig. 2c [27]). Based on the structural origin of this
line, the behavior of its intensity indicates an increase
in the concentration of metaborate groups with the
indicated change in the glass composition. It is this sit-
uation that is predicted by the TD model. The stron-
gest changes in the scattering intensity in the region
1410—1490 cm™' are observed in the spectra presented
in [28] (see Fig. 2 [28]). The compositions of the
glasses studied in [28] are numbers 7—10 shown in Fig. 9a,
while the increase in the intensity of the Raman signal
in the indicated range of wave numbers occurs in the
direction from glass with serial number 7 to glass 10.
According to the results of TD modeling, the change
in the glass composition in this direction should be
accompanied by a significant increase in the concen-
tration of metaborate groups: from ~1% to a value
lying in the range of 20 to 30%, which fully corre-
sponds to the nature of the change in the high-fre-
quency band in the Raman spectra presented in [28].
Finally, it was very interesting and useful to compare
the model results with the features of the Raman spec-
tra of glasses whose compositions form the section
shown in Fig. 9a with triangles numbered 11 to 16.
According to the TD modeling data, in this section, in
the direction from point 11 to point 16, the concentra-
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tion of metaborate groups should change nonmono-
tonically. In other words, when the glass composition
changes from point 11 to point 13, the concentration of
metaborate groups gradually increases. Then it can be
seen that points 13, 14, and 15 lie near the same 5%
isoconcentration line; i.e., there are no significant
changes in the content of the considered borate
groups, and further on (point 16), their concentration
will decrease. This behavior of the intensity of the
1410—1490 cm~! line can be detected by analyzing the
spectra presented in Fig. 2a in [29]. Thus, although
these examples are not a rigorous proof of the correct-
ness of the prediction of the TD model regarding the
behavior of metaborate groups, they clearly testify in
its favor.

As for pyroborate B@Og_ units, according to the
data of TD modeling (Fig. 9b), their concentration
within each section with a constant value K < 2 is a
monotonically increasing function of the ratio of
sodium oxide to the boron oxide content in glass
(parameter R). Comparison of the data of the TD
model with the experiment in this case is impossible
even at a qualitative level, since the information
required for such a comparison is not available in the
published data. Therefore, here we limited ourselves to
comparing the predictions of two models: the Dell
model and the TD model. The results of calculating

the concentration of BQ)Og_ units for several compo-
sitions from sections with K= 0.5 and 1 are shown as
symbols in the figure. The numbers next to the sym-
bols correspond to the calculated concentrations. It
can be seen that with full qualitative agreement
between the predictions of both models, the Dell
model suggests that the formation of pyroborate units
in the glasses under consideration begins at slightly
lower values of ratio R than it follows from the results
of TD simulation. As a consequence, for glasses whose
compositions lie near the isoconcentration line with a

1% content of B@Og_ triangles, Dell’s model gives
almost 10 times higher concentrations. However, as R
increases the quantitative discrepancy between the
model data decreases and both models give almost
identical values for those glasses where the expected
content of pyroborate units according to TD modeling
is 30% or more.

Let us now turn to silicate structural units, paying
attention, for example, to the concentrations Q?
(Fig. 10a) and Q? (Fig. 10b) units in glasses of the con-
sidered system. As can be seen from Fig. 10a, the TD
model predicts a nonmonotonic character of the
change in concentration of Q3 units (the presence of a
maximum on the dependence n,(R) for a fixed K)
when the glass composition changes along the sections
with a constant ratio of network-forming oxides. For
example, the figure shows four sections with K = 0.5,
2,4, and 6. This behavior of the content of silicate tet-
rahedra with one nonbridging oxygen atom is in com-

No. 6 2022



STRUCTURE OF SODIUM BOROSILICATE GLASSES: MODELS

plete agreement with the experimentally established
trends in the change in the concentration of these
structural units with the corresponding change in the
glass composition. Moreover, based on Fig. 10a, we
can see good quantitative agreement between the the-
oretical calculations and experimental data. This con-
cerns both the determination of the compositions of
glasses with the maximum concentration of Q3 units
and the actual content of this type of silicate tetrahe-
dra in glasses. With regard to the last statement, how-
ever, it should be noted that the TD model often gives
slightly higher concentrations of Q3 units compared to
the experimentally determined values (Fig. 10a).

As for the Q? units (Fig. 10b), there is a very good,
both qualitative and quantitative, agreement between
the theoretical calculations and the experiment. For
example, as can be seen from Fig. 10b, in glasses
whose compositions are located near the isoconcen-
tration line with Ry = 1%, the experimentally deter-
mined concentrations lie in the range 0—6%, while
along the line with ny = 40%, the concentration of Q2

units according to different authors ranges from 36 to
47%. On the whole, both the theory and experiment
show that in glasses with a constant value of parameter
Kthe fraction of silicate tetrahedra with two nonbridg-
ing oxygen atoms systematically increases with an
increase in ratio R.

Performing a similar comparison of the experi-
mental data on the concentration of Q3 units with the
predictions of the Dell model (Fig. 11), it can be seen
that this model gives the maximum possible concen-
trations of the Q? units in the corresponding sections
(K=0.5, 2, 4, and 6). However, in this case, the com-
positions of glasses, where such a maximum is
reached, are quite different from those for which the
maximum values were found experimentally. This dif-
ference is most pronounced in the glasses of sections
with small values of the parameter K and, to a lesser
extent, is characteristic of glasses of sections with
higher values of the ratio of silicon oxide to boron
oxide.

As follows from Fig. 12, Dell’s model correctly pre-
dicts the increase in Q? units with the increasing
parameter value R, but the experimental data testify in
favor of the fact that such units begin to form in
sodium borosilicate glasses somewhat earlier (at lower
values of R) than is assumed by the model. As in the
case of Q3 units, the quantitative agreement between
the model and experiment improves when moving
from sections with small values of ratio K to sections
with higher values of this parameter.

It can be assumed that the delay in the formation of
silicate structural units with nonbridging oxygen
atoms in the glass structure (Figs. 11, 12) found in the
model’s predictions is a consequence of the fact that
changes in the local structure of the borate and silicate
components of the borosilicate glass network are con-
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Fig. 10. Comparison of the results of the TD model with
the experiment for the dependences of Q3 (a) and Q2 (b)
units of glass composition in Na,O—B,03—Si0O, system.
Theoretical calculations are presented as isoconcentration
lines (large numbers near the lines correspond to the con-
centration of the given type of silicate tetrahedra in glass).
Symbols denote compositions of experimentally studied
glasses. Small numbers near the symbols are experimen-
tally determined concentrations of structural units.

sidered for each of them separately. As a result, a glass
network modification mechanism such as the break-
ing of a mixed B—O—Si bridge bond is excluded from
consideration, as a result of which borate and silicate
structural units with terminal oxygen atoms can simul-
taneously form in the structure.

Let us return to consideration of the TD model.
Unlike the Dell model, the predictive part of which is
limited mainly by the local structure of the glass, the
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Fig. 11. Comparison of predictions of the Dell model on the concentration of Q3 units in sodium borosilicate glasses of sections
with K=0.5, 2, 4, and 6 (lines) with experimental data (symbols: circles, [19], squares, [31], black circle, [30]).

TD model provides information not only on the distri-
bution of basic structural units in glass but also allows
us to consider the issue of changing the glass structure
on scales of the average order to obtain the depen-
dence of the concentration of superstructural groups
from the composition of the glass. Such data were
published in [17] in the form of isoconcentration lines
for boroxol rings; penta-, di-, and triborate groups
(Fig. 2, [17]); and for mixed borosilicate danburite and
reedmergnerite rings (Fig. 8, [17]). However, due to
the fact that currently there are no experimental meth-
ods and techniques for the quantitative determination
of the concentration of superstructural groups in
boron-containing glasses, it is very difficult to assess
the correctness of the TD model’s predictions for
these structures. Proceeding from this, in this paper
we will restrict ourselves to a qualitative analysis of the
correspondence between the theoretical calculations
and the experiment using the example of boroxol
rings. The presence of such groups in glass is unambig-
uously identified by Raman spectroscopy along the
narrow line with the maximum near 808 cm~!, which
allows the necessary analysis to be carried out.

The content of boroxol rings in sodium borosilicate
glasses of various compositions is shown in Fig. 13,
where the symbols denote the compositions of those
glasses whose Raman spectra were published in [29]
(circles) and [27] (diamonds). Glass compositions
with numbers ranging from 1 to 7 correspond to the
section with xg;5, = 50 mol %. According to the spec-
tra published in [29], the intensity of the 808 cm™~' is
high in the glass spectrum at number 1. As the glass
composition changes in the direction from 1 to 4, the
intensity of this line rapidly decreases, and this line is
no longer observed in the spectra of glasses with num-
bers above 4 (Fig. 2a, [29]). A similar situation is typ-
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ical for the spectra of glasses in the section with xg,, =

67 mol % (numbers 8—14). Line 808 cm™! has the
highest intensity in the spectra of this section in the
spectrum of glass number 8. However, here it is much
smaller than in the spectrum of glass number 1. When
the glass composition changes in the direction from 8
to 12, the intensity of the characteristic vibration band
of boroxol rings decreases; however, this occurs much
more slowly than in the spectra of the glasses of the
previous section, and in the spectra of the last two
glasses (13, 14), this line is completely absent (Fig. 2b,
[29]). Further, the analysis of the Raman spectroscopy
data for the glasses of the section with K = 2.12 (dia-
monds in Fig. 13) allowed the authors of [27] to estab-
lish that when the glass composition changes in the
direction from composition 15 to 20, the integrated
intensity (area) of line 808 cm™! systematically
decreases almost to zero (Fig. 2a, [27]). It is easy to see
from Fig. 13 that all the described changes in the
intensity of the 808 cm line~! are in good agreement
with the predictions of the TD model.

To conclude this section, let us turn to the predic-
tions of the TD model regarding the content of Na,O—
B,0;—Si0O, mixed borosilicate danburite and reed-
mergnerite rings. Such data are shown in Fig. 14.
Additionally, in this figure, the region of compositions
is highlighted in gray, where, according to the Dell
model, the product of the concentrations of borate tet-
rahedra and Q* units has the maximum value. Recall
that the formation of mixed borosilicate rings in
glasses is most likely to be expected in this region.
Thus, it can be seen that the estimation of the compo-
sition of glasses characterized by an increased content
of borosilicate rings based on the data on the concen-
tration of basic structural units (according to the Dell
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Fig. 12. Comparison of the Dell model’s predictions regarding the change in concentration of Q2 units in sodium borosilicate
glasses of sections with K= 0.5, 2, 4, and 6 (lines) with experimental data (symbols: circles, [19]; squares, [31]).

model) and the results of the corresponding calcula- ratio K. The points of intersection of these lines corre-
tions within the TD approach are in good agreement  spond to the glass compositions that were investigated
with each other. by Du and Stebbins [33] for the nearest environment

The dashed lines in Fig. 14 indicate the six sections: ~ of borate structural units in sodium borosilicate
three with a constant ratio R and three with a constant  glasses. Of all the configurations of the local environ-
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Fig. 13. The content of boroxol B;03@; rings in glasses of the Na,O—B,03;—SiO, system. The solid lines are the results of TD
modeling (large numbers near the solid lines are the numerical values of the concentrations of boroxol rings in glasses whose com-
positions lie on the given isoconcentration line), the symbols are the compositions of the glasses studied in [29] (circles) and [27]
(diamonds). The numbers next to the symbols are serial numbering.
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Fig. 14. The total content of mixed borosilicate danburite and reedmergnerite rings in glasses of the Na,O—B,03—SiO, system
according to TD modeling data. The numbers near the solid lines are the numerical values of the total concentration of danburite
and reedmergnerite rings in glasses whose compositions lie on the given isoconcentration line. The region of glass compositions
characterized by high values of the product 74 n4 (according to Dell) is highlighted in gray. Dashed lines are sections with con-

stant ratios of parameters R and K. Q

ment of the basic borate structural units studied by
these authors, two configurations are of interest in this
context: *'B(0B,4Si) borate tetrahedron has four sili-
cate Q* units in its nearest environment, and
[41B(1B,3Si) tetrahedron [B@Q,]~, which is connected
via bridging oxygen atoms to one similar tetrahedron
and three fully polymerized silicate structural Q* units.
The first configuration is typical of the reedmergnerite
structure, and the second configuration is typical of

Table 2. Total integrated intensity, A (sp. un.), resonant
lines in "B NMR spectra of a number of sodium borosili-
cate glasses corresponding to the configurations
[4IB(0B,4Si) and “IB(1B,3Si). (The table was compiled
according to the data of [33])

K
R 0.5 2 4
A
0.25 0.163 0.176 0.192
0.5 0.319 0.377 0.373
0.75 0.329 0.514 0.533
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the danburite structure [27]. Data on the total inte-
grated intensity (area) of resonance lines in "B NMR
spectra measured by the authors of [33] are presented
in Table 2. When interpreting the NMR spectroscopy
data, it is generally accepted that the areas of individ-
ual resonance lines are proportional to the concentra-
tions of their corresponding structural groups. It fol-
lows from the above that, at least at a qualitative level,
the results of TD modeling can be compared with the
values presented in Table 2.

According to the TD model (Fig. 14), the total
concentration of danburite and reedmergnerite rings
will increase with a change in the glass composition in
the section with R = 0.25 in the direction from K= 0.5
to K = 4. However, such an increase will be quite
small, since all three compositions of the experimen-
tally studied glasses of this section are located near the
same isoconcentration line. In glasses of the section
with a constant ratio of sodium oxide to boron oxide of
0.5, the content of mixed borosilicate rings will also
increase (much stronger than in the previous case)
when K changes from 0.5 to 2, and then, when chang-
ing K from 2 to 4, a slight decrease in their concentra-
tion should be expected. An even stronger positive
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increase in the concentration of danburite and reed-
mergnerite rings should be observed for the glasses of
the section with R = 0.75 when K varies from 0.5 to 2.
In this section, te further increase in the ratio of silicon
oxide to boron oxide from 2 to 4 will not yield a signif-
icant change in the total concentration of borosilicate
rings (the compositions of both glasses are located
near 35% of the isoconcentration line). Referring to
the data presented in Table 2, it is easy to see that the
values of the areas of resonant lines given there change
in a similar way. Hence it follows that the predictions
ofthe TD model regarding the dependence of the con-
tent of mixed borosilicate rings on the composition in
glasses of the Na,O—B,0;—Si0O, system do not con-
tradict the experimental observations, at least qualita-
tively.

CONCLUSIONS

A comparative analysis of two known models of the
structure of glasses in the Na,0O—B,0,;—Si0, system
on the scope and correctness (where possible) of the
information they provide has been conducted. Both
models provide comprehensive information on the
distribution of basic structural units in glasses of vari-
ous compositions, which is in good agreement with
the experimental data available in the literature. Good
agreement between the predictions of the Dell model
regarding the dependence of the concentration of
basic borate structural units on the glass composition
is determined by its semiempirical nature. This also
determines the simplicity of the mathematical formal-
ism of the model, which, in fact, is a piecewise linear
approximation of the distribution of the borate units
actually existing in glasses. For the same reason, the
predictive power of the Dell model is limited mainly
by the local structure of the glass. In turn, the funda-
mental nature of the TD approach to modeling the
structure and properties of oxide glasses provides a
higher information content of the method, making it
possible to obtain comprehensive information not
only about the structure of glasses on near-order scales
but also on their structure at the next hierarchical
level, on intermediate-order scales. This is especially
valuable due to the absence of quantitative experimen-
tal methods and techniques for determining the con-
centration of superstructural groups as a function of
the glass composition. A qualitative comparison of the
theoretical calculations of the distribution of super-
structural groups in sodium borosilicate glasses with
the experimental data showed the absence of any fun-
damental discrepancies between them.
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