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Part I of the present paper deals with the V-phenomenon and its
relation to the multivariant glass model, part 11 will be devoted to the
relationships of the properties, the system of elements in owide glasses
and a correlation model derived from gemeral properties of the atoms.
The table of symbols is presented in part 1, the references in part I11.

Correlation between the individual properties. of owides in glasses
and the general characteristics of atoms in the periodic system was
studied with the atm to create a system and a mathematical model of the
effect of elements in oxide glasses for the purpose of prediction in addi-
twe interpolation of the properties of glasses on the basis of their
chemical composition.

When ranging the thermochemical propertzes of free oxides and the

factors affecting the influence of 1 mol Y% of oxides bonded in. glasses
according to the electrostatic bond strength z|a2, the values lie along two
intersecting branches (the V-phenomenon). With the elements along
branch 1 the M—O bonds are for the most part ionic while covalent
bonds prevail in the case of branch 11 elements.
The V-phenomenon is confronted with various models of glass ( struc-
tural and thermodynamic model, ionic solution and fictive oxide model)
and the regression model of the partial properties of oxides in oxide
glasses is then predicted on the basis of general characteristics of the
atoms.

"INTRODUCTION

Every field of science progresses towards its own system with the aim of
comprehensively classifying all the available findings and knowledge, and of
predicting the properties of the individual members.

Table 1
List of the symbols used

a — internuclear distance (10-1° m) ‘
A — property of glass '
co — degree in covalency i
C — absolute term in equation
CC — Beyersdorfer chemical characteristic
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es — dissociation energy (atomic) (J/mol)
eci — effect of combined ions
ey — dissociation energy (atomic) by volume (J/mol)
ft — molar fraction (molar percent divided by 100)
F — bond strength
F 4 — molar factor for 1 mol 9, of oxide in glass
t — arbitrary oxide in glass
io — degree of ionicity
L -—length in internuclear distance
my — molar percent of M,,0, oxide
M;, — number of electropositive element atoms in M,,0, oxide
m — mean number of electropositive element atoms in fictive oxide
M504
M — symbol for an electropositive element
Mox — molecular weight of oxide
n — main quantum number
# — refraction index for long waves
np — refraction index for the sodium line
Ny, — Loschmidt number
no — number of oxygens in M0, oxide molecule
Nsi, Ny — number of gram atoms of silicon or an arbitrary electropositive
element per gramatom of oxygen
pO — symbol for acidobasicity
r, — effective atomic radius
7, — effective ionic radius
74 — univalent radius
R2 — determination coefficient
R; — jonic refraction
s — Magnus number (cf. equation 7)
Sy — ratio of hundredfold number of oxygens in M,,0 , oxide to molecular
weight: 100 7o/ M ox
t; — transformation temperature in °C
Un — Magnus bonding energy
v¢ — weight fraction — percent by wt. divided by 100
V¢ — volume of particles in a coordination unit
X — electronegativity,
y — coordination number
z — charge; oxidation number
z|az — electrostatic field strength
z|ry — ionic potential
zx — mean covalent bonding strength of atoms
o — linear thermal expansion coetficient (20—400 °C)
f — index of bond intermixing
y — surface tension
& — permittivity
o — electric conductivity
A — thermal conductivity
7 — Viscosity
y —ratio of effective radii
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Multivariant Systems of Ozides and Prediction of their Partial. . ..

The existing literature on the chemistry of inorganic oxide glasses (silicate,
borate, phosphate, germanate and aluminate ones) characterized by mixed
ionic-covalent bonds, is taking into account the potential participation of
elements in the formation of the vitreous state (Sun [1], Stanworth [2], Plumat
[3]) or is related to the periodical system of elements (Volf [4]—[15]). The
studies were mostly descriptive, mapping and phenomenological in nature and
not related to the general laws of inorganic chemistry.

The present study has the aim of suggesting a new topological system of the
constituting components of oxide glasses based on the principle of the V-
phenomenon, which expresses the relationship between the partial properties
of oxides according to the nature and strength of chemical bonds, and its
mathematical model related to the characteristics of mass particles, respecting
the relations between the properties of oxide glasses, and allowing to predict
the properties of an element in oxide glasses in a way applicable in technology.

The V-phenomenon is then put into relation to the multivariant model of
glass understood as a fictive oxide, a polyacid salt and as an ionic solution.

THE DIFFICULTIES IN VOLVED IN THE SYSTEM -AND
PREDICTION IN OXIDE GLASSES

The study of the partial properties of elements in oxide glasses is based in
the first approximation on the simplifying assumption that the partial proper-
ties of the oxides are not affected by the composition of the basic glass matrix
and that the elements do not interact.

This is in fact not the case:

a) The properties of the elements change more or less with the composition
of the basic glass, in particular in the case of strongly deformable elements.

b) The dependence of the properties of elements on glass composition with
increasing glass basicity and decreasing cross-linking is not linear, but formally
hyperbolic. .

¢) In the case of glasses the continuous three-dimensional network of whic
decomposes discontinuously (at Ng; < 0.333 to 0.286) the sequence of the
partial properties changes.

d) In a number of cases the properties of elements change with the change
of oxidation and coordination number.

e) Interactions take place between different elements of the same oxidation
number but different mass particle sizes, and these interactions change the
partial properties of the respective isovalent elements (the effect of combined
ions eci — Volf [16]).

In order to reduce to a minimum the effects of structural changes and those
of interactions, only glasses with a three-dimensional polymer network will
be considered in which different elements with the same oxidation number are
not present side by side.

THE METHOD. DEFINITION OF SOME TERMS
In the first approximation glass will be considered as a mixture of oxides,

as expressed by chemical analysis..The composition is given either in molar
percent m; or molar fractions f;.
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The partial properties will be expressed quantitatively by molar factors
after Appen [17], [18]. The additive factor F4 expresses the effect of 1 mol %,
of the oxide on the respective property 4 of glass. The factors listed in Table 11
are given in SI units and represent mean values of many glasses of various

compositions.
Table IT
Molar factors I,
o . K-1(x 10-5) B [MPa]x (10) 7N mot) [ A, s,
M Appen Gan-FuSi Appen Gan-FuSi (X107%) - 1Y x 1073)
pp bp Appen Dietzel | Gan-FuSi
Li 0.27 0.26 784.53 784.53 450 400 4.1868
Na 0.395 0.40 583.49 568.79 295 220 0.8373
K 0.465 0.48 402.07 392.27 —- 70 —6.2802
Rb 0.51
Cs 0.513
Be 0.045 0.045 1068.92 1068.70 390 10.8856
Mg 0,06 0.06 902.21 1618.10 520 580 9.2109
Ca 0.13 0.13 1093.44 1127.76 510 470 8.3736
Sr 0.16 0.16 946.34 931.63 490 3.3494
Ba 0.20 0.20 612.91 735.50 470 400 —0.8373
Zn 0.06 0.05 588.40 676.66 450 500 4.1868
Cd 0.115 0.12 558.98 549.17 430 1.6747
PbIl | 0.13—0.19 0.13—0.19 421.69 382.46 —340 —4.1868
Al —0.035 —0.04 1117.96 1078.73 580 340 10.0483
Ga —0.02 —0.02
In —0.02 1
Ve —0.015 |
La 0.045 1372.93 9.6296
Ti —0.02 to —0.025 1676.94 1667.13 250 290
+0.03 | ,
Zr —0.06 —0.1 1833.84 1833.84 350 470 10.8856
Hf —0.10 —0.015 1961.33 1961.33
Snlv —0.045 —0.07 350
Vv —1000
Sbv 0.075
Th —0.03 —0.03 1618.10 1618.10 10.4670
w 0.16
B —0.005 to 0 —0.005 to 98.07 to 171.62 to neg 150
—0.15 1765.20 1765.20
Si —0.005 to 0.005 to 701.77 to 715.88 to 290 340 13.1884 to
0.038 0.052 637.43 12.1417
Ge 0.076 421.69
P 0.14 0.08 509.95 10.4670

Gan-FuSi [19], [20], [21] listed similar sets of factors for silicate glasses and
verified their validity evenin other oxide glasses (borate, phosphate, germanate
and aluminate ones).

Charge z, internuclear distance @ [22], deformability expressed indirectly by
ionic refraction R; [23] and bond strength (Table I1I) were chosen as charac-
teristics for mass particles bound to oxygen in oxide glasses.
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The absolute value of bond strength F between M and O is not known.
It can be expressed indirectly

a) as electrostatic field strength z/e? which is closest (when neglecting the
Madelung constant which is insignificant in the case of glasses having a non-
arranged lattice) to the lattice energy of erystals and is considered as a measure
of polarization of an electropositive element in a vitreous network. Coordina-
tion number y is not considered. The field strength is used here as a sequence
value only.

Table 111
The characteristics of oxygen-bound mass particles

M 2 a R1 z/a2 U]\[ ey X ﬁ
Li 1 2.09 3.35 0.229 | —12.6 40.51 0.95 2.25
Na 1 2.37 4.75 0.178 | —11 18.40 0.9 2.3
K 1 2.73 8.25 0.134 —9.7 11.86 0.8 2.5
Rb 1 2.84 11.2 0.124 —9.3 ©9.58 0.8 2.7
Cs 1 3.05 16.7 0.110 —8.7 7.39 0.75 2.8
Mg 2 2.07 6.05 0.467 —6.96 84.5 1.2 1.6
Ca 2 2.35 10.25 0.362 —6.13 63.7 1.0 2.0
Sr 2 2.51 13.5 0.317 —5.74 48.6 1.0 2.0
Ba 2 2.71 14.45 0.272 —5.3 40.6 0.9 2.3
Zn 2 2.10 9.7 0.453 —6.86 40.5 1.5 1
Cd 2 2.30 13.7 0.378 —6.26 27.0 1.5 1
PbII 2 2.53 27.4 0.312 —5.69 25.9 1.6 0.9
Be 2 1.62 3.4 0.769 +0.78 126.4 1.5 1
Ga 3 1.97 10.9 0.773 —1.32 35.8 1.5 1
In 3 2.15 15.3 0.649 —1.12 28.0 1.5 1
Nd 3 2.33 - 0.552 —1.03 — 1.2 1.6
Sc 3 2.10 12.0 0.680 —1.15 42.37 1.3 1.4
Y 3 2.24 15.7 0.598 —1.07 35.8 1.2 1.6
La 3 2.40 20 0.521 —0.99 33.96 1.1 1.8
Al 3 1.74 6.6 0.991 +5.33 66 1.5 1
Ti 4 1.96 19 1.041 +4.92 97.08 1.6 0.9
Zr 4 2.07 20.8 0.933 +4.64 90.5 1.5 1
Hf 4 2.06 — 0.942 +4.66 — 1.4 1.2
PbIv 4 2.13 27.4 0.882 +4.53 38.06 1.8 0.7
Sn 4 2.04 17.2 0.961 +4.70 54.06 1.8 0.7
Th 4 2.35 25 0.694 +4.08 79.25 1.4 1.2
U 4 2.32 26.9 0.743 +4.14 | 100.19 1.4 1.2
\4 5 1.89 25.6 1.400 +11.43 34.7 1.9 0.6
Nb 5 1.99 24.5 1.260 +10.85 — 1.7 0.8
Ta 5 1.99 23.4 1.260 +10.85 — 1.7 0.8
As 5 1.85 13.9 1.461 +11.67 25.98 2 0.5
Sb 5 1.96 19.5 1.301 +11.02 16.58 2.1 0.4
Mo 6 1.95 23.2 1.578 +17.23 72.35 2.1 0.4
w 6 1.93 25.3 1.611 +17.41 80.50 2 0.5
"B 3 1.37 4.45 1.598 +6.77 39.60 2 0.5
B 1.47 1.386
Si 4 1.61 7.52 1.543 +10.83 65.03 1.8 0.7
Ge 4 1.89 12.4 1.120 +9.87 60.33 1.8 0.7
P 5 1.52 8.1 2.164 +16.63 31.10 2.1 0.4
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Fig. 1a. Bonding energy per wunit molar volume ey vs. electrostatic field strength zla2.

b) The Magnus bonding energy Uw [25] which is used as a measure of the
tendency of an element towards formation of oxo-anions. The coordination
number y is taken into account.

c¢) The dissociation (atomic) energy e, determined from the heat of dissocia-
tion of a simple oxide into atoms in gaseoux state according to Pauling [26]
or the dissociation (atomic) energy ey related to molar volume of the oxide
according to Mackenzie [27].

d) The electronegativity X [28] expressing the bond strength between
the nucleus and the outer electron of the atom bound in this case in the oxide.

As in the given instances the values of bond strength are not absolute,
the four parameters are only potentials in nature.
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Fig. 1b. Bond intermizing index B vs. electrostatic field strength z|a?.

The distribution of ey, f and Uy in dependence on z/e? represents a topolo-
gical ‘preliminary picture’ of the partial properties of oxides in glass (Fig. la—c).
The following basic relationship is considered for the mathematical model

of partial properties:
FA :f(z5 a, Ri; z/a29 UM; eV) (l)

expressed by multiple linear or quadratic regression. The compliance of the
results is evaluated by means of the determination coefficient R2.

Oxide glassés are characteristic by their ionic-covalent mixed bonds.
However, the bonding is conventionally described in a simplified manner as
ionic bonds with a non-directed electron cloud density distribution; the bonds
do not contribute to the formation of a network; covalent bonds are taken into
account when the electron cloud density is directed into the polyhedron apexes
(directional bonds are a prerequisite for the formation of a crystalline or
a vitreous state).

The mixed bonding character of oxide glasses means that their constituents
may be considered as ions with various degrees of covalency, or as atoms with
various degrees of ionicity. Use is therefore made here ad hoc (for oxide glasses)
of the joint term ‘mass particle’ regardless of the proportional representation of
the two types of bonds.
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Since the characteristics (charge, internuclear distance, etc.) are mostly
related to mass particles, the partial factors Iy should be considered in the
correlations as not related to the M,,0, oxide, but as related rather to the
oxide in reduced form MO#;n (or My ,0). Because, however, oxygen is always
the partner of the electropositive elements in oxide glasses, the difference in

! I L
10 15 20
0 0,5 ’ "2/

Fig. 1c. Magnus bond energy Um vs. electrostatic field strength z|a?.

the models between M;0;, and MO, is not in fact substantial, so that
I 4is mostly considered for the M;0, oxide and for the common coordination
number y = 6, with the exception of elements Be, Al, B, Si, Ge, and P having
Y = 4.

As a common auxiliary sequence criterion, use will be made of electrostatic
field strength zfe? which is identical formally with the expression for the
Coulomb attraction for expressing the protagonistic relation between the
charge and the internuclear distance.

314
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The internuclear distance @ = (r; + 7,) has been chosen here in place of the
conventional effective radius 7; of the mass particle rather formally, because,
in view of the relation

a =Y (raar + Ta,0) = D (i, 5 + 7i,0), (2)

expressing that the sum of ionic radii and the sum of atomic radii is constant
and not subject to changes resulting from changes of the type of chemical
bond, the internuclear distance a is not sensitive to changes in the proportiona-
lity of mixed ionic-covalent bonds in glasses of various compositions. An
increase in the covalency of the M—O bond brings about an increase in the
mass particle size of the electropositive element and a proportional decrease
of the oxygen particle size, so that the internuclear distance is not subject
to any substantial changes resulting from a change in the mixed bond
proportion.

It is generally possible to choose as a sequence criterion the ratio of charge z
of the mass particle to its parameter L which expresses by means of exponent »
its length, area or volume relation to its immediate environment. Generally,

P g

where L may be ionic radius 7;, univalent radius 7y, or internuclear distarnce a,
and n = 1, 2, 3; it is also possible to use log z/a? according to Loewenstein [29].
These variations are similar to the mathematical adjustments employed for
a better compliance with normal Gauss distribution [30]; however, no logical
explanation has been found for these mathematical adjustments.

Oxide glasses are considered to have commonly the coordination numbers
y = 6 or 4. This is potentially given by possible orbit hybridizations in the
element compounds (sp3 corresponds to tetrahedral arrangement, sp3d2
to an octahedral one). Other hybridization states (dsp® square pyramidal
or trigonally pyramidal) arise in certain transition elements which are thus
incompatible with the tetrahedral network and readily segregate, forming
turbidity in oxide glasses. The type of oxygen coordination arising in the glass
from the possible hybridizations is given by the ratio of effective radii y =
=177y, by glass basicity, as well as by the general structural conditions,
and can thus be predicted in certain cases only (Huhee [31]). The coordination
number is indicated here by the top left index in brackets, e.g. @AIIL

The mass particles are deformable to various degrees. The deformability is
related to the type of electron configuration. Transition elements and those of
sub-groups B exhibit a greater deformability while s- and p- elements of
sub-groups 4 exhibit low deformability. Deformability is defined as the ability
of mass particles to become adjusted by their electron cloud to electrostatic
forces of their neighbourhood. In this manner the network is more readily
disarranged, this being favourable for the formation of the vitreous state.
Introduction of highly deformable elements (having a high ionic refraction R;)
therefore broadens the vitreous state region.
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THE V.PHENOMENON

In the first approximation it is assumed that the molar factor ¥, describing
the property of an element in the oxide glass bond, changes proportionally
with electrostatic field strength z/a2:

Fa = f(esa2). (4)

In other words, an increasing bond strength between an electropositive element
and oxygen should affect a number of physical and chemical properties, e.g.
by reducing thermal expansion and increasing chemical resistance. This is
actually the case with a number of current elements having ionic bonds in
acid glasses (Ng; ~ 0.400), e.g. with Na(I), K(I), Ca(II), Ba(II).

Table 1V
Electrostatic field strength z/a2 and molar factor Fq
for thermal expansion

M z[a? Pq
(©Zr(IV) 0.93 —0.06
OHE(IV) 0.94 —0.1
®Si(IV) 1.54 +0.005

In the case of elements having the oxidation number (IV) such as ZrO, and
HfO, in comparison with SiO,, their thermal expansion exhibits a marked
inversion, as shown by Table IV.

Although Si(IV) exhibits a greater bond strength towards oxygen, partial
expansion of its oxide is much greater than that of the oxides of Zr(IV) and
Hf(IV) instead of being smaller.

Similar apparently anomalous phenomena are encountered even with other
elements and other properties both below and above the transformation interval
(Fig. 2). When ranking the partial molar factors ¥4 in oxide glasses according
to z[a2, the values are distributed along two correlation branches with opposite
slopes at various dispersions. This is typical not only for partial properties of
oxides in the vitreous network but also for free oxides and some salts (sulphates,
fluorides, carbonates, nitrates). A similar regularity of distribution is encount-
ered in the case of heats of formation and hydration (Cartledge [32]), in
heat of decomposition of some salts, in that of ey, and in the case of the melting
points of oxides (Volf [15], [33]). The phenomenon described also arises in
connection with the effect of oxides on the lowering of eutectic temperatures
for M0, —Si0, (Stoch [34]).

The general character of this phenomenon has so far remained unnoticed.
According to the course of the two intersecting branches it has been given the
name V-phenomenon (Volf [15], [33]).

Elements of the same oxidation number lie along common lines, the so-called
z-lines, which are either straight or show deflections (it would be incorrect to
connect isovalent curves by a curve (Gan-FuSi [19], Kiithne [35]) since a deflec-
tion on the connecting z-line should be ascribed to different natures of the
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elements in the periods — the triades are inhomogeneous with respect to
properties, the period n4 differs from »5 and »n6, »2 and =3 differ from » > 3.
The two branches of the V-phenomenon are the more differentiated the
higher the degree of intermixing of ionic-covalent bonds, as is the case of
oxide glasses. With fluoride glasses where ionic bonds prevail, and with
chalcogenide glasses where covalent bonds prevail, the two branches of the
V-phenomenon may merge into a single straight line (Cartledge [32]).
The degree of ionicity in the #—O bond may be expressed by the Pauling
equation [36],
io = 1 — exp [—0.18(AX?)], (5)

where AX is the difference between the electronegativity of the electropositive
element and that of oxygen.

zZ/r

Fig. 2. Heats of formation of owxides (full line) and those of fluorides (dot-and-dash
line) vs. charge to univalent radius ratio.
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Equation (5) holds accurately only for two-atom molecules and for coordina-
tion number ¥ = 6. As a result of polarization and lower coordination
number, covalency increases to a varying degree depending on interlinking
in the oxide glasses, so that the io values are considered here as comparative
only.

The degree of covalency in a mixed bond is described by the equation

co =1—io. (6)
Having introduced the so-called intermixed bond degree index 8 (Volf [15])
p = iofco,

it is possible to distinguish the following three groups of oxides:

Na .

o
o~
o
o

T

0,300

3,200

T

9,100

| |
1,5 20

2,100
0
z/az

Fig. 3a. Molar factors of thermal expansion (after Appen) vs. electrostatic field strength
zla?. i Cd '

1. 8 > 1 —elements alkaline in nature with oxidation number: (I) alkali-
metals, (II) — alkaline earths, and I11 — rare earths (Se, Y, La) and lanthano-
ides. They lie along branch I of the V-phenomenon. The bonds are non-
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directional. The values f >1 delimitate elements belonging to the historical
group of modifiers.

2. f < 1 — elements acid in nature with oxidation numbers (I1I), (IV) or
(V) with a marked polymerizing ability. They lie along branch II of the
V-phenomenon where they are more dispersed than the elements of branch I,
probably as a result of higher polarizability The bonds are markedly directional.
The values f < 1 delimitate the historical group of networkforming elements
and the newly suggested group of imperfect networkformers (cf. paragraph 7).

T
600 | &
400 | . G
o
I o7j 2 i
200 ez
:
F. 0 1 1 1
C 05 10 , 15
z/a i
-200 O APPEN .
# @ DIETZEL A
Oou(n)
-400 | 4
-600 -
-800 - .
-1000 i n x i

Fig. 3b. Molar factors for surface tension (after Appen and after Dietzel) vs. electrostatic
Jield strength zja?.

3. B ~ 1 —elements belonging to the historical group of intermediate
elements, located in the V-phenomenon roughly between the two branches,
where they form the so-called valley cluster. The bonds are duectlonal In
addition to y = 6 there also arises y = 4.

The branch alongi which the partial property of an oxide is sﬂ:uated can
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also be determined by means of the formula derived by Magnus [25] for the
tendency of elements towards formation of oxo-anions:

_ 2y(z—2s)e?
e

U (7)

where constant s ist equal to 0.92 for y = 4, and to 1.6 for y = 6.

If the value Uy is negative, the element is situated along the basic branch I
(a cation is formed) ; if it is positive the element lies along the acid branch IT

2000
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1000

800

600

400

200 |- -

0 i i i L

05 10 > 15 20

z/a

Fig. 3c. Molar factors for modulus of elasticity (after Appen) vs. electrostatic field strength
z/a?.
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(an oxo-anion or a polyion is formed). Elements having Uy rouhghly equal
to 1 are intermediate. Uy is thus a suitable quantitative indicator of acido-
basicity of oxides in glass.
The distribution of #4 in the V-phenomenon for thermal expansion, surface
tension, modulus of elasticity and thermal conductivity is shown in Fig. 3a—d.
The relationship between f and Uy is plotted in Fig. 4.

THE MULTIVARIENT MODEL OF GLASS AND ITS RELATION TO
THE V-PHENOMENON

The multivariant model of glass comprises partial models (e.g. a structural
model, a thermodynamic one, a chemical one, a fictive oxide one) which in
relation to the V-phenomenon and in confrontation with it as a connecting
link, provide a summary model lending itself to evaluation from wvarious
points of view.

1. Structural model

In the case of oxide glasses this model is based on the Zachariasen’s idea [37]
of a continuous three-dimensional network consisting of the elements of branch
IT of the V-phenomenon with coordination number y = 4. The three-dimension-
al continuous network is assumed to be equal to a stoichimetrically non-
defined macromolecule of glass as a polymer, admitting micelle-type micro-
heterogeneities (the Morya theory [38] and the Vogel theory [39]).

This structural model of glass has the disadvantage that terms such as
molecular weight and molar volume are difficult to apply with respect to
glass as a non-defined macromolecule.

The crosslinking is changed by the introduction of electropositive elements
into the quartz glass network. The degree of crosslinking is expressed quanti-
tatively by the ratio Ng; = Si/O (the number of silicon gramatoms to that
of oxygen gramatoms in the given glass), suggested by Huggins and Sun [40]:

. Vsi0,

Ns;i _SI/O_.G_O.W’ (8)
where §; is the ratio of hundredfold the number of oxygen atoms in oxide
M0 to molecular weight Mox, e.g. for B,0;, 8; = 100 X 3/69.64 = 4.3679.
Conventional ‘acid’ glasses have Ng; ~ 0.400.

Introduction of branch II oxides, which form oxo-anions, does not interfere
with the continuity of SiO, tetrahedrons, but they are subject to qualitative
changes. Ng; is also changed by the effect of higher oxidation numbers; branch
IT belongs to elements'with generally high oxidation numbers which raise the
Ns;.

Similarly to Si(IV) it is possible to calculate for any element A its Ny
(amount of the element in gramatoms per gramatom of oxygen) using the
formula by Blau [41]:

M ‘t‘)g_
mafi MmMYi Mox,i

s = = —_— =, .\ . 9

Ny = M0 Stof Hons z( Py ) (9)
Mox,i

322 Silikaty &. 4, 1977



Multivariant Systems of Oxides and Prediction of their Partial. . . .

Between Ng; of 0.333 to 0.286 the three-dimensional network decomposes
forming chains or even isolated islets. At the same time the sequence of partial
properties expressed by factors 7 is reversed and the slopes of the V-phenome-
non branches change their signs. This is the case for instance of invert glasses
(Trap and Stevels [42]) and the glasses described by Kiihne [43].

Thermodynamic model

Regardless of its composition, every glass is generally defined so that its
structure is not in a state of equilibrium with temperature. By heating above
its transformation interval glass is transformed into the metastable equilibrium
of an undercooled liquid (glass melt). According to Roy [44], glass is defined
only below ¢,.

The V-phenomenon holds for the properties below ¢, (expansion, thermal
conductivity, modulus of elasticity, resistivity) as well as above ¢, (viscosity,
surface tension). However, above ¢, the V-phenomenon is interfered with by
the change of oxidation number z in the case of polyvalent elements, as well
as by the change of coordination number y. The latter generally decreases
with increasing temperature (the number of oxygens around the central
particle decreases), thus also changing the value Uy and the position of some
elements at the branches. The thermodynamic point of view in the distingui-
shing between glass and glass melt is of no significance in the case of the V-
phenomenon.

The fictive oxide’ model

The single-component glasses SiO,, B,03, P,0s, GeO, correspond by their
molecular formula to oxide M,,04.

In certain cases it appears advantageous to express the composition of
multicomponent glasses by means of the newly introduced term ‘fictive
oxide’ M;O5; where indexes m and # represent the mean number of electro-
positive and electronegative atoms respecively per 1 mol of glass:

m =) fimu, (10)
n =y fine (11)
So for binary glass 3 SiO; . Na20,
m = (0.75 X 3) + (0.15 X 2) = 2.75
A= (0.75 X 6) 4 (0.25 X 1) = 4.75

the molecular formula of the fictive oxide is M3.7504.1s.
The fictive oxide can be expressed in three forms,

a) M5Og,

b) -_[1{017/77&’

C) M,,—l/ﬁO

In a fictive oxide the electropositive elements remain anonymous; 7 and #
are not expressed by integers.

In a fictive oxide glass is no longer considered as an indefinite macromolecule,
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but as a ‘compound with a certain molecular weight and a molar volume,
and complying with the electroneutrality requirements.
The following equations hold:

Ny = T (12)
= 274
ZM = a , (13)
Aol _ ) (14)
mn
Mo—i = E(fiMox.i), (15)
Vi =Mz :d. (16)

The oxidation state of the fictive oxide increases with increasing oxidation
number, and O/, increases together with the molar volume of the fictive
oxide.

Apart from the effect of the prevailing covalent bonds, elements of branch IT
raise the oxygen potential of glass. Changes in /%, thus bring about also
changes in volume, and these in turn bring about changes in properties, in
particular those depending on the geometrical layout of the particles.

The fictive oxide represents one of the ways of considering glass as a fictive
oxide molecule given by indexes my and n,, in contrast to a polymer molecule.

In the V-phenomenon branch I comprises monooxides M,0 and MO, branch
IT sesquioxides M,0; and dioxides MO,.

The fictive oxide is also related to a number of properties. The smaller its
molar volume, the higher the glass hardness. Its ‘mean covalent atomic
bonding’ 2k is expressed by Kokorin [45] by the formula

Zx = Z"‘Lszi_ (17)

Glasses with identical zx exhibit identical softening temperature fgo;, and
identical microhardness.

Model of glass as a salt of silicate polyacids

When changing continuously the SiO, content in the ternary system Na,O—
Ca0—Si0; at a constant Na,0/CaO ratio (thus changing the crosslinking),
a number of properties change not linearly, but along mildly curved, formally
hyperbolic curves (Fig. 5). This is due to the fact that property 4 changes
with the ratio of monoxides MO and MO of branch I to sesquioxides M:0s
and dioxides MO, of branch II of the V-phenomenon, i.e. in the given system
with the ratio (Na,O 4 Ca0) : Si0,. This ratio (M,0 + MO) : (M.O; + MO,)
has been given the term ‘chemical characteristic of glass’ by Beyersdorfer and
designated by the symbol CC. For details the reader is referred to studies

[46] to [49] by this author.
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The Beyersdorfer characteristic CC is related to Ng; by the equation
C=——2=—, (18)

2 2
N = — - =

1 oc
( NSi_) 2

Beyersdorfer considers glass as a salt of silicate polyacids.

d [9/cm’)
23 . 24 25 26 27 - 28

50 100 150 o.107K]"
L 1 I ]
0 50 . 100 Si0; [mol %]

L

Fig. 5. Quasihyperbolic course of Beyersdorfer index n, thermal expansion coefficient
o . 1077 K-1, density d(g/em3) and SiO: content (mol %) after Beyersdorfer.

A number of polyacids can be derived.from the quadratic Beyersdorfer
formula

Mir0z32,_(0-H*);, = #2810, . 2n H,0. (20)

The hydrogens H in glass are substituted by branch I elements, M by the
branch II elements.

The given ‘primary’ acid is gradually decomposed into a number of various
‘secondary’ acids at temperatures above ¢y. This process is highly variable and
so far has not been analyzed precisely. However, it can be described by the
equation (Beyersdorfer [48]),

ZPKn = oPKm + yPKo, (21)

where zPKwn is the primary polyacid, !
«PKm is the m-th portion of polyacid 2,
yPKo is the o-th portion of polyacid y.
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When the z-polyacid has decomposed only into two secondary polyacids
(x and ), then
x  (o—m)o
FAC=rr 2

Beyersdorfer’s concept of glass as a salt of polyacids has above all
a theoretical significance in that

a) it approaches the concept of glass to a stoichiometric compound,

b) it supports the idea that it is the ratio of oxides along branches I and IT
which is significant for a change of properties and technological characteristics,
and not the absolute oxide content in glass,

¢) it considers generally decomposition of the polyacid into further polyacids
with increasing temperature, and on the other hand association of polyacids
(having various properties) with decreasing temperature, which is a chemical
approach to the explanation of the effect of thermal history on the degree of
polymeration and on the consequent change in the properties of glasses.

Tonic model of glass

Stanworth [50] suggested to consider oxide glasses as ionic compounds
consisting of

i) cations, e.g. Na(I), Ca(II),
ii) oxo-anions, e.g. [~(AIM04:2)]+-, [~(BI104,)]*,
iii) polyions, e.g. (SiO4/2)4~.

The ionic model of an oxide glass can be described by the Magnus equation
[25] (so far not applied to glass) with respect to the potential tendency to
form oxo-anions (Magnus considers Uy as the bond energy):

2y(z — 2s)e?
—_—

Uy = (cf. 7)

This formula is formally similar to that of ionic potential z/r;; it includes
oxidation number z, internuclear distance @ instead of effective radius 7;; in
contrast to ionic potential and electromagnetic field strength, however, it also
includes coordination number y.

The Magnus formula determines the position of the oxide along the V-
phenomenon branches. As has already been mentioned, oxides with negative
Uy values lie at branch I, while oxides forming oxo-anions and polyions
lie at branch II. Elements approaching zero by their values (lanthanoids, rare
earths, Mg, Be) lie in close proximity to the cationic branch, but have higher
electronegativities. ,

The ionic model of oxide glasses is closest to the model represented by the
V-phenomenon,

The acidobasicity model
General use is made of terms acid or basic glasses or acid and basic oxides in

glass. Is there any comparative value allowing to describe acidobasicity
quantitatively, similarly to pH in the case of solutions of electrolytes?
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Dietzel [24] and later Weyl and Marboe [51] suggested the electrostatic
field strength as a quantitative measure of acidobasicity.

Sanderson [52] and Bacanov—Bokij [53] suggested alternatively the geo-
metric mean of electronegativity of the elements participating in the composi-
tion of the molecule:

pO = mml/(X3 . X3). (23)

Both methods have the disadvantage of respecting neither the effect of
coordination number y (acidity of an oxide increases with decreasing ), nor the
distribution of oxides along the two V-phenomenon branches, i.e. the inter-
mixing of chemical bonds.

The U value is considered here the best way of expressing quantitatively
the acidobasicity of an oxide. When ranked according to z/a? as independent
variables, the Uy values lie along two branches similarly to the V-phenomenon.
Basic oxides are distributed along the ‘negative’ branch, while the elements in
the order of increasing basicity are placed along the ‘positive’ branch. Around
Uy ~ 0 there are the elements that behave ‘amphoterically’ in glass.

Acidobasicity of a glass cannot be derived by calculation from Uy in agree-
ment with e.g. electrocell measurements, since the calculation cannot take
into account the effect of polarization in the glass network which influences
acidobasicity. This is also subject to changes due to combinations of isovalent
ions by the effect of eci.

Coordination model

The most frequently encountered coordination numbers in glass are 4 and 6;
y = 3 arises only with B(III). In addition to this, B(III) is found in glass in
parallel coordination y = 4. Coordination numbers y > 8 are not probable in
oxide glasses.

Branch I elements, if present in glass exclusively with y = 4 Be(II) or
alternatively Mg(II), are shifted off branch I towards branch IT and step out
of the line.

Also Al and Ga (to a lesser degree In) with a twin coordination number
(y = 4 and 6) change their position along axis z/a? according to the predomina-
ting coordination number:

y tends to decrease with temperature increasing above i,

y is affected by the polarizing effect of its neighbours.

With elements capable of existence with various coordination numbers, the
y tends to conform to its neighbours in the glass network.

Lower y bring about an increase in acidity.

Ionic solution model

The V-phenomenon has shown the way to a new model of glass as an ionic
solution.

Apparent discrepancy with the rules derived from the V-phenomenon is
exhibited by invert glasses described by Stevels and Trap [42] at the IVth
International Congress on Glass in Munich in 1959. Similar glasses have been
described by Kiihne [43].
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A precondition for their existence below the orthosilicate boundary is that
they contain couples or triplets of isovalent elements. The eci effect promotes’
here the glassforming ability. These anomalous glasses are generally characteris-
tic by their low SiO, content; they show a low chemical resistance and have so
far no technological significance. The low Ng; value (below 0.333) indicates
that the network is not continuous, being broken up into small entities, dis-
continous chains or isolated islands. These extremely basic glasses show an
anomalous inversion in the sequence of the partial properties of the oxides,
in particular as regards electric conductivity. Hence the term ‘invert
glasses’. Contrary to expectations, alkali metals, and alkaline earths in non-
alkali glasses, reduce conductivity with increasing ionicity, thus being in
disagreement with the V-phenomenon which is otherwise regarded as
universally valid.

Tonic compounds in melt and in solution are generally known to exhibit
high electric conductivity, while ionic crystals have a low condyctivity.

On the basis of invert glasses it is possible to suggest the hypothesis that
a continuous network in vitreous silicates or borates acts as a solvent, and
that both glass and melt, both below and above ¢4, behaves similarly to ionic
solutions; conductivity increases with increasing alkalinity. The V-phenomenon
holds both below and above £4; however, when the continuous three-dimensional
network breaks up beyond a certain limit (Vg < 0.33) due to a high content
of alkalies, the system is transformed into a new one, approaching by its
character ionic crystals of low conductivity. ’

The soundness of this hypothesis is supported by cleavability of glasses.
Ionic crystals are readily cleavable in contrast to amorphous glasses with
conchoidal fracture. Cleavability of glass increases proportionally to the
decreasing spatial continuity resulting from increasing content of alkali metals
in the network, similarly to the case of ionic crystals. Medieval glass-makers
made unknowingly use of this phenomenon to improve the cleavabality of
mosaic glasses which were for this purpose melted with a high content of
alkalies.

The ionic solution model explains why the components in oxide glasses need
not be in stoichiometric proportions. Stoichiometry in oxide glasses holds for
the M;,0, oxide only, but not for the mutual ratio of oxides.

Ionic solutions of oxide glasses oxhibit a characteristic peculiarity. When
taking the vitreous single-component network comprising SiO, tetrahedrons
as the basic solvent and introducing oxides M0, by amounts of m;, each
entry of the oxide changes the nature of the vitreous network (now already
a multicomponent one) and thus also the nature of the solvent.

Sets of the various M,,0, oxides introduced thus create a solvent exhibiting
news properties related in comparison with the single-component solvent
comprising SiOy4 tetrahedrons only. With respect to a certain oxide (M;04)z
the system of the remaining oxides SiO, + ) (M,;0,); therefore represents
an always slightly different solvent, in which also the partial property of the
oxide expressed quantitatively by F, is changed to some degree. Each glass
has therefore its own molar factors #',. Nevertheless, it is interesting to note
that the differences in the factors in the individual glasses are not too significant,
and always lie within the framework of the V-phenomenon.
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MULTIVARIANTNISYSTEM OXIDU A PREDIKCE JEJICH DILCIicH
VLASTNOSTI V OXIDOVYCH SKLECH (CAST I)

Milos B. Volf

Skldrny Kavalier, n. p., Sdzava

Studium korelace mezi diléimi vlastnostmi oxidt ve sklech a mezi obeecnymi charak-
teristikami atomu vede k novému systému a matematickému modelu vliva prvki
v oxidovych sklech.

Termochemické vlastnosti volnych oxid@t a moldrni aditivni faktory rady vlastnosti
oxid ve sklech, jsou-li razeny podle sily elektrostatického pole z/a?, lezi podél dvou
kiizicich se vétvi (V-fenomén). Na (I)vétvi prevlddd iontovy podil, na (II)vétvi kova-
lentni podil chemické vazby. Poloha oxidu ve V-fenoménu je uréena hodnotou Magnu-
sovy vazebné energie a indexem smiSenosti iontokovalentnich vazeb.

V.-fenomén je konfrontovan s rtznymi modely skla (model strukturni, termodyna-
micky model, model ,,fiktivniho oxidu‘‘, model skla jako soli kifemi¢itych polykyselin,
iontovy model, model acidobasicity, koordina¢ni model, model iontového roztoku).

Obr. Ia. Zdlm'slost vazebné energie pro jednotkovy moldrni objem ey na sile elektrostatického
pole z|a?.

Obr. 1b. Zawislost indexu smisenosti chemické vazby 3 na sile elektrostatického pole z[a?.

Obr. 1c. Zavislost Magnusovy vazebné energie Unm na sile elektrostatického pole z[a?.

Obr. 2. Zawislost slucovacich tepel oxide (plnd édra) a fluoride (Eerchovand édra) na
poméru ndboje a univalentniho poloméru.

Obr. 3a. Zavislost moldrnich faktorw pro teplotnt roztaZnost (podle Appena) na stle
elektrostatického pole z|a?.

Obr. 3b. Zawvislost moldrnich faktori pro povrchové napéti (podle Appena a podle Dietzela)
na stle elektrostatického pole z[az.

Obr. 3c. Zavislost molarnich faktord pro modul pruznostt (podle Appena) na sile elektro-
statického pole z|a?.

Obr. 3d. Zavislost moldrnich faktori pro tepelnou vodivost (podle Gan-FuSitho) na sile
elektrostatického pole z|az.

Obr. 4. Zawvislost indexu smisenosti chemické vazby 3 na Magnusové vazebné energiic Un.

Obr. §. Quasthyperbolicky pribéh Beyersdoferova indexu n koefictentu teplotnt roztanosts
o 1077, K1, hustoty (g/em?) a SiOz (mol. %), podle Beyersdorfera.

MYJILTHBAPHMAHTHAS CUCTEMA ORUNCJIOB
U IPEOUKAIIMSA UX TAPITUAJLUYHLIX CBOWCTB
B OKMCHBIX CTERJAX (HACTDL I)

Munour 5. Boxud

Cmeroavubiii 3acod Kasanuep, nay. npednp. Casaca

HcciteoBanIe KOPPEJsIIUI MEXK/LY MapIMAJILYHBIMI ¢BOIICTBAMI OKIICJIOB B CTCRJIAX I
o0nuUIMI  XapaKTEPHCTIKAMII ATOMOB CJYMKHT /UIsl PazpalOTKI HOBOII CHCTCMBI 1 MaTe-
MAaTHYecKOll MOJ(CIH BIIsHH 3JIEMCHTOB B OKHCHBIX CTCKJIAX.

"TepMOXHMIUECKIIe CBOICTBA CBOGO/(MBIX OKIICIOB 1 MOJIsiDHLIC &/UUITIIBHBIE (PARTODPBI Psijla
CBOICTB ORIICJIOB B CTEKJAX, €cJl OHHM YHODSJIOUCHLI COINIACHO HAIPAKCHIIO 3JIeKTPO-
CTATHYECKOI'0 HOJISI Z[a2, HAXOMSITCH Bjl0JIb 110 IBYM II€pPEKpentaloniuMest BeTBsIM (V-JpeHoMeH).
Ha (I) BerBu npeoGurajiaet ioHHast jodisa, Ha (11) BeTBH KoBaJIGHTHASI JIOJISI XHMITYECKOM CBSI3IL.

ITonoxenie oxiciia B V-()eHOMCHC OIPEJIEIISICTCSI BEJIIUMHOM dieprin cBsi3u Marnyca
Il IOKA3aTeJeM CMEHIAHIIOCTH HOHHOKOBAJICHTHBIX CBI3CI .

V-()eHOMEH COITOCTABIIsIETCSI ¢ PA3HLIMII MOJEJISIMII cTelkya (CTPYKTYDHAas MOjeJIb, TepMo-
JUITHAMITYeCKasi MONCIL, MOJIeJh ,,(DHKTHBHOIO OKICJIA‘, MO/ICIIL CTCKIA B Bijie CHIIMKATHBIX
IIOJIMKICJIOT, HOHHAsl MOJIe)h, MOjiellh KHCJIOTOOCHOBHOCTH, KOOD,MHAIIHOHHAS MOJEIL,
MOJieJIb HOHHOTO PacTBOpa).
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Puc. la.
Puc. 1b.
Puc. Ic.
Puc. 2.
Puc. 3a.
Puc. 3b.
Puc. 3c.
Puc. 3d.
Puc. 4.

Puc. 5.

M. B. Volf

Basucusmocmyv sHepauu c6A3U DA COUHUUHOZ0 MOLAPHO20 00DEMA €V OM HANPANCEHUR
AEEMPOCMAMUNECE020 NOAR Z[a?.

3asucumocms nokazamens CMEUAHHOCMU TUMUNECKOU c6a3u [B om Hanpajcenus
9AEEMPOCINAIMUNECE020 N0aR z[a2.

Basucusocmy snepeun coazu Maenyca Un om Hanpasnenus snekmpocmarnusecrozo
noas zfa

Bagucusmocmy  menaomur 00paszoeanus okucaoe (cnaowian aunus) u Hmopudos
(wmpuxosasn aunus) om omruowenus 3apada u yHusaseHmitozo paduyca.
Bagucumocmsd soaapHLIT Garmopos @42 menaogoeo pacwuperusn (coenacko Annewny)
0Mm HARPANCEHUA IAEKMPOCMAMUNECKO20 NOAL 2[a2.

3asucusocms MOALPHOIT Harmopos 0af NOGEPTHOCMHO020 Hanpaxcenus (co2aacho
Anneny u coenacro Jumyeay) om HARPANCEHUR IAERMPOCMANMUNECK020 NOAR z[al.
Bagucustocmd soaaprvix Parmopos das modyas ynpyeocmu (coznacro Anneny)
om HANPANCEHUA IAEKMPOCMAINUMECEO20 NOAs Z[a?.

Bagucustocms  soaapusix parmopos om menaonposodiocmu (cozaacro Iangycu)
0Mm NHARPANCEHUL IAEKMPOCINAMUNECE020 NOAR Z[a?. :

3asucusmocms nROKA3aMess CMEULAHHOCINU TUMUNECKOL c6A3U 3 om sHepauu C8A3U
Maenyca Un.

Mrumo eunepbosuneckuli x0d rospuyuenma menaosozo pacuwuperus o 10-7 . K-1,
naomuocmu (2fcm®) w SiOz (son. %) cozaacno Beepodopgpepy.
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