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Optical and esr spectra of vanadium (IV) 
in different simple germanate, phosphate 
and borate glasses 

A. PAUL,  F. A S S A B G H Y *  
Department of Glass Technology, University of Sheffield, UK 

The optical and esr spectra of some Na20-GeO~, Na=O-P2Os, Na=O-CaO-P205 and 
Na~O-AI=O~-B20 a glasses containing vanadium(IV) have been studied;these spectra have 
been analyzed by assuming that vanadium(IV) is present as the vanadyl ion in a ligand field 
of C4v symmetry. It has been found that in Na20-GeO~ and Na20-P205 glasses the 
covalency in the in-plane V-O S-bonds increases, and the degree of Tr-bonding with the 
vanadyl oxygen decreases, with increasing Na=O content of the glass; the rate of change 
being greatest in the region 15 to 20 mol % Na20 for the Na,O-GeO, series and around 50 
mol % in the Na~O-P~O~ series. In the Na~O-CaO-P20~ glasses the covalency in the 
in-plane V-O S-bond decreases and ~-bonding with vanadyl oxygen increases on 
substitution of CaO for Na20 in the glass. Gradual addition of AI203 in three different 
Na=O-B,O3 glasses did not cause any significant change in covalency either in the ~ or in 
theTr-bonding. These changes have been discussed in terms of possible structural units in 
these glasses. 

1. Introduction 
Optical absorption and esr spectra of vana- 
dium(IV) in different glasses have been studied 
by various workers [1-5]. Vanadium(IV) has 
been reported to be in six co-ordinated distorted 
octahedral symmetry (D~h or even D2h or C4v 
has been suggested), the degree of distortion 
being a function of composition of the glass. In 
this paper we report the esr and optical spectra 
of vanadium(IV) in different simple glasses of 
systematically varied compositions. Spin Hamil- 
tonian parameters were calculated from the 
observed esr spectra assuming that the 
vanadium(IV) is present as the (VO) ~+ ion. The 
covalency in various V-O bonds was then 
estimated by the method proposed by Hecht and 
Johnston [2]. 

2. Experimental 
All the raw materials (Na2CO3, NaH2PO4.6H20, 
CaHa(PO~)2.H20, H3BO3, A1203 and GeO2) 
were of Analar grade. Batch materials to 
produce 10 g glass were accurately weighed, 
thoroughly mixed in an agate mortar and melted 
in a Pt + 2 ~ Rh crucible at different tempera- 

tures, as shown in Table I. All the glasses were 
melted for 4 h in an electric furnace with dry 
air as the furnace atmosphere. The glasses were 
cast as rectangular slabs and thoroughly 
annealed. Two sides of the slab were polished 
and the optical absorption spectrum measured 
on a Cary 14 spectrophotometer. After absorp- 
tion measurement the slab was crushed to a 
coarse powder and used for esr measurement 
and chemical estimation. All the major com- 
ponents, such as Na~O, CaO, P205, B203, GeO2 
and A1203 were estimated chemically with 
conventional methods. 

The esr spectra were obtained on a Hilger 
Watts Microspin spectrometer which operated 
at about 9200 MHz. The magnetic field was 
calibrated using a proton resonance probe; the 
g value marker employed was DPPH. The 
coarsely powdered glass sample was introduced 
into the resonance cavity in a quartz tube. A 
typical spectrum is shown in Fig. 1. 

The esr spectra obtained were very similar to 
those reported by other workers, and can be 
described by means of an axial spin Hamiltonian 
of the form: 
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T A B L E  I C o m p o s i t i o n  o f  g l a s s e s  a n d  m e l t i n g  t e m p e r a t u r e  

G l a s s  c o m p o s i t i o n  ( a f t e r  c h e m i c a l  a n a l y s i s )  G l a s s  n o .  M e l t i n g  

( t o o l  % )  t e m p e r a t u r e  (~  C )  

N a 2 0  C a O  A 1 2 0 8  P 2 0 5  B a O 3  G e O ~  

0 . . . .  1 0 0  S G O  - -  

9 . 1 0  . . . .  9 0 . 9 0  S G 1  1 3 0 0  

1 2 . 4 9  - -  - -  - -  8 7 . 5 1  S G 2  1 2 5 0  

1 8 . 5 5  - -  - -  - -  8 1 . 1 5  S G 3  1 2 0 0  

2 0 . 8 4  - -  - -  - -  7 9 . 1 6  S G 4  1 2 0 0  

2 5 . 8 2  - -  - -  - -  7 4 . 1 8  S G 5  1 2 0 0  

2 8 . 2 2  - -  - -  - -  7 1 . 7 8  S G 6  1 1 0 0  

4 0 . 3  - -  - -  5 9 . 7  - -  - -  S P 1  8 0 0  

5 0 . 9  - -  - -  4 9 . 1  - -  - -  S P 2  9 0 0  

5 8 . 7  - -  - -  4 1 . 3  - -  - -  S P 3  9 0 0  

2 5 . 0  2 5 . 0  - -  5 0 . 0  - -  - -  S C P  1 0 0 0  

- -  4 9 . 8  - -  5 0 . 2  - -  - -  C P  1 1 0 0  

3 3 . 3 3  - -  - -  6 6 . 6 7  - -  A 1  1 0 0 0  

3 1 . 5 4  - -  5 . 3 7  6 3 . 0 8  - -  A 2  1 0 0 0  

2 9 . 6 7  - -  1 0 . 9 8  5 9 . 3 4  - -  A 3  1 0 5 0  

2 7 . 7 3  - -  1 6 . 8 2  5 5 . 4 6  - -  A 4  1 1 0 0  

2 5 , 6 6  - -  2 3 . 0 2  5 1 . 3 2  - -  A 5  1 1 5 0  

2 5 . 0 2  - -  2 4 . 9 3  5 0 . 0 4  - -  A 6  1 1 5 0  

2 0 . 0 0  - -  - -  8 0 . 0 0  - -  B 1 1 0 0 0  

1 8 . 7 8  - -  6 . 8 8  7 4 . 3 4  - -  B 2  1 0 0 0  

1 8 . 0 2  - -  9 . 8 7  7 2 . 1 0  - -  B 3  1 0 5 0  

1 7 . 3 3  - -  1 3 . 3 4  6 9 . 3 3  - -  B 4  1 1 0 0  

1 4 . 3 0  - -  - -  8 5 . 7 0  - -  C I  1 0 0 0  

1 3 . 8 9  - -  2 . 9 0  8 3 . 2 1  - -  C 2  1 0 0 0  

1 3 . 3 3  - -  6 . 8 1  7 9 . 8 6  - -  C 3  1 0 5 0  

1 2 . 7 5  - -  1 0 . 8 4  7 6 . 4 1  - -  C 4  1 0 5 0  

I PERPENDICULAR 

I I I I ~ " A t t t t  I I 

2.5 |'1 3.5 4.1 
Figure 1 T y p i c a l  e s r  s p e c t r u m  o f  v a n a d i u m ( I V )  i n  a N a ~ O - G e O 2  g l a s s .  
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TABLE II  Optical and esr parameters of vanadium(IV) in different glasses 

Glass gll g* All a 1 A• b2 -+ %* b2 ~ bl* (1 - c~ 2) (I - y=) 
no. ( x l 0  cm- )  (• -1) (• -~) (x l0acm -1) 

SGO* 1.929 1.976 17.55 6.82 - -  13 300 0.03 - -  
SG1 1.932 1.999 17.04 7.35 10 526 16 800 0.09 0.90 
SG2 1.932 1.996 17.42 7.12 10 420 16 670 0.11 0.80 
SG3 1.931 1.994 17.20 6.86 10 360 15 380 0.18 0.74 
SG4 1.934 1.993 17.18 6.51 10 260 15 150 0.22 0.71 
SG5 1.931 1.992 17.10 7.36 10 200 14 200 0.23 0.68 
SG6 1.931 1.992 17.10 6.66 10 150 13 750 0.26 0.68 

SP1 1.927 1.997 18.59 7.92 11 000 15 130 0.14 0.81 
SP2 1.926 1.993 18.03 7.69 11 100 15 150 0.12 0.70 
SP3 1.936 1.999 17.64 7.54 11 300 15 000 0.24 0.62 
SCP 1.919 1.997 18.33 8.78 11 900 14 490 0.09 0.78 
CP 1.919 1.998 18.33 7.93 11 760 14 490 0.08 0.84 

A1 1.941 1 1.984 5 17.25 - -  10 000 16.950 0.215 0.461 
A2 1.941 1 1.985 9 17.47 6.86 10 310 16 950 0.215 0.485 
A3 1.942 5 1.988 1 16.97 6.87 10 420 17 090 0.227 0.552 
A4 1.942 5 1.988 8 17.36 7.28 11 490 17 090 0.226 0.530 
A5 1.942 5 1.992 0 18.96 71.6 14 080 17 240 0.220 0.569 
A6 1.942 5 1.993 2 16.89 7.22 - -  - -  0.220 0.612 

B1 1.937 7 1.996 9 17.39 7.22 12 990 16 950 0.171 0.788 
B2 1.938 4 1.996 6 17.39 7.25 13 330 17 090 0.170 0.770 
B3 1.939 1 1.996 8 17.74 7.03 13 790 17 390 0.168 0.770 
B4 1.939 1 1.996 8 17.69 7.27 14 290 17 390 0.171 0.762 

C1 1.936 3 1.999 5 17.78 7.48 14 200 17 390 0.160 0.880 
C2 1.937 8 1.999 5 18.02 7.57 15 380 17 390 0.151 0.870 
C3 1.938 4 1.999 5 17.82 7.41 15 380 17 390 0.159 0.870 
C4 1.938 8 1.999 5 14.93 7.64 15 380 17 540 0.157 0.870 

*Data taken from [5]. 

J ~  = g , , S & H z  + g•  + SyHy)  
+ A ,, & l z  + A•  + &Iy )  

where/3 is the Bohr magneton,  g ,  and  g• are the 
parallel and  perpendicular  principal  com- 
ponents  of the g-tensor;  A,, and  A• are the 
parallel and  perpendicular  components  of the 
hyperfine-coupling tensor;  H . ,  Hu and  Hz are 
the components  of the magnet ic  field; and  
S~, Su, S~ and  Ix, I~, I~ are the components  of the 
spin operators of the electron and  nucleus 
respectively. 

I n  a glass the resonance condi t ion  arising 
from the above Hami l ton ian  mus t  be averaged 
over all values of the angle, 0, which defines the 
or ientat ion of the magnet ic  field with respect to 
the symmetry axis of the axial ion site. The 
absorpt ion  curve in this case is composed of a 
set of envelopes, one for each 2 I  + 1 values o f  m, 
whose extreme points  occur at the field strengths 
given by:  

H ,  2Ho A,  
= "gu g,,[3 " m for 0 = 0 

and 

2Ho A• 
H •  g• g = / 3 " m  f o r 0  = r r / 2  

where m is the nuclear  magnetic  q u a n t u m  
number .  The extreme points which are relatively 
pure, can readily be identified on the experi- 
mental  curve as shown in Fig. 1. The l inear plots 
of Ht~ and / /1  versus the nuclear  q u a n t u m  
number ,  m, has been used to derive the values 
of the desired parameters:  g , ,  g• A,, and  A• 
and  these are shown in Table II. Table  II  also 
contains the relevant optical t ransi t ion energies 
of vanadium(IV) in these glasses as determined 
from the optical spectrum. 

3. Results and discussion 
3.1. Na 20:GeO2 glasses 
The composi t ion of the glasses studied are given 
in Table I. GeOz occurs in two well-defined 
crystalline forms [6, 7] tetragonal  (the rutile 
structure) and hexagonal  (the structure of 
a-quartz).  Glassy GeO2 is bui l t  up of randomly  
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1300~ 
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E= 1.66 
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5 15 25 35 
mo[e~ Na20 

Figure 2 Some physical properties of Na20-GeO~ glasses 
and melts (density, refractive index and partial molar 
volume of GeO2). 

oriented GeO2 tetrahedra with a Ge-O inter- 
atomic distance of about 1.65 ~ [8]. When 
Na20 is added to GeO~, the co-ordination 
number of germanium changes from 4 to 6; with 
further addition of NazO, germanium-oxygen 
tetrahedra with "non-bridging" oxygens are 
formed [9-12]. Owing to this co-ordination 
change of germanium and, eventually, formation 
of non-bridging oxygen in the glass, most of the 
physical and chemical properties of binary 
alkali germanates show a non-linear change 
around 15 to 20 mol ~o alkali oxide (see Fig. 2). 
Increase in the co-ordination number of ger- 
manium from 4 to 6 involves two high energy 
d orbitals of germanium for hybridization 
(sp3d ~) in place of sp 8 hybridization in GeO2 
tetrahedra. The change in co-ordination and 
particularly the subsequent formation of non- 
bridging oxygen in the melt, increases its donor 
capacity and thus the covalency of vana- 
dium(IV)-oxygen S-bonding is expected to 
increase. A similar trend has been observed by 
Toyuki et al. [1 ] in binary alkali borate glasses 
whose results on Na20-B~O3 glasses are shown 
in Fig. 3. 

6 1 6  

0.4 

0.2 

0 

2 

, I , I 
15 25 mole~ Ns20 

Figure 3 Covalency change of vanadium(IV) in Na~O- 
B203 glasses (after [4]). 

The bonding scheme of the (VO) 2+ group 
according to Ballhausen and Gray [13], is shown 
in Fig. 4. A very strong S-bond is formed 
between the (2pz + 2s) hybrid of the oxygen and 
the (3dz 2 + 4s) hybrid of the vanadium ion. 
Since, furthermore, the 2px and the 2p~ orbitals 
on the oxygen make a strong r-bond with the 
3dx~, 3duz orbitals on the metal ion, vana- 
dium(IV) forms the very stable (VO) 2+ complex. 
The (3d~ 2 - 4s) hybrid, together with the 

4P 

4s 

3d 

7[ 0VANASVt 

go 

vanadium oxygen 

orbitals MO levels orbitals 

Figure 4 Bonding scheme of (VO) ~+ group (after [13]). 



OPTICAL AND ESR SPECTRA OF VANADIUM(IV) 

orbitals 3d==-~, and 4p=, 4pu and 4p., are then 
just capable of five S-bonds directed in a 
tetragonal pyramid with the vanadium ion 
located at its base. Thus vanadium(IV) usually 
occurs in a tetragonally distorted octahedral unit 
as can be seen from the few examples given in 
Fig. 5. 

(1 - 73) are degrees of covalency; the covalency 
increases as (1 - o~ 2) and (1 - 72) increases; the 
former gives an indication of the influence of the 
S-bonding between the vanadium ion and the 
equilateral ligands, while the latter indicates the 
influence of the 7r-bondings with the vanadyl 
oxygen. 

o 
L 
/-I.,A 

N ~ / ~ 
[ --3"4 J~ 
I 

N 

0 

0 J  -"~0 
o 

vanadyl pthalocyanine EVO (H20)~ 2+ 

(a) (b) 
Figure 5 (a) Vanadium(IV) in vanadyI pthalocyanine 
(after [6]). (b) Vanadium(IV) in [VO(H20)s]2 + complex 
after [13]). 

It is clear from the foregoing discussions that 
in non-donor solvents like low-alkali ger- 
manates or borates, vanadium(IV) will occur 
predominantly as a (VO) 2+ group in a tetra- 
gonally distorted octahedral unit. As the elec- 
tron donor capacity of the solvent increases (in 
the present investigation by adding more 
Na20 to GeO~, P20 5 or B~O3) the covalency of 
the in-plane S-bonds will increase and simul- 
taneously the degree of ~r-bonding with the 
vanadyl oxygen will decrease, or in other words 
the V-O bond !ength will increase. Thus 
vanadium(IV) will assume more regular octa- 
hedral symmetry with increasing electron dona- 
bility of the solvent. 

The g factor measured in this investigation is 
anisotropic (see Table II) because of the 
proximity of the %* and bl* levels to the be 
level; the separation energies amongst these 
levels are given by: 

g• = ge [ I  ~,2 1 
E(b2-~-%*)] 

4 ; ~  2 ] 
g~, = ge 1 E(b- - -~ l . )  j 

where 2t is the spin-orbit coupling constant 
(165 cm -1 [3]), and the expressions (1 - c~ 2) and 

,i 

0-3 ~ " " ~  ~ --0-9 

0 

0-7 

t I f 
10 20 30 m01eTo No20 

Figure 6 Covalency change of vanadium(IV) in Na~O- 
GeO2 glasses. 

The parameters, (1 - o~ 2) and (1 - 73) have 
been calculated for all the glasses and are given 
in Table II; these are plotted in Fig. 6 against the 
Na20 content of the glass. As expected, (1 - o~ 2) 
increases and (1 - 73) decreases with increasing 
Na20, and points of inflection are obtained in 
both plots around 15 to 20 mol ~ Na20 which is 
consistent with other measured properties of 
this system of glass. 

3.2. Na 2 0 "-P20s glasses 
Attempts to make Na20-P205 glasses con- 
taining vanadium(IV) with less than 40 tool 
Na20 were not successful; with small concentra- 
tions of total vanadium (less than 0.50 wt ~)  
as was used in the present investigation, glasses 
containing less than 40 mol ~ Na20, reduced all 
vanadium to vanadium(III) even when melted at 
700~ with oxygen bubbled through the melt. 
On the other hand, glasses containing more than 
60 m o l ~  Na20 oxidized all vanadium to 
vanadium (V) under normal conditions of 
melting; no characteristic optical absorption 
bands could be observed nor could any esr signal 
be detected at room temperature. 
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( 

/ 0.8 

mole ~o I I II 
40 50 60 "='--Na20"-~ 50 25 0 

CaO ~ 0 25 50 

Figure 7 Figure 8 

Figure 7 Covalency change of vanadium(IV) in Na20- Figure 8 Covalency change of vanadium(IV) in Na20- 
PzO 5 glasses. CaO-P20 s glasses. 

Vanadium(IV) in Na20-P20~ glasses pro- 
duced very similar esr spectrum as shown in 
Fig. 1. The optical and esr parameters of 
vanadium(IV) in these glasses are given in 
Table II. Variations of (1 - c~ 2) and (1 - 9/3) 
are plotted in Fig. 7 as a function of composition. 
As expected the covalency of the in-plane V-O 
g-bond increases and that of 7r-bond with 
vanadyl oxygen decreases with increasing Na20 
content of the glass. A major change of slope 
occurs around 50 mol ~ Na20 and this is the 
composition range where predominantly 
branched phosphate structure converts to in- 
finite chains [14] and consequently the donor 
capacity of the solvent changes abruptly. 

3.3. Na~ O : CaO : P20~ glasses 
In oxide glass forming melts CaO is less basic 
than Na20; thus substitution of CaO for Na20 
in a Na20-P20 6 melt decreases donor capacity 
[15]. The relevant optical and esr parameters of 
vanadium(IV) in Na~O-CaO-P205 glasses are 
given in Table II. The variation of (1 - o~ 2) and 
( 1  - ),3) as a function of composition is plotted 
in Fig. 8. As expected, the degree of covalency 
in the in-plane V-O bond decreases and simul- 
taneously that of~-bonding with vanadyl oxygen 
increases on substitution of CaO for Na=O in the 
metaphosphate glasses. 

3.4, Na= O: AI  2 O 3: B 2 O 3 glasses 
Na20 in B2Os produces tetrahedral boron [16]; 

618 

and with larger amounts of Na20 (more than 20 
mol %) "non-bridging" oxygen on three co- 
ordinated boron along with tetrahedrai boron 
are formed [17]. The reactions involved can be 
schematically represented as: 

" U 
AG~ ~ 2 0 \ B /  *Na + ( l )  

/~ / %,, 
Na20 +B2Oa 2NoBO2 \O 

>2 \B-O-,N(~ + (2) 
t~G2 / 0  / 

The exact magnitudes of AG1 and AG2 are not 
known, but from NMR results [16] where con- 
centration of tetrahedral boron in glass can be 
estimated with reasonable accuracy, it appears 
that up to 35 mol % Na20, AG1 > AG2. A1203 
also can combine with Na20 as follows: 

No20 + Ai.20 a 2 Na AIO 2 " , % / -  
2 AI ,Na § / "% 

(3) 

The standard values of Gibbs free energy, A G 
and A Ga are shown in Fig. 9. Unfortunately, these 
do not provide the possibility of evaluating the 
reaction constants under the present conditions 
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- 150  

AG ~ 

kcal mo le  -~ 
- 200  

- - 250  

1 I 1 I 
500 1000 1500 ~  

Figure 9 Standard free energy of formation of NaBO~ and NaA102. 

of melting and subsequent annealing. However, 
the extremely large (150 to 250 kcal mo1-1) 
changes in free energy leave no doubt of the near 
completeness of Reactions 1-3 given above. 
Combining reactions 1 and 3: 

K 
2 NaBO2 + A1203 ~ 2 NaA102 + B~Oa (4) 

K = a2INaAl~176 (5) 
a 2 (NAB02). a (A12 O3) 

No sensible deductions can be made from the 
free energy change of Reaction 4 only unless 
at least some qualitative information is available 
as to how the activity coefficients of the different 
species written in Equation 5 vary with com- 
position of the melt. In an analogous system, 
CaO-AI~O~-B203 Bray et al. [18] have deter- 
mined the concentration of four-coordinated 
boron as a function of AlzO~ content. Some of 
their results are shown in Table III; it is clear 

TABLE III Concentration of tetrahedral boron and 
tetrahedral aluminium in 25CAO, xA1203, 
(75-x) B~O~ glasses (after [181) 

Composition Fraction of four 
(mol ~) co-ordinated 

CaO AlzOz B~O~ Boron Aluminium 

25 0 75 
25 10 65 
25 15 60 
25 20 55 
25 25 50 

0.351 • 0.030 - -  
0.247 q- 0.016 0.895 
0.173 :k 0.019 0.975 
0.154 :k 0.009 0.826 
0.103 :::k 0.010 0.794 

that both Al~O3 and B20~ compete for CaO 
of the melt, and the free energy changes of the 
individual reactions are comparable. This is in 
contrast with Na20-Al~Oa-SiO2 glasses where 
Na~O has been reported to be exclusively 
involved with A12Oz in preference to SiO2 
[19, 20]. 

Three series of Na20-A12Oa-B20 3 glasses 
containing vanadium(IV) have been studied. 
The composition of glasses are shown in Fig. 10; 
relevant optical and esr parameters of vana- 
dium(IV) in these glasses are given in Table II. 
From the (1 - a S) and (1 - y2) plots in Figs. 11 
and 12 it is clear that addition of Al~O3 did not 
cause any significant changes either in the 

Al~O~ ,, 

& 
4o 

2O 

Na20  . r ,  
mo le  percent 60 8O , ~ , ~ -" ~ - , , 2~  

Figure 10 Composition of Na20-AI203-B~O~ glasses 
(tool ~). 
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Figure 11 Covalency change of vanadium(IV) in Na~O- 
A1203-B203 glasses. 

0"9 
n El '---  C 

(1 _u 0 0 ~ B 

0"7 

0"5 ~ . . ~ ~ . ~ - -  A 

I ] [ [ I 
0"4 0"8 AI20a/Na20 I xmlar ratio) 

Figure 12 Covalency change of vanadium(IV) in Na20- 
Al~O3-B203 glasses. 

in-plane 3-bonding or  in the 7r-bonding with the 
vanadyl  oxygen, a l though decrease of  N a 2 0  
in b ina ry  Na~O-B203  glasses causes a large 
change in bo th  (1 - ~ )  and  (1 - 73 ) (for 
example  compare  glasses A I ,  B1 and C1). In  
glass A6 the ra t io  A1203/Na20 is a lmos t  uni ty  
bu t  (1 - ,2) is very similar  to tha t  of  glass A1 
which contains  the same Na20 /B203  ra t io  bu t  
no A1203. F r o m  the foregoing discussions there 
is very little doub t  tha t  add i t ion  o f  A1203 in a 
Na~O-B2Oz mel t  has p roduced  considerable  
amounts  o f  te t rahedra l  a lumin ium at  the expense 
of  bo ron  te t rahedra .  Assuming  Reac t ion  4 to be 
near ly  complete ,  in glass A6  concent ra t ion  of  
te t rahedra l  a lumin ium is abou t  half  tha t  of  to ta l  

bo ron  po lyhedra  ( t r iangular  + te t rahedral) .  I t  is 
ha rd  to conceive tha t  even with this large 
concent ra t ion  of  a lumin ium te t rahedra ,  vana-  
d ium(IV)  is exclusively co-ord ina ted  with  b o r o n  
po lyhedra  and  this co -ord ina t ion  sphere is 
independen t  of  a lumin ium concent ra t ion  in the 
melt.  The possible  opera t ing  mechanism seems 
to be tha t  in N a 2 0 - A 1 2 0 3 - B 2 0  3 glasses vana-  
dium(IV) is co-ord ina ted  with bo th  b o r o n  and  
a lumin ium polyhedra ,  the number  o f  l igated 
a lumin ium te t rahedra  increases with increasing 
a lumin ium concent ra t ion  in the melt .  A l u m i n i u m  
te t rahedra  and b o r o n  t e t rahedra  possess the 
same donor  capac i ty  towards  bond ing  with  
vanad ium(IV)  in these glasses. Thus no  net  
changes in covalency is observed in these glasses 
wi th  var iable  AI20  3 bu t  constantNa~O/B2Oz 
rat io.  
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