
Broken Bond-Bending Constraints and 
Glass Formation in the Oxides 

M. Zhang and P. Boolchand argue that 
properties of the glassy state in systems 
like SiO, and (Na20),(Te02),- ,  can be 
understood in terms of a constrained net- 
work picture (1) .  The  key elements of this 
treatment are the enumeration of the 
bonding interactions that make up the 
network and of the constraints to which 
they are.>ubject. T o  accomplish the first of 
these tasks, Zhang and Boolchand apply the 
"8 - N rule" (2,  3). They thus conclude 
that, in (Na20),(Te02),-,, the coordina- 
tion numbers of tellurium, oxygen, and sodi- 
um are, respectively, 4, 2, and 1. We find, 
however. that the coordination number of 
sodium in oxide materials, including in 
(Na20),(Te02),px, is not 1 according to 
experimental evidence and the fact that the 
8 - N rule does not apply to alkali ions. 

The 8 - N rule, where N is the group 
number, predicts that each atom partici- 
pates in enough directed bonds to fill its 
valence shell with an octet of electrons (3). 
This rule works well for compounds formed 
of covalent bonds with negligible d-orbital 
contribution (for example A s , + , S ~ ~ ~ , ) .  For 
sodium, the rule fails because sodium ob- 
tains an octet of electrons by shedding its 
valence electron to reach oxidation state 
+ 1. If Na(1) were to participate in a direct- 
ed bond, its local electron environment 
would not be an octet, but rather a pair of 
a-bonding electrons. We know of no  evi- 
dence for this type of bonding for sodium in 
solids. Rather than participating in directed 
bonds with covalent character, Na(1) inter- 
acts through predominantly electrostatic 
forces with typically four to six coordinating 
atoms (4). For example, in NaCl (rock salt 
structure), sodium has coordination number 
six, and in Na,O (antifluorite structure) the 
coordination number is four. For crystalline 
Na2Te40,, the compositi6n of primary in- 
terest in the present case, we showed that 
the two sodium ions interact with four and 
five neighboring oxygen atoms, respectively 
(5). Some of the oxygen in the coordina- 
tion sphere are nonbridging, and some are 
bridging. Contact distances to the non- 
bridging oxygen are not significantly short- 
er than those to bridging oxygen. 

In oxide glasses the sodium coordination 
is similar to that in crystalline materials. This 
has been shown in silicates by extended x- 
ray absorption fine structure (6) and by nu- 
clear magnetic resonance (NMR) (7), and in 
(Na,O),(TeO,),-, by NMR (8). These 
studies conclude that the coordination num- 
ber in both cases is in the range of four to six. 
Including the constraints for sodium coordi- 
nated in this experimentally determined way 

leads to a large increase in the total number 
of a and p constraints. Consequently, a vast- 
ly overconstrained network is predicted for 
all compositions of the (Na20),(Te02)l-x 
system. We thus conclude that the con- 
strained network theory as applied by Zhang 
and Boolchand is not an appropriate expla- 
nation for the behavior of glasses in this 
system. 

J .  W. Zwanziger 
S .  L. Tagg 

J .  C. Huf fman 
Department of Chemistry 

lndiana Uniuersity , 
Bloomington, IN 47405, USA 

REFERENCES 

1. M. Zhang and P. Boolchand, Science 266, 1355 
(1 994). 

2. N. F. Mott, Phiios. Mag. 19, 835 (1 969). 
3. N. F. Mott and E. A. Davis, Electronic Processes in 

Non-Ciystailine Materials, (Oxford Un~v. Press, Ox- 
ford, United Kingdom, 1979). 

4. A. F. Wells, Structural lnorqanic Chemstw, (Oxford 
Univ. Press, Oxford, ~ntedKingdorn, 1984). 

5. S. L. Tagg, J. C. Huffrnan, J. W. Zwanziger, Chem. 
Mater. 6, 1884 (1 994). 

6. G. N. Greaves, J. Non-Crystall~ne Solids 71, 203 
(1 985). 

7. X. Xue and J. F. Stebbins, Phys. Chem. Minerals 20, 
297 (1 993). 

8. S. L. Tagg, R. E. Youngrnan, J. W. Zwanziger, J. 
Phys. Chem. 99, 51 11 (1 995). 

9. Th~s research was supported by the Nat~onal SCI- 
ence Foundaton under grant no. DMR-9115787. 

22 December 1994; accepted 3 March 1995 

Response: Although in general Zwanziger et 
al. (1,  2) use a reasonable approach to ana- 
lyze their NMR results in (Na,O),- 
(Te02) ,px  glasses, there is now evidence (3) 
to suggest that the Na local order in the 
stable c-Na2Te40, compound (4) is differ- 
ent from that in its glass counterpart, and 
therefore the crystal would be an inappro- 
priate reference point from which to model 
the glass. This evidence comes from three 
types of measurements: (i) Time-temp- 
erature-transformation studies (3) reveal 
multi-step nucleation and growth processes 
to be responsible for crystallization of 
g-Na2Te40,, which indicates that nuclei of 
the stable crystalline phase are not present 
in the glass; (ii) Powder x-ray diffraction 
scans of air-cooled (Na,O),(TeO,) -, melts 
(Fig. 1) reveal a metastable crystalline phase 
to nucleate as a precursor before the stable 
c-Na2Te40, phase is formed (4), which sug- 
gests that the local order in the metastable 
phase may have a bearing to that of the glass 
and, finally; (iii) NMR studies of the 
metatellurate glass reveal that the nuclear 
quadrupole interaction (NQI) (1.9 t 0.3 
MHz) resides outside the range of values (4) 

of corresponding crystalline site parameters 
[NQI: 4.4 t 0.2 MHz (site 1)  and 3.6 ? 
0.02 MHz (site 2)], which again suggests 
that the Na local order in the elass and the - 
stable crystal are different. 

But perhaps the central issue to applying 
constraint theory (5) to glassy networks is to 
distinguish between atomic constraints that 
are intact and therefore relevant, from those 
that are broken (6) and therefore irrelevant. 
In the present glass system, the (a ,P)  con- 
straints associated with the trigonal bipyra- 
midal building blocks are all intact as re- 
vealed by neutron RDF (7)  and 125Te Moss- 
bauer quadrupole interactions (3). TeO, 
melts ((r) = 2.67) tend to easily crystallize 
even after a water quench (6) because the 
network is slightly overconstrained ((r) > 
2.4). N a 2 0  alloying to pure TeO, breaks a 
bridging oxygen bond to produce two non- 
bridging oxygen ( 0 - )  to which the two 
Na+ ions become electrostatically coupled. 
In the more open structure of the glass, our 
conjecture is that a Nat ion will be closest 
to one of these NBO sites and hence the 
mechanicallv effective Na coordination will 
be 1. For onkfold coordinated atoms, only a 
bond-stretching ( a )  constraint is effective 
(8), and for this reason the nature of bond- 
ing, whether covalent or ionic becomes ir- - 
relevant, as either type of interaction can 
provide a central force constraint. 

In the more comwacted structures of 
crystalline solids in relation to glasses, a 
higher coordination number can emerge if 
such an  arrangement lowers the free energy 
of the system as it apparently does in the 
stable form of c-Na2Te40,. The Na coordi- 
nation of 5 or 6 in this crystalline phase 
leads to Na-O bonds that are mechanically 
inequivalent, however. In the glassy state, 
we believe ocly one Na-NBO bond length 
of about 2.3A will remain intact while all 
other Na-O bond lengths will exhibit a 
significant spread (broken constraint) for 
glass formation to occur. In NaCl, where 
the Na coordination is 6 both chemically 
and mechanically, bulk glass formation is 
precluded because the network is highly 
overconstrained. 

Constraint theory has worked remark- 
ably well in the chalcogenides (5, 9). It can 
be extended (6) to SiO,, and to the present 
oxide glass system if one includes the ap- 
propriate atomic constraints that are intact 
in these networks. By taking the mechani- 
cally effective Na coordination of 1, then 
one is able to not only understand the glass 
forming range, but quantitatively also pre- 
dict optimization of the glass forming ten- 
dency near x = 0.20, for which there is 
convincing experimental evidence (6). X- 
ray diffraction scans (Fig. 1)  show that there 
is a propensity of glass formation in the 
composition range 0.15 < x < 0.20 and 
near x = 0.27. The former compositional 
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Fig. 1. (A) X-ray powder patterns of air-cooled (Na,O),(TeO,), melts at indicated compositions. These 
melts received the same undercooling. Note the qualitative absence of crystallization at x = 0.15 and 
0.20, and at x = 0.27. The former compositions are close to the rigidity percolation threshold x = 0.18, 
while the latter one to the eutectic. Also note that in the glass samples at x 2 0.1 2, a metastable crystalline 
phase nucleates (with 28 reflections at approximately 18", 26", 30°, etc.). This phase does not corre- 
spond to the stable c-Na2Te40,. Prolonged annealing of the air-cooledx = 0.20 glass sample at Tx yields 
the scan of c-Na2Te40, shown in bottom panel (B), which corresponds to the stable phase (4). The 
crystalline phase to nucleate at x = 0.10 correspond to a-TeO, as expected. 

window corresponds to the stiffness thresh- rather than a fivefold or higher as suggest- 
old near x = 0.18 as discussed in our report ed by NMR chemical shifts, rests in iden- 
(6), while the latter concides with the tification of the former as the mechanic- 
known eutectic (10) near x = 0.28 in the ally effective coordination of Na in the 
present glass system. (Na,O),(TeO,),_, glass system. The choice 

Thus, the physical justification for of fivefold coordination or higher for Na in 
choosing a onefold coordination for Na these glasses is qualitatively incompatible 

with a wide array of network connectivi- 
ty-related physical properties such as 
Lamb-Mossbauer factors (6,  1 1 ), glass 
transition temperature ( 1  2 ,  13), and hard- 
ness, each of which decrease with increas- 
ing Na,O molar content in the glasses. 
Within the context of constraint theory of 
glasses, a coordination number of 5 or 
higher for Na cannot even qualitatively 
explain the glass forming tendency let 
alone its optimization near x = 0.20 for 
which there is convincing experimental 
evidence. We thus stand behind our asser- 
tions on the microscopic origin of the glass 
forming tendency in this oxide glass sys- 
tem as discussed in our report (6). 
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