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Results of a molecular dynamics study of aqueous solutions of LiJ, LiCl, NaCl, CsCl and CsF 
are reported. The basic periodic box contained 200 water molecules, 8 cations and 8 anions, equiv-
alent to 2.2 molal solutions. Static properties of the first hydration shells of the ions are discussed 
in detail on the basis of radial pair correlation functions, average potential energies of the water 
molecules and pair interaction energy distributions. The calculations lead to the conclusion that in 
the first hydration shells a lone pair orbital of the water molecule is directed towards the cation 
while a hydrogen atom points towards the anion. In the five alkali halide solutions investigated ion 
pairing occurs only with CsF. The hydration numbers, when defined as the volume integrals of the 
ion-water radial pair correlation functions up to the first minimum, increase with increasing ion 
size and depend on the size of the counterion. The water-water interactions in the solutions show 
not only features of pure water at elevated temperatures but also of pure water under compresion. 
The agreement between calculated and measured self diffusion coefficients is still insufficient. 

I. Introduction 

In two previous papers from this laboratory 2 

preliminary results of molecular dynamics calcula 
tions on 2.2 molal aqueous LiCl and CsCl solutions 
have been reported. Inspite of some shortcomings, 
especially as far as dynamical properties are con-
cerned, the results of these investigations seemed to 
be promising with respect to a better understanding 
of the structure of aqueous solutions and justified a 
continuation and extension of the calculations on 
this line. Some other approaches to simulate aque-
ous salt solutions have meanwhile been studied by 
Gosling and Singer 3 and Rahman 4. 

Our preliminary results of the calculations gave 
no indication not to adhere to the ST2 water model 
of Stillinger and Rahman 5. In order to improve the 
simulation, the switching function in the ion-ion pair 
potential has been removed and its range has been 
extended up to a distance of 21/2 times the length 
of the basic periodic box. Some additional proper-
ties have been calculated such as the average value 
of the cosine between the dipole moments of the 
water molecules as a function of distance and the 
average value of the square of the total dipole 
moment of the water molecules within the basic box. 
Also the average pair potential energy of the water 
molecules has been plotted as a function of oxygen-
oxygen distance. 
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The calculations have been extended to solutions 
of LiJ, NaCl and CsF. These solutions were selected 
in order to get information on changes of the hy-
dration shell of an ion by a change of the counter-
ion. This provides an other check of possible limita-
tions of the ST2 water model as far as static proper-
ties of the aqueous solutions are concerned. 

In a subsequent paper6 the molecular dynamics 
results of a 0.55 molal NaCl solution are compared 
with the 2.2 molal solution reported here. 

II. Effective Pair Potentials and Details 
of the Calculations 

As in the previous work 2 the total potential 
was obtained as the sum of effective pair potentials. 
For the water molecule the ST2 four point charge 
model5 was used, while the ions were treated as 
point charges residing at the center of Lennard-
Jones spheres. 

The effective pair potentials used consist of a 
Lennard-Jones term (centered at the oxygen atom 
for the water molecules) 

Vif ( r ) = 4 £ij [ {oijjr)12 — (ojj/r)6] , 
where i and j refer either to ions or water mole-
cules, and a Coulomb term, different for water-
water, ion-water and ion-ion interaction, as given by: 

VL-(r,dn.dl2...) =Sw w(r)<72 2 ( - 1 )°+t/daß, 
a,ß = X 

V% (d+l ,d+ 2 . . . ) = - i ( - 1 )*qe/d+a, 
(-W) ( -1) ( - 2 ) (+) a = 1 (-«) 

V l ± (r) = + e2/r . 
(+-> (-) 
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The switching function, 5 w w ( r ) , has been introduced 
by Rahman and Stillinger7 to reduce unrealistic 
Coulomb forces between very close water molecules. 
It is given explicitly in Reference 2. g = 0 .23e is 
the charge in the ST2 model, d and r denote dis-
tances between point charges and Lennard-Jones 
centers. The sign of the Coulomb terms is correct if 
a and ß are chosen to be odd for positive and even 
for negative charges. The Lennard-Jones parameters 
for the various interactions are given in Table 1. 

Table 1. Lennard-Jones parameters (a, £), density (d), side-
length of the basic periodic boxe (I), number of time steps 
(N), and total elapsed time (t) for the five different solu-
tions. o and I are given in A, s in units of 10~ 1 6 erg, d in 
g/cm3, and t in units of 10 — 1 3 sec. The values for o and e 
are derived by application of Kong's 8 combination rules to 
data obtained by Hogenwst 9. The numbers for N and t 
given in parentheses in the case of CsCl refer to the short 

run with the new potential. 

LiJ LiCl NaCl CsCl CsF 

0+ _ 3.36 2.98 3.09 3.65 3.46 
£+ - 35.4934 28.9742 46.7208 128.935 52.8779 
o+ + 2.37 2.73 3.92 
£ + + 24.7996 31.1472 185.435 

O + w 2.78 2.93 3.58 
£ + w 31.048 38.878 84.2381 
O - - 3.92 3.36 2.73 

_ 185.435 97.7878 31.1472 
O - w 3.58 3.24 2.93 
£ - w 84.2381 70.0009 38.878 
Oww 3.10 
£ww 52.605 
d 1.19 1.05 1.08 1.25 1.27 
I 18.681 18.397 18.420 18.737 18.476 
N 3291 3398 3443 8000 

(410) 
3588 

i 3.587 3.704 3.753 8.72 3.911 
(0.447) 

Again, 200 water molecules, 8 cations and 8 an-
ions, equivalent to 2.2 molal solutions, have been 
employed. The densities, d, used in the calculations, 
the sidelength of the basic periodic box, /, the num-
ber of time steps, N, and the total elapsed time, t, 
are also given in Table 1. 

Selected effective pair potentials are shown in 
Fig. 1 for ion-ion interactions and in Fig. 2 for ion-
water interactions. Because of the strong difference 
in interaction energies three different cut-off pa-
rameters have been chosen: 7.11 Ä for wTater-water, 
0.5 I for ion-water and 2.5 I for ion-ion interactions. 

The calculated properties of the CsCl solution, in 
so far as they have been obtained in the previous 

Fig. 1. Effective pair potentials for ion-ion interactions. For 
comparison the Li+-water pair potential is included. The 
arrow marks the remaining ion-ion interaction energy at the 

cut-off distance 5/2 I. 
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Fig. 2. Effective pair potentials for ion-water interactions. 
The interaction energies are given for the water molecule 
orientations shown in the lower right part of the figure. The 
point marks the minimum of the water-water interaction 
energy for the most favorable orientation of the two water 

molecules. 
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paper 2, are repeated here. Newly calculated proper-
ties of this solution are from a short run over 410 
time steps and are therefore of limited statistical 
value. The difference in the ion-ion pair potentials 
used here and the previous paper 2 does not lead to 
remarkable differences in the results as far as can 
be judged from this short run. 

For equilibration all systems were run about 
1000 time steps at 900 K and another 3000 at 300 K 
before data were collected. Then the temperature 
was kept in the range 295 — 305 K. For further 
details of the calculations see Reference 2. 

III. Results and Discussion 

A) Radial Pair Correlation Functions 

The radial pair correlation functions g+o{r), 
g + K(r), g-o(r), g-n(r) and goo(r), giving the 
oxygen and hydrogen atom densities about the cat-
ions, anions and oxygen atoms, relative to the re-
spective mean densities, and the corresponding total 
numbers of oxygen and hydrogen atoms in spheres 
of radius r about the ions and oxygen atoms which 
shall be called running integration numbers n(r) 
are shown in Figures 3 — 5. The functions <7xH(r) 
and nxH(f) give information about the orientation 
of the water molecules and shall be discussed in 
Section B. 

Some characteristic values of the functions < 7 x o ( r ) 

are given in Table 2. It can be seen from this Table 
that in the limits of uncertainty rjji as well as Rx 

does not depend on the counterion as far as the ion-
water interaction is concerned. In the case of the 
water-water interaction TMI does not depend on the 
solute but is shifted 0.05 Ä to longer distances rela-
tive to pure water, and is smaller by 0.1 Ä in the 
LiJ solution than in the other solutions and pure 
water. The R2 values which reflect the asymmetry of 
the first peak, change with the counterion and, for 
goo ( r ) i with the solution, but no special trend is 
recognizable. 

The rjn values obtained in this work are com-
pared in Table 3 with other available information, 
and are discussed in detail below. The height of the 
first peak, <7xo (rMi)? depends on the counterion, as 
can be seen for Li+ and Cl~. It increases with in-
creasing counterion size, indicating that large coun-
terions disturb the hydration shell less than small 
ones. The uncertainty in the case of Cs+ is too large 
to be used as argument against this conclusion. The 

Fig. 3. Radial pair correlation functions and running inte-
gration numbers for cation-oxygen and cation-hydrogen in 

the five different alkali halide solutions. 

height < 7 o o ( r M i ) does, in the limits of uncertainty, 
not depend on the solute. The obvious difference, 
when compared with pure water, shows again the 
often recognized effect that solutes change the water 
structure in the same way as increasing temperature 
does. This effect is discussed in detail in our pre-
vious paper 2. 
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Fig. 4. Radial pair correlation functions and running inte-
gration numbers for anion-oxygen and anion-hydrogen in the 

five alkali halide solutions. 

The small ions Li+ and F~ are able to form a 
second hydration shell in LiJ and CsF solutions as 
can be seen from Figs. 3 and 4 and the last four 
columns of Table 2, although the concentrations are 
as high as 2.2 molal. In the LiCl solution the second 
hydration shell of Li+ is less pronounced than in LiJ 

Fig. 5. Radial pair correlation function and running inte-
gration number for oxygen-oxygen in pure ST2 water 5 and 

the five alkali halide solutions. 

because of the stronger disturbance by the smaller 
counterion. From the uncertainties of r m l , <710(/ml) 
and 5,io(rM2) the general trend, also recognizable 
in # J 0 ( r M 1 ) , is obvious that the hydration shell 
structure becomes less pronounced with increasing 
ion size and decreasing size of the counterion. A 
certain exception from this trend is shown by 
5rNao(rmt)* An irregular behaviour of the NaCl so-
lution will also be seen later on in the case of other 
properties. There are no noticeable differences in 
<700 ( r ) beyond statistical uncertainty between the 
various solutions investigated, but relative to pure 
water r>i2 and are shifted to longer distances. 
At a distance slightly larger than the minimum, 
9ooir) shows for all solutes except CsCl a small 
bump outside statistical noise. It seems to reflect the 
high concentration of water molecules on the op-
posite sides of the small ions Li+, Na+, and F~. 

A detailed comparison of the radial distribution 
functions of the CsCl solution with the results of an 
x-ray study is in preparation 10. 
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Table 2. Characteristic values of the radial pair correlation functions <7x0 (r) f ° r different alkali halide solutions. Ri, 
rjii and rm j give the distances in A where for the ith time <7x0 ( r) unity> has a maximum and a minimum, respectively. 
The values for pure water are taken from Stillinger and Rahman 5 by interpolating between 10 ° C and 41 °C. The uncer-
tainties in Ri , rMi and r m j are less than ± 0.02 if not stated otherwise. A general statement about the uncertainties in the 

^XQ-values is not possible; in each case it has to be estimated from the statistical noise as shown in Figures 3 — 5. 

X Solute Rd A ] rMl [Ä] 2x0 (nui) Rz[ A ] rml [A] 9XO (rml) rM2[Ä] 2X0 (rM2) 

T LiJ 1.97 2.10 17.29 2.47 3.1 ± 0 . 2 0.12 4.30 2.24 
LiCl 1.95 2.06 15.30 2.34 2.72 ± 0.20 0.04 4.5 ± 0 . 1 1.6 

Na+ NaCl 2.14 2.31 12.77 2.57 3.11 0.011 4.5 ± 0 . 1 1.6 
CsCl 2.92 3.10 ± 0 . 0 6 4.38 3.50 4.14 0.43 4.9 ± 0 . 3 1.3 L.S CsF 2.93 3.10 ± 0 . 0 4 4.7 3.45 ± 0 . 0 5 3.9 ± 0 . 2 0.5 5.30 ± 0 . 1 5 1.4 

F CsF 2.09 2.22 » 1 5 . 8 2.49 2.92 0.03 4.46 1.88 
LiCl 2.50 2.68 7.77 3.05 ± 0 . 0 5 3.88 ± 0 . 1 0 0.25 5.1 ± 0 . 4 1.5 

cr NaCl 2.51 2.66 8.0 2.96 3.40 ± 0 . 1 0 0.18 5.0 ± 0 . 2 1.6 
CsCl 2.51 2.66 8.93 3.04 3.55 ± 0 . 1 0 0.27 4.85 ± 0 . 1 0 1.28 

J- LiJ 2.88 3.02 <^6.0 3.47 ± 0 . 0 4 3.7 ± 0 . 1 0.30 4.8 ± 0 . 5 1.4 
LiJ 2.54 2.90 2.87 3.37 ± 0 . 0 5 3.75 ± 0 . 1 5 0.75 5.45 ± 0 . 1 0 1.13 
LiCl 2.63 2.90 ± 0 . 0 4 2.81 3.33 3.75 ± 0 . 1 5 0.77 5.3 ± 0 . 3 1.15 
NaCl 2.63 2.90 2.96 3.30 ± 0 . 0 4 3.73 ± 0 . 1 5 0.74 5.30 ± 0 . 1 0 1.13 u CsCl 2.66 2.91 ± 0 . 0 4 2.82 3.40 4.08 ± 0 . 1 5 0.82 5.40 1.09 
CsF 2.63 2.90 2.87 3.35 3.82 0.78 5.20 ± 0 . 1 0 1.07 
pure 2.63 2.85 3.13 3.19 3.53 0.72 4.70 1.13 
water 

The position of the first peak of the <7x0(7) func-
tions (see Table 2) giving the average ion-oxygen 
distance of the first hydration shell and the nearest 
neighbour oxygen-oxygen distance are compared in 
Table 3 with the results of x-ray diffraction stud-
ies 1 1 _ 1 4 , crystal radii data15 and preliminary re-
sults of Monte Carlo calculations 16. There is excel-
lent agreement between the different methods for 
the nearest neighbour oxygen-oxygen distance. In 
the case of the cations the agreement between mo-
lecular dynamics, x-ray diffraction and Monte Carlo 
calculations is good, while the sum of the crystal 
radii of ion and water lead to values which are 
remarkably higher. There are large discrepancies 

Table 3. Average ion-oxygen distances of the first hydration 
shell and nearest neighbour oxygen-oxygen distances de-
duced from molecular dynamics calculations, x-ray-investiga-
tions, crystal radii data and preliminary Monte Carlo calcu-

lations. a) Ref. b) Ref.1 2 , e) Ref . 1 S , d) Ref . 1 4 . 

molecular x-ray crystal Monte 
dynamics radii15 Carlo 16 

Li+ 2.08 1.95 a, 2,1b 2.35 1.95 
Na+ 2.31 — 2.66 2.35 
Cs+ 3.10 3.14 c 3.25 — 

F- 2.22 — 2.64 2.75 
cr 2.67 3.10 a, 3,15 d, 

2 . 9 - 3 . 2 5 b 
3.10 3.45 

J- 3.02 3.69 d 3.46 — 

h2o 2.90 2.85 a, 2.90 b, 
2.92 a 

2.90 b, d 2.90 

between the different methods in the case of the an-
ions. Obviously the molecular dynamics values are 
remarkably lower when compared with the other 
ones. In particular the good agreement between the 
various x-ray measurements for Cl - raises some 
doubt about the molecular dynamics results. Agree-
ment in the case of cations and disagreement in the 
case of anions might indicate that the asymmetric 
charge distribution in the ST2 water model causes 
this discrepancy. The ST2 model leading to satis-
factory results for pure water might not be fully ap-
propriate to describe aqueous solutions. 

The hydration numbers for the various ions are 
defined in this paper as the numbers of oxygen 
atoms within a sphere of radius r m l . They are given 
in Table 4. The ranges merely reflect the uncertain-
ties in positioning the minima. For the small ions 

Table 4. Hydration numbers deduced from the radial pair 
correlation functions. The upper right and lower left num-
bers are anion and cation hydration numbers respectively. 
The ranges merely indicate the statistical uncertainty in rmi . 

F Cl I 

7.4 ± 0 . 4 7.3 ± 0 . 3 
5.7 ± 0 . 2 7.1 ± 0 . 1 

6.3 ± 0 . 1 7.9 ± 0 . 3 
7.3 ± 0 . 7 8.2 ± 0 . 8 
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Li+, F~ and Na+ where the end of the first hydration 
shell is clearly given by the pronounced minimum 
in <7xo ( r ) > the hydration numbers are well defined 
and easily recognized by the plateau in n x o i r ) -
With increasing ion size, where the hydration shell 
becomes less pronounced, the determination of the 
hydration numbers is less certain as there is no 
plateau in nxo ( r ) • 

Our hydration numbers increase with ion size 
as expected from steric reasons, with the one ex-
ception of the couple CI - and J~ with Li+ as coun-
terion where they are the same. At lower concentra-
tion and/or with larger counterions this exception 
might not exist. The hydration numbers also in-
crease with increasing size of the counterion 17. This 
results from the fact that large counterions disturb 
the hydration shell less than small ones, an effect 
which is also recognizable in the formation of the 
second hydration shell as noted above. Again the 
NaCl solution is an exception. The hydration num-
ber of CI" in this solution is smaller than in the 
LiCl solution. It should be pointed out that the de-
pendence of the hydration number on the size of the 
counterion leads to a larger hydration number for 
Li+ in LiJ than for Na+ in NaCl. 

The molecular dynamics calculations so far do 
not give any hint for distinguishing between coor-
dination and solvation numbers on the basis of non-
oriented water molecules in the hydration shells of 
the ions, as discussed e. g. by Bockris and Saluja 18. 
A detailed comparison of hydration numbers derived 
from molecular dynamics calculations with those 
deduced from other investigations will be given in 
a separate paper. 

The number of nearest neighbours of a water 
molecule as deduced from the integration of goo(r) 
up to the minimum is noticeable larger for the so-
lutions than for pure ST2 water. Quantitative dif-
ferences between the various solutions cannot be 
given because of the statistical uncertainty, as can 
be seen from Figure 5. But if the integration is 
extended to a fixed distance, / , e. g. the minimum 
of the ^oo( r ) -curve of pure water, then n(r') is the 
same for all solutions, namely six, and about 10% 
higher than for pure water. From this fact it can be 
seen again that the water in aqueous solutions shows 
features of pure water at elevated temperature as 
well as of water under compression. 

The interionic radial pair correlation functions 
g ( r ) show no ion pairing except in the case of 

Fig. 6. Radial ionic pair correlation function and running 
integration number for cesium-fluorine. 

cesiumfluoride which is shown in Figure 6 19. In-
spite of the poor statistics, caused by the small num-
ber of ions, the very sharp peak at 3.14 Ä shows, in 
agreement with the x-ray diffraction studies of Ber-
tagnolli, Weidner and Zimmermann 13 that fluorine 
ions occupy places of water molecules in the first 
hydration shell of Cs+. From the running integra-
tion number ncSF(/) it can be infered that about one 
out of ten F~ are placed in the first hydration shell 
of Cs+ in the case of a 2.2 molal solution as investi-
gated here. 

B) Orientation of the Water Molecules 

The orientation of the water molecules around 
the ions can be seen from the radial pair correlation 
functions g+n{r) and <7-n(r) (Figs. 3 and 4 ) , and 
from the average value of cos 0 as a function of r 
(Figs. 7 and 8 ) , & being the angle between the 
dipole moment of a water molecule and the vector 
pointing from the oxygen atom towards an ion. 

As can be seen from Fig. 4 for all five solutions 
investigated, the distances between the first peaks of 
9 - H ( r ) a n d 9 - o ( r ) a r e 1 A, the 0 —H distance in 
the rigid ST2 water model, and the integration 
numbers n_n(R.2) and n_o (R 2 ) are equal. There-
fore, it has been concluded that in the case of the 
anions a linear hydrogen bond is being formed. This 
orientation of the water molecules around the an-
ions has been found for Cl~ by x-ray and neutron 
diffraction studies 11 and for F~ by NMR measure-
ments 20. In the case of the cations the positions of 
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Fig. 7. Average value of cos & + w as a function of distance 
between cation and oxygen for five different alkali halide 
solutions. 0 + w is the angle between the two vectors con-
necting the oxygen atom with the cation and with the cen-
ter of mass of the water molecule. The positions of rMl» 

R.2, rmi and rM2 are taken from Table 2. 

the first peaks of the <7 + h (r) curves obey the re-
lation 

= [ ( r ^ ) 2 + | r ^ / ? 0 H + ( Ä 0 H ) 2 ] 1 / 2 , 

where ÄOH = 1 Ä and rtil is the position of the 
first peak of a g+o(r) curve. This allows the con-
clusion that a lone pair orbital of the water mole-
cules is directed towards the cation. It agrees with 
these conclusions that the values of ( c o s @ ( r ) ) , 
given in Figs. 7 and 8, are about — 0.6 and + 0.6, 
for cations and anions respectively, in the ranges 

The distribution functions ^ ( c o s © ) in the first 
hydration shells of Cs+ and F~ in the CsF solution 

c o s 0 _ w ( r ) 

+ 0,5 L i J 

r M l rm1 r M 

•0.5 -
L i C l 

2 3 4 5 6 7 8 9 A 

Fig. 8. Average value of cos & _ w as a function of distance 
between anion and oxygen for five different alkali halide 
solutions. 0 _ w is the angle between the two vectors con-
necting the oxygen atom with the anion and with the center 
of mass of the water molecule. The positions of rMl > R* , 

r m i and rM2 are taken from Table 2. 

and the respective mean values (cos (9) are shown 
in Figure 9. A measure of the width of such curves 
is the average square deviation from the mean value. 
The (cos 0)-values and the average square devia-
tions for the five solutions studied in this paper are 
collected in Table 5. 

As all water molecules in the first hydration shell 
(0 r ^ r m l ) are included, not only the water 
molecules in the range 0 ^ r R.z where (cos O ( r ) ) 
is rather constant at — 0.6 and + 0.6 for cations 
and anions respectively, a positive tail arises in the 
PcsW (cos &) -curves. This is a consequence of 
strongly decreasing orientation of the water mole-
cules with increasing distance in the case of the 
large cations. As can be seen from Table 5, the 
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cos 8 

Fig. 9. Distribution function of cos 0 for the water mole-
cules in the first hydration shells of the ions in a CsF solu-
tion. P (cos 0) is given in arbitrary units. The dashed lines 

indicate the mean value of cos 0. 

Table 5. Mean values of cos 0 and in parenthesis average 
square deviations from the mean values for the water mole-
cules in the hydration shells of the ions in five different 
alkali halide solutions. The upper right and lower left num-

bers refer to anions and cations respectively. 

F CI J 

+ 0.63 
(0.033) 

-0 .69 
(0.016) 

sharpness of the distribution functions P ( c o s ( 9 ) 
decreases with increasing cation size, but a similar 
trend is not recognizable for the anions. There is no 
clear trend in respect to the size of the counterions. 

Some general features of ( c o s @ ( r ) ) are recog-
nizable for all ion-water interactions (Figs. 7 and 8). 
The plateau-like range at small distances is followed 
by an area of strong statistical noise, a consequence 
of the small number of water molecules in the re-
gion of the minimum of the radial pair correlation 
functions gio{r). The ( c o s 0 ( r ) ) falls off to zero 
more or less rapidly, indicating the different range 
of orienting power of the different ions. 

A few remarkable differences between the various 
solutes should be mentioned. The fluctuations of 
(cos 0 ( r ) ) in the ranges 0 ^ r R2 are smaller 
for the anions ( + 0.60 + 0.07) than for the cations 

( — 0.65 + 0 .15 ) , indicating a stronger orientation 
of the water molecules in these ranges around the 
anions. The large Cs+ shows no real plateau, there 
is a steady increase of (cos @Csw(r ) ) throughout 
the first hydration shell. The peaks at small dis-
tances, where the radial pair distribution function is 
almost zero, appear to be single events caused by 
the unfavorable orientation of a water molecule 
between a Cs+ and the counterion, especially pro-
nounced in this case because of the small orienting 
power of Cs+. The differences in statistical noise in 
the area of rm l for the various solutes are directly 
related to the values of ^iol^mi) and the number of 
time steps calculated. The formation of a second 
hydration shell is also reflected in ( c o s © ( r ) ) . In 
the respective regions Li+ , F~, and Cl~ in NaCl 
show a kind of plateau indicating a preferential 
orientation at these distances. The LiJ solution is 
strongly different from all the others in respect to the 
falling off of ( c o s @ ( r ) ) with increasing distance. 
Over the whole range 3.5 —7.5 Ä (cos @ L i w ( f ) ) is 
nearly constant at about —0.5, while { c o s © j w ( r ) ) 
is indeed decreasing steadily but much slower when 
compared with the other solutions. This strongly 
different behaviour results from the orienting power 
of the small Li+ combined with the fact that the 
large counterion J - disturbs the hydration shell of 
Li+ only slightly. The orientation around LiT is of 
course reflected in ( c o s @ j \ y ( r ) ) too. 

The average value of the cosine of the angle be-
tween the dipole moments of two water molecules is 
given as a function of distance between the oxygen 
atoms of the two water molecules in Fig. 10 for the 
five different alkali halide solutions. The plots for 
all of the solutions except LiJ are very similar. At 
small distances an angle between the dipole mo-
ments of about half of a tetrahedral angle is pre-
ferred. Over the range of the first peak in the radial 
distribution functions goo(r)» ( c o s @ w w (/•)) falls 
off rapidly to zero indicating no preferential orien-
tation in the region of the minimum of ^00(7) • For 
larger r, (cos @ w w ( r ) ) becomes negative showing 
that for distances of more than 4 Ä the angular 
distribution is not isotropic but there exists a slight 
preference for angles larger than 9 0 ° . The LiJ so-
lution shows an r dependence of (cos @ w w ( r ) ) 
remarkably different from the other solutions. Start-
ing at smaller values ( c o s ( 9 w w ( r ) ) reaches with 
0.56 a maximum in the range of the first peak of 
gooir) corresponding again to half of the tetra-

Li 

Na 

Cs 

- 0 . 6 6 
(0.012) 

+ 0.58 
(0.057) 

- 0 . 6 9 
(0.019) 

- 0 . 5 5 
(0.128) 

+ 0.62 
(0.009) 

[-0.65 
(0.020) 

- 0 . 5 5 
(0.138) 

+ 0.52 
(0.039) 
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Fig. 10. Average value of cos © W W as a function of dis-
tance between the oxygen atoms of two water molecules for 
five different alkali halide solutions. <9ww is the angle be-
tween the dipol moment vectors of the two water molecules. 
The stronger statistical noise in the case of CsCl results 
from the fact that (cos © w w ) data have been collected 

only over about 500 time steps. 

hedral angle. From the maximum on it decreases 
slowly to zero indicating an isotropic angular dis-
tribution not before 6 Ä. This slow decrease reflects 
the long range orientation of the water molecules 
around Li+ and J~ as can be seen from (cos@Liw( r ) ) 
and (COS@JW('") ) in Figs. 7 and 8. The orientation 
around the ions prevents an isotropic angular dis-
tribution of the water molecules around each other. 

Denoting the unit vector in the dipole moment 
direction of water molecule i by Tit[ then M is de-
fined by 

M = 2 m , . 
i 

The quantity (M 2 )/N , where N is the total number 
of water molecules in the basic periodic box, has 
been calculated for the five different alkali halide 
solutions and is given in Table 6 together with the 
value for pure ST2 water as calculated by Stillinger 
and Rahman 5. For all five 2.2 molal solutions the 
values are larger than for pure water but smaller 
than one, indicating less correlation between the 
dipole moment vector directions. It can be seen 
from Table 6 that the deviation from pure water is 

Table 6. (M2)/N for five different alkali halide solutions 
and pure ST2 water, a) This value is an average over only 

about 500 time steps and therefore uncertain, b) Ref. 5 . 

Solute LiJ LiCl NaCl CsCl CsF pure 
ST2-water 

{M-)jN 0.44 0.34 0.32 (0.39) a 0.17 0.15 b 

smallest in the case of CsF and increases with in-
creasing anion size. There is practically no cation 
dependence for the three different chloride solutions. 
This order of (M 2 )/N is in agreement with the 
structure breaking ability of the anions as deduced 
from various other kinds of measurements (see e. g. 
Yerrall 2 1 ) . 

It appears to be premature to try to relate at this 
stage the quantities ( c o s @ w w ( r ) ) a n d (M2)/N 
calculated here to measured static dielectric proper-
ties of aqueous solutions. 

Fig. 11. Average potential energy of a water molecule in the 
field of cations as a function of ion-oxygen distance for five 
different alkali halide solutions. The broken lines show the 

effective pair potential for cos © + w = — 1 • 
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Fig. 12. Average potential energy of a water molecule in the 
field of anions as a function of ion-oxygen distance for five 
different alkali halide solutions. The broken lines show the 
effective pair potential for c o s 0 _ w = l ; the dashed line in 
the case of CsF corresponds to the linear hydrogen bond 

configuration F " . . . H — Ck 
X H 

C) Average Potential Energy 

In Figs. 11 and 12 the average potential energies 
of a water molecule in the field of a cation or anion, 
respectively, are shown as functions of the ion-oxy-
gen distance. In addition the effective pair potentials 
between the various ions and a water molecule are 
given as broken lines for the case in which cos 0+w 
= — 1 and cos@_w = l . These configurations yield 
the lowest minimum in the effective pair potential 
for all ions except F~. In the case of the fluorine ion 
the lowest pair interaction energy minimum is 
realised by the formation of a linear hydrogen bond 
F " . . . H — • Pair potential for this con-
figuration is given as a dashed line in Figure 12. 
For Li+ and Cl~ the minimum energies for the two 

orientations differ very little. This correlation be-
tween minimum energy and orientation in the case 
of the rigid ST2 water molecule in the field of an 
ion agrees qualitatively with results of molecular 
orbital calculations 22. From this agreement it can 
be expected that the ST2 water model leads to rea-
sonable results also for aqueous solutions. The com-
parison between full and broken lines for the vari-
ous ions in the five different alkali halide solutions 
shows the strong orienting influence of neighbouring 
water molecules and ions, leading to a more or less 
unfavorable orientation in respect to the central ion. 
As the potential energy of a water molecule in the 
field of an ion depends, besides on r, on the orienta-
tion of the water molecule, many similarities arise 
in the curves of (cos (9iw ( r ) ) and ( F r w ( r ) ) (cf. 
Figs. 7 , 8 , 1 1 , 1 2 ) . 

In Fig. 13 the average water-water pair potential 
energy is given as a function of oxygen-oxygen dis-
tance for the five alkali halide solutions. In all five 
solutions water molecules at small distances with 
positive pair interaction energies have been found. 

V,w(D 

c 10 e r g 

Fig. 13. Average pair potential energy of the water mole-
cules as a function of oxygen-oxygen distance for five dif-

ferent alkali halide solutions. 
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The minimum of (Fww ( r ) ) coincides with the 
maximum of the first peak in the radial pair cor-
relation function <7oo(r) and ranges from — 2.6 for 
LiJ to — 3.1 kcal/mole for CsF. Between 3.5 and 
4.5 Ä the average potential energy is either zero 
(in the case of CsCl) or positive. Beyond 4.5 Ä it 
is zero except for LiJ, where ) remains 
positive up to the cut-off distance. The positive 
values of ( J ' V w ^ ) ) r a n g e 3.5 — 4.5 Ä result 
from the orientation of the water molecules around 
the ions leading to unfavorable orientations of the 
water molecules relative to each other. A comparison 
of ( f / w w ( ^ ) ) with (cos ©Liw(r)) and (cos<9jw(0) 
in the case of the LiJ solution shows this effect very 
clearly. 

D) Pair Interaction Energy Distribution 

Denoting the average number of pairs having an 
interaction energy in the range of dV by p(V)dV, 
the cation-water, anion-water and water-water pair 
interaction energy distribution functions p(V) are 

Fig. 14. Pair interaction energy distribution functions for 
cations-water in five different alkali halide solutions, p (V) 

is given in arbitrary units. 

h i 

1 I 

1 1 \J 1 . i A l u L 

I C s C I 

\ C s F 

Fig. 15. Pair interaction energy distribution functions for 
anions-water in five different alkali halide solutions. p(V) is 

given in arbitrary units. 

shown in Figs. 14 — 16 respectively. p(V) is given 
in arbitrary units. It increases rapidly as V goes to 
zero because of the greater number_ of pair inter-
actions at large distances where coulombic terms of 
the potential are small. 

The negative energy sides of the plots in Figs. 14 
and 15 reflect the more or less pronounced hydra-
tion shells of the ions as expected from the radial 
distribution functions together with the average 
potential energy plots. Comparing ions of similar 
size like Cs+ and J~, it can be seen that the anions 
show a less uniform energy distribution than the 
cations. There are no distinct differences recogniz-
able in the p(V) plots for different counterions as 
can be seen for Cl~ in Figure 15. The positive tails 
end between 7 and 8 - 1 0 ~ 1 3 e r g for all ions in the 
various solutions except J~ where it ends at about 
6 - 1 0 _ 1 3 e r g . The positive values of the pair poten-
tial arise from unfavorable water molecule orienta-
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In Fig. 16 the water-water energy distribution in 
the five alkali halide solutions are shown. As dis-
cussed in detail in a previos paper 2, the plateau at 
negative energies demonstrates that these solutions 
show properties of pure water at elevated tempera-
tures while the positive energies indicate by the 
shoulder at about 2 .8 '10~ 1 3 erg (ca. 4 kcal/mole) 
that the water-water interactions in these solutions 
show additionally features of pure water under high 
compression 23. The differences between the various 
solutions as far as the negative energy sides are 
concerned are not considered to be significant at 
this stage of the investigations. It is obvious from 
the plots that the number of water-water interactions 
with positive energies is smallest in the case of the 
CsCl solution and by far the largest for the LiJ so-
lution. This relatively high percentage of water-
water interactions with positive energies in the LiJ 
solution results from the fact that favorable orienta-
tion of the water molecules around Li+ and J~ leads 
to unfavorable orientations of the water molecules 
relative to each other. 

Fig. 16. Pair interaction energy distribution functions for 
water-water in five different alkali halide solutions. p(V) is 

given in arbitrary units. 

tions due to the hydration shells of counterions and 
from water molecules located in positions inter-
mediate between hydration shells. It should be noted 
that the number of water molecules with positive 
energies is obviously smallest in the LJ solution, 
recognizable in the J~-water as well as in the Li+-
water pair interaction energy distribution. This re-
sults from the long range ordering of the water 
molecules in this solution as can be seen from the 
( c o s ( 9 ( r ) } and correspondingly the ( V ( r ) ) plots 
for both ions Li+ and J~. 

E) Self Diffusion Coefficient for Water 

The self diffusion coefficients for the water mole-
cules calculated here using the relationship 

[R(t)-R(0)]2 

6 t 
D = lim 

are for all five solutions by more than a factor of 
two larger than the ones obtained by Endom, Hertz, 
Thül, and Zeidler 24 from NMR measurements. The 
reason for this discrepancy is most probably that 
the simulation time was not long enough to reach 
the limiting slope. 
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