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Abstract—An interpretation is proposed for the dependence of the melting temperatures of an entire subclass
of alkali metal halides on the chemical composition, based on an analysis of changes in different contributions
to the internal energy of salts in the molten and crystalline phases with variation in the sum of the radii of their
cations and anions. The expression for calculating the energy of liquid salt melts includes the contribution
from charge—dipole interactions between ions, which is considered in a work based on thermodynamic per-
turbation theory with a basis in the form of a model of charged hard spheres. The Born—Mayer formula is
used for the energy of the crystalline phase in the electrostatic part, while Debye’s formula is employed to
consider the contribution from vibrations. An explanation is given for the lower values of the reduced melting
temperatures of lithium and sodium halides, relative to other salts. It is shown that deviations of the reduced
melting temperatures of lithium and sodium halides depending on the sum of ionic radii can be explained by
Coulomb and translational contributions to the energy in the molten state, along with Madelung and Born
contributions in the crystalline phase.
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INTRODUCTION

One of the most important tasks in the theory of
molten salts from the viewpoint of practical applica-
tion is predicting the conditions and boundaries of the
stable existence of phases [1]. Theoretical approaches
to describing the thermodynamic characteristics and
phase equilibria in salt systems on basis of semi-
empirical modeling [2—7] and variations of quantum
and molecular dynamics [§—12] are now being devel-
oped.

Despite the successes of computer modeling,
means based on modern concepts of statistical ther-
modynamics have yet to be successfully applied to
problems of describing thermodynamic properties and
phase equilibria in salt melts. The classical statistical—
thermodynamic approach would contribute to both a
simpler calculation procedure and an understanding
of patterns when, e.g., analyzing changes in melting
points and other properties of salts with variations in
composition, along with the reasons for the observed
trends. Identifying such patterns is an important line
in the field of physical chemistry. However, a compre-
hensive analysis of the dependence of melting tem-
peratures on different contributions to the interionic
interaction of melts and crystals upon changes in

chemical composition has yet to be done even for the
simplest subclass of alkali metal halides (AMH).

Since the main contribution to the interionic inter-
action of alkali metal halides is made by its Coulomb
part [13], the value of which is determined by the dif-
ferences in ionic radii between members of this family,
it is logical to analyze the dependence of melting tem-
peratures on the chemical composition of a material
using simple values of the sum of and difference
between the radii of the cation and anion salts In [14],
we proposed a model that allowed us to calculate the
melting temperatures of the entire AMH subclass by
considering charge—dipole interactions in melts, using
thermodynamic perturbation theory based on a
charged hard sphere comparison system. We also
showed that the melting temperatures of alkali metal
halides have some common characteristic depen-
dences on the sum of and difference between the radii
of the cations and anions of the salts. However, a num-
ber of salts stood out sharply from the dependences
noted in the work.

For a more accurate analysis of the dependence of
melting temperatures on the cation—anion composi-
tion, it is advisable to consider not the entire AMH
subclass, but its individual subgroups. It is then most
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logical to analyze such dependences based mainly on
the sum of the radii of cations and anions. Emphasis in
this work will therefore be placed on analyzing and
explaining trends of changes in the melting tempera-
tures of individual AMH subgroups with common cat-
ions, depending on the sum of the ionic radii of the
salts. However, it is worth noting that an interesting
task for further consideration beyond the scope of this
work would be analyzing the melting temperatures of
a given subclass of salts depending on, e.g., the differ-
ence between or ratio of the radii of the AMH ions.

THEORETICAL

It is well known that the melting point of any sys-
tem can be represented as the ratio of the change in
enthalpy to the change in entropy during a phase tran-
sition:

AH

T, ==2m i3],
AS [15]

m

At pressures of the order of 1 atm, the change in the
enthalpy of salts is almost equal to the change in their
internal energy:

_AE,

:AS.

m
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m

At the same time, the change in entropy during
melting of an AMH crystal can be considered approx-
imately constant:

AS,, =~ 3Nk [16],

where N is the number of particles in the mixture and
kg is the Boltzmann constant. The melting tempera-
ture of the alkali halide salt should then be determined
mainly by the energy difference between the melt and
the crystal:

T = AEm _ Eliq B Esol
m - - .
const const

For a theoretical analysis of the dependence of melting
temperatures on the cation—anion composition of
AMH, it is therefore interesting to consider their rela-
tionship with different contributions to the internal
energy of the corresponding melts and crystals.

Let us now turn to describing the model for calcu-
lating different contributions to the internal energy of
AMH melts and crystals. We shall consider an alkali-
halide melt as an ionic mixture consisting of an equal
number (N, = N, = 1/2N) of cations Me™ with charge
+le and anions X~ with charge —le (where Me* =
Li*, Na*, K*, Rb", Cs*, and X~ = F-, Cl-, Br—, I).
We determine the fraction of ith grade ions in a mix-
ture as x; = N;,/N = 1/2; cation and anion diameters as
d, and d,, respectively; and the sum of their radii as d =
1/2(d, + d,).
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The internal energy of a liquid melt can be pre-
sented as the sum
Ey,=E,+E,+E,,, (D)

where E,. = (3/2) NkgT'is the contribution from trans-
lational degrees of freedom to the energy [17]; E, is the

Coulomb contribution; and E, is the charge—dipole
correction to the energy of the reference system.

The Coulomb contribution to the internal energy
was found in Blum’s work within the mean-spherical
approximation for a multisort mixture of charged hard
spheres [18]. The expression for energy in this case has
the form

Ne’ xZ'T
E =—-——" i el E
! € [Zl+l‘d[

2
mg} @

20 p |

Here, e is the elementary charge; € is the dielectric
constant; Z;is the formal charge of the ithion; A=1 —

M, where n = mp ,df /6 is the packing factor; p, = x,p is
the partial numerical density of the ith ion; p = N/Vis
the numerical density; and Vis the volume of the mix-
ture. Parameter I" included in expression (2) describes
the decay decrement of charge density oscillations
around the central ion:

nd

I’ = , where X, —l. 3
ekBsz' : 1+Td, ©

The relations for auxiliary quantities introduced to
solve the mean-spherical model have the form [19]

3
_p de 0=14+™ _xd; 4
Z 2A4 1+Fa’ @

Expressions (1)—(4) determine the energy of the
comparison system of charged hard spheres at a given
density and temperature. It is reasonable to redirect
the problem of considering additional effects into
energy to the thermodynamic perturbation theory
[20], which allows us to consider the second-order
charge—dipole correction to the interaction of ions
according to quantum mechanical theory as a small
perturbation in the potential energy of the comparison
system of charged hard spheres, using its structural
factors as a basis:

Z\/ij j o) (S5 (k) — 8, ) Kk

+ ZB w00 0),
v

(%)

where 8,] is the Kronecker delta; & is the wave number;

(p}j‘)l(k) is the Fourier image of the disturbance; and
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S,;hs(k) represents partial structural factors for a two-
grade mixture:

S,k = P50 .
(1= p,:(k)) (1= p€;(k)) = (py¢;(k)) ©
Si/(k) _ pijcij(k)

(1= pis(k)) (1= p (k) — (p;&,(k))

Here, p; = \[p;p;, ¢;(k) are direct correlation func-
tions of the mean-spherical model in Fourier space
[14].

The Fourier image of the perturbing charge—dipole
part of the pair potential can be reduced to the form

o (k) = TKE,
sin(kd;) cos(kd;)
+
K’d; kd;

where Si(kd;) is an integral sine. Ej; describes the char-
acteristic value of the charge—dipole interaction of a
pair of ions and is determined by the expression [13]

(7)

+ Si(kd;) —g :
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Here, o is the polarizability of the ith ion; b, is the
radius of its Born cavity, which can naturally be
equated to the ionic radius (R; = d;/2). To calculate the
dielectric constant, we use the standard Clausius—
Mossotti formula, which agrees well with data
obtained from refractive indices, at least for melts of
alkali metal halides [13]:

i

)

2. )
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To calculate the energies of alkali halide crystals,
we used the Born—Mayer formula [21], which
includes the Madelung energy and the Born correc-
tion for the repulsion of electron shells. The additional
vibrational contribution to the energy was considered
using the Debye model [22]:

T 00 (10
+ 2Nk | S [ 2P |,
8 0 4 exp(6p) —1

Here, Ay, is the Madelung constant; py is the Born
repulsion parameter; R, is the equilibrium interionic
distance in the crystal; O, = Op/T is the reduced
Debye temperature; and ©p is the characteristic
Debye temperature. When calculating the corre-
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sponding contributions to the crystal energy, we used
literature data on characteristic Debye temperatures
[23], Born repulsion parameters in AMH crystals [24],
Fumi—Toshi ionic radii [25], and Madelung constants
[26]. As the initial parameters describing the pairwise
interaction of ions in a melt, we took the tabulated val-
ues of the Fumi—Toshi radii [25] along with reference
data on the Pauling polarizabilities [27] for all ions
except the fluoride anion. Its polarizability (1.56 A%)
was refined in [28] and used in this work.

RESULTS AND DISCUSSION

Let us consider the melting temperature reduced to
the characteristic Coulomb energy:

T* = kT, 0d /e,

where g is the dielectric constant in a vacuum. This
quantity is dimensionless, and the technique is usually
used in theoretical works on phase transitions [29].
Figure la presents experimental values of reduced
melting temperatures for individual AMH subgroups
with common cations, taken from [30]. We can see
their dependences on the sum of ionic radii are virtu-
ally linear, but have different slopes upon moving from
lithium halides to cesium salts. This does not allow us
to describe the melting temperatures of the entire
AMH subclass from a unified position. The change in
the slope of the dependences can be presented more
clearly if we bring them to a single scale, assigning the
sums of ionic radii (along the abscissa axis) and melt-
ing temperatures (along the ordinate axis) of each sub-
group of salts of lithium, sodium, potassium, rubid-
ium, and cesium halides to the corresponding values
for alkali metal fluorides, and taking them as reference
points. Such dependences are presented in Fig. 1b. We
can see that the slope of the dependences for lithium
and sodium halides is negative, but becomes increas-
ingly positive upon moving to cesium halides. To
understand the reasons for this behavior of the melting
temperatures of AMH, we must consider the depen-
dences of different contributions to the internal ener-
gies of their melts and crystals. Such dependences are
therefore considered below in a key similar to Fig. 1.

Figure 2a presents dependences A of the total
reduced internal energy of molten alkali metal
halides, calculated using the proposed approach:
AE}, = AE;gyd/e* on the sum of ion radii. As with the
melting temperatures of salts, Fig. 2b shows the rela-
tive dependences of energy on size, already reduced to
the values calculated for alkali metal fluorides.

‘We can see that the slopes of these dependences are
quite close and do not allow us to judge the reasons for
the noted behavior of the AMH melting temperatures.
We must therefore consider similar dependences for
individual contributions to the internal energy of all
melts, starting with the main Coulomb contribution.
However, it is worth noting that the dependences
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Fig. 1. (a) Experimental values of the reduced melting temperatures of alkali metal halides 7, = kp Tmsod/ez, depending on the

sum of the radii of cations and anions of individual salts d and (b) the reduced melting temperatures of lithium, sodium, potas-
sium, rubidium, and cesium halides, relative to the melting temperatures of the corresponding alkali metal fluorides, depending
on the ratio of the sum of the radii of the ions of each salt to the sum of the radii of the ions of similar fluoride salts.
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Fig. 2. (a) Results from calculating the reduced internal energies of molten alkali metal halides AE{}‘q = AEliqeod/ez, depending
on the sum of the radii of cations and anions of individual salts d and (b) the values of the reduced internal energies of molten
lithium, sodium, potassium, rubidium, and cesium halides, relative to the internal energies of the corresponding alkali metal flu-
orides, depending on the ratio of the sum of the radii of the ions of each salt to the sum of the radii of the ions of similar fluoride

salts.

obtained for sodium, potassium, and rubidium halides
virtually merge in the slope in Fig. 2b, while that of the
dependences for cesium halides is even closer to liquid
lithium halides.

Figure 3a presents results from calculating the
Coulomb contribution to the reduced internal energy
of individual subgroups of alkali metal halides,
depending on the sum of ion radii. Figure 3b gives
their relative values with respect to fluoride melts.

We can see it is the Coulomb contribution that sets
the main trend in the dependence of the total internal
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energy of melts on composition. The slopes of the
dependences are quite close for most subgroups, but
that of lithium halides is the shallowest. To some
extent, this contributes to the drop in the melting tem-
peratures upon transitioning from lithium fluoride to
iodide, due to the greater decline in the internal energy
of melts with a large anion.

Let us also consider the translational contribution
to the internal energy of AMH melts, results from cal-
culating which are presented in Fig. 4.
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Fig. 3. (a) Results from calculating the Coulomb contribution to the reduced internal energy of molten alkali metal halides AE,;“ =

Aquod/e2 , depending on the sum of the radii of cations and anions of individual salts d and (b) the values of this contribution to
the reduced internal energy of molten lithium, sodium, potassium, rubidium, and cesium halides, relative to the Coulomb con-
tribution to the internal energy of the corresponding alkali metal fluorides, depending on the ratio of the sum of the radii of the
ions of each salt to the sum of the radii of the ions of similar fluoride salts.
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Fig. 4. (a) Results from calculating the translational contribution to the reduced internal energy of molten alkali metal halides
AE} = AEtreoaf/e2 depending on the sum of the radii of cations and anions of individual salts d and (b) the values of this contri-

bution to the reduced internal energy of molten lithium, sodium

, potassium, rubidium, and cesium halides, relative to the trans-

lational contribution to the internal energy of the corresponding alkali metal fluorides depending on the ratio of the sum of the
radii of the ions of each salt to the sum of the radii of the ions of similar fluoride salts.

Figure 4 shows the dependences of the contribu-
tion from translational degrees of freedom for lithium
and sodium halides have a shallower slope than those
of other salts. The slope for lithium halides is even
more negative, resulting in an additional drop in the
internal energy of melts upon moving from fluorides
to lithium iodides, which in turn contributes to the
decline in their melting temperatures. However, the
contribution from translational degrees of freedom to
the melt energy is much smaller than that of Coulomb

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A Vol. 98

interaction, and therefore less dramatically affects the
dependence of the AMH melting temperatures.

Finally, let us consider the charge—dipole contri-
bution to the internal energy of AMH melts, the
dependences of which are presented in Fig. 5. It is
worth noting that only the charge—dipole contribution
to the energy presents nonlinear dependences during
the transition from fluorides to iodides of alkali met-
als. In the case of lithium salts, the energy of this inter-
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Fig. 5. (a) Results from calculating the charge—dipole contribution to the reduced internal energy of molten alkali metal halides
AEEp = AECDsod/ez, depending on the sum of the radii of cations and anions of individual salts d and (b) the values of this con-
tribution to the reduced internal energy of molten lithium, sodium, potassium, rubidium, and cesium halides, relative to the
charge—dipole contribution to the internal energy of the corresponding alkali metal fluorides, depending on the ratio of the sum
of the radii of the ions of each salt to the sum of the radii of the ions of similar fluoride salts.

action is maximal for its chlorides and bromides, rela-
tive to lithium fluoride and iodide.

It is generally seen that the calculated values of the
charge—dipole contribution to the reduced internal
energy for all AMH subgroups with common cations
are quite close to one another and are an order of mag-
nitude smaller than the Coulomb contribution to the
energy of the melts (Fig. 5a). At the same time, the
contribution from charge—dipole interactions some-
what violates the patterns noted for the two previous
contributions, resulting in a greater increase in the
internal energy in melts containing larger halide
anions upon transitioning from cesium salts to cesium
salts lithium (Fig. 5b). This contributes to a slight
increase in the melting temperatures of lithium and
sodium chlorides, bromides, and iodides, relative to
other salts, or to partial compensation for the two con-
tributions to the energy of melts discussed above.

Let us now analyze results from calculating the
energy of AMH crystals. Figure 6 presents depen-
dences similar to those in Fig. 2, but already describing
the total reduced internal energy of individual sub-
groups of alkali halide crystals with the same cations.

It is clear that the magnitude and slope of the
dependences for the calculated values of the internal
energy of crystalline lithium halides differs signifi-
cantly from other AMH crystals by being more posi-
tive and growing more sharply in the transition from
fluorides to lithium iodides. A similar but less pro-
nounced trend is observed for sodium halides, relative
to the other considered crystals. The main reason for
the slight drop in the reduced melting temperatures
during the transition from fluorides to lithium and
sodium iodides obviously lies in the energies of their
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crystalline phases, as will be shown when considering
individual contributions.

Figure 7a presents results from calculating the
Coulomb contribution to the reduced internal energy
of AMH crystals, depending on the sum of ionic radii.
Figure 7b gives their values, relative to the ones
obtained for fluorides of each alkali metal.

We can see from Fig. 7 that the dependences of the
reduced Madelung energy for all subgroups of crystals
(except for lithium halides) are virtually identical in
both their magnitude and their slope. Lithium halides,
which have more positive energy values that grow con-
siderably upon moving from fluorides to iodides, fall
out of the general trend quite strongly. It is obviously
this factor that is mainly responsible for the lower
melting temperatures of lithium halides and their even
greater drop as the size of the anion in the salt compo-
sition rises.

Figure 8 presents results from calculating the Born
contribution from electron shell repulsion to the
reduced energy of AMH crystals.

We can see that the values and the slope of the
dependences in Fig. 8 for lithium, potassium, rubid-
ium, and cesium halides are virtually identical, while
sodium halides fall out of the general trend. The value
of the Born contribution to the energy of these salts is
more positive and falls less than that of the other melts
during the transition from fluorides to iodides. This is
apparently another key factor for the weaker increase
in the reduced melting temperatures for sodium salts
when considering systems with larger anions.

Finally, let us consider the last contribution to the
energy of crystalline alkali metal halides. Figure 9
presents results from calculating the Debye vibrational
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on the sum of the radii of cations and anions of individual salts d and (b) the values of the reduced internal energies of crystals of
lithium, sodium, potassium, rubidium, and cesium halides, relative to the internal energies of the corresponding alkali metal flu-
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Fig. 7. (a) Results from calculating the Coulomb contribution (Madelung) to the reduced internal energy of crystals of alkali metal

halides AEY; = AEMsoa'/ez, depending on the sum of the radii of cations and anions of individual salts d and (b) the values of this

contribution to the reduced internal energy of crystals of lithium, sodium, potassium, rubidium, and cesium halides, relative to
the Coulomb contribution to the internal energy of the corresponding alkali metal fluorides, depending on the ratio of the sum

of the radii of the ions of each salt to the sum of the radii of the ions of similar fluoride salts.

contribution to the reduced internal energy of AMH
crystals, depending on the sum of the radii of the cat-
ion and anion (Fig. 9a), and their values relative to
those of alkali metal fluorides (Fig. 9b).

We can see the vibrational contribution tends to
partially compensate for the Coulomb and Born
interactions by reducing the vibrational energy
during the transition from fluorides to iodides for
lithium and sodium halides, relative to other crystals.
However, this contribution is the one lowest in mag-
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nitude and therefore can have no appreciable effect
on the dependences of the reduced melting tempera-
tures of these salts.

CONCLUSIONS

The combination of contributions of different mag-
nitudes and signs to the internal energy of AMH melts
and crystals produces complex but analyzable results.
Considering individual contributions to energy for
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Fig. 8. (a) Results from calculating the repulsive contribution (Born) to the reduced internal energy of crystals of alkali metal

halides AEf = AEBSOd/eZ, depending on the sum of the radii of cations and anions of individual salts d and (b) the values of this

contribution to the reduced internal energy of crystals of lithium, sodium, potassium, rubidium, and cesium halides, relative to
the Born contribution to the internal energy of the corresponding alkali metal fluorides, depending on the ratio of the sum of the
radii of the ions of each salt to the sum of the radii of the ions of similar fluoride salts.
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Fig. 9. (a) Results from calculating the vibrational contribution (Debye) to the reduced internal energy of crystals of alkali metal

halides AEf = AEDsod/ez, depending on the sum of the radii of cations and anions of individual salts d and (b) the values of this
contribution to the reduced internal energy of crystals of lithium, sodium, potassium, rubidium, and cesium halides, relative to
the Debye contribution to the internal energy of the corresponding alkali metal fluorides, depending on the ratio of the sum of
the radii of the ions of each salt to the sum of the radii of the ions of similar fluoride salts.

individual subgroups of melts allows us to identify
their relationship upon changes in the melting tem-
peratures of alkali metal halides.

It was shown for potassium, rubidium, and cesium
halides that the dependences of both the reduced
melting temperatures and the main contributions to
the internal energy of the phases were quite close in
trend. At the same time, deviations of similar melting
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temperature dependences for lithium and sodium
halides can easily be explained by Coulomb and trans-
lational contributions to the energy in the molten
state, in addition to Madelung and Born contributions
in the crystal phase. Depending on the hierarchy of
these contributions to the internal energy, this inter-
pretation produces a completely understandable and
consistent explanation of the change in the melting
temperatures of alkali metal halides.
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