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The Central Role of Broken Bond-Bending 
Constraints in Promoting Glass Formation 

in the Oxides 
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2, but zero (6) B constraints for an atom . . 
having r = 1.   he average number of floppy 
modes per atom, FIN, in a three-dimension- 
al network that has m2 atoms twofold-coor- 
dinated with their P constraints broken, is 
given by 

FIN = nd - n, 

A glass network of N atoms with n, of the atoms with a coordination number of 1, and 
m, of the atoms with a coordination number of 2 about which the bond-angle constraint 
is broken, will in general display a stiffness threshold (rigidity percolation threshold) when 
the average coordination increases to a critical value (r), = 2.4 - 0.4 (n, - m,)lN. Silica 
and sodium tellurate glasses provide model examples for which this general relation 
predicts the observed rigidity percolation threshold; this relation predicts the percolation 
threshold only if one includes broken bond-bending constraints due to bridging oxygen 
in the former network and nonbridging oxygen in the latter network. The rigidity perco- 
lation threshold in (Na,O),(TeO,),+, glasses is observed to occur near x = 0.18 in 
tellurium-125 Lamb-Mossbauer factor measurements. 

Telluria (Te02)  and silica (Si02)  consist 
of networks in which the cations (Te, Si) 
are fourfold-coordinated and the anion ( 0 )  
is twofold-coordinated. Trigonal bipyramid 
Te(Oli2)4 units ( I )  with a lone pair in the 
equatorial plane and tetrahedral Si(Oljz)4 
units form the building blocks of respective 
crystalline (and glassy) networks (Fig. 1, A 
and C). In both cases bridging oxygen sites 
serve as linkaees between building blocks. " - 
Remarkably, although silica is the archetyp- 
al glass former (2), telluria, which has the 
same average coordination number, is the 
antithesis (3) of silica. However, alkali-ox- . , 

ide alloying in telluria produces nonbridging 
oxygen (NBO) and pronouncedly increases 
the glass-forming tendency (GFT) until, at x 
= 0.20, (Na20),(Te02)1+, melts display 
(3) a GFT that parallels that of silica. 

In this report we show that there is a 
common physical origin for this behavior in 
both silica and telluria that follows directly 
from Phillips constraint theory (4). Both 
SiO, melt and alkali tellurate melt near x = 
0.20 are o~timallv constrained because the 
bond-angle constraint associated with 
bridging oxygen in the former, and with 
NBO in the latter, is broken. These consid- 
erations promote formation of strain-free 
polymerized networks and enhance the 
GFT at the stiffness, or rigidity percolation, 
threshold (4,5).  These basic ideas provide a 
sound basis for understanding the micro- 
scopic origin of the unusual glass-forming 
tendency in silica, which has not been 
without controversies (2). Furthermore. . , 

these ideas also furnish a basis for under- 
standing the generic role of alkali modifier 
atoms in enhancing the GFT in a variety of 
oxides. In this work we use an atomic-scale 
probe of rigidity, '25Te Lamb-Mossbauer 
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factors, to establish the rigidity percolation 
threshold in the tellurate glasses. 

Fifteen years ago, Phillips (4) asserted 
that a network constrained by bond- 
stretching ( a )  and bond-bending (P) con- 
straints sits at a mechanically critical point 
when the constraints per atom (nc) equal 
the dimensionality or degrees of freedom 
(nd) of the space in which it is embedded: 

These ideas were cast in the language of 
percolation theory by Thorpe (5), who 
showed that when atoms bond with a co- 
ordination number greater than or equal 
to 2, the number of zero-frequency modes 
(floppy modes) FIN = nCl - nc vanishes 
when the average coordination (r) ac- 
quires a critical value (r)= = 2.40. 

Boolchand and Thorpe (6) extended 
constraint theory to include atoms with a 
coordination number of 1 and have shown 
that, in general, rigidity will percolate when 
the average coordination number of such a 
network approaches a critical value given by 

provided atoms bond in conformity to the 
8 - n rule, and the a and p constraints are 
held intact. The quantity nl/N in Eq. 2 
gives the fraction of atoms with a coordina- 
tion number of 1. 

Now let us consider the possibility that 
some (m2/N) fraction of the atoms of the 
network with a coordination number of 2 
have their p constraint broken. This is 
achieved by subtracting a term m,/N from 
the enumeration of constraints performed 
earlier (6) by Boolchand and Thorpe. Con- 
sider a network of N atoms composed of nl 
atoms that are r-fold-coordinated. In enu- 
merating (5, 6) constraints, we note that 
there are rl2 a constraints for a r-fold- 
coordinated atom. Furthermore, there are 
2r - 3 p constraints for an atom having r r 

where 

(7) = x n,r/N and N = x n, (4) 

We obtain the central result of the present 
work 

when one reauires F to vanish at the rieid- " 

ity percolation threshold. 
Silica is the illustrative example of Eq. 5. 

Both x-ray scattering (7) and 1 7 0  nuclear 
quadrupole resonance spectroscopy (8) re- 
veal a substantial spread (A0 - 15') in the 
mean Si-O-Si bond angle 0 = 150'. This 
provides for a flexibility in Si-O-Si linkag- 
es and the formation of a strain-free con- 
tinuous network. For SixOl-, alloys, if we 
take Si to be fourfold-coordinated and 0 to 
be twofold-coordinated. and the B con- 
straint about all O sites'to be brokin, that 
is, m2/N = 1 - x, and nl/N = 0 (because 
there are no onefold-coordinated atoms), 
Eq. 5 requires 

corresponding to the chemical composition 
SiO,. The unusual GFT of SiO, is thus the 
direct consequence of the Phillips glass con- 
dition (4) being exactly satisfied when bro- 
ken constraints are taken into account. If 
we had ienored the broken B constraints 
associate$ with bridging oxygen sites in a 
SixOl -, network, the glass condition would 
have been fulfilled at a lower value, x, = 

0.20. 
Alkali tellurate glasses can also be de- 

scribed within the framework of Eq. 5. To 
understand the underlying behavior, one 
needs to decode the molecular structure of 
these glasses. The role of the alkali modifier 
in these glasses, as in the silicate glasses, 
consists in ~roducing NBO sites, as suggest- 
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ed by Raman scattering (9) and lZ5Te Moss- 
bauer hyperfine structure measurements 
(10). In the more open structure of the 
glasses, if we take Te, 0 ,  and Na to be four-, 
two-, and onefold-coordinated, respectively 
(conforming to the 8-n rule), then it is 
reasonable to expect that the NBO sites 
associated with the alkali modifier will dis- 
play a range of Te-0-Na bond angles 0 as 
illustrated in Fig. 1B. Thus, if we take the P 
constraint about NBO sites to be broken, 
that is, m, = n, = 2x, Eq. 5 for 
(Na,O),(TeO,),-, glasses requires that 

We  thus find that alkali tellurate glasses 
satisfy the glass condition ( I )  at x, = 0.20, 
provided P constraints associated with 
NBO sites are broken while those associat- 
ed with bridging sites are held intact. The 
latter appears to be the case as revealed by 
neutron radial distribution function mea- 
surements (1 l )  on tellurate glasses. If we 
had ignored the broken P constraints about 
NBO sites, on the other hand, the stiffness 
threshold would have been given by Eq. 2, 
and it would occur at a higher x, value, x, = 
0.25. 

Fig. 1. (A) Diagram of a trigonal bipyramid 
Te(O,,,), unit with a lone pair in the equatorial 
plane which serves as the building block of the 
TeO, network. (B) Sketch of the formation of Te- 
0--Na+ linkages upon Na20 alloying in telluria. A 
spread in the bond angle 0 leads to the underlying 
bond-angle constraint for the nonbridging oxygen 
sites that is to be broken. (C) Schematic of a 
tetrahedral Si(O,,,), unit, with the bridging oxygen 
bond angle 0 constraint broken. 

Scanning calorimetry measurements on 
these elasses have shown that the elass tran- - " 

sition temperature Tg decreases systemati- 
cally as a function of x (Fig. 2A), with the 
slope IdT,/dxl displaying a maximum near x, 
= 0.18. Activation energy for enthalpy re- 
laxation E,, established from T, variation as 
a function of scan rates, also displays a 
minimum (12, 13) at x, = 0.18 (Fig. 2B). 
Finally, 12jTe mean square displacement 
measurements at T 4  K, (ui), extracted 
from our T-dependent Mossbauer effect 
measurements also show a discontinuity in 
slope near x, = 0.18 (see Fig. 2C). We  
believe that the threshold behavior near x, 
= 0.18 in each of the three observables has 
a common physical origin, representing the 
stiffness threshold in alkali tellurate glasses. 

Convincing experimental evidence to 
suggest that the threshold at xc = 0.18 is a 

Fig. 2. Glass composition dependence of (A) T, 
and the slope IdT,/dx, (B) E,, activation energy 
for enthalpy relaxation, and (C) (ug), lZ5Te 
mean square displacement at T = 0 K in 
(Na20)x(Te02)l -, glasses; plotted as -In f  , = 

(ug)/X2, where f ,  is the recoil-free fraction as T + 

0 K. All plots display a threshold behavior at x = x, 
= 0.18 (marked by vertical line), which we identify 
with the stiffness threshold; c-Na,TeO,, crystal- 
line Na,TeO,. 

stiffness threshold derives from our lZ5Te 
mean sauare dimlacement measurements. 
In a soft or floppy network, one expects 
(u2)/li2 (where A is the wavelength of the 
gamma ray) will be large, because atoms (or 
group of atoms) can be displaced from their 
equilibrium positions without much cost in 
energy, as a result of the presence of floppy 
modes (5). Just the reverse situation pre- 
vails in a rigid network, where a displace- 
ment of atoms from their equilibrium posi- 
tions costs strain energy and leads in gen- 
eral to a smaller value of (ui)/li2. In this 
sense, (ui)/li2 provides a measure of network 
rigidity on a local (atomic) scale, as dis- 
cussed in (14). 

To  obtain Lamb-Mossbauer factors of a 
glass sample, we measured the complete T 
dependence (Fig. 3 )  of the integrated area 
under the resonance line shape in the range 
12 K < T < 200 K, using a vibration-free 
He closed-cycle cryostat (model Displex 
CS202 with DMX-20 shroud; APD Cryo- 
genics, Allentown, Pennsylvania). A glass 
sample was cooled in the cryostat, and the 
nuclear resonance was excited with a 
Mg,Te'25m0, emitter (15) held outside the 
cryostat at 300 K. In such a geometry, 
changes in the integrated area as a function 
of T derive from the recoil-free fraction 
f (T)  of the glass sample. The f(T) variation 
was least sauares-fitted to a Debve-like vi- 
brational density of states to obtain the 
characteristic vibrational temperature, and 
thus, f ( T 4  K) = f, = exp(-(ui)/X2). 
Trends in (ui) as a function of glass com- 
position (Fig. 2C) display a systematic soft- 
ening (that is, an increase) with increasing 
molar content of N a 2 0 ,  with an apparent 
threshold near x, = 0.18. Measurements on 
the crystalline phases, at x = 0 and x = 112, 
on the other hand, reveal a smaller mean 
square displacement (ui) than in the glasses 
(see Fig. 2C), because a-TeO, and 

Temperature (K) 

Fig. 3. Temperature dependence of the lZ5Te 
recoil-free fraction in indicated (Na,O)x(TeO,), -, 
crystals (filled symbols) and glasses (open sym- 
bols). Data for selective glass compositions are 
shown. 
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Na,Te03 represent examples of compacted 
and rigid crystalline networks. 

Theoretically, (u:) provides a measure of 
the first inverse moment (14) of the vibra- 
tional density of states of a network, that is, 

where M is the mass of the resonant atom 
and h is Planck's constant. The sensitivity of 
(l/w) to floppy modes in a network glass was 
recently demonstrated. Both neutron (1 6)  
and "9Sn Mossbauer (14) vibrational den- 
sity of states measurements showed a system- 
atic reduction of (l/w) as ( r )  increased to 2.4, 
with the appearance of a discontinuity 
(change in slope) near the stiffness thresh- 
old in binary Ge-Se glasses. The observed 
discontinuity in (ui) near x, = 0.18 like- 
wise constitutes evidence of a stiffness 
threshold in the tellurate glasses. This inter- 
pretation is independently confirmed by 
scanning calorimetry (IdT,/dxl and E,) re- 
sults (Fig. 2, A and B), which suggest that, 
near the privileged composition x, = 0.18, 
these glasses are at a mechanically critical 
point, with a minimal configurational entro- 
py change (1 2, 13) occurring upon melting 
of the glass at T,. 

In tellurate glasses, the observed stiffness 
threshold (x, = 0.18) is close to the pre- 
dicted value (x, = 0.20) based on Eq. 7, but 
it is significantly different from the predict- 
ed value (x, = 0.25) based on Eq. 2. These 
results underscore the importance of includ- 
ing broken P constraints due to NBO sites 
in describing the stiffness threshold in the 
tellurate glasses. 

In earlier discussions (14-17) of the 
stiffness threshold in chalcogenides, it was 
tacitly assumed that p constraints about the 
chalcogens were intact. The directionality 
of covalent interactions stems from the hy- 
bridization of s and b orbitals. Re~lacement  
of S or Se by the more electronegative 0 
anion in a network leads to an  increased 
transfer of charge from the cation (Si, Na) 
to the anion and to a weakening of angular 
or p forces about the 0 anion as ionic 
interactions grow at the expense of cova- 
lent ones. The unusual GFT displayed by 
some of the oxides undoubtedly arises as a 
result of these broken P constraints, as re- 
vealed by the convergence of constraint 
theory predictions with the results of mea- 
surements of the lZ5Te Lamb-Mossbauer 
factors presented here. 
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Nickel Oxide Interstratified a-Zirconium 
Phosphate, a Composite Exhibiting - 

~erromagnetic Behavior 
Boris Shpeizer, Damodara M. Poojary, Kyungsoo Ahn, 

Charles E. Runyan Jr., Abraham Clearfield* 

As part of an ongoing research program to synthesize novel pillared layered materials, 
nickel and cobalt hydroxyacetates were inserted between the layers of amine intercalates 
of a-zirconium phosphate. The structure of the resultant nickel composite, derived from 
x-ray powder data, was found to consist of a three-tiered layer of nickel atoms bridged 
by hydroxo and acetato groups. Heating to 420°C converted the hydroxyacetate layers 
to oxide and imparted ordered magnetic domains to the composite. The phosphate layers 
appear to act as a template directing the growth of the inserted layers in this class of 
composite materials. 

Intercalation reactions of ions or molecules 
with layered solids are being used in novel 
ways to produce composites with useful 
properties such as ionic conduction, ion- 
exchange behavior, sorption, and catalysis 
( 1 ,  2).  The pillaring of clays may be viewed 
as an  ion-exchange intercalative reaction. 
Smectite clav minerals swell in water. and 
in the colloidal state they may exchange 
their interlamellar ions for inorganic poly- 
mers such as [A11,04(0H),4(H,0)l,]7f. 
Because of the low layer charge of the clay 
and the high charge of the inserting poly- 
mer, the resultant composite is porous. 
These pillared clays are under study as a 
new class of acidic catalysts (3-5). 

Many layered compounds other than 
clays are theoretically amenable to pillar- 
ing. However, they generally have a high 
ratio of charge to surface area and there- 
fore do not swell spontaneously. In order 
to induce pillaring, Clearfield and Roberts 
(6)  first intercalated an  amine into a-zir- 
conium phosphate, Zr(HP04),.H,0, and 
into other phosphates. This reaction in- 
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creases the spacing between the inorganic 
sheets by formation of an  amine bilayer 
that could then be replaced by the pillar- 
ing species. This procedure has now be- 
come a common technique for pillaring 
(7-10). We.report here on  a similar reac- 
tion that has yielded interstratified mate- 
rials containing sheets of NiO or COO n 

between zirconium phosphate layers; the 
resulting NiO composite is ferromagnetic. 

T o  prepare the composite, we first in- 
tercalated crvstalline a-zirconium ohos- 
phate with either hexylamine or oc- 
tylamine. The  resultant ipterlayer spac- 
ings were 22.9 and 28.7 A, respectively. 
These intercalates were then mixed with 
solutions of Ni(OOCCH3),.4H,0 or mix- 
tures of nickel nitrate and nickel acetate 
and refluxed for different lengths of time. n 

The final producis had interlayer spacings 
of 18.4 to 19.5 A. A typical preparation 
involved dissolv'ing 8.39 g of hexylamine 
(82.9 mmol) in 200 ml of water and then 
adding 10 g of solid crystalline a-zirconi- 
um phosphate (33.1 mmol). The  mixture 
was stirred for 24 hours at room tempera- 
ture. The  solid phase was filtered off and 
washed extensively with doubly distilled 
water and a final wash with 50 ml of 
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