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An MD simulation of an 18.5molal LiCl aqueous solution was performed with the flexible 
Bopp-Jancsö-Heinzinger model for water, ion-water pair potentials derived from ab initio calcula­
tions and the ion-ion interactions described by a potential of Born-Mayer-Huggins (BMH) type. The 
comparison with a simulation of the same system, where the ion-ion interactions were described by 
a (12-6) Lennard-Jones-(-Coulomb potential, demonstrates that such a change affects not only the 
ion-ion but also the ion-water radial distribution functions significantly, and that the results with the 
BMH potential conform better to X-ray results. The self-diffusion coefficients for water and the ions 
are found to be lower by almost one order of magnitude compared with dilute solutions, in good 
agreement with experimental results. The spectral densities of the hindered translational motions as 
well as those of the librations and the internal vibrations of the water molecules have been calculated 
from the simulations through the corresponding velocity autocorrelation functions.

S tru c tu ra l  an d  D y n am ica l P ro p e r tie s  o f  an  L iC l • 3 H 20  S o lu tio n

I. Introduction

In a recent paper on the structure of an 18.5 molal 
LiCl solution a discrepancy was reported between the 
C P —Cl~ radial distribution function (RDF) obtained 
from a Molecular Dynamics (MD) simulation [1] and 
a neutron diffraction study by Copestake et al. [2], The 
potentials used for the LiCl solution were the same as 
the ones employed in an MD simulation of a 13.9 molal 
solution, the results of which had led to satisfactory 
agreement with X-ray measurements [3].

In both simulations the ion-ion interactions were 
described by Lennard-Jones (LJ) spheres with an ele­
mentary charge in the center. The BJH model for 
water was employed [4], and the ion-water potentials 
were derived from ab initio calculations. At a concen­
tration of 2.2 molal this LJ model for the ions together 
with the ST2 model for water has proved to be very 
useful for the description of the structural and dynam­
ical properties of various alkali halide solutions (see 
e.g. [5]).

As the CI —CI RDF has to be calculated from the 
neutron diffraction measurements by the second order
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difference method, which involves large statistical 
errors, some doubt remained on the accuracy of the 
experimental results. But the discrepancy mentioned 
above could just as well be caused by limitations of the 
potentials employed in the simulation. After the dis­
crepancy was found in the C P —CP RDF it seemed 
appropriate to check first the ion-ion potentials. 
Therefore, the LJ potentials were replaced by Born- 
Mayer-Huggins potentials with parameters as origi­
nally proposed by Tosi and Fumi [6] and modified by 
Okada et al. [7], which proved to lead to a good 
description of the structural and dynamical properties 
of various molten salts.

In the following section the ion-ion pair potentials 
are presented and details of the simulation are re­
ported. In Sect. Ill the structural properties of the 
18.5 molal LiCl solution are described by various 
RDFs. It is demonstrated how the change in the ion- 
ion potential affects the simulated structure of the 
solution. The dynamical properties are discussed on 
the basis of the self-diffusion coefficients, the hindered 
translational motions and the librations and internal 
vibrations of the water molecules. They have been 
calculated from the simulation through various auto­
correlation functions.
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The Born-Mayer-Huggins (BMH) potentials em­
ployed in the simulation for the ion-ion interactions 
are usually written in the form

Vij = zi z}e2r~ l + Au b exp [(a,. + o} -  r)/g]
- q . r - 6 - D 0- r -8, (1)

where zi e is the charge of the ion i, b = 0.338 • 10"19 J, 
= 0.816 Ä, ffCI = 1.585 Ä [6] and  ̂= 0.313 Ä [7], 

A(j, Cij, and Du are given in Table 1. For the water- 
water interactions the BJH model was employed [4], 
and the ion-water potentials were derived from ab 
initio calculations and were the same as in previous 
simulations of highly concentrated LiCl solutions 
[1,3].

The ion-ion pair potentials are shown in Fig. 1 and 
compared with the (12-6) LJ potentials with an ele­
mentary charge in the center as used in the previous 
simulation (dashed) [1,3]. The differences between the 
two kinds of potential are very large at small distances 
and disappear beyond 4 Ä, where even in J^ia (r) only 
the Coulomb interaction remains.

The basic cube contained again 129 water mole­
cules and 43 ions of each kind. With the experimental 
density of 1.275 g/cm3 a sidelength of the cube of 
17.55 Ä resulted. The simulation extended over 30 000 
time steps equivalent to a total elapsed time of 7.5 ps 
at an average temperature of 310 K without rescaling. 
Further details of the simulation can be found in [1, 3],
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II. Pair Potentials and Details of the Simulations

III. Results and Discussion

a) Radial Distribution Functions

The changes in the ion-ion potentials from LJ to 
BMH do not only cause changes in the ion-ion RDFs 
(Fig. 3) but also in the ion-water RDFs (Figure 2). 
While the positions of the first peaks in gLi0(r) and 
gUH(r) remain unchanged the heights of the peaks 
decrease significantly, which is connected with a de­
crease of the hydration number of Li+ by about 10% 
to 3.6. The first maximum in gclo(r) is shifted by about 
0.1 Ä to larger distances without a change in height 
while the position of the first peak in gclH(r) remains 
practically unchanged, but its height is significantly 
reduced. This reduction results in a decrease of the 
number of nearest hydrogen atoms around CP by 
about 1 to a value of 4.

Fig. 1. Ion-ion pair potentials of Born-Mayer-Huggins type 
with parameters taken from [6, 7] (full) and of (12-6) Lennard- 
Jones type with an elementary charge in the center with the 
parameters taken from [3] (dashed).

Table 1. Parameters for the ion-ion potential as given in (1), 
taken from [7].

Li-Li Li-Cl Cl-Cl

A
19 JÄ6

2.0 1.375 0.75
C/10- 0.073 2.0 116.7
DI 10" 19 JÄ8 0.03 2.4 234.3

The changes in the water-water RDFs caused by 
the changes in the ion-ion potentials are rather small. 
Therefore, they are not depicted here. But the differ­
ences in the ion-ion RDFs are dramatic, as can be seen 
from Figure 3.

The smallest change occurs in gLiU(r). The position 
of the first maximum is shifted for the BMH potential 
to a distance larger by about 0.2 Ä, and the height is 
increased by about 10% relative to the LJ potential. 
While the position of the first peak at 3.2 Ä corre­
sponds to 2Li+ separated by a water molecule, the 
formation of a strong shoulder at about 4 Ä seems to 
arise from configurations where 2 LP are in contact 
with the same CP. The number of these configura­
tions is expected to increase with an increased tenden­
cy for contact ion pair formation.

This increase of contact ion pairs can be read from 
/iLiC1(r) at the position of the first minimum in gLiC{(r) 
at around 3.5 Ä and amounts to an average of about
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Fig. 2. Ion-oxygen and ion-hydrogen radial distribution 
functions and running integration numbers from MD simu­
lations of an 18.5 molal LiCl solution with a Born-Mayer- 
Huggins (full) and a (12-6) Lennard-Jones (dashed) potential 
for the ion-ion interactions.

1.5 Li+ in contact with a CP (Figure 3). The shift of 
the position of the first peak in gu a (r) by about 0.5 Ä 
follows directly from the difference in the position of 
the potential minima for the BMH and the LJ poten­
tial as shown in Figure 1. The increase in the height of 
the first maximum is in keeping with the lower mini­
mum of the BMH potential. The differences between 
the two gLia{r) become much smaller in the range of 
the second peak, as the differences between the two 
types of ion-ion potentials are restricted to distances 
smaller than 4 Ä (Figure 1).

The C P —CP RDF again strongly depends on the 
choice of the potential (Fig. 3). As a consequence of the 
much softer BMH potential relative to the LJ one

Fig. 3. Ion-ion radial distribution functions and running 
integration numbers from MD simulations of an 18.5 molal 
LiCl solution with a Born-Mayer-Huggins (full) and a Len- 
nard-Jones (dashed) potential for the ion-ion interactions. 
The dotted line gives the result of a neutron diffraction study 
of a 14.9 molal LiCl solution with chloride isotope sub­
stitution [2],

(Fig. 1) the first peak in 0Cici(r) between 4.5-5 Ä prac­
tically disappears and the C P —CP RDF extends 
down to 3 Ä, the distance of closest approach of two 
CP. The dotted line results from the application of the 
second order difference method to neutron diffraction 
studies of a 14.9 molal aqueous LiCl solution with 
chloride isotope substitution by Copestake et al. [2]. 
With the change of the ion-ion potential from LJ to 
BMH type the discrepancy between simulation and 
experiment is reduced but still remains significant. As 
mentioned before [1], it seems to us very surprising 
that the experiment gives such a far ranging pro­
nounced order of the chloride ions in the solution. 
It is very difficult to imagine a consistent set of ion-ion
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Fig. 4. Comparison of the total and selected partial X-ray 
weighted radial distribution functions from MD simulations 
of an 18.5 molal LiCl solution with a Born-Mayer-Huggins 
and a Lennard-Jones potential for the ion-ion interactions 
with the experimental one.

potentials which would lead to agreement with the 
experimental CI- —CP RDF. It is interesting to note 
that in spite of the discrepancies in gCic\(r) the number 
of nearest neighbours is found to be nearly the same 
if all three RDFs are integrated to the minimum in the 
experimental RDF at 4.9 Ä (see also discussion in [8]).

The total X-ray weighted RDFs from the two simu­
lations with the different ion-ion potentials are com­
pared in Fig. 4 with the experimental one [1]. In order 
to understand the improvement achieved with the 
BMH potential, the partial X-ray weighted RDFs -  as 
far as they contribute significantly to the distinct part 
of the total RDF -  are shown, too. The two main 
improvements follow from changes in the Li +—CP 
and CP —O RDFs. The shift in the position and the 
increase in the height of the first maximum in gLiC\(r) 
is responsible for the disappearance of the discrepancy 
in G *(r) at 2.4 Ä. The unexpected strong effect of the

change in the ion-ion potential on the position of the 
first peak in gao (r) corrects partly the second impor­
tant discrepancy. There remains a difference in the 
heights of the main peak in G*(r) which also extends 
to larger distances in the experimental curve. It is not 
quite clear what the reason is for the remaining differ­
ence. Part of it might have to be attributed to difficul­
ties with the Fourier transformation resulting from 
the limited range in k-space accessible by the experi­
ment.

Neutron diffraction studies with chloride isotope 
substitution have been performed for a 14.9 molal 
LiCl solution [2] and others with lithium isotope sub­
stitution for a 27.7 molal LiCl solution at a tempera­
ture of 403 K [9]. Because of the strong differences in 
concentration a direct comparison of the simulated 
radial distribution or structure functions with the ex­
perimental ones is not possible. A rescaling of the data 
from the simulation to the concentrations used in the 
experiments seems not to be warranted as this can be 
done reliably only if the various partial distribution or 
structure functions involved do not change with con­
centration, which is not the case here. Therefore, a 
more detailed search for the reason of the remaining 
discrepancy between experiment and simulation can­
not be performed now.

The orientations of the first neighbour water mole­
cules relative to the cations and the anions do not 
change significantly with the change of the ion-ion 
potentials. They are, therefore, not depicted here.

b) Self-Diffusion Coefficients

The self-diffusion coefficients for Li+, CP and HaO 
have been calculated from the mean square displace­
ment and from the Green-Kubo relation via the veloc­
ity autocorrelation function. Both methods are math­
ematically identical and lead to the same result. The 
statistical uncertainty is relatively high as the self- 
diffusion coefficients in this highly concentrated solu­
tion are smaller by almost an order of magnitude 
when compared with dilute solutions. The results are 
compared in Table 2 with experimental data. The 
good agreement indicates that the potentials used in 
this simulation describe satisfactorily not only the 
structural but also the dynamical properties of the 
highly concentrated solution.

In dilute electrolyte solutions the self-diffusion coef­
ficients and other dynamical properties are usually 
calculated from the simulation separately for the three
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Fig. 5. Normalized velocity autocorrelation functions for 
Li , CP, and water (center-of-mass) from an MD simulation 
of an 18.5 molal LiCl solution.

Fig. 6. Comparison of the spectral densities of the hindered 
translational motions of Li+ from simulations of an 18.5 molal 
LiCl (full) and a 2.2 molal Lil [14] solution.

Table 2. Self-diffusion coefficients for water and the ions in 
an 18.5 molal LiCl solution at 310 K from the simulation 
with the BMH potential and experiment [10] in units of 
10"5cm2/s. The statistical uncertainty of the MD values is 
estimated to be about 25%.

l p c p h 2o

md 0.20 0.17 0.35
Experimentala 0.21 0.21 0.41

0.20 0.20 0.34

a The experimental data in [10] have been measured at 
298.2 K. They have been extrapolated here either according 
to the temperature dependence measured for a 15 molal LiCl 
solution (upper row) [11] or for the viscosities using the 
Stokes-Einstein relationship [12].

water subsystems -  bulk water, hydration water of the 
cation and of the anion -  in order to understand the 
single ion effect (see e.g. [13]). As at the concentration 
investigated here each water molecule belongs to the 
hydration shell of at least one cation and one anion, 
such a separate evaluation is not warranted.

c) Hindered Translational Motions

The velocity autocorrelation functions (acf) for Li+, 
CP, and H20  (center-of-mass) are shown in Figure 5. 
In order to demonstrate the differences between the 
three acfs they are drawn only up to 0.5 ps, a correla­
tion length which is not sufficient to calculate the 
self-diffusion coefficients as the acfs have not yet de­
cayed to zero. These differences become more obvious 
and can be discussed more easily when the Fourier 
transforms of the acfs are compared, which gives 
the spectral densities of the hindered translational 
motions for Li+, CP and H20. They are shown in 
Fig. 6 for Li+ and in Fig. 7 for CP and H20.

Extended simulations for dilute aqueous LiCl solu­
tions with the same potentials as employed here have 
not been performed. Therefore, the spectral density of 
the hindered translational motions of Li+ in the 
18.5 molal LiCl solution is compared in Fig. 6 with the 
one calculated from the simulation of a 2.2 molal Lil 
solution with the ST2 model for water, where the ions 
are modelled as Lennard-Jones spheres with an elemen­
tary charge at the center [14], These differences in the 
potentials are not expected to mask significantly the 
changes caused by a strong increase in concentration. 
It can be read from Fig. 6 that at the high concentra­
tion the shoulder at about 800 cm "1 has disappeared, 
and the main peak is shifted to the red by more than 
one hundred wavenumbers. The relatively high fre­
quencies found for the translational motions of Li+ at 
low concentration were explained before by the strong 
interactions of Li+ within the cage of its six firmly 
attached water molecules together with the coupling 
of the librations of the hydration shell water molecules 
with the translations of the ion [14], In keeping with 
this explanation in the highly concentrated solution 
the hydration shell cage breaks down by the contact 
ion pair formation, the forces become asymmetric and 
the coupling is strongly reduced, resulting in the red- 
shift found.

The spectral densities of the hindered translational 
motions of CP and H20  in the 18.5 molal LiCl solu-
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tion are compared in Fig. 7 with those calculated from 
the simulation of a 1.1 molal SrCl2 solution, where 
also the BJH model for water was employed and the 
Cl_-water potentials were the same as here. Through 
this comparison the effect of concentration becomes 
obvious, as in the dilute case the hydration shell of Cl~ 
is not influenced by the cations and bulk water is in all 
its properties very similar to that of pure water [15].

The increase in concentration leads for Cl~ to a 
blueshift of about 25 cm"1 in the maximum of spectral 
density of the hindered translations and a broadening. 
This shift to higher frequencies has to be attributed to 
the stronger interaction of Cl~ ions as a consequence 
of contact ion pair formation. Different from the Li+ 
case, a well defined hydration shell does not exist 
around CI- which could break down.

In pure water the hindered translational motions 
around 50 cm-1 are usually attributed to hydrogen 
bond bending and the broad peak around 175 cm "1 
to O -O  stretching motions (dashed curve in Fig.7). 
At the high concentration this assignment is no longer 
possible, the spectral density found here is quite simi­
lar to that for the hydration shell water molecules of 
Li+ in dilute solutions [14]. Thus, it can be concluded 
that the lithium ions mainly determine the trans­
lational behaviour of water in the highly concentrated 
LiCl solution.

d) Librational Motions

The angular velocity autocorrelation functions have 
been calculated from the simulation separately for the 
rotations around the three main axes of the water 
molecules and are depicted in Figure 8. Their respec­
tive Fourier transforms -  the spectral densities of the 
librations -  are compared in Fig. 9 with the ones for 
pure water [16], where the differences in the positions 
of the maxima result from the different moments of 
inertia around the axes.

It can be read from Fig. 9 that the ions in the 
18.5 molal LiCl solution cause a blueshift of the libra­
tions of the water molecules around the x- and y-axes 
of about 150 cm-1 while the libration around the z- 
axis remains practically unchanged. This result is in 
accordance with the orientation of the water mole­
cules relative to the two ions. There exists a strong 
preference for a trigonal orientation relative to Li + 
(the dipole moment of the water molecule points away 
from the center of the ion) while a slight preference 
exists for the formation of a linear hydrogen bond
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Fig. 7. Comparison of the spectral densities of the hindered 
translational motions of CP and water from simulations of 
an 18.5 molal LiCl (full) and a 1.1 molal SrCl2 solution [15].

Fig. 8. Normalized angular velocity autocorrelation func­
tions of the water molecules in an 18.5 molal LiCl solution, 
calculated separately for the three components in a molecule 
fixed coordinate system as defined in the insertion.
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Fig. 9. Comparison of the spectral densities of the librations 
around the three main axes of the water molecule as calcu­
lated from simulations of 18.5 molal LiCl solutions (full) and 
of pure BJH water (dashed) [16], The molecule fixed coordi­
nate system is defined in the insertion.

with CP [1], These preferential orientations did not 
change significantly with the change in the ion-ion 
potential from the LJ to the BMH type and are, there­
fore, not depicted here.

It can be visualized easily that in the case of a 
trigonal orientation of the hydrating molecules Li+ 
does not influence the rotation around the dipole axis 
(z-axis). As it has been found from the simulation of 
the 1.1 molal SrCl2 solution that the spectral density 
of the librations for the water molecules in the hydra­
tion shell of C r  are not significantly different from 
that of bulk water [15], it is easily understood that 
even in the highly concentrated LiCl solution a fre­
quency shift of the librations around the z-axis relative 
to pure water has not been found. Different from the
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Fig. 10. Velocity autocorrelation functions for the three vi­
brational modes of the water molecules in an 18.5 molal LiCl 
solution. Qy, Q2, and Q3 denote the symmetric stretching, 
bending, and asymmetric stretching modes, respectively.

z-axis, the librational motions around the other two 
axes of the water molecule are significantly hindered 
by the strong ion-water interactions and, therefore, a 
remarkable blueshift relative to pure water results 
from the simulation.

e) Intramolecular Geometry and Vibrations

The combined effect of Li+ and Cl~ on the water 
molecule geometry leads in this highly concentrated 
solution to an average O -H  distance of 0.9879 Ä and 
to an average HOH angle of 97.3°. These values have 
to be compared with the corresponding ones from a 
simulation of pure water of 0.9755 Ä and 100.8°, 
respectively. From this geometry and the charge dis-

 LiCl • 3 H20 Solution

Q

Q
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A I
0 1000 2000 3000 v/cm "1
Fig. 11. Spectral densities of the intramolecular vibrations of 
the water molecules as calculated from a simulation of an 
18.5 molal LiCl solution.

tribution a dipole moment of 2.09 D results, which is 
about 5% larger than that found for pure BJH water 
[4]-

In Fig. 10 the velocity autocorrelation functions are 
shown separately for the three vibrational modes of

the water molecules in the 18.5 molal LiCl solution. 
They have been calculated from the hydrogen atom 
velocities through a scheme which is described in the 
Appendix of [15]. The Fourier transforms of these veloc­
ity autocorrelation functions are shown in Figure 11. 
The maxima in the spectral densities of the bending, 
symmetric and asymmetric O -H  stretching vibra­
tions appear at 1700, 3210, and 3325 cm" \  respective­
ly. The comparison with the corresponding values 
from the simulation of pure BJH water [16] shows that 
in the limits of statistical uncertainty the frequency of 
the bending vibration does not change while for both 
stretching vibrations a redshift of about 260 cm-1 is 
found for the concentrated LiCl solution. This shift is 
in keeping with the increased intramolecular O -H  
distance if the empirical relationship of about 20 000 
cm-1/Ä is applied [17],
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