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ABSTRACT

This paper presents results of computer modelling of
molten halides of alkali, alkaline-earth and noble metals
and calculation of their structural and thermodynamic
characteristics, pair potentials and ionic charges. Pair
potentials were established using algorithm BELION. in
which a non-Coulomb part of interaction potential was
determined by the method of iterative simulation, which
targeted  agreement  between  calculated and
experimental partial pair correlation functions. The
models were constructed by molecular dynamics
simulation. The ionic charges in salts, which can be
fractional, were determined by minimisation of internal
energy. Charges of rubidium and caesium in chlorides
were found to be 1.10 and 1.22 respectively. while
lithium and sodium in chlorides had a charge close to
1.0. Charges of Cu and Ag in liquid halides were in the
range of 1.15-1.48. The charge of alkaline-earth metals
in liquid halides was in the range of 2.0-2.1, slightly
increasing from Mg to Ba.

1. INTRODUCTION

Halides have predominately ionic bonds, which
makes them a relatively easy subject for theoretical
consideration. A structure of molten halides was
intensively studied by diffraction analysis /1. 2/, in
which partial structure factors and pair correlation
functions for a number of systems were established.

This gives an impetus to further development of
computer modelling of halides.

Molecular dynamics models for a number of molten
halides were constructed with simple interaction
potentials, which include Coulomb interaction, ionic
core repulsion, dipole-dipole and dipole-quadruple
interactions /2/. The use of these potentials with Fumi-
Tosi parameters /3/ gave good results for alkali halides.
However, it was impossible to reproduce accurately
enough structure of halides of alkaline-earth and noble
metals.

Recently, Omote er al. /4/ and Waseda ef al. /5/
developed an iterative method of calculation of effective
ionic potentials in molten salts on the basis of the
hypernetted chain approximation. It was applied for
liquid NaCl /4,5/, CuBr /5,6/, AgBr. CuBr, Cul v RbBr
/1/. Calculated potentials for NaCl were in good
agreement with “theoretical” potentials of Fumi-Tosi
/3/. Monte-Carlo modelling of NaCl system reproduced
well original experimental data, although for the CuBr
system agreement was not so good.

A key factor in the computer modelling of ionic
systems is an ionic charge and non-Coulomb part of the
interaction potential. Usually, charges of alkali, noble
and alkaline-earth metals in molten halides are assumed
to be integers: | for alkalis and noble metals, and 2 for
alkaline-earth metals. However, in reality, charges of
metals in halides can be fractional, which can have a
strong effect on the structure and properties of the
models. The ionic charge can be calculated using
quantum mechanics technique /8/ or found empirically
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as an adjusting parameter to match calculated structural
and/or thermodynamic characteristics to experimental
data /9/. In this paper. the ionic charges in molten
halides are found by minimisation of internal energy.
This provides good agreement of the models’ structure
and thermodynamic properties with experimental
characteristics.

An iterative algorithm, BELION, was suggested for
modelling of ionic melts on the basis of diffraction data
/10/. This algorithm is similar to a two-component
Schommers algorithm /11/ which was successfully used
for modelling of liquids with short-range potentials (for
example, liquid metals) /12/. In the BELION algorithm,
the ionic i-j potential is presented as:

X 2
uii(r) = 5—Z;Lﬂp._.(r) (n

where Z, is a charge of i-th ion, 7 is a distance between
ions 7 and j, ¢;(r) is a short-range (non-Coulomb) part
of a potential. Namely ¢;(r) is determined using
diffraction data. If the partial pair correlation function
(PPCF), determined experimentally, is g’,(r) and the
calculated PPCF is g;(r), then the relationship between
¢'i(r) (new approximation) and @;(r) (previous
approximation) pair potentials can be presented in the
form, which is analogous to the Schommers algorithm:

9(r) = 9,(0) + kT In S @)
g ii(r)

T* in this equation is an effective temperature
(generally tenths of the model’s temperature) adjusted
to provide the appropriate asymptotic behaviour of
solution.

Algorithm BELION was used to model liquid NaCl,
FeO, CuBr /10/, RbBr, CuCl, Cul, AgBr /13,14/, and
ZnCl, /15/. This paper presents results of modelling and
analysis of liquid halides of alkali, noble and alkaline-
earth metals.

2. MODELLING OF LIQUID HALIDES

The structure of liquid halides was experimentally
studied by the method of neutron diffraction with
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isotope contrast /16/. Partial pair correlation functions
were determined by Fourier transformation of
experimental structure factors obtained in-situ at
elevated temperatures. The error in measurement of
PPCFs is difficult to estimate. Waseda and Toguri /17/
assessed the error in measurement of a distance between
closest neighbours 0.001 nm, and the error in
measurement of coordination number calculated from
PPCFs of 0.2. An accuracy of PPCFs can be assessed by
the Reverse Monte-Carlo (RMC) method, using a
discrepancy parameter R, defined below (equation (3)).

The algorithm BELION developed in /10/ uses the
molecular dynamics (MD) method. Coulomb potential
is calculated in the Ewald-Hansen approximation with
periodic boundary conditions. Non-Coulomb part ¢;(r)
is adjusted in such a way to provide agreement between
calculated and diffraction PPCF histograms. The
agreement is achieved when the discrepancy parameter
R,, defined by equation (3) is of order 10 o

LS
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In equation (3) » is a number of the histogram’s
elements. When a discrepancy parameter R, is ~ 0.01,
¢"(r) and g (r) are practically indistinguishable.

MD models with a fixed number of ions in the basic
cube were constructed at constant temperature and
volume (NVT ensemble) /13/. The length of the basic
cube edge at given temperature was calculated from the
salt density. The Verlet algorithm was used to calculate
particle positions at each step of the simulation. Each
iteration of the algorithm BELION included 1000 steps

with a time increment of 8.144x107'° s.

3. CALCULATION OF ATOMISATION ENERGY
AND IONIC CHARGE

Using the Ewald-Hansen method the Coulomb
energy of the system is calculated with respect to
isolated ions. To find atomisation energy, which is
defined as the energy of transformation of a substance
into isolated neutral atoms, the metals’ ionisation
potentials and non-metals’ electron affinity should be
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added to the energy calculated with respect to isolated
ions.

The metal and non-metal charges +Z can be
fractional. In work /10/. ionisation potentials and
electron affinity energies were presented as functions of
Z in the polynomial form. The following relationships
were established for ionisation (cumulative) potentials
of alkali metals, Cu and Ag, which accurately describe
experimental data for Z=+1 and +2:

E(Li) =Z(3.05084 +2.34094Z")

E(Rb) = Z (0.2800 + 3.8970 Z%)

E(Cs)=Z (3.18710 + 0.70687 Z*) 4)
E(Cu)y=Z(1.441 +6.283Z)

E(Ag) = Z (0.620 + 6.956 Z) eV

fonisation potentials for alkaline-earth metals and
zinc for charges in the range between +1 and +3 are
represented by the following equations (eV):

E(Mg)=Z(6.91187+0.121715 6.03214")

E(Ca) = Z (5.37172 4 0.15175 4.88538")

E(Sr) = Z (4.90991 +0.178131 4.40235") (5)
E(Ba) = Z (4.43554 +0.189764 - 4.08857")

E(Zn) = Z (9.495 — 2.2985 Z + 2.1945 Z7)

These equations accurately reproduce ionisation
potentials for Z=+1, +2 and +3.

Electron affinities for Br. Cl and | were presented as
follows:

E(CH=-Z(4.614+1.0Z")
E«Br)=-Z (4.34 + 0.87) 6)
E(l) = -Z(3.78 +0.7Z%) eV

Formulas (6) predict correctly the electron affinity
for CI'. Br' and I'. The predicted electron affinity for Z--
2 in the sequence CI — Br — | changes monotonically
as -6.772 — -4.12 — -3.64 cV. The atomisation energy
E.. is calculated by equation (7):

Eal R Elon N Ulmns + Ekm (7)
where E,,, is the energy of transformation of liquid

system to the system of isolated ions (molecular
dynamics measurement). Uy is the energy of
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transformation of isolated neutral atoms to ions with
charges +Z,, Ey,,, is the kinetic energy.

In the molecular dynamics modelling, the non-
Coulomb potential is cut down at the point where the
potential may differ slightly from zero. This affects the
calculated atomisation energy. A small adjustment of
the pair potentials (a constant) makes the calculated
energy equal to the experimental value. Such adjustment
in the Schommers and BELION algorithms has no
effect on calculation of other properties but atomisation
energy.

Experimental atomisation energy was calculated as a
sum of the standard enthalpy of formation of a
compound at 298 K, its heat of fusion (with opposite
sign) and enthalpies of atomisation of a metal and
halogen.

Atomisation energy of a system in the MD
modelling was calculated for varied ionic charges to
find a charge at which the atomisation energy is at
maximum, and therefore, the internal energy is at
minimum. The minimum of the internal energy
corresponds to the minimum of the Gibbs free energy,
because entropies of models with different charges are
practically the same (the models™ structure is the same).
Therefore. this procedure defines the ionic charges at
which the Gibbs free energy of a halide is at minimum
and the system is at equilibrium.

3. MODELLING OF LIQUID ALKALI METALS
HALIDES

Liquid LiCl at 958 K.

PPCFs for this system obtained from experimental
structure factors determined in /18/ are shown in Fig. I.
Non-Coulomb potentials were cut at 12.91A. Lithium
chloride models were constructed from 498 ions in a
basic cube with a charge of lithium ion varying from 0.9
to I.l. Good agreement was achieved between
calculated and experimental PPCFs after 25 iterations of
algorithm BELION. Atomisation energy and pressure of
models with different lithium ion charge are given in the
table below. This table also contains data for lithium
and chlorine with charges equal to zero (Z,,=0),
calculated using Schommers” algorithm.
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Fig. 1. Partial pair correlation functions for liquid LiCl at 958 K. Broken line: diffraction data /18/; markers: model's

PPDFs. lonic charges are +1.0. Curves are shifted relatively the origin.

Zy; 0 095 [ 100 | 105 | 1.10 containing 1968 ions are given in Table 1. In this Table.
R, 0.026 | 0.040 | 0.049 | 0.050 | 0.060 | U, is the energy of non-Coulomb interaction between
E,. kJ/mol 39.7 [ 631.3 | 651.4 | 648.6 | 639.3 ions i and j, U is the total potential energy which
P, GPa 1.76 | 1.14 | 1.08 124 | 1.89 includes Coulomb energy, ionisation potential and

Atomisation energy calculated using Schommers’
method is significantly lower than an experimental
value of 667.5 klJ/mole. The maximum of the
atomization energy and, therefore, minimum of the
internal energy are achieved at the lithium charge near
+1.02. Taking into account assumptions used in
calculation of ionization potentials and electron affinity.
the lithium charge can be assumed equal to 1.00.

Properties of molecular dynamics model of LiCl

electron affinity. The atomisation energy. which is equal
to the potential energy with opposite sign (651.4
kl/mol), is very close to the experimental value 667.5
kJ/mol. Calculated pressure is not equal to zero:
however, it is very sensitive to experimental diftraction
data. Shift of PPCFs by 0.05-0.10 A can change
pressure by several GPa.

The PPCFs of the model’s liquid LiCl are shown in
Fig. 1. They agree well with experimental data (Table
2). Discrepancy parameters for Li-Li. CI-Cl and Li-Cl

Table 1
Properties of molecular dynamics models of liquid lithium, rubidium and caesium chlorides. N=1968.
Model Zm T, K P, GPa Energy, kJ/mol
Ekin UM—M U M-Cl1 U(‘I-(‘I -U coul U trans -U tonal
LiCl 1.00 958 1.08 23.9 -3.3 81.5 2.4 898.7 171.5 651.4
RbCl 1.10 1020 8.09 25.4 -10.2 123.2 -53.2 813.6 181.7 572.1
CsCl 120, 968 0.30 24.1 43.8 -11.2 62.3 969.3 230.1 644.3
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Table 2
Structural characteristics of molecular dynamics models of liquid alkali halides

High Temperature Materials and Processes

Model Pair Distance, A Coordination number R, o}
Model Experiment Model Experiment
LiCl Li-Li 3.70 3.7/18/ 158+ 1.5 - 0.049 1.09
Li-Cl 2.28 2.3 34+0.7 3.5-4.0
CI-Cl 3.73 3.7 15.7+1.5 -
NaCl Na-Na 3.87 3.9 20/ 142+ 1.3 13.0 /20/ 0.055 1.05
10/ Na-Cl 2.70 2.8 49+0.8 4.8
CI-Cl 4.06 39 152+ 1.4 13.3
RbClI Rb-Rb 4.80 4.9/21,22/ 150+ 1.2 16.7 121,22/ 0.122 1.10
Rb-Cl 322 3.2 64+09 7.4
CI-Cl 4.80 4.8 156+ 1.2 17.1
CsCl Cs-Cs 498 4.9-4.95 157+ 1.5 15.4 122/ 0.044 1.10
121,22/
Cs-Cl 3.28 34 55+0.8 5.8
CI-CI 4.79 4.85-4.9 16.6 + 1.5 16.3

pairs for the model are even a little smaller than for
PPCFs obtained by the Reverse Monte-Carlo method.
Coordination number for the Li-Cl pair, equal to 3.4 +
0.7 shows that liquid LiCl has a structure close to
tetrahedral; a fraction of lithium ions with the Li-Cl
coordination number four is 0.4. This can be attributed
to the small size of lithium cation relatively chlorine
anion.

The packing density of a disordered system can be
_chffaracterised by the topological parameters p, which is
defined by equation (8):

p =% XX, (i) (VN)'"" (8)

where X, is a fraction of ion i, r(ij) is the coordinate of
the first peak of the PPCF, and N is number of particles
in volume V. The sum is taken over all ion pairs.
Densely packed systems have p == 1.08 + 0.02 /19/. For
LiCl p = 1.09, which means that this chloride has a
dense structure.

Non-Coulomb pair potentials are presented in Fig. 2.
Li-Li and CI-CI pair potentials are practically the same.
They have a shape of the Born-Mayer potential. Li-Cl
potential has an intermediate maximum near 5.5 A. The
potentials are quite shallow and become negligibly

small at the distance above 10 A. Because of this, the
molecular dynamics model of lithium chloride can be
constructed with only approximately 500 ions in the
basic cube.

Liquid NaCl at 1148 K.

Results of modelling of liquid NaCl at 1148 K with
Schommers (2996 ions in the basic cube) and BELION
(498 ions) algorithms were published in /10/, using
diftraction data obtained in /20/. lonic charges in this
chloride were taken =*1.00. Atomisation energy
calculated using algorithm BELION. 578.3 k}/mol, is
close to the experimental value 594.3 kJ/mol.

Liquid RbCl at 1020 K.

The structure of liquid RbCl was studied in /21,22/.
Experimental diffraction data obtained in these works
were related to 1020 K. At this temperature, RbCl
density is 2.088 g/cm’ /23/, therefore, the molar volume
is 57.91 cm'/mol. The length of the basic cube edge,
calculated from the chloride density is 28.823 A for N =
498 and 45.568 A for N = 1968.
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Fig. 2: Non-Coulomb potentials for liquid LiCl at 958 K. lonic charges are +1.0.

Experimental diffraction data were tested using the
RMC method. The model contained 1968 ions in the
basic cube. The discrepancy parameters were quite high
- 0.088, 0.131 and 0.064 for Rb-Rb. Rb-Cl and CI-CI
pairs correspondingly, which indicates that experimental
PPCFs were not accurate enough.

Discrepancy parameters for the molecular dynamic
models constructed using algorithm BELION were even
higher. Atomisation energy and pressure of models with
varying ionic charges are given below:

e 0" 1.00 1.10 1.20
I, ki/mol 1.0 553.3 572.1 513.8
P.GPa 3.13 5.49 8.09 7.70

Maximal atomisation energy and. therefore, minimal
internal energy correspond to Zg, = 1.10. Therefore,
ionic charges in liquid RbCl are +1.10

Properties of liquid RbCl model with 498 ions for
Zgy, = 1.10 are given in Table 2. Calculated atomisation
energy 572.1 k¥/mol is 6.5% lower than the
experimental value 612.0 ki/mol. However, the

calculated pressure 8.09GPa is quite high, which means
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that ions in the model are of a larger size than real ions.

The models’ PPCFs depart from experimental data
for first peaks of Rb-Rb and Rb-CI pairs. Coordination
number Rb-Cl is 6.4 + 0.9, which means that the liquid
RbC! has an octahedral structure (Rb cation and Cl
anion are close in size). Topological parameter p, = 1.10
shows that the RbCl structure is quite dense.

Non-Coulomb potentials for the RbCI system have
deeper minimums and higher maximums than for the
LiCl system.

Liquid CsCl at 968 K.

The structure of liquid CsCl was studied in /21/ at
968 K. Molar volume of liquid CsCl at the melting
temperature (918 K) is 60.31 cm’/mol /24/, and 60.51
cm'/mol at 968 K. The calculated edge of the basic cube
is 29.248 A for 498 ions in the basic cube and 46.241 A
for 1968 ions.

Liquid RbBr at 960 K. Results of MD modelling of
this system with the algorithm BELION were published
in /13,14/. Experimental PPCF’s of molten RbBr used in
modelling were taken from works /25,26/.
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MD models with varying ionic charge were
constructed using the BELION algorithm for 498 ions.
The potentials were cut at 13.51 A. Atomisation
energies and pressures for models with different ionic
charge are given below.

Zcs 0" 1.10 [ 1.15 [120 | 125 [1.30
Eqy 35.1 |653.6 | 677.8 | 699.7 | 697.7 | 694.2
kJ/mol
P, 1.72 |1 0.00 |0.04 |-020 {035 |0.30
GPa

YCalculated using Schommers’ algorithm

Maximum of the atomisation energy (minimum of

the internal energy) corresponds to Z¢s = 1.22.

Therefore, the ionic charges in liquid CsCl are £1.22 .

A MD model of liquid CsCl with ionic charges
+1.22 was also constructed with 1968 ions in the basic
cube. Potentials were cut at 13.51 A. Results of
calculation of thermodynamic properties are given in
Table I. Calculated atomisation energy, 644.3 kJ/mol, is
in reasonable agreement with experimental value 619.5
kJ/mol. Pressure is close to zero.

The models’ PPCFs agree well with diffraction data
apart from heights of Cs-Cs and CI-CI peaks. Liquid CsCl
has a dense structure, topological parameter p; = 1.10.

Non-Coulomb potentials have no anomalies; their
shape resembles potentials for liquid LiCl.,
lonic charges in liquid RbBr were found +1.00.
Calculated atomisation energy, 580.5 kJ/mol, is close to
the experimental value, 564.3 klJ/mol. The difference
between them is only 2.9%.

Non-Coulomb potentials for Rb-Rb and Br-Br pairs
are relatively small at real distances between these ions
in liquid RbBr, 0.1 eV and less. Therefore, Rb-Rb and
Br-Br coordinations are governed by the Coulomb
repulsion. Calculated potentials differ from Born-
Mayer-Huggins potentials obtained with Fumi-Tosi
parameters.

4. MODELLING OF LIQUID ALKALINE-
EARTH METAL HALIDES

The structures of molten chlorides of alkaline-earth
metals MgCl,, CaCl,, SrCl,, and BaCl,, have a lot in
common /27,28/. Cation-anion distances can be assessed

High Temperature Materials and Processes

as a sum of ionic radii. Cation-cation (M-M) and anion-
anion (CI-CI) distances are close to those in the crystal.
Coordination M-CI number shows a trend of increasing
with increasing number of metal in the periodic table:
4.3,5.3, 6.9 and 6.4 in MgCl,, CaCl,, SrCl,, and BaCl,
correspondingly /28/. Interaction between ions in SrCl,
and BaCl, can be described by the Born-Mayer
potentials, which are used for pure ionic bonds. In
application to MgCl, and CaCl,, which have cations of a
smaller size than Sr and Ba, these potentials are not
good enough. In these cases, polarisation and other
contributions to the potential should be taken into
account /28, 29/.

MD modelling of halides of alkaline-earth metals
with algorithm BELION was done in a similar way to
the modelling of alkali halides, presented in the
previous section. In all cases, the non-Coulomb
potential was cut at 9.51 A. Some results of this
modelling were published in /30,31/.

Liquid MgCl, at 998 K.

PPCFs obtained in /27/ at 998 K are shown in Fig. 3.
Interestingly. Mg-Mg and CI-Cl distances are quite
close - 3.81 u 3.56 A correspondingly, although
Coulomb repulsion between magnesium cations with a
charge +2 is much stronger than between chlorine
anions with a charge -1.

Calculated atomisation energy for liquid MgCl, with
varying ionic charge in the MD model with 747 ions is
given below:

Zaye 1.9 2.0 2.1 22

E, kJ/mol 961.0 | 977.3 | 979.2 | 9304

The atomisation energy has a maximum at the
magnesium charge near 2.05. Keeping in mind
approximation in calculation of ionisation potential and
electron affinity, the charge for magnesium is assumed
to be equal +2.00 and the chlorine charge -1.00.

Thermodynamic characteristics of the MD model of
liquid MgCl, with Zy,= +2 and Z= -1 with 1968 ions
in the basic cube are presented in Table 3. The
calculated atomisation energy. 993.8 kl/mol s
practically equal to the experimental value 988.2
kJ/mol. However, the pressure is quite high.
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Fig. 3: Partial pair correlation functions for liquid MgCl, at 998 K. Broken line: diffraction data /27/; markers: model’s
PPDFs. lonic charges are +2.0 and —1.0. Curves are shifted relatively the origin.

Table 3

Properties of molecular dynamics models of liquid Mg, Sr and Ba chlorides. N=1968.

Chloride T,K Zy P, GPa Energy, kJ/mol
MCl1

( 2) Ekin UM-M UM-CI U(TI-CI 'U(‘.nul Ulrnns 'Ulmal
MgCl, 998 2.0 -2.9 373 208.6 7.9 -161.0 2540.3 1491.0 993.8
SrCl, 1198 28l 2.16 44.9 205.5 -182.2 91.4 2437.5 1105.8 1217.0
BaCl, 1298 2.1 -1.2 48.6 -89.5 135.6 13.0 2330.0 938.3 1332.5

The model’s PPCFs of liquid MgCl, are shown in
Fig. 3. In general, they agree well with diffraction
PPCFs. Some difference is observed in the height of
PPCF’s peaks for the Mg-Cl and CI-Cl pair. It should be
mentioned that the discrepancy parameters for the
PPCFs constructed by the MD modelling using the
algorithm BELION cannot be smaller than for PPCFs
obtained by the RMC method, and RMC discrepancies
are rather high for data presented in /27/.

The topological parameter p; = 0.974 (Table 4)
indicates that liquid MgCl, has a densely packed
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structure. Coordination number for the Mg-Cl pair is 5.2
+0.9.

Non-Coulomb pair potentials are shown in Fig. 4.
Mg-Cl potential has a deep minimum near 3.55 A which
originates from the deep minimum in the PPCF for the
Mg-Cl pair. Possibly, this minimum is a result of
experimental error in measurement of structural
properties of this system. Remarkably, the Mg-Mg
potential has a sharp -1.62 eV minimum at 2.95 A and
0.95 eV maximum at 5.05 A. Namely this minimum can

be responsible for a small distance, 3.81 A, between Mg
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Table 4
Structural characteristics of molecular dynamics models of liquid halides of alkaline-earth metals.

Model Pair Distance. A Coordination number R, o}
Model Experiment Model Experiment
MgCl, Mg-Mg 3.81 3.81 +0.05 727/ 53+1.2 51727 0.102 0.974
Mg-ClI 2.40 242 £0.03 52+09 43103
CI-Cli 3.57 3.56 £ 0.04 11.8§ +1.8 12+ 1
CaCl, Ca-Ca 3.50 36+0.1/32/ 3.7+ 1.0 4.2+ 0.5/32/ 0.079 1.033
Ca-Cl 2.70 2.78 £0.03 5.5+0.8 54x03
CI-Cl 3.56 3.73£0.03 97+ 1.3 7.8+0.3
SrCl, Sr-Sr 5.14 4.95/33/ 14.1 £2.2 13.6 /33/ 0.046 1.12
Sr-Cl 2.89 2.9 Vs 1Y 6.9
CI-Cl 3.88 3.80 96+22 9.3
BaCl, Ba-Ba 4.84 4.9 /35/ 16.8 + 1.8 14 +2/35/ 0.035 1.093
Ba-Cl 3.07 3.1 6.8+ 1.0 6.41+0.2
CI-Cl 3.90 3.9 10,0+ 1.6 7x1
5
4 ——-t—- = AP, RN, |
MgCl
" cc
% 2 ‘{_,__.__...A ___,.A\ [
= Mg-Mg
s> 1 SO — -
0o4+——-—-— /‘sz
e 6 8 1P
-2
r,A

Fig. 4: Non-Coulomb potentials for liquid MgC'l, at 998 K. lonic charges are +2.0 and -1.0.
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cations (see Fig. 3). However, this unusual shape of the
Mg-Mg potential requires further examination. Pair
potentials are negligibly small at distances 10 A and
above; this makes MD modelling of chloride with
relatively small number of ions reliable.

Liquid CaCl, at 1093 K.

PPCFs for liquid CaCl, at 1093 K were obtained in
/32/. The first PPCF’s peak for Ca-Ca is located at a
shorter distance (3.6 A) than the CI-Cl peak (3.73 A),
although magnesium cations experience much stronger
Coulomb repulsion than chlorine anions (see also the
MgCl, system).
factors for Ca-Cl and Ca-Ca pair are not accurate. The
discrepancy parameters calculated in the RMC
modelling for Ca-Ca, Ca-Cl and CI-Cl PPCFs are equal
t0 0.081, 0.063 and 0.091 (at the distance up to 9.51 A).
This means that experimental data cannot be reproduced

However. experimental structural

accurately in the modelling.

Indeed, in the MD modelling with the algorithm
BELION (747 ions), the discrepancy parameter for the
Ca-Ca and Ca-Cl PPCFs was 0.10 - 0.12, and for the CI-
Cl pair it was 0.06 (average R, = 0.10, Table 4).
Atomisation energies and pressures of MD models for
CaCl, with varying ionic charge are given below:

Zh 1.9 2.0 2.1
Eye ki/mol 638.1 711.9 700.1
| P.GPa 20.4 18.2 18.5

The calculated atomisation energy for CaCl, has a
Zc=12.04;
significantly smaller than experimental energy 1184

maximum for however its value is
kdJ/mol. The pressure is very high, which resulted in
compressing of models. Poor results can be attributed to

inaccurate diffraction data used in the modelling.

Liquid SrCl, at 1198 K.

Diffraction data for liquid SrCl, were obtained in
/33/ at 1198 K. Density of liquid chloride at this
temperature is 2.697 g/cm’ /34/, molar volume 58.78
cm*/mol. This gives the edge of the basic cube with 747
jons equal to 28.966 A, with 1968 ions - 40.006 A.
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Atomisation energy of SrCl, with varying ionic
charge calculated by the MD modelling with the
algorithm BELION (747 ions) is given below:

Zs, 1.8 19 | 20 | 2.1 22 | 23
E. | 1199112204 | 12255 | 12525 | 1186.7 | 11519
kJ/mol

Maximum atomisation energy corresponds to Zg, =
2.08. Therefore, the charge of strontium cation is +2.08,
and the charge of chlorine anion is -1.04. In other
words, ionic charges are close to the standard values.
in Table 3.
Calculated atomisation energy is very close to the

Results of modelling are presented

experimental value 1219 kI/mol. Pressure is quite low.

The model’s PPCFs (N = 1968, Zg, = 2.1) agree well
with experimental data /33/ apart from first peaks of
PPCFs for Sr-Sr and Sr-Cl. Discrepancy parameters are
relatively small (Table. 4). Good agreement between
calculated and experimental data was also obtained for
coordination numbers of all pairs. The structure of
liquid SrCl, is dense (p; = 1.12).

Non-Coulomb potentials are of “normal” appearance
without anomalies.

Liquid BaCl, at 1298 K.

The structure of liquid BaCl, was studied in /35/ at
1298 K. Density of liquid chloride at this temperature is
3.131 glem' /34/, molar volume 66.508 cm®/mol, the
edge of the basic cube is 30.184 A for the cube with 747
ions and 41.688 A for the cube with 1968.

Analysis of diffraction data obtained in /35/ by the
RMC modelling the high
experimental data. Discrepancy-parameters were 0.034,
0.033 and 0.027 for Ba-Ba, Ba-Cl and CI-Cl PPCFs
correspondingly.

shows accuracy of

MD models containing 747 ions constructed with the
algorithm BELION have the following atomisation
energy for varying ionic charges:

20 2.1 22 23

1292.9 1325.3 | 1308.8 | 1281.5
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Barium and chlorine charges determined from the
maximum of the atomisation energy are +2.12 u —1.06.
Properties of the MD model of liquid BaCl, with
Zp,=+2.1 and Z;=-1.05 containing 1968 ions are
presented in Table 3. Calculated atomisation energy
agrees well with the experimental value 1278 kJ/mol
(the difference is 4.2%). Pressure in the system is
small.

The model’s PPCFs are in good agreement with
experimental data. Structural characteristics of the MD
model of liquid BaCl, are presented in Table 4. BaCl,
has a dense structure (p, = 1.093).

Non-Coulomb potentials have no anomalies.
Potentials and structure of BaCl, are close with those
for SrCl..

S. MODELLING OF LIQUID NOBLE METAL
HALIDES

Liquid CuCl at 773 K.

MD models of liquid CuCl with algorithm BELION
were constructed at 773 K using diffraction data
obtained in /36, 37/. Density of CuCl is 0.0448 avA’
/37/. The edge of the basic cube of the model with 498
ions is 22.318 A. Atomisation energies of MD models
of CuCl with varying ionic charge at 773 K are given
below (non-Coulomb potential was cut offat 9.51 A):

Ly 1.00 1.15 1.20 1.263 1.40
Eq, 496.8 | S16.0 | 536.3 | 534.8 | 514.5
kJ/mol

Copper and chlorine charges at which atomisation
energy is at maximum are +1.20. Properties of the CuCl
model are presented in Table 5 and Table 6. Calculated
atomisation energy. 536.3 kJ/mol is practically equal to
the experimental value 538.1 kJ/mol.

The model’'s PPCFs in comparison with
experimental data /37/ are shown in Fig. 5: non-
Coulomb pair potentials are presented in Fig. 6. Model
and diffraction data are in a reasonable agreement.

High Temperature Materials and Processes
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Fig. 5: Partial pair correlation functions for liquid
CuCl at 773 K. Broken line: diffraction data
/37/. markers: model’s PPDFs. lonic charges
arc +1.20. Curves are shifted relatively the
origin.
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Fig. 6: Non-Coulomb potentials for liquid CuCl at 773
K. lonic charges are +1.20.
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Liquid CuBr at 810 K.

Results of MD modelling of this system with the
algorithm BELION using diffraction data from /26, 38/
were published in /10,13,14/ Maximum of atomisation
energy and, therefore, minimum of internal energy
correspond to the ionic charges +1.48. The model’s
properties calculated for liquid CuBr with these charges
are given in Tables 5 and 6. Calculated atomisation
energy, 488.8 kJ/mol, is smaller by experimental value,
511.4 kJ/mol, although the difference between them is
not high, 4.4%.

Liquid Cul at 940 K.

Diffraction data for this system are presented on the
web site of Prof. Y. Waseda’s laboratory /26/. These
data were used in the MD modelling with the algorithm
BELION at 940 K. Models contained 498 ions in the

Liquid Halides: Structure, Pair Potentials, Energy and Ion Charges

basic cube with edge 26.041 A, calculated from the
salt’s density. 5.21 g/cm’. Atomisation energy of Cul
with varying ionic charges is given below:

Z.\L’
_Eu ki/mol

1.00
374.1

1.25
423.0

1.367
449.0

1.50
378.9

The ionic charges at which the atomisation energy is
at maximum are +1.367. Calculated energy, 449 kJ/mol,
is close to the experimental value, 468.5 kJ/mol.
Properties of liquid Cul calculated for these ionic
charges are given in Table 5.

The model’s structural properties are presented in
Table 6. Discrepancy parameters are quite high. Non-
Coulomb potential for Cu-Cu pair has deep 2.3 eV
minimum at 2.36 A. Such minimum is also observed for
the Cu-Cu potential in CuCl and CuBr. Cu-Cl and CI-Cl
pairs’ non-Coulomb potentials are without anomalies.

Table 5
Properties of molecular dynamics models of liquid halides of copper and silver.
Halide T.K Zy P. GPa Energy, ki/mol
Eiin Uum | Uuvme | Umeme -Ucoul Unrans “Usotal
CuCl 773 1.20 -1.32 19.28 -72.3 -16.6 138.7 1291.8 705.6 536.3
CuBr 810 1.48 1.81 20.2 26.2 -140.3 191.4 1850.4 1284.2 488.8
Cul 940 1.37 -0.75 23.44 11.2 100.3 -204.2 1416.4 1060.2 449.0
AgBr 753 1.15 -1.42 18.78 -104.0 177.4 -64.0 1073.8 609.8 454.5
Table 6
Structural characteristics of molecular dynamics models of liquid copper and silver halides
Model Pair Distance, A Coordination number R, P
Model Experiment Model
CuCl Cu-Cu 3.91 3.85/36,37/ - 0.081 1.09
Cu-Cl 2.24 2.32 3.8
CI-CI 3.85 3.90 12.6
CuBr Cu-Cu 4.44 3.05/26,38/ - 0.096 1.07
Cu-Br 2.29 2.38 3.6
Br-Br 3.83 3.88 10.8
Cul Cu-Cu 2.71 2.67 126/ - 0.099 0.92
Cu-I 2.55 2.57 34
-1 4.49 4.37 10.4
AgBr Ag-Ag 3.43 3.43 /26,39/ 17.3 0.079 1.04
Ag-Br 2.69 2.70 " 4.5
Br-Br 4.08 3.97 T 12.6
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Liquid AgBr at 753 K.

MD models were constructed using diffraction data
obtained at 753 K in /39/. Density of liquid AgBr is
0.0355 at/A’ /39/; the edge of the basic cube with 747
ions was 24.118 A. Atomisation energy calculated for

liquid AgBr with varying ionic charges is given below:

Zag 1.0 1.10 | 1.13 1.15 1.17 1.20
E. 424.0 | 416.5 | 433.7 | 454.5 | 434.3 | 428.8
kJ/mol

Maximum atomisation energy corresponds to silver
and bromine ionic charges *1.15. Calculated
atomisation energy for AgBr with Z = £1.15 (454.5
kJ/mol) is, practically, equal to the experimental value
4553 kJ/mol. The model’s thermodynamic and
structural properties of liquid AgBr are presented in
Tables 5 and 6 respectively.

The model’s and experimental PPCFs are in good
agreement. Modelling even reproduces splitting of the
Ag-Ag peak to three sub-peaks. Non-Coulomb pair
potentials have shallow minimums (less than 0.2 eV).

6. DISCUSSION

Experimental data on the structure of liquid
chlorides were analysed by Enderby and Barnes /28,
40/. They pointed out that the structure of liquid alkali
halides is well described by potentials with Fumi-Tosi
parameters, and PPCFs for M-M and CI-Cl pairs are
similar despite of big difference of ion sizes. In the case
of alkali-earth halides, the Born-Mayer-Huggins
potentials give good results only for halides with cations
of large size (Sr and Ba). In application to MgCl, and
NiCl, it is necessary to take into account covalent bonds
to explain very short distances between metal ions.

The results of our work show that diffraction data
for liquid LiCl and CsCl are of high accuracy, but not
for NaCl. This is reflected in calculation of self-
diffusion coefficients in liquid NaCl: calculated
coefficients with the use of experimental PPCFs are low
in comparison with experiments /10/. Diffraction PPCFs
for RbCI are inappropriate for MD modelling with the
algorithm BELION. Their reproduction by the RMC
modelling is also inadequate.

High Temperature Materials and Processes

Traditionally, ionic charges in molten alkali halides
were *1. This paper shows that ionic charges in liquid
LiCl and NaCl indeed are equal +1. However. ionic
charges tend to increase with increasing atomic number
of the alkali metal: £1.10 for RbCl (tentatively). and
+1.22 for CsCl. This can be related to the fact that the
difference between the second and first ionization
potentials decreases with increasing atomic number; it is
equal to 70.23 eV for Li and 21.21 eV for Cs. This eases
the charge transfer from a cation to an anion, which is
stimulated by the Coulomb interaction.

MD modelling of liquid alkali chlorides with the
algorithm BELION gives good results for atomisation
energy. Calculated atomisation energies using the
Schommers’ algorithm are much lower than
experimental values (by an order of magnitude).
because this algorithm does not include long-distance
Coulomb interactions.

All alkali chlorides have a dense-packed structure.
Coordination number increases from Li to Cs: it
depends on the cation to anion size ratio.

Non-Coulomb potentials have a similar shape for all
alkali chlorides, which differ from the Born-Mayer
potential. In all cases, M-M potential is close to the Cl-
Cl potential. The CI-Cl potential in different chlorides is
of the same shape but different magnitude; it cannot be
replaced by a single CI-Cl potential.

It should be noted that the pair potentials established
for liquid chlorides are not applicable for crystal
chlorides in the calculation of crystal stability.

Enderby /40/ analysing structure of MCl, chlorides
came to a conclusion that an approximation of a simple
ionic bond model is applicable only to strontium and
barium chlorides, which have cations of large size, but
is not appropriate for chlorides with smaller cations.
Small-size cations form stable complexes of the ZnCl,*
type with a close distance between cations. Such a
structure cannot be reproduced with the Born-Mayer-
Huggins potentials in the ionic model, and necessitates
introduction of covalent bonds /40/.

These salts can be modelled using the BELION
algorithm under provision of having reliable diffraction
data. Such data were obtained for SrCl, u BaCl,, and are
not available for CaCl.. Accuracy of diffraction PPCFs
for MgCl, is also not high.

Similar to chlorides of alkali metals, the ionic
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charges in chlorides of alkaline-earth metals increase
with increasing cation number in the Periodic Table
(from +2.00 for Mg to 2.12 for Ba). The reason is the
same: decreasing difference between, in this case. the
third and second ionization potentials (63.17 eV for Mg
and 27.0 for Ba).

For chlorides of alkali and alkaline-earth metals.
ionic charges are close to expected values of +1 for MCI
and +2 and -1 for MCl,. Charges of copper and silver in
halides are visibly larger than the “standard™ charge of
+1 /10.13,14/. This is a consequence of a relatively
small difference between the second and first ionization
potentials, which is 12.57 eV for Cu and 13.91 eV for
Ag.

lonic (Pauling) radii of Na, Rb, Cu, Ag, CI, Brand |
are equal to 0.95, 1.48, 0.96, 1.26, 1.81, 195 u2.16 A
correspondingly. This means that the Na-Cl and Rb-Br
distances in molten salts are less than the sum of ionic
radii only by 0.05 u 0.09 A. For CuCl, CuBr and Cul
this difference is 0.53. 0.62 and 0.57 A respectively,
which supports the finding of this work that the copper
charge in halides is above one, and that an
approximation of pure ionic bond is not valid. The Ag -
Br distance is less of the sum of the ionic radii by 0.52
A, which also agrees with enhanced ionic charges. The
bonds in these systems are ionic-covalent; this is
reflected in a relatively low metal-halogen coordination
number (Table 6).

Non-Coulomb potentials include covalent and other
interactions between ions. Deep minima are seen only in
Cu-Cu non-Coulomb potentials. These minima are
responsible for broad first peaks of PPCFs for Cu-Cu
pair in CuCl and CuBr. The Cu-Cu potential, as other
pair potentials for alike ions, depends on the system.

7. CONCLUSION

Molecular dynamics modelling with the algorithm
BELION gives good results for structure and internal
energy of liquid halides, which agree well with
experimental data. The modelling requires reliable
diffraction data. The accuracy of these data may be
assessed using the Reverse Monte-Carlo method. Non-
Coulomb potential determined by the BELION
interactions includes covalent and other non-Coulomb
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interactions in the system. These interactions in addition
to Coulomb potential are responsible for the liquid’s
structure. This is an efficient method for interpretation
of experimental diffraction data and calculation of
properties of liquid salts.
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