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THE EFFECTIVE PAIR POTENTIAL CALCULATIONSOF MOLTEN
NaCl AND Agl

S. Dagi¢

Department of Physics, Trakya University, 22030 Edirne, Turkey

In this work, we have calculated effective pair potentias for different Z values of molten NaCl
and Agl. We used the Huggins-Mayer potential form parametrised by Fumi and Tos for NaCl
and the Vashishta-Rahman potential form for Agl. The interionic interactions in this last
system have been modelled with the use of a semi-empirical rigid ion potentia based on the
functional form originally proposed by Vashishta and Rahman in 1978. The results show
excellent agreement with those reported in other works.
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1. Introduction

Molten salts are of considerable interest, not only from the technological point of view, but
aso from the standpoint of satisfying a fundamental curiosity. Structural studies of molten salts (such
as alkali halides) by x-ray and neutron diffraction have been undertaken as part of a generd program
to determine the properties of molten salts [1, 2]. Consequently, we need the three partial structures
(which characterise two-component systems) to discuss quantitatively the detailed structure. Recent
studies using the neutron isotope enrichment technique have provided such information, however the
neutron diffraction results are not covered in the previous studies [2, 3].

Molten sdts are in many respects the simplest class of ionic liquids. We shall consider only
the casein which thereis a single cation and a single anion speci es, of which the molten alkdi halides
are the commonest and best understood examples. Molten salts are characterized by large binding
energies and high melting temperatures and by ionic conductivities of the magnitude order

1 Q7'cm™. There exist also crystalline salts that have conductivities comparable with those of the
molten phase. These are the so-called “fast ion” conductors or “solid-e ectrolytes” in which one of the
ioni ¢ speci es becomes liquid-like in its behaviour above a certain temperature [4].

The computer simulation studies of molten salts by Woodcock and Singer [5] and theoretical
studies by Lantelme et al. [6] have been reported. The theoretical aspects have been studied by Dixon
and Sangster[ 7] considering polarizability of the cation in molten salts.

Neutron-scattering experiments rdy on the use of isotopic substitution to separate the
contributions of the partial structure factors in the total measured intensity [8]. The similar
experiments have been carried out for the alkali-earth halides [9] and the results are in good
agreement with those obtai ned by computer simulations based on rigid-ion models [10].

Idedlly, the alkali haides are the most interesting systems since they are known as fully
ionized systems. In the computer simulation one assumes an effective pair potential of Huggins-
Mayer type [11] and, then, one cd culates the pair distribution function, which can be compared with
the experimental data. The parameters of the pair potential are generdly estimated from the
information in the crystalline state As previously shown, the agreement between calculation and
experiment is good, and this implies that the used pair potentia is vdid. The above mentioned
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effective pair potentia in liquid metals and molten sdts have been reported as a semi-empirical
method, i.e, the pair potentia is numericdly estimated from experimenta structure data using an
integro-differential equation such as the Percus-Y evick, Hypernetted Chain and Born-Green equations
[12].

This paper is concerned with cal culations of effective pair potentias for different Z values of
molten NaCl [11] and Agl [13]. In this work we consider the changes produced by different ionic
charges. In the case of NaCl and Agl, we consider the fully ionized case ((ZO= 1), a partialy or
incompletel y- ionized case ([(Z[k 1) and the neutral case ( [Z[E 0). The same potential form was used
to study the molten silver and copper hdides [14-18]. The potentia was originally proposed by
Vashishta and Rahman [19] for studying the K to § transition in Agl. Parrindlo & a. [20] have
congtructed a single set of effective inter atomic pair potentials which are given in section 2 to
describe both 8-Agl and the 8-K phase transition in Agl. The iodine ions are treated as polarizable
but the silver ions are not. The calculations have been carried out using the hypernetted chain
approximation, which gives accurate results in the molten salt regime [21].

The layout of the paper is as follows; in section 2 are presented the basic € ements of theory
in which particular attention is given to the details of the potentias. In section 3 we discuss the results

of our calculations for ¢; (r) for different Z values of these systems. The conclusions are draw in
section 4.

2. Theory

The use of effective pair potentias in the study of condensed matter have shown that in order
to determine or approximate the effective pair potentid it is essential to have good and, preferably,
simpleinitial guess. The simplest of dl potentiad models is the hard sphere (HS) [22] potential, which
represents a pure repulsive interaction and plays an important role in the theory of liquid structure
The HS potentid is defined as
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where dij :;(dn + d”) is the closest gpproach distance. Despite the fact that attractive interactions

must be included in al red fluids, there are severa related reasons why HS potential can be used.
Firstly, al rea fluids have potentials that are strongly repulsive at short distance and an adequate
theory must be able to deal with this feature. Secondly, at high density, for weakly interacting fluids,
the structure of the liquid a a given volume and temperature is largdy determined by the repulsive
part of the potentid. Thethird reason isthat the repulsive force model serves as a starting point or the
reference system for the perturbation theory of liquids.

The essential features of ionic liquids (molten salts or electrol ytes) can be ssmply modeled by
the charged hard spheres model (CHS). The effective pair potentiad between two ionic speciesi and |
is assumed to be,
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and the plasma parameter I is given by
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For the rare gas liquids an approximate description of the pair potentia is known as the

L ennard-Jones potential ¢ (r),
=) {¢] |

which contains an attractive term and a repulsive term in accordance with the Van der Waa's form.
The exponent of the repulsive term, 12, is arbitrarily chosen for convenience. It is free to choose the
parameter € and O in order to fit selected properties of the real system. In the case of liquids metals,
detailed form of the effective ion-ion interaction is strongly influenced by effects arising from the
presence of a gas of conducting d ectrons. Without going into the detail ed assumptions, the qualitative
form of the potential is a short range repulsion, a deep attractive well and along range oscillatory tail
[23,24].

The Huggins-Mayer form of the potentid, as parameterised by Fumi and Tosi [11], provides a
good starting point for describing the interactions in the alkali halides like NaCl. The generd form of
the Fumi-Tosi (FT) potentiasis:

r ZZ C. D,
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17 r r r
It incorporates an exponential form for the overlap repulsive forces, with the coulomb forces
between the charged ions and Van der Wadls attractions. FT considered those alkali halide salts which
crystallise in the rock sat structure Briefly, it was assumed that each ion carries the full charge

Zi L jand the values determined by Mayer [25] for the coefficients C, and D, were used. The

parameters appearing in the overlap repulsive part of the potentia were then fitted to experimental
data on the crystaline solid. The number of independent parameters were reduced by assuming a
consistent set of ionic radii for theions. It was then assumed that n; =pisindependent of i and j but

could be different for different crystas. The constant B, has following form
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whereb is aconstant for al crystals, 0; and J; areionic radii and b”- are the Pauling factors,
- Z
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i i
and ;,N; are the number of electrons in the outer shells. Thus, the repulsive part of the potential

a® (r) iswritten as
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We refer to the above potentials as rigid-ion potentias since they do not explicitly take into
account the polarisability of the individua ions. A detailed review has been given by Tosi [26]. The
way in which FT potentials are constructed gives a good description of the thermodynamic properties
of therock salt alkdi halides crystals. However FT's potentials are not very successful in reproducing
the structure of the met and there are also discrepancies between theory and experiment for the
phonon dispersion curves. Various similar approaches have produced other rigid-ion potentials with
different functional form or parameters chosen for the repulsive overlap interaction or differing in the
choice of values for the Van der Waals coefficients.
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In 1978 Vashishta and Rahman (VR) [19] studied the nature of the ionic motion in 3-Agl
using the Molecular Dynamics simulation method. Agl has a different nature in the solid, in liquid
phase and in the meting process, compared with akali halides. VR were able to construct a set of
effective pair potentials which achieved considerable success. The functional form of the potentialsis
given by,

H, ZZ, B C
+

= i RS (11)
S rr* r®
with
Hi = A (Ji "'Jj)qij (12)
and
1
R =§(aizjz +ajzi2)' 13

The first term in equation (11) has the Pauling form of the repulsive potential which arises
from the overlap of the outer closed shell of dectrons. A and n, govern the strength and hardness of

the repulsion respectivey and gy gives ameasure of the size of the ions. In materials such as Agl the

crystal structure is determined principally by anion-anion and anion-cation close contacts. Therefore,
the knowledge of the crystal structure is sufficient to determine the size of theions. Theionic radii of
theanion and cation, g, and g_, arefixed and given by the following relations:

O _ + 0_= anion-anion nearest heighbour distance

O, + 0_= anion-cation nearest neighbour distance
The second term describes the Coulomb attraction or repulsion between the charged ions with
the effective charges Z, and Z,. The third term which arises when an ion is polarised in the

Coulomb field of another ion, is an approximate attractive i nteraction, which describes the monopol e-
induced dipole attractive interactions. The final term represent the Van der Waals attractions.

3. Results and discussion
In Table 1 we give the input data which has been used to determine the parameters for the

effective pair potentia of NaCl and Agl.

Table 1. Theinput datafor temperatures and densities.

Data NaCl Adl
T(X) 1165 933
Aion/(R)®) 0.0314 0.0281

Tables 2 and 3 show the val ues of the potential parameters used in egs. (7) and (11) for NaCl
and Agl, respectively. The potential parameters are taken from Ref.[11] for NaCl and from Ref.[13]
for Agl. We use angstrom (A) as the unit of length and €/ A = 14.39 eV as the unit of energy. For the

system studied |z +| =|z -| =|z| and we consider below the three cases |Z| = 1, 0.5, 0 for NaCl system
and |Z|= 1, 0.6, 0 for Agl system.
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Table 2. Effective pair potentia parameters for NaCl.

¢IJ B 0, +0; D, by G
Na—Na 3.15 2.340 0.030 0.014663 0.0730
Cl-Cl 3.15 3.170 10.106 0.014663 5.0313
Na-Cl 3.15 2.755 1.666 0.014663 0.4860

Table 3. Effective pair potential parameters for Agl.

%; 7 Hy R C,

Ag—Ag 11 0.014804 0 0
| —1 7 446.64 2.3472 6.9331

Ag-1 9 114.48 1.1736 0

In Fig. 1 we show the potentials for NaCl for different Z values. Fig. 1a shows the effective
pair potentials ¢; (T ) for the fully ionized case, wheress Fig. 1b show the potentials for the partially

ionized case. There are several important differences to note between two cases. Firstly ¢ (1) is
crossed by @y, (1) in Fig. 1b but not crossed in Fig 1a Secondly the minimum of ¢yq () for
|Z| = 1is deeper andat a smaller valueof r, as compared to the corresponding minimum for
‘Z‘ =0.5. Findly, the ¢; (r) for theincompletely ionized case, in Fig. 1b, decays more rapidly than
the fully ionized case for NaCl, in Fig. 1a. In Fig. 1c we show the potentia s for the neutral case NaCl.
Deprived of charge ordering the results obtained for the potentials will alow to study the effects due
to size differences.

Inthe fully ionized case, the Coulomb repulsion dways domi nates; but in the partially ionized
case, the difference between Coulomb and core repulsion is dlightly larger for the Na ions as
compared to the Cl ions. This difference shows up in the way single particle properties change with
the charge.

The results for the effective pair potentials of Agl are presented in Fig. 2 for different Z

values. Fig. 1a shows the fully ionized case, Fig. 1b shows the partially ionized case and in Fig. 1c
shows the neutrd case. The difference in size between the positive and negative ions plays an

important role for determining the potentials at short range, aswe see from ¢, (') and ¢; (1 ). The
difference between the depth of ¢, (') for |Z| = 1and for |Z| = 0.6 is mainly dueto the different
values of effective charge.

It is seen that in Fig. 2a and 2b, the curves of @, (1) cross ¢, (T). The ¢un (1)
potentials starts from smaller r and is vertical for |Z| = 0.6 as opposite to the case |Z| = 1. In both
cases the ¢, (1) and ¢, (1) shows similar behaviour. Considering the curves of effective pair

potentia for the neutral case, they are more separated in Agl system, but closer in NaCl system.

A comparison of the effective pair potentials for the fully ionized case and the neutral case for
both systems are given in Fig. 3a and 3b, respectively. It is seen from the figures that potentids for
Agl are deeper and decay more rapidly than those for NaCl but the curves of NaCl start at smaller r.
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Fig. 1. Effective pair potentias of NaCl for different Z values.
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Fig. 2. Effective pair potentials of Agl for different Z values.
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Fig. 3. Effective pair potentials of NaCl and Agl.
az=1b.z=0.

4. Conclusions

We have presented atheoretical study of the effective pair potential of simple salts (NaCl) and
ionic salts Agl. We have tried to convey a unifying descriptions of these system. All the cd culations
that we have carried out involve the use of integra equations of liquids.

A semi-empirical rigid ion potential which was first proposed by Vashista and Rahman has
been used to modd the interactions for Agl and the Huggins-Mayer potential parameterised by Fumi
and Tosi for NaCl, have been used. Our caculaions which have been carried out using the
hypernetted chain approximation of liquid state theories provide a good quantitative agreement with
available experimenta and computer simulation results in the literature. At more detailed levd,
however, there are some important differences between computer simulation and hypernetted chain
approximation dueto limited potential.

The previous arguments are dearly very tentative. However, as with every semi-empirica
rule, they allow for simple cdculations which do not fall easily into any given benchmarking
classification of liquids.

It is obvious that the modified potential given in Eq (11), which has different exponent to

describe @pgag: pg and ¢, repulsive terms, in conjunction with molecular dynamic technique
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which alows for variations in the shape and size of the cell, successfully describes the §-K transition
inAgl.

The semi-empirica potentials we have used are the effective pair potentials derived from ab-
initio potentials, which aso included many body forces, so that they could be used in both solid and
liquid states calculations. There are potentids, available in the literature, that are valid for the melting
temperature of the system of interest and hence, are not of much use in the study of liquid state
properties. The fact is that potentials devel oped for the solid state are not dways transferable for
liquid state properties. While the solid state properties are normally calculated with reference to the
bottom of the potentia well, the liquid state properties depend on a ddicate balance between kinetic
and potentia energy contributions and detailed knowl edge of the potentials is, therefore, required.
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