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Parť I oj the present paper deals with the V-phenomenon and -its 
relation to the multivariant glass model, part II will be devoted to the 
relationships oj the properties, the system oj elements iri oxide glasses 
and a correlation model derived f rom general properties oj the atoms. 
The table oj symbols is presented in part I, the rejerences in part II. 

Oorrelation between the individual properties. oj oxides in glasses 
and the general charaéteristics oj atoms in the peí-�odic system wps 
studied with tlie aim to create a system and a mathematical model oj the 
eff ect oj elements in oxide glasses for the purpose 'oj prediction in 'addi­
tive interpolation oj the properties oj glasses on the basis oj their 
chemical composition. 

When ranging the thermochemical properties oj free oxides and the 
jactors affecting the influence oj 1 mol % oj 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 I the M-0 bonds are for the most part ionic while covalent 
bonds prevail in the case oj branch II elements. . . 
. The V-phenomenon is confronted with various models .. oj glass ( struc­
tural ·and thermodynamic model, ionic solution and fictíve ox,ide model) 
and the regression model oj the partial properties oj oxides in oxide 
glasses is then predicted on the basis oj general characteristics oj the 
atoms. 

INTRODUCTION 

Every field of science progresses towards its own system wit� the aim of 
comprehensively classifying all the available 'findings • and knqwledge, and of 
predicting the properties of the individua! members.

• ' • • 

Table I 

List of the symbols used 

a - internuclear distance (10-10 m)
A - property of glass 
co - degree in covalency 
O - absolute term in equation 

CC - Beyersdorfer chemical characteristic 
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ea. -dissociation energy (atomic) (J/mol) 
eci -effect of combined ions 
ev -dissociation energy (atomic) by volume (J/mol) 
f, - molar fraction (molar percent divided by 100)
F - bond strength 

F .A. -molar factor for 1 mol % of oxide in glass 
i - arbitrary oxide in glass 

io -degree of ionicity 
L :.._ length in internuclear distance 

m, -molar percent of M1nOn oxide 
Mm - number of electropositive element atoms in Mm O n oxide

m -mean number of electropositive element atoms in fictive oxide 
M.nOn 

M -symbol for an electropositive element 
M0" - molecular weight of oxide 

n - main quantum number 
n - refraction index for long waves 

nn - refraction index for the sodium line 
N L -Loschmidt number 
n0 -number of oxygens in MmOn oxide molecule

N 81, N M -number of gram atoms of silicon or an arbitrary electropositive 
element per gramatom of oxygen 

308 

pO -symbol for acidobasicity 
ra. - effective atomic radius 
r1 -effective ionic radius 
ru - univalent radius 
R2 -determination coefficient 
R1 - ionic refraction 

s -Magnus number (cf. equation 7) 
S, - ratio ofhu�dredfold number of ox:ygens in M 1110n oxide to molecular 

weight: 100 no/ M ox 
tg -transformation temperature in °0 

UM -Magnus bonding energy 
v, -weight fraction -percent by wt. divided by 100 
Vt - volume of particles in a coordination unit 
X -electronegativity, 
y -coordination number 
z - charge; oxidation number 

z/a2 
- electrostatic field strength 

z/r1 - ionic poteritial 
.ZK - mean covalent bonding strength of atoms 

a -linear thermal ex:pansion coefficient (20---400 °0) 
f) -index of bond intermixing
y -surface tension
e' -permittivity
e -electric conductivity
;. -thermal conductivity
'Y/ - viscosity
V' -ratio of effective radii
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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 [l], 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 múltivariant 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. 

c) In the case of glasses the continuous three-dimensional network of which
decomposes discontinuously (at Ns; < 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 isova.lent 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 sa1ne 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 ni, or molar fractions ft.
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The partial properties will be expressed quantitatively by molar factors 
afťer'Appen [17], [18]. The additive factor FA expresses the effect of I mol% 
of the oxide on the respective property A of glass. The factors listed in Table II 
are given in SI units and represent mean values of many glasses of various 
• coinpositioris.'

1\,: 
a . K-1( X 10-6) 

Appen Gan-FuSi 

' '

Li 0.27 0.26 
Na. ·0:395 0.40 
K 0.465 0.48 
Rb 0.51 
Cs 0.513 
Be 0.045 0.045 
Mg 0,06 0.06 
Ca 0.13 0.13 
Sr 0.16 0.16 
Ba 0.20 0.20 
Zn 0.05 0.05 
Cd 0.115 0.12 
Pbll 0.13-0.19 0.13-0.19 
Al -0.035 -0.04
Ga -0.02 -0.02
In -0.02
y -0.015
La 0.045
Ti -0.02 to -0.025

+0.03
Zr -0.06 -0.1
Hf -0.10 -0.015 
SnIV -0.045 -0.07
v 

SbV 0.075
Th -0.03 -0.03 
w 0.16
B -0.005 to O -0.005 to

-0.15
Si -0.005 to 0.005 to

0.038 0.052 
Ge 0.076 
p 0.14 o.os

Table II 

Molar factors FA 

E [MPa] X (101) 
Appen Gan'.FuSi 

784.53 784.53 
583.49 568.79 
402.07 392.27 

1068.92 1068.70 
902.21 1618.10 

1093.44 1127.76 
946.34 931.63 
612.91 735.50 
588.40 616.6� 
558.98 549.17 
421.69 382.46 

1117.96 1078.73 

1372.93 
1676.94 1667.13 

1833.84 1833.84 
1961.33 1961.33 

1618.10 1618.10 

98.07 to 171.62 to 
1765.20 1765.20 

701.77 to 715.88 to 
637.43 

421.69 
509.95 

' y [N. m-1] ,t [W. m-1. 
( X 10-5) . K_-1]( X 10-•) 

Appen Dietze! Gan-FuSi 

450 400 4.1868 
295 220 0.8373 
- 70 -6.280li

390 10.8856 
520 580 9.2109 
510 470 8.3736 
490 3.3494 
470 400 -0.8373
450 500 4.1868
430 1.6747

-340 -4.1868
580 340 10.0483

250 290 19.6296

350 470 10.8856
° 

350 
-1000 

10.4670 

neg 150 

290 340 13.1884 to 
12.1417 

10.4670 

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

Charge z, internuclear distance a [22], deformability expressed indirectly by 
•• ionic refraction R1 [23] and bond strength (Table III) 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 expressecl indirectly 

a) as electrostatic fi.eld strength z/a2 which is closest (when neglecting the
Madelung constant which is insignifi.cant in the case of glasses having a non­
arranged lattice) to the lattice energy of crystals 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 III 

The characteristics of oxygen-bound mass particles 

M z a R1 I z/a2 UM ev X f3 

Li 1 2.09 3.35 0.229 -12.6 40.51 0.95 2.25 
Na 1 2.37 4.75 0.178 -U 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 o.s 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 
Pbll 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 
Se 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 
PblV 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 
v 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 o.s
Ta 5 1.99 23.4 1.260 +10.85 - 1.7 o.s
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 
.<3>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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F'ig. la. Bonding energy per unit molar volume ev vs. electrostatic fleld strength z/a2
• 

b) The Magnus bonding energy UM [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 ea 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 ev 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. lb. Bond intermixing index j3 vs. electrostatic field strength z/a2
• 

The distribution of ev, f) an<l UM in dependence on z/a2 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 matl;i.ematical model 
of partial properties: 

(1) 

expressed by mu.ltiple linear or quadratic regression. The compliance of the 
results is evalu�ted by means of the determination coefficient R2

. 

Oxide glass�s- 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 clensity 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 
(directiona.l 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 ofionicity. 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 FA should be considered in the 
correlations as not related to the MmOn oxide, but as related rather to the 
oxide in reduced form MOn;m (or Mm;nO). Because, however, oxygen is always 
the partner of the electropositive elements in oxide glasses, the difference in 

15 

10 

o'• ·
B 

5 

UM POS. 

U11 o 

UM NEG. 

-5

-10

o 0,5 1,0 

Fig. 1 c. 1\II agnus bond energy U 11 vs. electrostatic fleld strength z/ a2• 

the models between MmOn and MOn;m is not in fact substantial, so that 
FA is mostly considered for the MmOn 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 seque110e criterion, use will be made of electrostatic 
field strength z/a2 which is identical formally with the expression for the 
Coulomb attraction for expressing the protagonistic relation between the 
charge and the internuclear distance. 
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The internuclear distance a = (r; + r0) has been chosen here in place of the 
conventional effective radius ?'i of the mass particle rather formally, because, 
in view of the relation 

a = I (ra,M + ?'a,o) = I (1'i, il1 + r;,o), (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 vario,us compositions. An 
increase in the covalency of the M-----:0 bond brings about an increase in the 
mass particle size of the rlectropositive 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 chaose as a sequence critedon the ratio of charge z 

of the mass particle to its parameter L which expresses by means of exponent n 
its length, area or volume relation to its immediate environment. Generally, 

z 
F=--, 

Ln (3) 

where L may be ionic radius ?'i , univalent radius ťu, or internuclear distance a, 
and n = l, 2, 3; it is also possible to use log z/a2 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 arrangeme_nt, sp3d2 

to an octahed.ral one). Other hybridization states (dsp3 square pyramidal 
or trigonally pyramida!) 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 '1/J =
= 1·i : r0 , 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. WAIIII. 

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 A 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 Ri) 
therefore broadens the vitreous state region. 
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THE V-PHENOMENON 

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

FA =f(z;a,). (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 (Ns; ~ 0.400), e.g. with Na(I), K(I), Ca(II), Ba(II). 

Table IV 

Electrostatic field strength z/a2 and molar fa ctor Fa 

for thermal expansíon 

M z/a2 

I Fa 

(6lZr(IV) 0.93 -0.06

<6>Hf(IV) 0.94 -0.1

<4>Si(IV) 1.54 +0.005

In ·the case of elements having the oxidation number (IV) such as ZrO2 and 
HfO2 in comparison with SiO2 , their thermal expansion exhibits a marked 
inversion, as shown by Tahle 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 FA 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, 
fl.uorides, 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 ev, and in the case of the melting 
points of oxides (Volf [15], [33]). The phenomenon described also arises in 
connection with tlí.e effect of oxides on the lowering of eutectic temperatures 
for M11iOn -SiO2 (Stoch [34]). 

The general character of this phenomenon has so far remained unnoticed. 
According to the course oť 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 defl.ections (it would be incorrect to
connect isovalent curves by a curve (Gan-FuSi [19], Kuhne [35]) since a defl.ec­
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 n5 and n6, n2 and n3 differ from n > 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 M-0 bond may be expressed by the Pauling
equation [36], 

io = 1 - exp [-0.18(LiX2)J, (5) 

where LiX is the difference between the electronegativity of the electropositive 
element and that of ox:ygen. 

LiH 

z 

9 

8 

7 

6 

5 

4 

3 

Si 
o 

2 ,..._ __ _._ __ __,_ ___ ....._ __ _,_ ___ .___�� 

o 2 4 6 8· 10 12 

Z/r 

Fig. 2. Heats oj jormation oj oxides (full line) and those oj 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 y = 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 ii1 a mixed bond is described by the equation 

co= 1-io. (6) 

Having introduced the so-called intermixed bond degree index (3 (Volf [15]) 

(3 = io/co, 

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

0,400 

Li 

J,200 

o C,5 1,0 1,5 z /02 2,0 

Fig. 3a. 111olar Jactors oj thermal expansion (after Appen) vs. electrostatic field strength 
z/a2

• • • • • 

1. fJ > 1 - elements alkaline in nature with oxidation number: (I) alkali­
metals, (II) -alkaline earths, and III - rare earths (Se, Y, La) and lanthan9� 
ides. They lie along branch I of the V-phenomenon. The bow.ls- are non-
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directional. The values fJ > 1 delimítate elements belonging to the historical 
group of modifiers. 

2. fJ < 1 - elements acid in nature with oxidation numbers (III), (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 resuh of higher polarizability .The bonds are markedly directional.
The values fJ < 1 delimitate the historical group of networlďorming elements
and the newly suggested group of imperfect networkforrners (cf. paragraph 7).

600 Cil •Mg oAl 

�Mg 
Sr. Zn 

• 

0ozn 
400 Cd 

a 

200 Na 

•a 

K 

Fo 05 10 
Z /a

2 
15 

-200 O APPEN 

• 0/ETZEL 
•Pb{//) 

0 400 

-GOO 

-800

v 
-1000 '-------'---- --'-------111t----'----� 

F'ig. 3b. M olar f actor8 Jor surjace tension ( after A ppen and ajter Dietzel) vs. electrostatic 
field strength z/a2

• 

3. fJ ~ 1 - elements belonging to the historica.I 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 directional. In 
ap.dition to y = 6 there also arises y = 4. . : · • ·

The branch alongi, which the partial property of an oxide is • situated 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: 

UM = 
2y(z - 2s) e2 

a (7) 

where constant s ist equal to 0.92 for y = 4, and to 1.6 for y = 6. 
If the value UM 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 II 

2000 ,-------r-----.----------,-----,---, 
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K �f'o 400 JPb· 
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o ,__ ___ _.__ ___ _._ ___ __. ____ .L.,.-__, 

0,5 1,0 2 1,5 
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2,0 

Fig. 3o. Molar fa c torsjor modulus oj elasticity (after Appen) vs. electrostatiojield strength, 
z/a2

• 
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(an oxo-anion or a polyion is formed). Elements having UM rouhghly equal 
to 1 are intermediate. UM is thus a suitable quantitative indicator of acido­
basicity of oxides in glass. 

The distribution of FA in the V-phenomenon for thermal expansion, surface 
tension, modulus of elasticity and thermal conductivity is shown in Fig. 3a-d. 

The relationship between fJ and UM 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 various 
points of view. 

1. Structural  model

In the oase 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 
II ofthe V-phenomenon with coordination number y = 4. The three-dimensión­
al continuous network is assumed to be equal to a stoichimetrically non­
defi.ned 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 N si = Si/O (the number of silicon gramatoms to that 
of oxygen gramatoms in the given glass), suggested.by Huggins and Sun [40]: 

N S "/Q 
• Vs102 Sl = 1 = 60.60 "f,StVi ' (8) 

where St is the ratio of hundredfold the number of oxygen atoms in oxide 
MmOn to molecular weight Mox, e.g. for B2O3, St = 100 X 3/69.64 = 4.3679. 
Conventional 'aciď glasses have N si ~ 0.400. 

Introduction of branch II oxides, which form oxo-anions, does not interfere 
with the continuity of SiO4 tetrahedrons, but they are subject to qualitative 
changes. N Si i� also changed by the effect of higher oxidation numbers; branch 
II belongs to elements·with generally high oxidation numbers which raise the 
Ns1-

Similarly to Si(IV) it is possible to calculate for any element J.11 its N 111 

(amount of the element in gramatoms per gramatom of oxygen) using the 
formula by Blau [41]: 

I,(�) J.11 ox,i 

(9) 
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Between Ns1 of 0.333 to 0.286 the three-dimensional Ii.etwork decomposes 
forming chains or even isolated islets. At the same time the sequence of par�ial 
properties expressed by factors FA is reversed and the slopes of the V-phenome­
non branches change their signs. This is the case for instance ofinvert glasses 
(Tr;i,p and Stevels [42]) and the glasses described by Kuhne [43]. 

T h e r m o d y n a m i c  m o d e l  

Regardless of its composition, every glass is generapy de:fined 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 de:fined 
only below tg. 

The V-phenomenon holds for the properties below tg (expansion, thermal 
conductivity, modulus of elasticity, resistivity) as well as above tg (viscosity, 
surface tension). However, above tg 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 incre·asing temperature (the number of oxygens around the central 
particle decreases), thus also changing the value U M 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 signifi.cance in the case of the V­
phenomenon. 

T-h e 'fi c t i v e  o x i d e' m o d e l

The single-component glasses SiO2, B2O3 , P2O5 , GeO2 cor�espon'd. by their 
m9lecular formula to oxide MmOn , 

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

řii = L,f1,mM, 

ři = "[,f1,n0. 

So for binary glass 3 SiO2 . Na2O, 

m = (0.75 X 3) + (0.15 X 2) = 2.75 

ři = (0.75 X 6) + (0.25 X 1) = 4.75 

the molecular formula of the fi.ctive oxide is M2.75O4.75. 

The fi.ctive oxide can be expressed in three forms, 
a) .1-YlmOn,

b) MO,um,

c) Mmr;;;O. 

(10) 

(ll) 

In a fictive oxide the electropositive elements remain anonymous; m and n 
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 a1�d a 1uolar volume, 
á;nd com1:>lying with the electróneutrality reqúirerrients. • . 

The foUowing equations hol<:l: 

NM mM
(12) =--. ' no 

2n0 (13) ŽM =--,
mM 

řioNM 
(14) -_--= 1,

mM 
Moi = E(ftMox,t), (15) 

V111=Moi.:d. (16) 

The oxidation state of the fi.ctive oxide increases with increasing oxidation 
Ii.umber, and Ůn/m increases together with the molar volume of the fictive 
oxide. 

Apart from the effect of the prevailing covalent bonds, elements of branch II 
r11ise the ox:ygen potential of glass. Changes in m111/n0 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 fi.ctive oxide represents one of the wa,ys of considering glass as a fi.ctive 
oxide molecule given by indexes m111 and n0, in contrast to a polymer molecule. 

In the V-phenomenon branch I comprises monooxides M20 and MO, branch 
II sesquioxides M203 and dioxides M02. 

The fi.ctive oxide is also related to a number of properties. The smaller its 
molar volume, the higher the glass hardness. Its 'mean covalent atomic 
bonding" ZK is expressed by Kokorin [45] by the formula 

- z)tm 111Jt
ZK =

2 
_. (17) 

Glasses with identical žK exhibit identical softening temperature t80r, and 
identical microhardness. 

M o d e 1 o f g 1 a s s a s a s a 1 t o f si 1 i c a t e p o 1 y a c i d s 

When changing continuously the Si02 content in the ternary system Na20-
Ca0-Si02 at a constant Na20/Ca0 ra.tio (thus changing the cros3linking), 
a number of properties change not linearly, but along mildly curved, formally 
hyperbolic curves (Fig. 5). This is due to the fact that property A changes 
with the ratio of monox:ide3 M20 and MO of branch I to sesquiox:ides M203 

and dioxides M02 of branch II of the V-phenomenon, i.e. in the given system 
with the ra.tio (Na20 + Ca.O) : SiOz. This ratio (M20 + MO) : (Mz03 +,M02 ) 

has been given the term 'chemical characteristic of glass' by Beyersdorfer and 
desígnated by the symbol CC. For details the re<1der is referred to studie3 
[46] to [49] by this author.
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The Beyersdorfer cha.racteristic CC is rel�ted to N Si by the eqů.atíon 

n 

CC = -1
- - 2 = �,

Nsi n 
2 2

( 1 ) 
= CC '

Nsi .,_ 
2

Beyersdorfer considers glass as a salt of silicate polyaóds. 

43 •. 2,4 
15 

n 

10 

5 

50 

o 

d [g/cm3] 

2,5 2,6 2,7 2,8 

100 

50 . 100 Si� [mol%} 

(18) 

Fig. 5. Quasihyperbolic course oj Beyersdoijer index n, thermal expansion coefjicient 
ex . 10-1 K-1, density d(g/cm3) and SiO2 content (mol %) after Beyersdorfer. 

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

1\,H+o-2 (02-H+)- - 2s·o • 2 H o LV.ln.n 2n(n-l) 4n - n 1 2 ' n 2 • (20} 

The hydrogens H in glass a.re substituted by branch I elements, M by the
branch II elemeiits. 

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

zPK.n = xPK.1n + yPKo, 

where zPKn is the primary polyacid, 
xPKm is ťhe·m-th portioi1 of polyacid x,
yPK.o 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 y), then 

X 

y 

(o -n) o

(o-m)m
(22) 

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 II

which is significant for a change of properties and technological characteristics, 
and not the absolute oxide content in glass, 

c) it considers generally decomposition ofthe polyacid into fmther 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 ex:planation of the effect of thermal history on the degree of 
polymeration and on the consequent change in the properties of glasses. 

I o n i c  m o d e l  o f  gla s s  

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

i) cations, e.g. Na(I), Ca(II),
ii) ox:o-anions, e.g. [-(AlIIIO412)]4-, [-(BIIIO412)]4-,

iii) polyions, e.g. (SiO412)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 UM as the bond energy): 

UM = 
2y(z - 2s)e2 

a 
(cf. 7) 

Thfs formula is formally similar to that of ionic potential z/ri; it includes 
oxidation number z, internuclear distance a insteacl of effective radius ri; in 
contrast to ionic potential and electromagnetfc fi.eld strength, however, it also 
includes qoordination number y. 

The Magnus formula determines the position of the oxide along the V­
phenomenon branches. As has already been mentioned, oxides with negative 
UM 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 th(:l 
V-phenomenon.

T h e a c i d o b  a s i c i t y  m o d el 

General use is made of terms acid or hasíc glasses or acid and hasíc oxides in 
glass. Is there any comparative value allowing to describe acidobasicity 
quantitatively, similarly to pH in the case of solutions of electrolytes 1 
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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
metrie mean of electronegativity of the elements participating in the composi­
tion of the molecule: 

(23) 

Both methods have the disadvantage of respecting neither the effect of 
coordination number y (acidity of an oxide increases with decreasing y), nor the 
distribution of oxides álong the two V-phenomenon l;>ranches, i.e. the inter­
inixing of chemical bonds. 

The U 111 value is considered here the best way of expressing quantitatively 
the acidobasicity of an oxide. When ranked according to z/a2 as independent 
variables, the U 111 values lie along two branches similarly to the V-phenomenon. 
Basic oxides �re distributed along the 'negative' branch, while the elements in 
the order of increasing basicity are placed along the 'positive' branch. Around 
U 111 ~ O there are the elements that behave 'amphoterically' in glass. 

Acidobasicity of a glass cannot be derived by calculation from U 111 in agree­
ment with e.g. electrocell measurements, since the calculation: cannot take 
into account the effect of polarization in the glass network which infl.uences 
acidobasicity. This is also subject to changes due to combinations of isovalent 
ions by the effect of eci. 

C o o r d i n a t i o n  m o d e l  

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. 

Brancl1 I elements, if present in glass exclusively with y = 4 Be(II) or 
alternatively Mg(II), are shifted off branch I towards branch II 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/a2 according to the predomina­
ting coordination number: 

y tends to decrease with temperature increasing above t0 , 

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 neighboms in the glass network. 
Lower y bring about an increase in acidity .. 

I o n i c  s o l u t i o n  m o d e l  

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 Kuhne [ 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 Si02 content; they show a low chemical resistance and have so 
far no technological significance. The low N Si value (below O. 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, alka.li 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
tmiversally valid. • ' 

. Ionic compounds in melt and in solution are generally lrnown to exhibit 
high electric conductivity, while ionic crystals have a low cond ctivity. 

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 tu, behaves similarly to ionic 
solutions; conductivity increases with increasing alkalinity. The V-phenomenon 
holds both below and above tg; however, when the continuous three-dimensional 
network breaks up beyond a certain limit (Nsi < 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 contirtuity resulting from increasing content of alkali metals 
in the network, similarly to the oase of ionic crystals. Medieval glass-makers 
made unlrnowingly 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 lVImOn 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 Si04 tetrahedrons 
as the basic solvent and introducing oxides lVImOn by amounts of mt, each 
entry of the oxide changes the nature of the vitreous network (now already 
a multicomponent éme) and thus also the nature of the solvent. 

Sets of the various 1VI1nOn oxides introduced thus create a solv'ent exhibiting 
news properties related in comparison with the sii1gle-component solvent 
comprising Si04 tetrah�drons only. With respect to a certain oxide (lVImOnh 
the system of the remaining oxides Si02 + I(lVI 1110n)i therefore represents 
an always slightly different solvent, in which also the partial property of the 
oxide expressed quantitatively by FA is changed to some degree. Each glass 
has therefore its own molar faotors FA· Nevertheless, it is interesting to n ote 
that the differences in the factors in the individua! glasses are not too significant, 
and ahvays lie within the framework of the V-phenomenon. 
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MULTIV ARIANTNÍ SYSTÉM OXIDŮ A PREDIKCE JEJICH DÍLČÍCH 
VLASTN OSTÍ V OXIDOVÝCH SKLECH (ČÁST I) 

Miloš B. Volf 

Sklárny Kavalier , n. p., Sázava 

Studium korelace mezi dílčími vlastnostmi oxidů ve sklech a mezi obecnými charak­
teristikami atomů vede k novému systému a matematickému modelu vlivu prvkú 
v oxidových sklech. 

Termochemické vlastnosti volných.oxidů a molární aditivní faktory í-ady vlastností 
oxidů ve sklech, jsou-li :i'.-azeny podle síly elektrostatického pole z/a2

, leží podél dvou 
křížících se větví (V-fenómén). Na (I)větvi převládá iontový podíl, na (Il)větvi kova­
lentní podíl chemické vazby. Poloha oxidu ve V-fenoménu je určena hodnotou Magnu­
sovy vazebné energie a indexem smíšenosti iontokovalentních vazeb. 

V-fenomén je konfrontován s rúznými modely skla (model strukturní, termodyna­
mický model, model „fiktivního oxidu", model skla jako soli křemičitých polykyselin, 
iontový model, niodel acidobasicity, koordinační model, model iontového roztoku). 

Obr. la. Závislost vazebné energie pro jednotkový molární objem ev na síle elektrostatického 
pole z/a2

• 

Obr. lb. Závislost indexu smíšenosti chemické vazby j3 na síle elektrostatického· pole z/a2 • 
Obr. Je. Závislost Magnusovy vazebné energie UM na síle elektrostatického pole z/a2

• 

Obr·. 2. Závislost slučovacích tepel oxidů ( plná čára) a fluoridů ( čerchovaná čára) na 
poměrit náboje a univalentního poloměru. 

Obr. 3a. Závislost molárních faktorů pro teplotní roztažnost (podle Appena) na síle 
elektrostatického pole z/ a2 • 

Obr. 3b. Závislost molárních faktorů pro povrchové napětí (podle Appena a podle Dietzelá) 
na síle elektrostatického pole z/a2

, 

Obr. 3c. Závislost molárních faktorů pro modul pružnosti (podle Appena) na síle elektro­
statického pole z/a2

• 

Obr. 3d. Závislost molárních faktorů pro tepelnou vodivost (podle Gan-FuSiho) na síle 
elektrostatického· pole z/ a2

• 

Obr. 4. Závislost indexu smíšenosti chemické vazby j3 na 1l!lagnitsově vazebné energii UM. 
Obr, 5. Quasihyperbolický průběh Beyersdoferova indexu n koeficientu teplotní 1·oztažnosti 

a 10-1 . K-1, hustoty (g/cm3) a SiO2 (mol. %), podle Beyersdorfera. 

MY JlhTI!IBAPMAHTHAH Cl!ICTEMA OIUlCJIOB 
11 HPE.D:MKAIJ;I1H MX HAPl�MAJiht.JHhIX CBO"M"CTB 

B OKMCHhIX CTEKJIAX ("lJACTh I) 

iVhrnorn B. Bornf, 

Cme1WJ1.bHb1-ii aaeoo HaeaJ1.uep, Half. npeonp. Caaaea 

HccJJeJ:(OBaHHe 1wppemnvm MCIBAY rrapI\HaJih'IHb!MH CBO}ICTBaMH OlU1CJIOB B CTCKJiax H 
0611111MH xapmnep11:cnmaMH aTOMOB CJIY1HHT J:(Jlfl paspa60TKH nonoi-í CHCTCMT,I H MaTe­
MaTH'JeCHOl1 MOJ:(CJ!H BJIHlIHllfl 3JICMCHTOB B OIUICHLIX CTCHJiax. 

TepMOXHMll'JeCHHC CDOl1CTBa CB06o,�Ilb!X OI<FIC.TIOB H MOmrpHI,Je aJ:(/{IITIIBHbTC <f,a1,Top1,r PlIAa 
CBOHCTB OJUICJJOD B CTCJ<JJax, CCJIH OHM yrroplT,IO'!CHU COI'JiaCIIO narrpm-KCHHIO 3JICHTl)O­
CTaTFl'JeCHOrO JIOJIH z/a2, JJaXOJ:(fITCH BJ:(Om, no ABYM neper{pemamm11MCH BCTBH0

M (V-ipeHOMCH). 
Ha (I) BCTBJ-1 npeo6Jia,1aeT HOHHaH J:(OJIH, 11a (II) DCTBH IWBaJICHTHaH /{OJIH XHMH'ICCJ{OH CBH3H. 

lloJIOIBCHHC OHHCJia B V-qieHOMCHC orrpe,1eJIJ1CTCH BCJIH1!HH0l1 éll!Cpnrn CBH3Il MarHyca 
1-1 IIOlrn3aTeJICM CMemaH!-IOCTJ-1 HOHHOHOBaJICHTHbIX CBH3Cl1. 

V-<pCHOMCH COIIOCTaBJJHCTCJl C pa3HI,JMil MO/:{CJIHMH CTCima (cTpy1nyprraJI MO/:{CJih, TCJ)MO­
/{HHaMH'ICCHaJI MO/:{CJib, MOfWJib ,,<pH!{THBHOťO OIUICJia", MO/:{CJib CTerwa B B11,IC CllJIHHaTHb!X 
IJOJJJ-IHHCJIOT, HOHHaH MO/:{CJlb, MO/:{CJlb IUICJIOTOOCHOBHOCTH, HOO]){VII-!aI\HOHI-!aJl MO/:{CJII,, 
MOJ:(CJ!b HOHHOťO pacTnopa). 
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Puc. la. 3aeucu.1iocmb ,mepauu COMU í}11,R, eoUH,U'l/,H,OW .1t011,R,pH,oao 06'be.1ia ev om H,Ul!pR,;;,ceH,UR, 
a11,e1.mpocmamu'l/,ec1.oao no11,R, z/a2. 

Puc. lb. 3aoucu.1iocmb 1101.aaame11,R, c.11eiuaH,H,OCmu xu.1iu•tec1.ou COR,au (1 om H,anpR,,1ceH,UR, 
a11,e1.mpocmamu'iec1.oao no.1tR, z/a2• 

Puc. lc. 3aoucu.1iocmo aH,epa.uu COR,BU MaaHyca UM om Hanpm,ceHUR, a11,e1.mpocma,nu'l/,ecnoao 
no.1tll, z/a2• 

Puc. 2. 3aaucu,iiocmo 11ien11,omoi o6paaoaamtR, 01.uc.1toa (c1MoumaR, 11,umm) u gj,nopuooa 
(uunpuxoaaR, .1tUH,UR,) om o,nH,outeH,UR, aapR,í}a u yHuaa.1teHmnoao paouyca. 

Puc. 3a. 3aaucu.1iocmb .1w11,R,pHoix gja1.mopoo O.ftl/, men11,oooao paculllpťH,llll, (coa.1tacno Anneny) 
om Ha1tpR,;;1ceH,UR, a11,enmpocmamit•tecnoao no.1tll, z/a2. 

Puc. 3b. 3aoucu.1wcmb .110.1tR,pHoix gja1.mopoa í}11,R, 1ioaepxH0CmHoao 1-ianpR,;;1ceH,UR, (coa11,ac1-to 
AnneH,y u coa11,{tcHo I( u11ufe11,y) om Ha1tpR,;;1ceH,UR, a11,e1.mpocma,nu'l/,ec1.oao 11011,R, z/a 1. 

Puc. 3c. 3aoucu,iwcmb .1W.1tR,pHoix gjanmopoa 011,R, ,1woy= ynpyaocmu (coa11,acHo Anne1-ty) 
om HanpR,;;1ce1-ittR, a11,enmpocma,nu'l/,ec1.oao no= z/a1. 

Puc. 3d. 3aaucu.1wcmb ,4w11,,q,pHbix gja1.mopoo om men.1tonpoao0Hocmu (coMacHo I'a11gjycu) 
om 11anpR,,1ce11u.<t a.1tehcmpocmamu•tec1.oao no11,R, z/a2. 

Puc. 4. 3aoucu.1wcmb 1wnaaame11,R, c.1teiuaHHocmu xu.11u•tec1.oií coRau (1 om ,mepauu C8R,BU 
MaaHyca UM, 

Puc. 5. M1-tu,Ho aunep6011,u•tec1.ui'í xoí} 1.oagjgjuv,,ue1-tma me,uoooao paciuupemtR, c,; to-1. K-1,
n11,om1-tocmu (a/cm3) u Si02 (.At011,. %) c0Mac1-to Beepooopgjepy. 
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