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Molten CsBr was computer simulated tat 1 atm and four different temperatures using the Monte 
Carlo method. Structural and thermodynamic properties of the melt were obtained on the basis of 
pair potentials. In particular, radial distribution functions, volume, and energy with its coulomb, 
dipole-dipole, and repulsive components were determined. Separately, the polarization energy was 
also evaluated: this quantity increases with increasing temperature and ranges between 2 and 4% 
of the total energy. 

Monte Carlo (MC) methods have recently been 
shown to be very useful for computer simulation of 
structural and thermodynamic properties of ionic 
systems. 

For molten potassium chloride, Woodcock and 
Singer 1 used an NVT ensemble: they assumed pair 
interactions described by Born-Huggins-Mayer type 
potentials with an exponential repulsive term. Cal-
culations carried out on an NPT ensemble of molten 
KCl using a Pauling repulsive potential2 (i. e. an 
inverse power function) yielded much less satisfac-
tory results. 

In the present work structural and thermodynamic 
properties of molten CsBr were computer simulated 
at 1573 (boiling point), 1133, 1021 and 910 K 
(melting point). For comparison, also solid CsBr at 
the m.p. was simulated. 

The pair potential used for the calculations was 
the following: 

<Pa (r) =zi Zj r"1 - ci} r~6 + atj exp { - b r } (1) 

where r is the distance between ions i and j having 
charge Z; and Zj; is the coefficient for the dipole-
dipole dispersion energy; ai;- and b are characteristic 
constants of the repulsive term which were obtained 
previously3 using properties of the crystal at dif-
ferent temperatures. 

In view of future research on molten mixtures and 
for direct comparison with the experimental data, 
an NPT ensemble at P = 1 atm was preferred. For 
computer calculations on this type of ensemble the 
variable volume of the system prevents the use of 
tabulated values for the exponential function, where-
as this is achievable through the inverse power 
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function. In order to restrict the computing time, 
different procedures were tested. It was found con-
venient to use potential ( 1 ) , with the exponential 
repulsive function, to calculate the energy which 
initiates the MC chain. Within the chain a proper 
inverse power repulsive function was instead used: 
it should be noted that in the chain only energy 
variations are requested. Further problems were 
found in the evaluation of the polarization energy 
of the system. Being a many-body interaction en-
ergy, this quantity needs to be evaluated in the MC 
loop, a very time consuming computation: it was 
decided to compute this energy only for every 
5000th configuration. 

Calculations 

a) The Pair Potential 

The constants used in the pair potential (1) were: 
ZW = 2.3067-10"1 1 e rgÄ ; a++ + a _ _ = 0 .590-10 - 8 , 
a + _ = 0 . 8 8 1 - 1 0 " 9 erg/molecule, b = 2.35 A - 1 (see 
R e f . 3 ) ; c _ _ =0 .242-10~ 9 , c + _ = 0.257• 10~9, c + + 

= 0.512 • 10"9 erg Ä6 (see Reference 4 ) . 

In order to obtain explicit values of a + + and 
a_ _ the Huggins model was used along with Fumi-
Tosi data5 : a ratio a__/a+ + = 1/2 was thus as-
sumed in the calculations. In general it was proved 
that the value of this ratio is not a critical one for 
the thermodynamic properties of the system: by 
varying this ratio, only slight variations in the 
volume and in the energy were observed. As regards 
structural properties, it was noted that the general 
features of the radial distribution functions are in-
dependent of this ratio, even though the distance of 
closest approach of like ions depends on it. 
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Within the MC chain the inverse power repulsive 
function 

K<Pij(r)=aijr-b (2) 

was used. This potential was periodically tested 
against the exponential one and it was found that 
the difference between the two repulsive energies 
did not exceed 0.5%. Typical values for the liquid 
were: a + + + a_ _ = 0.302• 10~7, a + _ = 0 .640 -10" 8 

and 6 = 8.20 to obtain *V; ; (r ) in erg/molecule. 
Spears6 reported repulsive potentials for all al-

kali cation and halide anion pairs: his values were 
mainly deduced from data on the gaseous state. 
Spears' repulsive potentials are sensitively harder 
than those obtained from data on the solid, par-
ticularly for the Cs+ — Br~ pair. By using Spears' 
potentials in a MC chain, data in total disagreement 
with the experimental ones were obtained (see fur-
ther o n ) . 

b) The Model 

The model 7 consists of a cubic box containing N 
ions ( for the liquid W = 216, i . e . 108 Cs+ and 
108 Br" ; for the solid N = 128) which interact ac-
cording to pair potential (1). The box is surrounded 
on all sides by periodic replicas of itself. Successive 
configurations, which constitute the MC chain, are 
generated by randomly choosing an ion which is 
then randomly moved to a new position. At the 
same time the volume of the box is randomly 
changed by a maximum amount of 3%. Configura-
tions are accepted or rejected so that, provided the 
MC chain is sufficiently long, the factor 

F ^ e x p { - ( E i + PVJ/RT) (3) 

is proportional to the frequency with which the i-th 
configuration of volume V\ and potential energy Et 

occurs in the chain. 
After equilibration (which requires about 150000 

configurations) appropriate averages are taken over 

about 200000 configurations to estimate the equi-
librium properties of the system. Among these, the 
molar volume V and the molar potential energy E, 
with its coulomb (CE), van der Waals ( w £ ) and 
repulsive (1!£') components, are particularly signifi-
cant. The evaluation of the radial distribution func-
tion (RDF) is also noteworthy from a structural 
viewpoint. 

Further details on the calculations (e. g. the use 
of the Ewald method in the computation of the 
total coulomb energy) can be found in Reference 1. 

Two different Fortran programs were used: they 
were mainly run on the 6030 Honeywell computer 
of the University of Pavia. The first program, de-
vised for the equilibration of the system, generates 
about 120000 configurations per hour. It does not 
contain refinements such as the evaluation of the 
polarization energy, of the RDF and of the Fourier 
part of the coulomb energy; besides, the error func-
tion part of the Ewald summation is truncated at 
one half cell length. The second program, which is 
complete, was used to calculate the mean values of 
the thermodynamic properties: when devoid of the 
RDF computation it generates about 30 — 40000 
configurations per hour. 

c) Thermodynamic Properties 

Table 1 reports the results obtained for the molar 
volume, the internal energy and the coulomb, re-
pulsive, dipole-dipole dispersion and polarization 
energies of the liquid at the four examined tempera-
tures and of the solid at the melting point. The 
internal energy U can be obtained from the mean 
configurational energy E by : 

U=E+3RT (4) 

The experimental volumes shown in the table are by 
Johnson et al. 8 for the solid and by Yaffe and van 
Artsdalen9 for the liquid. The experimental value 
V — 67.7 cm3 mo le " 1 is also reported in the litera-

at 1573 K 1133 K 1021 K 910 K 910 K 
(b. p.) liquid (m. p.) solid (m. 

^calc 89.7 74.4 71.7 67.5 58.8 
Vexp (90.4) * 74.5 71.0 67.9 53.4 
U calc - 1 3 2 . 2 - 1 3 8 . 8 - 1 4 0 . 1 - 1 4 1 . 8 - 144 .3 
Uexp - 1 2 9 . 0 - 1 3 3 . 9 - 1 3 5 . 7 - 137 .5 -143 .1 
CE - 1 5 4 . 2 - 1 5 9 . 0 - 1 5 9 . 9 - 1 6 1 . 0 - 1 6 2 . 9 
R E 28.8 31.4 32.1 32.6 33.0 
W£ - 1 6 . 2 - 1 8 . 0 - 1 8 . 4 - 1 8 . 8 - 1 9 . 8 

- 5 . 1 - 4 . 2 - 3 . 9 - 3 . 4 - 2 . 6 

Table 1. Thermodynamic properties 
of CsBr. The volumes are in cm3 

mole-1, the energies in kcal mole-1. 
The largest standard deviations on 
FCalc and f/Calc values are ±0.9% 
and ± 0.06% respectively (* extrap-

olated value). 
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ture 10 for the liquid at the melting point; the value 
at the boiling point was calculated by extrapolating 
the results given 9 in the range 910— 1133 K. 

Uncertainties on the crystal energy at 298 K and 
also on the Cp values affect the experimental internal 
energy data. The figures reported in Table 1 were 
calculated from Cubicciotti's crystal energy 11 along 
with the estimated Cp values 12. For the liquid, the 
differences between experimental and calculated 
values are very small for the volume and about 3% 
for the energy. The calculated heat capacity is 
14 — 15 e. u. while literature 12 reports 16 e. u. The 
heat of fusion obtainable from Table 1 (2.5 kcal/ 
mole) should be compared with the experimental 
value 13 5.6 kcal/mole. 

It is interesting to observe that the dipole-dipole 
interaction energy is a rather important quantity 
for CsBr: in the liquid at the m. p. the coulomb, 
repulsive and van der Waals energies are in the 
ratio 100 : 19 .9 : 11.7. When fusion occurs the ab-
solute value of all these quantities decreases. 

By using Spears' potentials 6 for the computation 
of the thermodynamic properties of the liquid at the 
m. p. the following values were obtained: 

^caic = 139 (exp = 67.9) cm3 m o l e - 1 ; 
£eaic = - 1 1 5 (exp = - 143) , 
CE = — 128, R £ = 1 8 , w £ = - 5 , 
V E = - 2 kcal m o l e - 1 . 

These values should be taken as merely indicative 
since the equilibration of the system was not com-
pleted. Nevertheless, the system is clearly strongly 
relaxed. 

d) Polarization Energy 

The evaluation of the polarization energy (VE) 
was done in the MC chain on a single configuration 
every 5000. The method used to compute FE is 
based on the evaluation of the electrostatic field 
acting on each ion and is fully described in Refer-
ence 14. The ionic polarizabilities used were: 
acs+ = 2.94, aBr- = 4 . 2 5 Ä 3 which are averages of 
many values reported in the literature 15. The VE 
value thus calculated was never taken into account 
for the evaluation of the total potential energy Et, 
and therefore it does not affect factor (3 ) . 

For solid CsBr at the m.p. the polarization energy 
is — 2.6 kcal m o l e - 1 which is a surprisingly high 
value and is due to the non perfect crystal state of 
the solid. For liquid CsBr the polarization energy is 

about 2 — 3% of the coulomb energy and its abso-
lute value increases with temperature. 

e) Radial Distribution Function 

On the basis of the histograms of the ionic pair 
distances, the RDF of like ions g\{r) [ = l / 2 ( # _ _ 
+ 3 r ++)L of unlike ions gu{r) ( =g+ _ ) and of all 
ions gtot(r) [ = 1/2 (^u +:9\) ] h a s been evaluated. 

Figure 1 reports the RDFs of liquid CsBr at 
1573 and 910 K. The most significant features of 
these functions appear in Table 2, where the quan-
tities reported are: the distance of minimum ap-
proach (d ) , the abscissa of the maximum of the 
main peak (rmax) and of the minimum following 
the main peak (rmin) of the functions g(r) and the 
coordination number (n) . Since the two functions 
g + + (r) and g_ _ (r) practically coincide, only their 
mean value <7i(r) is reported in Fig. 1 and in 
Table 2. As already pointed out for KCl \ the RDFs 
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Radial distribution functions of molten CsBr at 
p.) and at 1573 K (b. p.) for like ions (<71), for 

unlike ions (<jru) and for all ions (<7tot) • 

show a remarkable "penetration" of like ions into 
the first coordination sphere. For liquid CsBr at 
910 K there are 0.2 like ions on a total coordina-
tion of 3.9 (about 5% penetration); at 1573 K the 
penetration is 9% (0.3 like ions on 3.4 total coor-
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Table 2. RDF characteristics for molten CsBr as calculated 
by the MC method (all distances in Ä) . 

at 1573 K 910 K 

2.48 2.58 
3.10 3.15 
4.9 4.6 
4.1 4.5 
3.11 3.31 
5.0 4.9 
7.3 7.1 

10.7 13.1 
3.10 3.15 
4.0 3.9 
3.4 * 3.9 ** 

* of which 0.3 are like ions, ** of which 0.2 are like ions. 

dination). Among other RDF features which are 
also in agreement with those observed for liquid 
KCl, the following are particularly noteworthy: the 
distance d decreases as T increases, the value of 
rmax js a l m o s t independent of T, the first peak of 
g\(r) tends to become flatter with increasing T. 
The shape of gn(r) and g\{r) shows that the inter-
nal structure of the melt appears statistically formed 
by shells of alternate charges up to fairly long 
distances. 

The results reported in Table 2 can be compared 
with those obtained by Levy et al.16 by X-ray and 
neutron diffraction. These authors find a first shell 
with 4.6 — 4.7 neighbours centered at 3.55 Ä and 
a second one with 7.9 — 8.3 neighbours between 
4.05 and 5.7 Ä. 
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Final Remarks 

The results obtained by computer simulation of 
the thermodynamic properties of liquid CsBr are 
fairly good and give support to the used pair po-
tential ( 1 ) . 

The evaluation of the polarization energy brings 
into evidence some conflicting results: this energy 
is a sensitive contribution which cannot be neglected 
without evident variations of the properties of the 
system (see Reference 1 4 ) . On the other hand the 
thermodynamic properties of CsBr can be calcu-
lated without taking into account the FE contribu-
tion. 

One might suppose that the polarization energy 
is somehow included in pair potential ( 1 ) . Thus the 
repulsive term a(;- exp ( — b r) should be considered 
as a semiempirical function accounting for whatever 
is not coulomb nor van der Waals energy. 

These considerations might partially justify the 
negative results obtained when using Spears' repul-
sive potentials for this type of calculations. 
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