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It is shown that redox equihbria of polyvalent ions in glass mehs eannot usuahy be eonsidered without complex-formation reactions and 
therefore without hgand formation and coordination behaviour. In principle, a distinction should be made between ligand numbers and 
coordination numbers, as weh as between conditions at high temperatures and those at temperatures below Tg. The equations derived and 
some experiments in literature indicate that most transition metal ion pairs in melts show a stronger tendeney to form complexes for the 
higher valency states than for the lower ones. In many cases this behaviour coincides with the hgand number of polyvalent cations in the 
corresponding glasses, viz. the higher valency state leads to a stronger complex formation with network-forming character and thus, to a 
lower coordination number than is the case with the lower valency State of a polyvalent ion. However, this behaviour often does not occur 
because of the very common tendeney for coordination to change during coohng from the melt to the glassy State. Those differences between 
the stable melt at very high temperatures, the metastable melt at intermediate temperatures and the glassy S t a t e at room temperature need 
to be considered and are discussed. 

Redoxgleichgewichte und Konstitution polyvalenter Ionen in oxidischen Schmelzen und Gläsern 

Es wird gezeigt, daß Redoxgleichgewichte polyvalenter Ionen in Glasschmelzen nicht ohne Komplexbildungsreaktionen und damit nicht 
ohne Ligandenbildung und Koordinationsbestreben betrachtet werden können. Grundsätzhch sohte zwischen Liganden- und 
Koordinationszahl unterschieden werden, wie auch zwischen Zuständen bei hohen Temperaturen in der Schmelze einerseits und 
Temperaturen unterhalb Tg andererseits. Die hier entwickelten Gleichungen und einige Experimente in der Literatur weisen darauf hin, 
daß die meisten Übergangsmetallionenpaare für den höheren Valenzzustand eine stärkere Tendenz zur Komplexbildung zeigen als für den 
niedrigeren. Dieses Verhalten stimmt in vielen Fällen mit der Ligandenzahl der polyvalenten Kationen in den entsprechenden Gläsern 
überein, d. h. der höhere Valenzzustand führt zu einer stärkeren Komplexbildung mit netzwerkbildendem Charakter und damit zu einer 
geringeren Koordinationszahl als es für den niederwertigen Zustand eines polyvalenten Ions der Fall ist. Aherdings trifft diese 
Übereinstimmung in vielen Fällen wegen des ganz ahgemeinen Koordinationsbestrebens während der Abkühlung von der Schmelze in den 
glasigen Zustand nicht zu. Solche Unterschiede zwischen der stabhen Schmelze bei sehr hohen Temperaturen, der metastabilen Schmelze 
bei mittleren Temperaturen und dem Glaszustand bei Raumtemperatur sind zu berücksichtigen und werden diskutiert. 

1. Introduction 
Most investigations were made with respect to colour 
of glasses [1 and 2] but others were done in order to 
find out indicators for basicity [3]. Many redox 
equilibria in glass melts were investigated experimen­
tally in an indirect manner by spectral and chemical 
analysis after quenching the melt to room tempera­
ture. Only a few papers have been pubhshed on redox 
equilibria between reduced and oxidized polyvalent 
ions directly within the melt at equhibrium temper­
atures. Some of these were evaluated directly by 
electrochemical methods at melt temperatures, by 
application of voltammetry and emf measurements [4 
and 5]. The electrochemical series of TM ( = Tran­
sition Metal) ions was proposed for some glass 
Systems [4 to 7]. Effects of oxygen partial pressure, 
Po2, temperature and basicity on the redox equhibria 
were discussed by Paul [3]. These results, especially 
the effects of basicity, cannot be described only by the 
simple redox equilibrium such as 

M"+ + m/4 O2 ̂  M("+'")+ + m/2 O^" 

because if basicity (oxygen ion activity) is increased, 
the higher valency State is usually preferred and this 
contradicts equation (1). However, this decrepancy 
was argued into the formalistic conclusion that the 
V a r i a t i o n of the equilibrium constant Κ 

[M"+] (O^-)^^^ 

with composition may be the dominating controlhng 
factor which determines the basicity dependence of 
the redox equilibrium. On the other hand, the 
proposal of complex formation in glass melts was 
made first by Dietzel et al. [8 and 9] (see also [10]) in 
the cases of iron and chromium as examples 

2 Fe2+ + 3 0 2 - + 1/2 O2 = 

2 Cr3+ + 5 O^- + 3/2 O2 : 

: 2 Fe02 , 

: 2 CrOi" 
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in which the effect of basicity is especially regarded. 
The formation of complexes of polyvalent ions in 

glass melts was also suggested by several authors [11 
to 15], and this idea was successfully apphed to some 



redox pairs, such as Cr'^ICx^^, Fe^'^/Fe-^^, etc. 
However, most of the previously reported investiga­
tions have been done in a qualitative way because of 
the lack of sufficient data for oxygen ion activities of 
glass melts. On the other hand, various spectral 
analyses, such as optical absorption [ 1 6 ] , ESR, 
Mössbauer etc., were apphed to investigate the 
coordination states of TM ions [17 ] in glasses at room 
temperature. 

In the present paper many experimental resuhs 
previously reported are reviewed and the apphca­
bility of a combination of redox reactions leading to 
redox equilibria of polyvalent ions in glass melts are 
discussed from a more general point of view and a 
distinction wih be made between hgand formation in 
the melts and change in coordination during cooling 
although both processes behave very simharly with 
temperature. 

The following symbols will be used: 
Μ = polyvalent cation 

= lower valency state 
(n + m ) + = higher valency STATE 
Λ: = coordination number of the polyvalent 

cation with the lower valency STATE 
y = coordination number of the polyvalent 

cation with the higher valency State 
P 0 2 ^ oxygen partial pressure 
[O^-] = oxygen activity (basicity) 
Ki = reaction constants 
7?EXP = experimentally determined redox ratio 
T̂HEOR = theoretical redox ratio (see equation ( 9 ) ) 

2. Theoretical formalism 

The simple redox reaction (equation ( 1 ) ) is combined 
with the complex-formation reactions (equations ( 3 
and 5 ) ) . 

M«+ + m/4 O 2 ^ M("+'")+ + m/2 O^" , ( 1 ) 

Kl = [M("+^) + ] [02-]^/2 / ( [ ^ N + j ρ MM>, ^ ( 2 ) 

M"+ + χ O^- ^ M O I ^ ^ - " ) - , ( 3 ) 

K2 = [ M O P - " ) - ] / ([M"+] [O^-]^) , ( 4 ) 

= [MO^^-^-") - ] / ([M('^+^)+] [O^-]^) . ( 6 ) 

The experimentally analysed concentrations of the 
reduced TM ions, [M"+]EXP, and the oxidized cations, 
[M('"+«)+],^P, are as follows 

[M'^^EXP = + [ M O ( 2 - - ) - ] , ( 7 ) 

[M('^+«)+]^^P = [M(^+n)+^ + [ M O F ^ - ^ - " ) - ] , ( 8 ) 

where χ and y mean the ligand numbers of the com­
plexes formed. Therefore, the experimentally deter­
mined redox ratio in the usual way, [M"'^]EXP/ 
[M(^+«)+] = R whl be replaced here by 

^ [ M « ^ + [ M O P - « ) - ] 

( 9 ) 

From equations (1 to 9 ) , i?EXP can be described with 
the equihbrium constants Ki, K2 and by equation 
( 1 0 ) : 

_[02- ]M/2 L + I ^ ^ [ 0 2 - P 
^ - /̂ THEOR - P ^ M · 1 + [ O ^ - ] ^ = · ^^^^ 

The redox ratio is expected to depend on ΡΘ2^. The 
effect of basicity, [O^"], on the redox ratio depends 
on the oxygen activity and on the tendeney of 
complex formation of the polyvalent ions, i.e. the 
equilibrium constants of equations ( 1 , 3 and 5 ) , i.e. 
Kl, K2 and K^, equations ( 2 , 4 and 6 ) . 

In section 3 . 1 . selection rules whl be applied which 
can very easily be tested experimentally. If PTHEOR 
increases with increasing basicity (oxygen activity 
[O^"]) at constant oxygen partial pressure, P02, redox 
pairs and corresponding equations belong to the 
reduced type, R-type; if PTHEOR decreases with increas­
ing basicity the oxidized type, O-type, is obtained. 

2.1. The case K2 [0^1 , K3 [0^1 < 1 
Equations (1 and 2 ) can be applied as approx­
imations because [ M " + ] > [ M O P ~ " ^ " ] and 
[ M ( ' " + « ) + ^ [ M O F > ' - ^ - ' ^ ^ - ] . PTHEOR increases with 
increasing basicity (reduced type, or R-type). Exam­
ples are given in sections 3 . 1 . and 3 . 5 . 4 . 

2.2. The case K2 > K3 

The concentration of the complexes of the oxidized 
polyvalent ions can be neglected, and the redox 
reaction (equations ( 1 1 and 1 2 ) ) , which is a combi­
nation of reactions (equations (1 and 3 ) ) , can be 
applied: 

M O P - " ) - + M/4 O2 ^ M ( ^ + " ) + + (M/2 -H x) O^" , 

( 1 1 ) 

=Ki/K2 ( 1 2 ) 

and therefore, 

T̂HEOR ~ ^7 η m/4 
A 4 RO2 

( 1 3 ) 

This means, that the redox ratio, î THEOR̂  increases at 
Pq2 = constant whh increasing basicity (R-type), 



because m and χ are always positive. With increasing 
P02 constant basicity the redox ratio decreases, not 
only in this but also in ah the other cases as is 
weh-known also from experiments. An example is 
given in section 3.5.3. 

2.3. The case K3 > K2 

Only the complex formation of the oxidized TM ions 
wih be discussed (equations (1 and 5)): 

M"+ + m/4 O2 + Cv - m/2) O^" ^ M O f , 

(14) 

iC5 = [MOf^-^-")-]/([M"+]P(5^2^4[o2-](y-m/2))^^^.^^ 

(15) 
and 

R ~ i -"theor ~ ^ 
1 

(16) 

t̂heor decreases with increasing [0^~] if 
(y - m/2) > 0 (oxidized, or O-type), but increases if 
(y - m/2) < 0 (R-type). Examples are given in sec­
tions 3.5.1., 3.5.2., and 3.5.5. 

It may be emphasized that a selection of the 
various possibilities for complex formations can be 
made by the decision or distinction between R- or 
O-type as follows: 

y > m/2 or > (m + l)/2 for the O-type and 

j < m/2 or y < (m - l)/2 for the R-type. (14a) 

2.4. The case K2 [O^-f, K3 [ 0 ^ 1 ^ ^ 1 

The equations (17 and 18) can be applied as 
approximations. The combination of equations (1 ,3 
and 5) results in the case where only complex 
formation is considered: 

M O p - " ) - + m/4 O2 ̂  M O p - ' ^ - " ) - + 

+ (m/2 -iy-x)) O^- , (17) 

^ 6 - [MOp-" ) - ] P^^ " K2 ^^^^ 

and 

^ [MO(2-^)-] ^ [02-](m/2-(,-.)) 
t̂heor [MOf^-^-")- ] 7^6^02' ' 

Ptheor increases whh increasing basicity, if 
(m/2 - {y - x))>0 (R-type), but decreases, if 
(m/2 — (y — x)) <0 (O-type). Examples are given in 
sections 3.5.3., 3.5.4., and 3.5.7. 

Α selection of the various possibihties for com­
plex formations can be made again by the distinction 
between R- or O-type with: 

y>jc+m/2 or y>x+(m+l ) / 2 for the O-type 

and 

y<x-l·m/2 or >'<A:+(m-l)/2 for the R-type. (17a) 

3. Discussion 
3.1. Selection rules and prerequisites 
In addition to the selection rules mentioned in section 
2., particularly expressed in equations (11 ,14 ,14a , 17 
and 17a), some further principles should be regarded 
in the discussion of sections 3.3. to 3.5.: 
First, distinctions should be made between ligand or 
complex formation which has a chance to exist in the 
melt at least over a certain period of lifetime and 
coordination which happens by accident with a very 
short lifetime (determined preferably by Brownian 
movement). Complex formation with real ligands 
around an ion is connected by stronger bonding and 
oriented forces with a relatively high portion of 
covalency; the common coordination tendeney with a 
lower portion of covalency wih be less stable than the 
complexes at comparable temperatures because of 
their higher portion of less directional ionic bond­
ing. 
Second, apphcation of Weyl's Screening theory 
should be made [18]. With respect to that three 
temperature regions may be distinguished: very high 
temperatures, T^, corresponding to low viscosities or 
temperatures far above hquidus temperature; inter­
mediate temperatures, T^, corresponding to high 
viscosities or temperatures below hquidus tempera­
ture and low temperatures, Τγ, corresponding to the 
glassy State which are below Tg. Complexes will 
behave in the fohowing way. At they wih be 
damaged partly by strong vibrations and intensive 
Brownian movements in the form of loosened or 
broken hgands, thus the hgand number wih be lower 
than required for ideal complex formation when 
observed in a very short time interval in a statistic 
sense; in other words: lifetime of the complete 
complexes will be very short. At lifetime will be 
longer and additionally to the hgand number a 
coordination tendeney might occur or not, depending 
on the size of the cation. Below Tg a fixed condition is 
reached for which the coordination number can be 
identical with the hgand number or perhaps larger 
than that. In such a way an increase of both ligand 
numbers and also of coordination numbers, takes 
place with decreasing temperature. Also distortions 
of the normal symmetry can be introduced by the 
coordination of the surrounding network of the high 
viscosity meh and of the glass. On the other hand, 
coordinations which happen by accident behave in a 
simhar manner according to Weyl's Screening theory, 
but they are less stable at ^^d T^. Thus, there are 
differences possible between coordination numbers 
which are obtained from the melt and those from the 



glassy State, if no distinction is made between 
coordination and ligand numbers. This whl be 
regarded and implied in the discussion of sections 3.3. 
to 3.5. Field strength or coordination tendencies of 
the surrounding network and its influence on coor­
dination or complex is not discussed here because it is 
of minor influence, although this also has an influence 
on colour shift [1]. 

3.2. Simple redox reaction 

Equation (1) can be applied only to the redox pair 
Cu"^/Cu2+. The redox ratio of [Cu-^/Cu2+] in lead 
Silicate glass [19] and in alkah borate, Silicate or 
germanate glass [20] is reported to increase with 
increasing basicity (R-type). However, this simple 
equation is not fulfihed for other redox pairs, because 
most of the redox equihbria are known to be of the 
O-type [12 to 15 and 21 to 27]. 

3.3. Both, reduced and oxidized cations form com­
plex ions 

Equation (17) could be apphed to the Cu'^/Cu^'^ pair, 
if Cu'^Oö and Cu^^Oß complexes are formed in glass 
melts. In this case, (y - x) is less than m/2. Indeed, 
Cu^^ ion in oxide glasses is known to be 6-fold 
coordinated [28 to 31] but this is not true for the Cu"̂  
ion. In the melt the complex formation of Cu"^06 is 
highly unrealistic, thus, equation (17) is regarded not 
to be valid in the melt. However, the 6-fold 
coordination may be realized in the glassy S ta te , but 
then under non-equhibrium condition and by coor­
dination which happens by accident. Further discus­
sion on the Cu'^/Cu^'^ pair wih be shown in section 
3.5.4. 

The ligand number of the oxidized TM ion, y, 
should be larger than jc, if a redox equihbrium of the 
O-type is considered: (y - x)> m/2; e.g. if the 
coordinations are Fe^''"04 and Ft^^O^, respectively. 
However, the ligand number of the reduced TM ions 
is usually larger than that of the oxidized ones. 
Therefore, this condition, (y - x) > m/2, cannot 
usually be satisfied. 

Α special case are the iron ions, Fe^"^ and Fe^"^, 
because their coordination numbers in various glass 
Systems are reported to be 4 and 6 for both of them 
[26 and 32 to 54]. Therefore, the redox ratio 
[Fe^"^] / [Fe^"^] in glasses cannot be determined only 
by the reaction between Fe^'^04 and Fe^"^06 or 
Fc^^Oß and Fe^"^04, respectively, but also by others 
as wih be shown in section 3.5.3. 

3.4. The cases K2 > K3 and > K2 

Most of the redox equihbria of polyvalent ions are 
known to be of the O-type. Therefore, equations (11 
to 13), which are an approximation to equation (10) 

on the basis of the condition K2 > and 
K2 [0^~] > 1, are not suitable for most of the redox 
pairs. 

On the other hand, the effect of basicity on redox 
equilibria of polyvalent ions, except Cu'̂ /Cu^"'̂ , can 
be quahtatively described by equations (14 to 16) with 
the assumptions > K2 and (y - m/2) > 0. That 
means, the oxidized ions have a stronger tendeney to 
form complexes than the reduced ones and the ligand 
numbers of the oxidized species are usually larger 
than m/2 for redox reactions, even for one-electron 
reactions such as Fe^^/Fe^^ or Ti^+/Ti^+. This is easily 
understood, because the oxidized ions have the 
smaller ionic radii, the higher charges and therefore 
the larger cationic field strength. Thus, the apphca­
tion of equations (14 to 16) leads to 

Ti3+ + 1/4 O2 + 7/2 O^- ±^ TiOt" , 

Cr3+ + 3/4 O2 + 5/2 O^" ±=^ CrOJ- , 

Fe2+ + 1/4 O2 + 7/2 O^" - FeOl" 

(20) 

(21) 

(22) 

for intermediate temperatures, Γπ,, but for very high 
temperatures, T^^, the equations may also be 
vahd: 

Ti3+ + 1/4 O2 + 5/2 - TiOj- , 

Fe2+ + 1/4 O2 + 3/2 O^- ?± F e O j , 

Fe2+ + 1/4 O2 + 5/2 O^- ΐ± FeOi" . 

(20a) 

(22a) 

(22b) 

(For chromium see section 7.) Both formulations 
(equations (22a and 22b)) have been used and treated 
thermodynamicahy for high temperature shicate 
melts (1400 °C) by Karlsson [55 and 56] as a function 
of basicity (see also Cable [57]). 

3.5. Comparison of coordination tendeney of poly­
valent ions in glass melts according to redox behaviour 
with known coordination numbers in glasses 

It is often assumed that complex ions in glass melts 
wih take part of the network when quenched to a 
glass. The coordination number of a network former 
is usually lower than that of a network modifier. 
Therefore, the valency of a polyvalent ion with lower 
hgand number in glass should have a higher tendeney 
to form a complex in the melt and vice versa, as 
shown by various examples in what fohows. 

3.5.1. Ti^VTi^-' 

The redox equilibrium of the Tî "'̂ /Tî "'̂  ion pair is 
reported to be of O-type [13 and 22]. The redox 
reaction can be written according to equations (14,20 
and 20a). Therefore, Ti"*"̂  ion should have a stronger 



tendeney to form a complex than Ti^+ ion. As a 
eonsequence, on coohng the coordination number of 
Ti"̂ "̂  ion in glass should be smaher than that of Ti^^ 
ion, because the coordination of Ti"*^ ion is based on 
ligand formation and that of Tî "^ ion more or less on 
accidental coordination. On the other hand, the 
coordination number of Ti"^^ ion in glass has been 
reported to be 4 or 6 [58 to 61], and that of Ti^+ ion in 
glass has been reported as 6 [62 to 64]. These resuhs 
suggest also the stronger tendeney of Ti'^^ ion to be 
the dominant complex former of the two transition 
ions in glass melts. 

3.5.2. Cr^VCr^^ and Cr^^ 

The redox equilibrium of the Cr^" /̂Cr^+ pair in glass 
melts is known to be of O-type [21, 23 and 24], and 
the redox reaction has been suggested to be charac­
terized by equation (21). Cr^^ ion in oxide glasses has 
been reported to be 4-fold coordinated [8 to 10 and 
65] and Cr̂ "̂  ion to be 6-fold coordinated [15 and 66 
to 68]. Thus, the known difference between the 
ligand number of Cr^+ ion and the coordination 
number of Cr-̂ "̂  ion coincides weh with the difference 
considered from the redox equilibrium of O-type and 
equations (14 to 16 and 21). 

In addition to the mentioned valency states, also 
the Cr^+ ion has to be considered. Usually hs 
concentration is very low, but easily detectable with 
ESR. The ability to form [Cr^+Oö]^" or CrO^^ 
complexes increases with the fohowing increasing 
parameters: melting temperature, P Q 2 , mean cooling 
rate, and tenshe stress when quenched during fiber 
drawing process [69]. It seems that Cr^+ ion is an 
intermediate and highly unstable State during the 
structural change from the oetahedral symmetry of 
Cr-̂ "̂  ion to the tetrahedral symmetry of Cr̂ "̂  ion and 
vice versa. Cr̂ "̂  seems to be a suitable probe for the 
redox mechanism; e.g. the ESR intensity increases 
with increasing cooling rate. The redox equhibrium of 
chromium as a function of temperature may be 
written [69]: 

[Cr6+] / [Cr^+ + & 5 + ] = exp (z Αε/k T) (23) 

with ζ = number of electrons, k = Boltzmann con­
stant. Δε = free energy change for one-electron 
transition. According to the dependence on oxygen 
partial pressure and oxygen activity, equation (21) 
can be regarded as vahd when Cr^^ and Cr^+ ions are 
combined: 

Cr5+ + 1/4 Oo 4- 7/2 O'^ - CvOJ- . (24) 

3.5.3. Fe^VFo^^ 

The redox equihbrium of the Fe^^/Fe^^ pair is also 
known to be of the O-type when the total iron ion 
concentration (as Fe203 in the batch) is less than 

about 5 mol% [13, 14, 17, 24 and 25]. Therefore, the 
coordination number of Fe^^ ion in oxide glasses is 
considered to be smaller than that of Fe^"^ ion. Many 
authors showed that Fe-̂ "̂  ions in glasses should be 4-
and 6-fold coordinated, preferably 4-fold in Silicate 
and borate glasses, particularly 6-fold in phosphate 
glasses [26 and 32 to 54]. Fe^"^ ions preferably should 
be 6-fold coordinated [26, 32 to 40, 42, 43, 45 to 48 
and 50]. However, the coordination number of Fe^^ 
ion has been reported also to be 4 when the total iron 
ion concentration is low [40, 48, 50 and 54]. 4- and 
6-fold coordinated Fe^"^ and exclusively 6-fold coor­
dinated Fe^^ ions were detected in alkahne earth 
metaphosphate glasses from Mössbauer spectra [37]. 
Therefore, the Fe^^ ion should usually have a 
stronger tendeney to form a complex than the Fe^"^ 
ion, as predicted from the redox behaviour (equa­
tions (14 to 16, 22 and 22a)), from which a ligand 
number of 4 and at very high temperatures, Γ^, a 
hgand number of 2 is stated for Fe^^ (equation 
(22a)). 

If, however, the total iron ion concentration (as 
Fe203 in the batch) exceeds 5 mol% in alkaline earth 
metaphosphate glasses, the redox equilibrium of the 
Fe^^/Fe^^ pair is of the R-type and the formation of 
Fe^"^ complex was suggested [14]. Similar results were 
obtained in barium—aluminophosphate glasses with 
high iron oxide concentrations [54]. Thus, equations 
(11 to 13 and 17 to 19) should be applied. This results 
in the fohowing possible combinations of R-types, 
respectively, depending on concentration and glass 
composition: 

F e O ^ + 1/4 O2 ^ Fe3+ + 9/2 O^" , 

F e O ^ + 1/4 O2 ̂  FeOi" + 1/2 O^" . 

(25) 

(26) 

,2+ 3.5.4. CuVCu 

As mentioned in sections 3.2. and 3.3., equations (1 
or 17) can be applied formalistically to the redox 
equilibrium between Cu^ and Cu^^ ions. The 
difference in tendeney to form a complex in the melt 
should be smah for the two copper ions. The Cu"̂  ion 
should have spherical symmetry because of its d̂ ^ 
configuration (noble gas like), and should be a free 
ion in glass melts. If so, only equation (1) should be 
apphed for the Cu'^/Cu^'^ pair. 

3.5.5. V^VV^^ and V^VV^^ 

The redox equihbria between V^^ and V'^^, and 
between V "̂̂  and V "̂̂  ions are reported to be of 
O-type [12 and 54]. Therefore, the order of increasing 
tendeney to form a complex is considered to be 

The coordination State of ion in glass is 
known to be strongly tetragonal and, in some glasses. 



also rhombohedrally distorted octahedron and that of 
V "̂̂  ion strongly distorted tetrahedral or oetahedral 
[44, 54, 61 and 70 to 75]. The formation of vanadyl 
complex VO^"^ in glasses is also reported [54, 71 and 
74]. Therefore, the redox reactions at intermediate 
temperatures, T^, are considered to be as follows 
according to equations (14 to 16): 

+ 1/4 θ2 + 7/2 - V O ^ , (27) 

V02+ + 1/4 O2 + 5/2 O^- ±^ V O ^ , (28) 

and at very high temperatures, Γ^: 

+ 1/4 O2 + 5/2 ^ VO^ (27a) 

or possibly at low temperatures, Τγ. 

V02+ + 1/4 O2 + 9/2 O^- ^ V O ^ . (28a) 

3.5.6. Cr^VCr^^ 

The equilibrium of Cr^^/Cr^^ pair is known to be of 
O-type [15]. Therefore, the tendeney to form a 
complex of Cr̂ "̂  ion should be stronger than that of 
Cr^^ ion, and the coordination number of Cr^^ 
should be lower than that of Cr̂ " .̂ However, the 
coordination states of Cr̂ "̂  and Cr̂ "̂  ions in alkaline 
earth metaphosphate glasses are both 6-fold [15, 34, 
66 and 67]. Therefore, the tendeney to form a 
complex in glass melts cannot be estimated only from 
the determination of coordination numbers of TM 
ions in glasses. For this case none of the given 
equations can be applied directly. However, the 
fohowing formulation can be given with respect to 
[15] for the special case of strongly reduced phos­
phate glasses containing chromium: 

CrOp-20+ + i/4 θ 2 + ( / ι - / - 1 / 2 ) 02--CrOl3-2^)+ 3.5.8. Sn^VSn^^ 

ion is expected to be smaller than that of Mn̂ "̂  ion. 
Mn̂ "̂  ion is reported to be 6-fold coordinated in 
soda-lime-silica glass [16] and in silica glass [78]. 
However, Orgaz et al. [79] reported that the Mn̂ "̂  
ion is 4-fold and the Mn̂ "̂  ion is 6-fold coordinated in 
sihca glass coatings which were made through sol-gel 
process. Mn̂ "̂  ion in borate glass is also reported to 
be 4-fold coordinated [80], but to be 6-fold coordi­
nated in phosphate glass [81]. These results can be 
explained by equations (30 and 31) according to 
equations (3 and 17 to 19), respectively, which 
indicate that the Mn̂ "̂  ion tends to form a complex in 
more basic glasses such as alkah borate glasses: 

Mn2+ -h 4 0 2 - ±^ M n O ^ , 

M n O ^ + 1/4 O2 + 3/2 O^" - MnO^ 

(30) 

(31) 

The known coordination numbers of Mn̂ "̂  and Mn^^ 
ions in glasses by optical absorption spectroscopy [16 
and 78 to 81] suggest that the Mn̂ "̂  ion has stronger 
tendeney to form a complex than the Mn̂ "̂  ion, and 
that the redox equilibrium of the Mn '̂̂ /Mn^"^ pair 
should be of R-type. 

However, the redox equilibrium was reported to 
be of O-type (see equations (30 and 31)). Further 
results for the coordination numbers of Mn̂ "̂  and 
Mn̂ "̂  ions should be obtained. Change in coordina­
tion numbers of manganese ions during quenching or 
by the mode of glass formation, e.g. melting at high 
temperature or sol-gel process, should be also 
discussed as weh as in the case of Cr^^ and Cr̂ "̂  ions. 
At any rate the given equations describe the redox 
equihbrium correctly as O-type. However, the stron­
ger complex formation of Mn̂ "̂  ions as compared 
with Mn̂ "̂  ions seems to be an anomaly within the 
series of transition metal ions. 

(29) 

which fohows from the redox reaction of chromium 
ions under strong reducing conditions. h and Ζ are 
parameters related to the partiahy covalent nature of 
the chromium-oxygen bonds; they are no ligand 
numbers of chromium-oxy-acid complexes, but 
during cooling, a change of the coordination State of 
TM ions can occur as weh as a change of redox ratio 
in the temperature ränge higher than the fictive 
temperature, as was suggested by Lenhart and 
Schaeffer [5 and 76]. Thus, complex-formation 
tendeney is weak. 

3.5.7. Mn^VMn^^ 

The redox equilibrium of the Mn^'^/Mn^'^ pair in 
borate [21] or Silicate glasses [77] is known to be of 
O-type. Therefore, the coordination number of Mn̂ "̂  

The redox equilibrium of Sn '̂̂ /Sn'̂ '̂  pair was reported 
to be of O-type [82]. The coordination numbers of 
Sn̂ "̂  and Sn"̂ ^ ions in glasses were determined by 
Mössbauer spectra to be 4 and 6 for the two valency 
states each. However, Sn"̂ "̂  ion has a stronger 
tendeney to form a complex, i.e. a stronger tendeney 
to 4-fold hgand formation in melts than Sn^^ ion [83]. 
Therefore, equations (14 to 16) can be applied to the 
redox reaction in the melt between Sn̂ "̂  and Sn"̂ "̂  
ions in the fohowing manner: 

Sn2+ + 1/2 Oo + 3 O^- : SnOl-

i ^ = [ S n O n / [ S n 2 Ί PHl[0^-]\ 

or at very high temperatures, Γι,: 

Sn2+ + 1/2 O2 + 2 O^- ;ϋ SnO^- . 

(32) 

(33) 

(32a) 



3.5.9. Ru^VRu^VRu^VRu^^ 

Four oxidation states of ruthenium ions have been 
reported to exist in shicate and phosphate glasses 
[84]. With increasing Na20 content ruthenium is 
oxidized from Ru "̂̂  to Ru "̂̂  in shicate glasses, and 
from Ru "̂̂  to Ru "̂̂  in phosphate glasses of very high 
alkali oxide content (O-type). It was also reported 
that Ru^+ and Ru^^ ions are 6-fold and Ru^+ and 
Ru "̂̂  ions 4-fold coordinated [84]. From these resuhs 
the redox equihbrium between Ru"̂ "̂  and Ru "̂̂  ions 
may be described by equations (14 to 16) as the most 
stable complex-forming reaction among the various 
valency states of ruthenium: 

Ru^+ + 1/2 O2 + 3 O^- - R u O ^ . (34) 

The redox equihbrium of the Ru "̂̂ /Ru'̂ "̂  pair may be 
analogous to that of Cr̂ '*'/Cr̂ "̂  pair (see section 
3.5.6.). However, more quantitative investigations 
are required to elucidate these redox equilibria. 

4. Remarks about conditions in tlie stable melt 
and in the glassy state 

It is important to emphasize the remarkable differ­
ence between the complex formation in the melt and 
the development of coordination during coohng 
through the transition ränge to the glassy State as was 
mentioned in section 3.1. Usually the lower valency 
State of a polyvalent cation is preferred with increas­
ing temperature. This indicates an R-type behaviour 
with respect to temperature and thus, a decrease of 
tendeney to complex formation which is greater for 
the lower valence ions than for the higher. Therefore, 
for well-screened complex formations at all relatively 
low temperatures should be regarded but stih those 
temperatures of the stable melt, viz. those tempera­
tures just above but close to hquidus temperature. At 
those and higher temperatures there is no kinetic 
restraint for oxygen which will be needed for redox 
equihbration as was shown first by Lenhart and 
Schaeffer [5]. Therefore, the real redox equilibria wih 
be obtained, even for those cases where more than 
one redox pair is present in the melt, if enough time is 
given for the diffusion process of oxygen between 
meh and furnace atmosphere. On coohng, however, 
the diffusion process between the gas atmosphere and 
the glass melt will be interrupted if the cooling rate is 
large enough ( Γ έ 7 K/min) and the redox ratio wih 
be frozen in. However, the diffusion process of 
oxygen between different polyvalent ions is not 
prevented (because the diffusion paths are very short) 
and in this way the complex formation of the 
polyvalent cations in the melt and their mutual 
interaction are not yet frozen in if more than one 
redox pair is present [5 to 7] , because the whole 
network, which is sthl mobhe, whl also be changed 
only within the short-range and intermediate-range 

Order. The complex formation around the polyvalent 
ions wih be changed to distortions of complex 
symmetry and occasionahy to additional coordination 
depending on the strength of the hgand field of the 
complex unth the glass transition temperature is 
reached. In that way one may obtain another 
coordination arrangement in the glassy State at room 
temperature than in the melt. Therefore, it can be 
very doubtful that one can decide only from the 
coordination number, which has been determined 
from the glassy State to the complex formation in the 
melt and does not consider the given equations in 
section 2. and the selection rules in section 3.1. This 
wih be demonstrated by some examples. 

Copper was regarded in section 3.5.4. as a redox 
pair for which equation (1) is valid in the melt for two 
reasons: first, it is of R-type, second, Cu"̂  ion exists as 
a mobhe ion because of its noble gas-like configu­
ration. Nevertheless, on coohng a certain agglom-
eration in form of a coordination takes place as is the 
case simhar to that of Na"̂  ions. In this way it is not 
surprising that a coordination number may be found 
in the glassy State. Cû "̂  may be regarded also as an 
ion, e.g. comparable with Mĝ "̂  ion in the melt, but 
coordinated 6-fold in the glassy State. Therefore, the 
formal equation 

CuOji- + 1/4 O2 • : CuOP- + 1/2 O^-

with respect to equations (17 to 19) for R-type is 
highly unrealistic in the melt although a 6-fold 
coordination is found in the solid glass caused by 
accidentally coordination tendeney during cooling, 
but not as an equhibrium reaction equation of a 
complex formation. 

For the chromium redox pairs equations (21, 24 
and 29) have been considered to be vahd for glass 
melts. The complex formation on the other hand with 
respect to equations (14 to 16), for example: 

Cr2+ + 1/4 O2 + 11/2 O^- ±^ C r O ^ 

appears totally unrealistic in spite of the fact that this 
equation is of O-type as the experiments show and 
6-fold coordination has been measured in glass. But 
this would be in contrast to equations (21 and 29) if 
Cr̂ "̂  ion would form the complex CrO\~ in the melt, 
because equations (17 to 19) must be apphed then, 
which results in a R-type reaction between Cr-̂ "̂  and 
Cr^+ ions 

C r O ^ + 3/4 O2 : CrOi" + 7/2 O^-

instead in an O-type one as experiments show. Even 
for the assumed complex Cx^^Ol~ the apphcation of 
equations (17 to 19) would result in a R- and not an 
O-type behaviour. 

The case with iron redox pairs is relatively 
complicated because both the ferrous and ferric ions 



can be coordinated with 4 and 6 oxygen atoms. 
Additionahy they show O- and R-type behaviour 
depending on the total amount of iron oxide (section 
3.5.3.). In spite of that behaviour resulting from room 
temperature measurements in the glassy State, only 
the equations (22, 25 and 26) with respect to the 
equations (11 to 13, 14 to 16 and 17 to 19) seem 
to be vahd for O- and R-type behaviour, respec­
tively. 

The formal combinations, for example, 

FeOt" + 1/4 O2 + 3/2 : FeO?- , 

O-type, in accordance with equations (17 to 19), 

FeOjo- + 02 ^ F e O ^ + 5/2 O^-, 

R-type, in accordance with equations (17 to 19), 
appear highly unrealistic in the melt because in the 
case of O-type (low iron oxide concentrations) the 
Fe-̂ "̂  ion is predominantly 4-fold and the Fe^^ ion 
6-fold coordinated even in the glass. The ligand 
and/or coordination number in the melt cannot be 
higher than that in the glassy state. In the case of 
R-type at high iron oxide contents the second 
equation has also to be excluded because the complex 
Fe^"^06^- is unstable in the melt, especially as a 
network modifier, and the Situation of equation (26) 
is more probable for that reason. 

In general, the high-charged complex formations 
seem to have a very low probability in the melt as 
compared to the low-charged ones, predominantly 
those with network-modifying character, a Statement 
which agrees with section 3.1. 

5. Conclusions 

Redox equihbria of polyvalent ions in glass melts can 
be described with combinations of simple redox and 
complex formation reactions of polyvalent ions, if 
some selection rules are considered such as the R- or 
O-type of a redox pair and Weyl's Screening tendeney 
with respect to ionic radh and temperature. 

Further discussions based on more quantitative 
data of oxygen activities in glass melts as functions of 
temperature, composition and basicity than are 
available today wih be needed to confirm the effect of 
complex formation on the redox equihbria. 

The tendeney of polyvalent ions to form a 
complex in glass melts predicted from the change in 
redox ratio with increasing basicity agrees with the 
tendeney, which is suggested from the coordination 
numbers of polyvalent ions, determined in the glassy 
State by spectroscopic methods in many but not in ah 
cases. This is explained by the tendeney of coordi­
nation during cooling below the glass transition 
temperature, thus, in some cases larger coordination 
numbers are found in the glassy State than hgand 

numbers in the stable melt as is demonstrated for the 

ion pairs Cu+/Cu2+, Cr2+/Cr^+, Mn^^/Mn^^ and 

Fe^^/Fe^^ as examples. 
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7. Appendix 

It will be shown very briefly how to find out the most probable 
complex formations in a glass melt using the theoretical formalism 
in eonnection with the selection rules given in the present paper; 
the example is chromium, Cr^^/Cr^^ (m = 3). 

First selection: The reaction equation is of O-type. This 
means, equation (11) with its formalistic possibilities is eliminated. 
Equation (14) may be applied with the second selection: jc = 0, 
y < m/2 - 1/2. Equation (17) may be apphed also, but with the 
exception, viz. with the third selection: y <x + (m - l)/2. 

The following other formal combinations have to be taken into 
consideration from high temperatures of the melt down to lower 
temperatures from which further selection is easily made by Weyl's 
S c r e e n i n g principle and partly with coordination numbers meas­
ured in the glassy S t a t e : 

x = 0 

x = 2 

x = 3 

x = 4 

•2: 

•3: 

•4: 

•5: 
6: 

' = 4: 

•5: 
6: 

•• 5: 

•• 6: 

= 6: 

Cr3+ + 3/4 O2 + 1/2 02- - CrO; 

Cr3+ + 3/4 O2 + 3/2 02-

Cr3+ + 3/4 O2 + 5/2 O "̂ 

Cr3+ + 314 O2 + 7/2 O -̂

Cr03 

CrO^ 

CrO^-

Cr3+ + 314 O2 + 9/2 O -̂ ; 

Cr02 + 3/4 O2 + 1/2 02-

Cr02 + 3/4 O2 + 3/2 02-

Cr02- + 3/4 O2 + 5/2 02-

CrOi- + 3/4 O2 + 1/2 Ô " 

CrOi" + 3/4 O2 + 3/2 Ô  

CrO^- + 3/4 O2 + 1/2 Ô  

:±CrOr 

^ CrO^ 

^ CrO^ 

- C r O r 
^ CrO^ 

^ CrO^ 

^ C r O r 

highly improbable 

may be probable at very high temperatures and low [O^" 

most probable 

highly improbable 

may be probable at lower temperatures and high [O^"] 

highly improbable 
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