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We propose and evaluate a structural model for mixed K-Ca nitrate melts and glasses, which
invokes the presence of strongly bound Ca2(NO3)7 groups surrounded by K ions that can transport
charge by relatively free jumps. To this purpose we first construct ionic models for the pure ANO3
compounds (with A = alkali metal ion), by searching for suitable A+Z ·(NO3)−Z interionic potentials
in the space of interionic-law parameters with the help of known models for alkali chlorides. The
available evidence mainly consists of infrared-active mode frequencies, and is compatible with two
alternative types of interionic parameters. A choice between them is made on the basis of the fact
that the NO3 group has a flat triangular shape and can execute torsional oscillations giving rise to a
low-frequency Raman-active mode in the melt. This interionic force model is then combined with a
similar model for Ca(NO3)2 to evaluate the structural properties of a 3KNO3·2Ca(NO3)2 unit, which
is the constituent of the well-known glassformer CKN. We expect that the present model should be
representative of other mixed alkali-divalent ion nitrate systems in the range of concentration where
glass formation is observed.
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1. Introduction

Superionic-conducting oxide glasses consist of a
network former such as SiO2 or Al2O3 and a network
modifier such as Na2O or Li2O (for an introductory
overview on the glassy state of matter see [1]). The
modifier lowers the glass transition temperature and
opens up the network structure by introducing non-
bridging oxygens, while the alkali ions are mobile and
can diffuse through the disordered network. The de-
coupling of the electrical conduction from shear vis-
cosity modes is apparently quite different from the
usual (α , β ) bifurcation in a glass [2]. The modes as-
sociated with the motions of small monovalent cations
become anharmonic at temperatures far below those of
other species, and these cations can easily escape from
their site and wander around through the vitreous struc-
ture.

The structural model that we have mentioned above
for superionic oxide glasses does not seem to apply,
however, to mixed nitrate glasses. The prototype of
these systems is the CKN glass with the chemical for-
mula (KNO3)0.6·(Ca(NO3)2)0.4 or Ca2K3(NO3)7 (see
for instance [3]). This compound melts at Tm = 498 K,
and its glass transition temperature is Tg = 333 K, thus
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obeying the empirical rule Tg ≈ 2Tm/3. Its transport
properties in the melt have been studied in depth over
broad temperature ranges, to show that the shear vis-
cosity obeys a universal near-Arrhenius law [4], and
that the relationship σT ∝ (T/η)m between shear vis-
cosity η and ionic conductivity σ is obeyed over nine
orders of magnitude with m ∼= 0.8 [5]. A nonlinear
Stokes-Einstein law evidently is a manifestation of a
basic difference in the elementary mechanisms of mo-
mentum and charge transport.

More generally, nitrate glasses are formed by mix-
ing the nitrate of a divalent-metal ion (such as Mg, Ca,
or Cd) with that of an alkali-metal ion (such as Na or
K) over a fairly broad range of composition around
that indicated above for CKN (see for example [6]).
The NO3 group is a very stable and chemically satu-
rated unit, in the shape of a planar equilateral triangle
with nitrogen at its center [7]. For instance, the fre-
quencies of its internal vibration modes are almost in-
dependent of the metal-ion partners in the mixed ni-
trate glasses [6] and in the molten nitrates of alkali, Ag,
and Tl ions as well [8 – 10]. The formation of a spatial
network of chemical bonds between such groups in a
nitrate glass is therefore unlikely. On the other hand,
unassisted Coulomb interactions are very ineffective in
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inducing a glass transition [11]. One should thus search
for a structural model of nitrate glasses in terms of a
frozen disordered array of strongly bound units. Such
examples of glass structures are well known among the
glass-forming elements: for example, threefold coordi-
nation in P and As yields P4 and As4 tetrahedra as basic
units of the crystal and of the glass.

In this work we construct such a structural model
for CKN in the molten and the glassy state. We start
in Sect. 2 by examining some ionic models for the in-
teractions between the alkali and nitrate ions in alkali
nitrates, which may be compatible with the scanty ex-
perimental data that are available for this purpose. We
find that two alternative models may be proposed, cor-
responding to markedly different values for the charge
transfer from the alkali to the NO3 group and for the
size and stiffness of the NO3 group. We choose among
these two models on the basis of a known property of
the nitrate ions in these compounds: disorder in their
orientations has been observed to develop in crystalline
NaNO3 in the temperature range 150 to 275 ◦C [12],
and a low-frequency Raman-active mode has been as-
sociated with their rotatory motions in the alkali nitrate
melts [10]. We argue that these behaviors favor the
ionic model in which the charge transfer is lower and
the NO3 group is “thinner” and stiffer (model 2, say).
We proceed in Sect. 3 to propose a similar model for
Ca(NO3)2 and to evaluate the structures that are possi-
ble for the Ca2K3(NO3)7 unit. We show that in model 2
a strongly bound Ca2(NO3)7 complex can form, which
may be the basic constituent of the mixed-nitrate melts
and glasses. Finally, Sect. 4 offers a brief summary and
suggests some further developments.

2. The Alkali Metal Nitrates

The quantitative evidence which is available for our
purposes on alkali nitrates ANO3 mainly consists of
the frequency of an infrared-active mode of the melt,
which is associated with a vibration of the alkali ion
against the NO3 group [10]. We will use these data be-
low to estimate the ionicity of these compounds. Other
observational facts can be invoked, however, to help in
constructing an interionic force model.

The main relevant facts for our purposes are (i) the
strong stability of the NO3 group against changes in
its environment; (ii) the NaCl-like arrangement of the
alkali and NO3 ions in ANO3 crystals, with some dis-
tortions due to the spatial requirements of the com-
plex anions [12]; and (iii) the torsional oscillations

Table 1. Alternative models for the interionic force parame-
ters in alkali nitrates.
System Z RA ρA RX ρX rA−N νir

(Å) (Å) (Å) (Å) (Å) (cm−1)
LiNO3 1 0.67 0.82 0.072 1.67 0.24 2.32 350

2 0.42 0.82 0.072 1.44 0.078 2.32 350
NaNO3 1 0.84 1.17 0.14 1.67 0.24 2.54 215

2 0.59 1.17 0.14 1.44 0.078 2.60 215
KNO3 1 0.92 1.46 0.18 1.67 0.24 2.80 170

2 0.68 1.46 0.18 1.44 0.078 2.88 170
RbNO3 1 0.82 1.59 0.20 1.67 0.24 3.10 110

2 0.61 1.59 0.20 1.44 0.078 3.10 110
CsNO3 1 0.86 1.72 0.22 1.67 0.24 3.23 100

2 0.64 1.72 0.22 1.44 0.078 3.23 100

that the NO3 group can carry out in the crystal and
in the melt [10, 12]. These facts are compatible with
the assumption that the structural unit of the condensed
states of ANO3 compounds may be a trigonal pyramid
having the NO3 group as its base and the alkali ion at
its apex. In a first approximation this may be described
as an A+Z·(NO3)−Z unit bound by rigid-ion interac-
tions, thus neglecting the electrical and short-range po-
larizabilities of the NO3 ion as well as van der Waals
interactions.

We therefore adopt interionic pair potentials to con-
struct the potential energy U({ri j}) of a molecular
cluster as a function of the set of bond lengths r i j be-
tween pairs of ions [13]. We write

U({ri j}) = ∑
i�= j

[
ZiZ j

ri j
+ Φi j(ri j)

]
, (1)

where Zi are the ionic valences and Φi j(r) are the over-
lap repulsive potentials. These are taken in the Busing
form

Φi j(r) = f (ρi +ρ j)exp
[
(Ri +R j−r)/(ρi +ρ j)

]
, (2)

where Ri are the ionic radii, ρi the ionic inverse-
stiffness constants, and f = 0.05e2/Å2.

As a first step we fix the repulsive parameters for
the alkali ions by taking RA as the Tosi-Fumi radii [14]
and by determining ρA from a fit of the bond lengths in
diatomic alkali chloride molecules [15]. These values
are shown in the third and fourth column of Table 1.

Our next task is to assess values for the repulsive
parameters of the X = NO3 ion as seen from the al-
kali ion. The Rb-N distance in RbNO3 is given as
rRb−N = 3.10 Å [16], which is not far from what one
could crudely estimate from the N-O bond length of
1.2 Å in ANO3 crystals [12] and from the sum of the
Rb+ and O2− ionic radii (≈ 3 Å). This suggests that
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Table 2. Best choice for the interionic force parameters in
alkali nitrates and calculated values of the bond length rA−N
and the infrared-mode frequency νir.

System Z RA (Å) ρA(Å) RX (Å) ρX (Å) rA−N (Å) νir (cm−1)

NaNO3 0.63 1.17 0.14 1.44 0.078 2.57 230
KNO3 0.63 1.46 0.18 1.44 0.078 2.92 155
RbNO3 0.63 1.59 0.20 1.44 0.078 3.08 115
CsNO3 0.63 1.72 0.22 1.44 0.078 3.24 98

the structure of the A+Z·(NO3)−Z unit is determined by
the near-contact between the alkali ion and the oxygen
ions, the N ion being extremely small [17] and being
therefore screened by its oxygen partners in the NO 3
group. The aforementioned value of the Rb-N bond
length can then be used to estimate the ionic radius RX
of the NO3 group from a given assumed value of the
ratio RX/ρX. We have assumed two alternative values
for the above ratio, the first (RX/ρX ≈ 6.9, denoted as
model 1) being appropriate for a soft spherical anion
such as Cl−, and the second (RX/ρX ≈ 18.6, model 2)
for a stiffer divalent ion [18]. We believe that the latter
choice is more appropriate to describe the overlap re-
pulsion between an alkali ion and the flat NO3 group
executing torsional oscillations in the trigonal-pyramid
structure that we are assuming for the A+Z·(NO3)−Z

unit, while the former choice would become appropri-
ate if the NO3 group were a freely rotating spherical-
like object. We shall examine in the following the con-
sequences of both models.

Our determination of the model parameters for
A+Z·(NO3)−Z is then completed by assuming that the
values of RX and ρX that we can determine on RbNO3,
apply also to the other alkali nitrates, and by carry-
ing out a self-consistent fit of the data on the infrared-
active mode frequency νir in the melt from the review
of Brooker and Papatheodorou [10]. The results are
shown in Table 1 (values given in italics in the Table
are fitted to experimental data).

A main point to be noticed in Table 1 is, that the
two alternative models that we are evaluating corre-
spond to rather different values of the charge trans-
fer from the alkali to the NO3 group. In model 2,
that, as already remarked, we believe is more appro-
priate to alkali nitrates, a stiffer NO3 group is accom-
panied by an appreciably lower ionicity. We also no-
tice that, excepting LiNO3, the value of the effective
valence Z is very similar for all alkalis. We there-
fore report in Table 2 what we believe to be our best
model for ANO3 (with A = Na, K, Rb, and Cs) cor-
responding to the choice ZA ≈ 0.63, and the values
of the A-N bond length and of the infrared-active

Table 3. Interionic force parameters in calcium nitrate and
the calculated value of the Ca-N bond length rCa−N.

ZCa RCa (Å) ρCa(Å) RX (Å) ρX (Å) rA−N (Å)

1.26 1.32 0.071 1.44 0.078 2.64

Fig. 1: Ball-and-stick model of the core structure of the
Ca2K3(NO3)7 unit, showing two Ca ions (large balls) shar-
ing three NO3 groups.

mode frequency that we calculate with these model
parameters.

3. Calcium Nitrate and the Ca2K3(NO3)7

Compound

A number of divalent-metal nitrates, including
Ca(NO3)2, crystallize in a cubic structure related to
that of the typically ionic fluorite material [12]. A neu-
tron diffraction study of Pb(NO3)2 as a function of
temperature has given no evidence for the development
of the type of hindered rotation of the nitrate ions that
has been found in NaNO3.

We model the ionic interactions in Ca(NO3)2 by
means of (1) and (2), taking the values of R Ca and ρCa
from the work of Yuen et al. [19] and those of R X and
ρX from Table 2. Assuming ZCa = 1.26, we find that a
CaF2-type linear structure with the Ca ion in the mid-
dle of the two groups is stable with a Ca-N bond length
of 2.64 Å. The values of the model parameters for cal-
cium nitrate are collected in Table 3.

We evaluate next the equilibrium structures of the
Ca2K3(NO3)7 unit, using the interionic force laws re-
ported in Tables 2 and 3. As is shown in Fig. 1, we
find a core structure in which each of the Ca ions
is in a fivefold coordination by NO3 groups, and the
two Ca ions share three of these NO3 groups. The
Ca-N bond lengths are 2.80 Å for the bonding NO3
groups and 2.76 Å for the non-bonding ones. The three
K ions can lie at several different sites around this core
structure, these various configurations being all at es-
sentially the same energy within a few hundredths of
an eV. We propose, therefore, that the structure of the
CKN glass and of its melt is made from an essentially
disordered spatial arrangement of the units shown in
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Fig. 1, and that the K ions are relatively free to trans-
port charge by hops through such a disordered struc-
ture.

It is worth stressing that strongly bonded structural
units as shown in Fig. 1 are obtained in our calculations
only when we use model 2 for the alkali-NO3 interac-
tions. In model 1 of Table 1 we find instead that the
Ca ions are in a tetrahedral coordination and share one
or at most two NO3 groups. Such structures are typical
of several molten polyvalent-metal halides, for which a
vitreous state cannot be reached from the melt by stan-
dard laboratory quenching techniques.

4. Summary and Future Perspectives

In summary, we have proposed that the struc-
ture of the CKN glass is built from strongly bonded
Ca2(NO3)7 units providing a multiplicity of sites for
the K ions. The stability of these core units depends
in a crucial manner on the nature of the nitrate group
as an essentially lamellar (rather than spherical) object,
and on the magnitude of the electronic charge transfer
from the metal ions to the NO3 ions. Similar ideas may
also be useful to describe the disordered states of other
mixed-nitrate materials and of other salts such as car-
bonates.

A more general consequence of our calculations
concerns the role of steric factors in stabilizing the vit-
reous state in a class of ionic materials. In recent calcu-
lations it has been estimated that unassisted Coulomb
interactions may still admit the attainment of a glassy
state, but at Tg/Tm ratios that are extremely low for
salts such as the alkali halides [11]. Supplementing
Coulomb interactions with finite ionic sizes should
be the first step towards a theory of glass formation
in materials other than those involving network for-
mers. Anisotropy of structural units can also be ex-
pected to play an important role. Statistical mechanical
models invoking non-additivity of ionic sizes to handle
strongly anisotropic ions also seem worth studying in
future developments.
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