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A number of alkali and alkaline-earth nitrates crystallize in ionic structures related to the NaCl
and fluorite crystal structures, respectively. This suggests that their cohesive properties may be
usefully described by means of a phenomenological ionic model (Z. Akdeniz, M.P. Tosi,
Zs. Naturforsch., 59a, 957 (2004)). In the present work we discuss from this viewpoint the
structural transitions that take place in these materials. We first present a Bragg—Williams
type approach to the orientational disordering of the NOj groups and to positional melting
in sodium nitrate. We then discuss the stability of the superionic CKN glass in terms of strongly
bound Ca,(NO;); units surrounded by highly mobile potassium ions.

Keywords: Orientational disorder and melting; Glass transition

1. Introduction

Nitrate glasses are formed from mixing the nitrate of a divalent metal ion M, such as
Mg, Ca or Cd, with that of an alkali metal ion A such as Na or K [1]. The glassy
state in these materials is stable over a very broad range of composition around the
stoichiometric compound M»>A3(NO3);. The prototype of these systems is the CKN
compound having a chemical formula Ca,K3(NOs3),, which melts at 7,,, =498 K and
has a glass transition temperature 7, =333 K ~2T,/3.

The NO; group is a chemically saturated and very stable unit in the shape of a
planar equilateral triangle with nitrogen at its center [2]. Its stability is attested by
the experimental observations showing that the frequencies of its internal vibrational
modes are almost independent of the metal-ion partners in a variety of molten nitrates
of monovalent ions [3] as well as in the mixed nitrate glasses [1]. Various evidence
indicates that the pure components of the nitrate mixtures conform to an ionic
model with the NO;s group acting as the negative ion. Thus, the ANO; compounds
crystallize into a NaCl-like structure and the M(NO;), compounds crystallize into
a fluorite-like structure, with some structural distortions that are due to the spatial
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requirements of the NO5 group [4]. Further evidence comes from the presence of an
infrared-active vibrational mode in molten ANO;3; compounds, which is associated
with oscillations of the alkali ions against the NO5 groups [3].

Torsional oscillations of the NO3 group around its equilibrium orientations form a
low-frequency Raman-active mode in both molten and crystalline ANO; compounds
[3,4]. Disorder in the orientations of the NOj groups has been reported to develop in
crystalline NaNOs in the temperature range from 423 to 548 K, as evidenced by the
weakening and ultimate disappearance of X-ray reflections due only to the oxygen
atoms [4]. We have been unable to find evidence on ionic motions in the M(NOj),
compounds, but diffraction studies carried out on Pb(NO3), up to 573K have given
no evidence pointing to the development of the type of hindered rotations of the nitrate
ions that have been found in NaNOj [4].

In the present work we first use the phenomenology laid down by Pople and Karasz
[5,6], as extended by Amzel and Becka [7], to discuss the orientational disorder of the
nitrate groups that arises in NaNOj crystals before positional melting occurs at
Tm=575K. We then take advantage of a microscopic model for the structure of the
CKN glass [8] to discuss its glass transition on the basis of theoretical results obtained
for charged hard-sphere systems [9].

2. Orientational disorder and melting of sodium nitrate

Pople and Karasz [5,6] generalized the approach to positional disordering (melting)
proposed by Lennard-Jones and Devonshire [10] to include the possibility of disorder-
ing in the orientation of anisotropic molecules. They considered only two possible
orientations separated by an energy barrier for each molecule at each lattice site.
The case of D molecular orientations with D > 2 was later treated by Amzel and
Becka [7]. The general framework is that of the Bragg—Williams approximation to
phase transitions.

In their model, Amzel and Becka [7] determined by free energy minimization the
order parameters Q and S; (with i=1,..., D) giving the mean fraction of molecules
on a lattice site and the mean fraction of molecules having orientation «; on each lattice
site, respectively. Taking S;=(1 — S)/(D —1) for i# 1, the model yields simultaneous
equations for Q and S;. These read

1 o DS,
o= s (252 S
and
S o B DS, B 5

Here L=7ZW/|(2kgT) and y =Z'W'/ZW, with ZW being the energy required to move a
molecule to an interstitial site and Z'W’ the energy barrier to turn a molecule to
another orientation. One recovers from these equations the model of Pople and
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Figure 1. Reduced melting temperature t,,, = 2kgTy,,/ZW (upper line) and reduced orientational disordering
temperature ¢, =2kgT./ZW (lower line) versus the parameter y=Z'W'/ZW for the cases D=2, 4, and 6.

Karasz by setting D =2 (see also Ubbelohde [11] and Tozzini et al. [12]). The melting
model of Lennard-Jones and Devonshire then follows by setting y =0.

The solution corresponding to Q@ =1/2 and S;=1/D is realized at sufficiently high
temperature and describes complete positional and orientational disorder as in an
isotropic fluid state. At lower values of L, orientational disorder sets in before
positional melting for a range of values of y lying appreciably below unity. Explicit
solution of equations (1) and (2) shows that within this model the orientational
disorder grows continuously as L decreases, before discontinuously dropping to its
asymptotic value 1/D.

Figure 1 plots for the cases D=2, 4, and 6, the positional melting temperature 7,
and the orientational disordering temperature 7, in the range 7.<T,,, both being
measured in units of ZW/2ky, as functions of the parameter y. This parameter has
been assumed to be independent of temperature and volume. An increase in the
number of local orientations is seen from figure 1 to lower both transition temperatures.

The relevant case for NaNOj actually is D =4, since the nitrate group on a lattice
site can reach physically indistinguishable orientations through four successive
rotations by 30°. Taking 7./T,=0.95 from experiment, we get Z'W'~0.55ZW in
this material. At such values of the re-orientation energy barrier, the two disordering
transitions are very close to each other and one expects that orientational disordering
is strongly influencing the melting process.

3. Structure of the CKN glass

The transport properties of CKN in the melt have been measured over broad tempera-
ture ranges. The shear viscosity n obeys a universal modified Arrhenius law of the
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type n o« (T/Ty)exp(qTy/T) with Ty=530K and ¢=5.9 [13]. The behavior of n(T)
classifies the melt as a fragile glass-former [14], implying that the glassy structure
may reorganize itself over a variety of particle orientations and coordination states.
The appropriate structural model of the CKN glass should therefore be thought of
as a frozen disordered array of strongly bound units, rather than as an extended
disordered network of chemical bonds. The orienting influence of non-spherical
neighbors in liquids and glasses of rod-like or disc-shaped molecules is reviewed in
Ubbelohde [11].

It has also been shown that in the CKN melt the relationship o7 o (7/n)" between
shear viscosity and ionic conductivity o is obeyed over nine orders of magnitude with
m=20.8 [15]. A nonlinear Stokes—Einstein law as displayed in these measurements
indicates that the elementary mechanisms of momentum and charge transport are
basically different. A consistent viewpoint is that electrical conduction is due to the
motions of alkali ions through a disordered array of strongly bound Ca,(NOs),
units, which govern the viscosity of the material.

The equilibrium structure of a Cay(NO;); unit has been evaluated within an ionic
model adapted to reproduce the available data on physical properties of the pure
components of the CKN glass [8]. A notable result of the analysis given in [§8] is
that the electronic charge transfer from the alkali to the nitrate ion in alkali nitrates
is relatively limited, corresponding to an effective ionic valence of about 0.6 elementary
charges. This value accounts for the measured frequencies of the infrared-active mode in
the nitrates of Na, K, Rb and Cs. The shape of a Ca,(INOs3); unit is then predicted to
consist of two calcium ions in a fivefold coordination and sharing three nitrate groups.
Around such a unit one finds a multiplicity of energetically equivalent positions
for three potassium ions, thus accounting for the fast ion conduction property of the
material.

If we allow for essentially free rotations of each Cay(NOs); unit around its main
axis, the calculated shape of the unit is an ellipsoid with a length of roughly 8. 8A
and a radius of roughly 4. 0A, corresponding to a volume of order 400 A’. On the
other hand, the volume of the CKN glass per formula unit can be estimated as
being somewhat in excess of 500 A% from the experimental density data reported
by Janz [16] for the melt near equilibrium freezing. The packing fraction of
the constituent units in the CKN glass therefore is about 0.7. In this range the
stability of the superionic-glass state is primarily determined by steric factors and
is essentially independent of the strength of the Coulomb interactions [9]. The glass
transition temperature of mixed nitrate glasses should therefore exhibit a strong
dependence on pressure.

4. Conclusions

We have proposed a consistent picture for the cohesive properties of nitrates and for
their structural transitions associated with melting and with the formation of plastic-
crystal and superionic-glass states. This picture depends in a crucial manner on the
nature of the nitrate group as a non-spherical object and on the magnitude of the
electronic charge transfer from the metal ions to the nitrate ions. Similar ideas may
be useful to describe the disordered states of other salts such as carbonates.
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