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Monte Carlo Simulations of Primitive Model (PM)
Electrolytes in Non-Euclidean Geometries

SHABNAM HANASSAB* and T.J. VANDERNOOT†

Chemistry Department, Queen Mary, University of London, Mile End Road, London E1 4NS, United Kingdom

(Received December 2003; In final form December 2003)

Monte Carlo canonical ensemble (NVT ) simulations of
unrestricted primitive model electrolytes (PM) on the 3D
“surface” of a 4D hypersphere are reported here. The
effects of concentration, ionic charge and/or ionic radii on
the mean internal energy (kUl), individual and mean
ionic activities (kg1l, kg2l or kg6l) and the mean net
charge density distributions were studied. Our results
showed that either higher charge, higher concentration or
smaller ionic radii favoured ion–ion aggregation. The
individual ionic activity coefficients of ions with
different radii and/or charge differed significantly at
higher concentrations. We also compared mean ionic
activity coefficients for aqueous KCl and NaBr from
simulations with reported experimental values in the
literature and the agreement within 0.7–10%, depending
upon concentration were found.

Keywords: Monte Carlo simulations; Primitive model (PM)
electrolytes; Non-Euclidean; Spherical boundary conditions;
Hyperspherical and individual ionic activity coefficient

INTRODUCTION

The simulation of electrolytes has been the focus of
numerous studies over the past few decades [1–43].
The motivation for the long-standing interest in
electrolyte models has been the need for more
accurate simulation models, from which the thermo-
dynamics and structural behaviour of electrolytes
can be explained and predicted.

In order to perform reliable computer simulations
of electrolytes it is of prime importance to consider
interactions obeying the fundamental laws
of electrostatics in the considered geometry.
The Euclidean geometry with periodic boundary

conditions (PBC) is the geometry which has
been used most in Monte Carlo (MC) and
Molecular Dynamics (MD) simulations of electro-
lytes [5–20,25–43]. Ewald summation has been used
in simulations of electrolytes to account for the long-
range contributions to the energy of ion – ion
interactions. However, Ewald summation was origi-
nated for solving lattice-like systems and hence it is
not as suitable for use in simulations of disordered
electrolyte solutions. The main disadvantage with
the Ewald method is that an electrolyte solution is
not a true periodic lattice. The Ewald correlations do
not decay with distance and the screening effect
(which is a very important feature of electrolytes) is
disregarded. Another problem with Ewald sum-
mation is that if the two particles lie along one of the
principal axes of the periodic array of boxes and are
separated by a distance which is half of the box
length, then there is no effective force or interaction
between the two particles which is unrealistic [47].
The Ewald summation is meant to include all the
long-range interactions and that also makes it a
computationally expensive method [4,52,55].

An elegant geometry which can be used in
simulations of electrolytes is that of “spherical
boundary conditions” (SBC), which is a non-
Euclidean geometry. In SBC the particles are placed
on the 2D surface of a 3D sphere or within the “3D”
surface of a 4D hypersphere. The admirable feature
of SBC is that it is a self-contained space and the
number of particle–particle interactions is finite,
because each pair of particles can only interact
through the two geodesic curves (great circles),
joining those two particles together and there is no
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need for particle images to be involved. Conse-
quently, there is no need for any truncation or
approximation in SBC geometry and this property
makes SBC especially attractive in simulations of
Coulombic systems. Furthermore, the previous
results in simulations of electrolytes in SBC [2]
indicated that the ion–ion interactions are consider-
ably weaker through the longer geodesic and it is
possible to neglect this contribution to the inter-
actions without producing any statistically signifi-
cant change in the final results. Therefore, this makes
the simulations even more faster and efficient.

In a previous paper [2] canonical ensemble (NVT)
MC simulations of RPM electrolytes in three
dimensional (3D) non-Euclidean geometries (3D
surface of a 4D hypersphere) were considered. The
data from simulations in 3D Euclidean geometries
reported in the literature were compared to the
simulation results and they showed good agreement.
A major advantage of non-Euclidean geometries is
the system size independence of the structural and
thermodynamic properties of the system [1]. Hence,
for simulations of Coulombic systems the 3D non-
Euclidean geometry is a very good alternative to the
Euclidean geometry with PBC.

Caillol and co-workers used SBC in simulations of
electrolytes [21–24,48–56]. In one case they reported
that the computational time for a few hundred
charged hard-spheres with dipolar hard-sphere
solvent in 3D SBC was reduced by a factor of two
or three compared to the same simulation performed
in a Euclidean geometry with PBC and Ewald
summation [55]. The aspects of Caillol’s methods
were discussed elsewhere [1].

Most of the groups who have studied electrolyte
solutions by means of simulations have used the
“restricted primitive model” (RPM) [1–36], which
corresponds to hard-sphere cations and anions with
equal radii and equal but opposite charges in a
structureless dielectric continuum representing the
solvent. The RPM is the most studied model of
electrolyte systems and using this system, it is
possible to compare the data obtained from any new
approach with the existing literature.

However, in real electrolytes the cations and
anions have unequal radii and often unequal charge
magnitudes. As a result, the cations and anions will
possess different individual ionic activity coeffi-
cients. Experimentally, it is not possible to measure
individual ionic activity coefficients, but computer
simulations can provide values for the individual
ionic activity coefficients. Simulations of RPM
electrolytes can provide only mean ionic activity
coefficients, because the individual ionic activity
coefficients for both the ions are the same. However,
in the case of “primitive model” (PM) electrolytes
where the hard-sphere cations and anions have
different radii and/or charge magnitudes,

the individual ionic activities will be different and
the mean ionic activity coefficient will provide
partial information at the best. The theoretical
calculations of individual ionic activity coefficients
at higher concentrations is beset by various assump-
tions, as in Debye-Hückel limiting law.

Very little work has been devoted to simulation of
PM electrolytes [30–43]. In order to have a good
simulation model, which would produce results
comparable to experiments, the influence of the ionic
radii must be investigated in detail. The simulations
of the PM model can also be useful in studying the
interface between two immiscible electrolyte solu-
tions (i.e. oil and water interface), where the ions
with different radii would have tendencies to be
solvated in different phases. The computer simu-
lations of this sort of inhomogeneous system will be
reported in future publications [62].

Sloth and Sørensen [39] studied single ionic
activity coefficients for 1:1 and 2:1 PM electrolytes
using the HyperNetted Chain (HNC) approxi-
mation. They found that single ionic activity
coefficients were largely unaffected by the relative
size of the ions at low concentrations (corresponding
to large interionic separations). However, the ionic
charges were shown to significantly affect the single
ionic activities. They also studied a case in which the
radii of cations and anions were different at a fixed
Bjerrum parameter and higher concentrations [40].
They found that the single ionic activity coefficients
of the ions with different radii were significantly
different from one another.

Abramo et al. [42] have reported MC simulations
for 1:1 and 2:2 electrolytes with unequal radii for the
cations and anions. Their results showed that as the
cation to anion radius ratio ðrþ=r2 ¼ aÞ decreased,
the electrostatic energy became more negative.
At smaller a, the maximum of the peak in the pcf
between like ions was enhanced, compared to an
electrolytic system of a ¼ 1: Basically, as the smaller
ion in the system decreased in size, ion– ion
clustering was favoured and there were longer
electrostatic interactions.

There are two main computational methods from
which individual ionic activity coefficients can be
calculated: particle insertion [44] or particle deletion
[45]. Since these two methods are biased under
certain conditions, it is more reasonable and accurate
to use some combination of them. The hybrid
method was first proposed by Kumar [46] who
used it successfully in simulations of Lennard–Jones
systems. An alternative hybrid method was pro-
posed by VanderNoot and Panayi [4] for simulations
of Coulombic systems because Kumar’s formula did
not produce reasonable answers in simulations of
electrolytes. The method of VanderNoot and Panayi
was used in simulations of RPM electrolytes and
the observed results were in good agreement with
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the values of activity coefficients reported in the
simulation literature at lower concentrations. The
discrepancies between hybrid method results and
the simulation literature at higher concentrations
were studied by VanderNoot [3]. VanderNoot [3]
concluded that in the simulation literature, cases of
hard sphere overlap were included in the other
calculations, leading to artefacts in the calculations of
activity coefficients.

In the literature, reduced variables have often been
used because many possible combinations of actual
or real variables will correspond to the same state and
the calculations performed on one combination can
give equivalent results for other combinations [22–31,
37–40]. In this way, unnecessary simulations are
avoided. For the RPM simulations, the appropriate
dimensionless reduced variables are the Bjerrum
parameter (B*) and reduced density (r*). In the case of
PM electrolytes previous workers [30–43] have used
an additional reduced variable which is the radius
ratio of the cation to anion rþ/r2). However, we have
found in simulations of the PM electrolytes, where
both the charge magnitudes and radii of the ions are
different, the charge ratio ðqþ=q2Þ must also be
considered as an additional reduced variable. This is
because, in the cases where the charge ratios differ but
the charge products are identical, the Bjerrum
parameter, B*, fails to account for this. Any two
systems with the same charge product (i.e. B* value),
but different charge ratios (e.g. 3:1 or

p
3:
p

3) possess
very different thermodynamic properties. In simu-
lations of the PM model where the charges and the
radii of the cation and anion are unequal, four
different reduced variables are required. In this work,
we decided not to use (four) reduced variables since it
only requires six variables to specify simulation
conditions in a format consistent with experimental
measurements. For our work the computational time
difference for using four or six variables was
marginal. Also, when comparing our results to the
experimental values, the additional effort of convert-
ing reduced variables to actual variables was
avoided.

All the groups who have studied PM electrolytes by
simulations have used Euclidean geometries [30–43].
In this paper we report the use of a 3D non-Euclidean
geometry in simulations of PM electrolytes consisting
of ions with asymmetric charges and/or unequal
radii over a range of concentrations. We also
simulated aqueous KCl and NaBr and compared the
corresponding mean ionic activity coefficients with
the reported experimental values.

COMPUTATIONAL METHOD

The 3D hyperspherical MC simulation program
which was used in the previous work was used in

this work as well (all details are given elsewhere)
[1–3]. We carried out simulations of 1:1 and 2:2
electrolytes with variable radii using SBC geometry
over a range of concentrations at room temperature.
In addition, we carried out simulations for systems
with charges of 1:1, 1:2, 1:3, 2:1, 2:2, 2:3, 3:1, 3:2 and
3:3 (the first charge corresponds to the cation and the
second that of the anion) over a range of
concentrations from 0.0001 M up to 0.1 M.

In studying the effects of charge on the behaviour
of the asymmetric electrolytes, the radii of the anion
and the cation were considered to be unequal.
In order to be more realistic, the average hydrodyn-
amic radii of some typical cations and anions in each
charge group were calculated from the molar
conductivities of those particular ions reported in
the literature using the formula [57]:

ri ¼
z2F2

6pNAl
o
i h

ð1Þ

where ri is the hydrodynamic radius of an ion (i.e. the
radius of the ion including the hydration shell),
z is the integral charge of the ion, F is the Faraday,
NA is Avogadro’s constant, lo

i is the molar
conductivity of the ion and h is the viscosity of the
solvent. Notice that in this way the mean hydro-
dynamic radii used for each particular charge in our
simulations represent an average over typical values
for ions of that charge. The mean value was taken
and used as a typical anionic or cationic radius in the
simulations of electrolytes with asymmetric charges.
The mean hydrodynamic radii which were used in
this work are presented in Table I.

In all simulations a system size of N ¼ 100 was
used, except for electrolytes with charge ratios of 1:2
or 2:1 in which the system size was N ¼ 102
(divisible by 3), in order to produce an electroneutral
system. The temperature and solvent permittivity
were set as 300 K and 78.4 (for bulk water),
respectively.

Finally we compared our calculated values of
mean ionic activity coefficient to the reported
experimental literature values by running some
simulations with identical conditions to the
measurements of some real electrolytes. In this
case, we used the same approach as before (Eq. 1)

TABLE I Average hydrodynamic radius for each particular
charge to represent an average over typical values for ions of
that charge

z Average hydrodynamic radius/pm

+1 200
+2 650
+3 1200
2 1 140
2 2 500
2 3 900
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to calculate the hydrodynamic radii of the cation
and anion for two different electrolytes: aqueous
KCl and NaBr. The hydrodynamic radii used for
these compounds are shown in Table II. We also
used the Pauling radii (Table II) in our simulations
as well as a radius of 250 pm (as used in previous
work [1–3]) to compare with the experimental
values. The main reason that we selected these
compounds to test our model was that the cation
and anion in each compound have similar radii and
they are also symmetric in charge. By keeping the
situation as simple as possible, we minimised the
likelihood of unexpected deviations caused by
charge and radii which were dramatically different.
Anions and cations with similar radii and charges
are more likely to experience similar interactions
with the solvent.

RESULTS AND DISCUSSION

Asymmetric Ionic Radii

Four sets of simulations at four different concen-
trations: 0.001, 0.01, 0.1 and 1.0 M were run for 1:1
and 2:2 electrolytes for a range of ionic radii from 100
to 400 pm. All other conditions were kept constant

throughout the simulations (T ¼ 300 K; 1 ¼ 78:4 and
N ¼ 100). The simulation time for the electrolytes
consisting of ions with larger radii or higher
concentrations were longer, as expected, due to the
higher volume fraction within the simulation cell or
larger electrostatic interactions. In these cases the
acceptance ratio for successful particle insertion was
also lower, due to hard-sphere overlap of the
particles (hard-sphere overlap was not allowed) or
less favourable energy change.

Figure 1(a) and (b) represent the 3D plots of
reduced mean internal energy versus ionic radii of
cation and anion for 1:1 and 2:1 electrolytes,
respectively. The results indicated that the internal
energy decreased as the size of the ions decreased or
the concentration of the solution increased.
By decreasing the radii and/or increasing the concen-
tration, the ion–ion separations decreased and the
electrostatic interactions were stronger, so the mean
internal energy decreased as a consequence.

The corresponding graphs of mean individual
ionic activities (kgþl and kg2l) against ionic radii
are presented in Fig. 2(a), (b). These show that the
activity coefficients of the individual ions in
the system decreased as the ions became smaller,
the charge increased or the concentration
increased. Interestingly, the graphs show that the
individual ionic activity coefficient of one type of
ion depended upon the ionic radius of the
oppositely charged ion. As the ionic radius of the
oppositely charged ion increased the individual
ionic activity coefficient of the other ion became
more positive. The strength of interactions will be
affected by the interionic distance of closest
approach (or contact) between the two ions. This
effect was stronger and more noticeable at higher
concentrations.

TABLE II The calculated hydrodynamic radii of the cation and
anion for two different electrolytes: aqueous KCl and NaBr.
The Pauling radii for these ions are also shown in this table

Ion Hydrodynamic radius/pm Pauling radius/pm

Kþ 125.3 133.0
Naþ 183.8 97.0
Cl2 120.6 181.0
Br2 117.9 196.0

FIGURE 1 A 3D graph showing the reduced mean internal energy, kUl=RT; versus the ionic radii of the anions and cations at four
different concentrations. The topmost surface corresponds to the lowest concentration (0.001 M) and the lowest layer is from the highest
concentration of 1.00 M. The other two layers in between are for the 0.01 and 0.1 M solutions. The conditions for the simulations were:
1 ¼ 78:4; N ¼ 100 and T ¼ 300 K; (a) 1:1 electrolytes and (b) 2:2 electrolytic solution.
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The position of the ions in the system was studied,
and thus demonstrated that as the radii of the ions
became smaller, the ions started to form aggregates
or clusters. This was because the electrostatic forces
at short range between two small oppositely charged
ions were stronger than those between two larger
ions. Therefore, with higher electrostatic interactions,
the ions tended to associate and the energy of

the system (and hence the ionic activities) decreases
(Fig. 3(a),(b)).

Asymmetric Charges

A series of simulations were run with varying
charge products corresponding to electrolytes from
1:1 to 3:3 (cation : anion), in the concentration

FIGURE 2 A 3D graph showing the mean individual ionic activity coefficients kgþl and kg2l, versus the ionic radii of the anions and
cations at four different concentrations. The lowest concentration is the top layer and the bottom layer indicates the most concentrated
solution. However, each layer consist of two individual surfaces or “sheets” for kgþl and kg2l. At lower concentrations there is a complete
overlap of these two, but at higher concentrations they appear as distinct. The conditions for the simulations were: 1 ¼ 78:4; N ¼ 100 and
T ¼ 300 K; (a) 1:1 electrolytes and (b) 2:2 electrolytic solution.

FIGURE 3 A 3D graph showing the positions of the ions in the simulation cell. The three axes on the graph indicate the spherical angles
(in radians) u, F and V. The simulation conditions were T ¼ 300 K; c ¼ 1:00 M; 1 ¼ 78:4; qi ¼ ^2; and N ¼ 100; (a) rþ ¼ r2 ¼ 100 pm and
(b) rþ ¼ r2 ¼ 400: Notice the larger amount of empty space in (a), where there is higher ion–ion aggregations.
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range 0.0001–0.5 M and having the other simu-
lation conditions constant (T ¼ 300 K; 1 ¼ 78:4;
N ¼ 100 or N ¼ 102 for 1:2 and 2:1 electrolytes in
order to maintain electroneutrality of the system).
In some cases (e.g. charge 3:3) the ions had large
radii and their successful insertion into the system
during the moves was less likely because of
frequent hard-sphere overlap. So for these cases,
0.05 M was the highest concentration studied
conveniently.

The reduced mean internal energies as a function
of concentration for different charge ratios are shown
in Fig. 4(a)–(c). The results show that the reduced
mean internal energy decreased with increasing
concentration. The electrolytes with charges of 2:3
and 3:2 had lower internal energies than the other
combinations and this effect was more pronounced
at higher concentrations.

From studying the net charge density distributions
of 2:1 and 2:3 electrolytes (Fig. 5(a), (b)), we observed

FIGURE 4 Reduced mean internal energy, kUl=RT; as a function of concentration (M). The conditions of the simulations were: T ¼ 300 K;
1 ¼ 78:4 r^ ¼ 250 pm and N ¼ 100 or 102 (as indicated in the text). A single standard deviation is indicated in our data by the error bars.
(a) (o—o) for 1:1, (A—A) for 1:2 and (f—-f) for 1:3 electrolytes (b) (o—o) for 2:1, (A—A) for 2:2 and (f—f) for 2:3 electrolytes (c) (o—o)
for 3:1, (A—A) for 3:2 and (f—f) for 3:3 electrolytes.

FIGURE. 5 A graph of the mean net charge density, krðrÞl; within a spherical shell of thickness dr, as a function of radial distance from the
central ion. The full circles correspond to the distribution of positive ions around a negative central ion and the hollow circles correspond to
the distribution of negative ions around a positive central ion for (a) 2:1 and (b) 2:3 electrolytes. The simulation conditions were: T ¼ 300 K;
1 ¼ 78:4; c ¼ 0:05 M and N ¼ 100 or 102 and the ionic radii as shown in Table I. Note that the single peak in 5(a) indicate the formation of
ion pairs whereas the three peaks in 5(b) indicate the formation of ion quadruplets.
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distributions which were different for these two
charge combinations. On both graphs, the region
where the net charge density was near zero
corresponded to the hard-sphere exclusion region.
For the 2:1 electrolyte (Fig. 5(a)), the first peak in the
distribution was due to the presence of the first
nearest ion to the central ion. Beyond the first peak,
there is random noise about the average value of zero
corresponding to a random arrangement of ions with
respect to the central ion. Therefore, for the 2:1
electrolytes the single peak in the distribution means
that the ions were aggregating in solution to form
principally ion pairs. For the 2:3 electrolyte (Fig. 5(b))
we can see three distinct peaks in the distribution,
indicating that there were three ions associated in
close proximity with the central ion. This means that
the ions were aggregating to form clusters as large as
quadruplets. Hence, the formation of larger aggre-
gates (quadruplets versus pairs) was the reason why
the highly charged asymmetric electrolytes (2:3 and
3:2) had dramatically lower internal energies than
the other electrolyte combinations studied here.

Figure 6(a)–(c) shows the mean ionic activity
versus concentration for different charge ratios.
The mean ionic activities decreased as the charge
product and/or concentration increased. However,
there were exceptions for 1:3, 2:3, 3:1 and 3:2, where
an upward curvature was noticed at concentrations

above 0.03 M. From studying the individual ionic
activity coefficients for anions and cations of these
systems, it was observed that with increasing
concentration, the value of kgþl increased again
(became more positive) while kg2l decreased
continuously (more negative). Consequently, the
mean ionic activity of these two individual
activities would show an overall upward curvature
(Fig. 7(a), (b)). This shows that the activities of
individual ions can differ dramatically depending
upon their charge and size. The difference between
the activities of the cations and anions can be
understood in terms of the difference in interactions
of the cations and anions. As noted previously [4],
associating ions tend to form “chains”. Chains of
ions maximise the attractive interactions and
minimise the repulsive interactions. So for a 2:3
electrolyte, a chain would consist of three þ2
cations and two 23 anions (Fig. 8). If the
electrostatic energy of interactions (total of attractive
and repulsive interactions) within this chain is
calculated for the cations and anions (with
hydrodynamic radii, Table II), then the mean
electrostatic energy for each cation is 21:2002 £

10220 J and for each anion it is 21:8477 £ 10220 J.
This shows that the cations have weaker inter-
actions than the anions and hence higher ionic
activities than the anions which experience stronger

FIGURE 6 Mean ionic activity coefficient kr^l as a function of concentration (M). The conditions of the simulations were: T ¼ 300 K;
1 ¼ 78:4; r^ ¼ 250 pm and N ¼ 100 or 102 (as indicate in the text). A single standard deviation is indicated on our data by the error bars.
(a) (o—o) for 1:1, (A—A) for 1:2 and (f—f) for 1:3 electrolytes (b) (o—o) for 2:1, (A—A) for 2:2 and (f—f) for 2:3 electrolytes (c) (o—o)
for 3:1; (A—A) for 3:2 and (f—f) for 3:3 electrolytes.
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interactions in a chain. The difference in electrostatic
energies is responsible for the differing ionic
activities of the cations and anions.

Simulations versus Experiments

In 1976, Larsen [11] showed that the simulated
thermodynamic properties of the simulated RPM in
PBC were in good qualitative agreement with certain
real salt properties although some qualitative
discrepancies suggested that a real salt could not be
fully understood in terms of RPM.

The groups who have studied the RPM model by
means of simulations have used ionic radii in the
range of 215–250 pm [4,8,17,21,25,43]. Fundamen-
tally, the ionic radius was considered higher than
the Pauling ionic radii, in order to account for the
solvation shell around the cations and anions.

A useful simulation model should produce results
which are in agreement with the macroscopic
system. The PM would be expected to give results
which are more comparable to the experimental
data. However, choosing the correct ionic radii when
the solvent is modelled as a dielectric continuum is
an issue. In real solutions a shell of solvent molecules
forms around the ions, and this increases the
effective size of the ions beyond the bare radii
(Pauling radii) [58]. Llano-Restrepo and Chapman
[34] simulated aqueous alkali halides solutions,
using the Pauling radii as the ionic hard-sphere
radii and setting the hard-core radius of the water

molecules to the mean value of the cation and anion
Pauling radii. They compared their results of the
hydration numbers with the reported experimental
data and found a reasonable agreement.

Sloth and Sørensen [39] used HNC to predict the
activity coefficient for aqueous KCl solutions (as a
PM electrolyte) where the solvent was represented
by “water-like” polarizable polar hard-spheres. They
used the ionic radii of K ¼ 151 pm and Cl ¼ 162 pm
and found a good agreement from their HNC
approximation to the experimental data for aqueous
KCl solutions.

In this part of the work, we explored the accuracy
of our PM simulations by running some simulations
under conditions similar to real experiments, and
then compared our results for the ionic activities
with literature values at 298 K [59]. In order to do
this, we chose aqueous solutions which consisted of
cations and anions with similar ionic radii, to keep
the situation as simple as possible and for which the
experimental mean ionic activity coefficients were
available in the literature.

We simulated Coulombic systems consisting of
KCl or NaBr over a range of concentrations
and compared the mean ionic activity coefficients
with the literature values. We tried three
variations of ionic radii for each of KCl and
NaBr. In the first case we used the hydrodynamic
radii (Table II) calculated from Eq. (1). In the
second case we used the Pauling radii (Table II)
and finally a radius of 250 pm was used as in
previous works [1–4].

It is important to consider the fact that in the
literature [59] concentrations were presented in
molality, whereas our simulations were based on
the concentration units of molarity. As a result a unit
conversion of molality into molarity was done [60]
and the simulation was run at the corresponding
calculated molarity value. However, we have shown

FIGURE 7 Mean ionic activity coefficient kg^l (o—o), single cationic activity coefficient kg^l (A—A) and single anionic activity coefficient
kg2l (f—f) as functions of concentration (M). The conditions of the simulations were: T ¼ 300 K; 1 ¼ 78:4 and N ¼ 100 or 102
(as indicated in the text). The value of the ionic radii is also given Table I. A single standard deviation is indicated on our data by the error
bars. (a) 1:3 electrolyte (b) 2:3 electrolyte.

FIGURE 8 An electroneutral chain of ions for a 2:3 electrolyte.
The radii of the ions are shown with the same proposition as their
hydrodynamic radii. Note that a chain will maximise attractive
interactions and minimise repulsive interactions.
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our results in terms of molarity, since this has been
used in previous work.

Figure 9(a), (b) shows the ratios of mean ionic
activity coefficient from the simulations to that of the
experiments versus concentration for KCl and NaBr,
respectively. The best agreement from the simu-
lations to the experimental data was observed where
the ionic radii of 250 pm for cations and anions for
solutions was used. The variation of simulations to
experiments was from 0.7% (0.1 mol kg21) up to 7%
(2.00 mol kg21) for KCl and from 0.9% (0.2 mol kg21)
up to 12% (2.00 mol kg21) for NaBr. The comparison
of our results with the experimental values (using
hydrodynamic radii or Pauling radii) are shown in
Tables III and IV.

Our results agreed well with the experimental
values at lower concentrations. The discrepancies
between simulations and experimental results
became larger at higher concentrations. We believe
that the discrepancies between simulation and
experimental values at higher concentrations could
be due to several possible causes:

(i) in real electrolytes, as the ions get closer to one
another, their hydration shells may overlap
together allowing the ions to get closer than
expected on the basis of hydrodynamic radii

(Fig. 10(a)–(c)). In the simulations, the particles
were hard spheres and they could not overlap.
Additionally, the radii were constant at all
concentrations. It has been suggested by Larsen
[11] that replacement of the hard-cores by soft
repulsive potentials will shift the properties of
the simulated electrolytes towards the corre-
sponding experimental results. We will report
our results for the simulations of soft-core
electrolytes in future [61].

(ii) the solvent is only a dielectric continuum
(structureless solvent) in our simulations,
whereas in the real experiments the solvent
consists of individual dipolar particles. There-
fore, there are no interactions of individual
solvent molecules with the ions and any effect
from solvent fluctuations or discreteness is
excluded. In an electrolyte solution solvent
molecules in close proximity to an ion orient
themselves and polarization takes place.
Consequently, in that region the solvent
premittivity is lower than the bulk and the
ions will have a lower ionic activity than
expected. The issue of solvent molecule
orientation and polarizability is completely
ignored in RPM and PM models, as the
solvent is assumed to be a dielectric
continuum.

FIGURE 9 The ratio of mean ionic activity coefficient kg^l from the PM simulations to the experimental value of the corresponding
system versus concentration (M) (a) KCl (b) NaBr. The simulation conditions were: 1 ¼ 78:4; N ¼ 100; T ¼ 300 K: The three curves show
the results from different radii: kr^l ¼ 250 pm (o—o); hydrodynamic radii (A—A) and Pauling radii (f—f), from Table II.

TABLE III A table to show the percentage variation of the mean
ionic activity coefficients calculated from simulations to the
reported experimental values as various ionic radii were used for
the simulations of KCl

Radius value/pm

c/mol kg 21 250 Hydrodynamic Pauling

0.1 0.7% 6.8% 1.2%
2.0 7.0% 28% 10%

TABLE IV A table to show the percentage variation of the mean
ionic activity coefficients calculated from simulations to the
reported experimental values as various ionic radii were used for
the simulations of NaBr

Radius value/pm

c/mol kg 21 250 Hydrodynamic Pauling

0.2 0.9% 9.7% 1.8%
2.0 12.0% 38.3% 26.6%
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CONCLUSIONS

(1) Non-Euclidean geometries are a suitable and
reliable geometry to use in simulations of
electrolytes. Results from our simulations show
surprising agreement to experimental results,
especially considering the simplicity of the PM
simulation model.

(2) The individual ionic activity coefficient of one
ion depends upon the ionic radius of the
opposite charged ion.

(3) The individual ionic activity coefficients for
cations and anions with asymmetric charge
and/or radii are drastically different from one
another within a system.
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