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A study of the structure of a 13.9molal aqueous LiCl solution has been performed by MD 

simulation. An improved central force model was used for water. The ion-water interactions were 
derived from ab initio calculations, while the ion-ion interactions were described by charged 
Lennard-Jones spheres. The structure function obtained from the simulation agrees reasonably 
well with that of X-ray diffraction. The number of first neighbour water molecules around an 
Li+ is estimated to be about 5, as compared with a coordination number of about 4 derived from 
X-ray measurements. A small amount of contact ion pairs is suggested to exist. The O - H dis-
tance is increased by about 0.014 A relative to pure water, resulting in a red shift of the O - H 
stretching frequency of about 300 cm"1. 

I. Introduction 

It is interesting to explore how ions are solvated 
by water molecules in highly concentrated elec-
trolyte solutions and how contact ion pairs are 
formed. However, this kind of study is scarce in the 
field of computer s imulat ions as well as in experi-
ments. In this study a 13.9molal LiCl solution 
(LiCl • 4 H 2 0 ) has been chosen. Al though X-ray and 
neutron diffraction measurements have been per-
formed for this solution [1], it is diff icult to obta in 
information on the three dimensional s tructure f rom 
such data alone. This solution was studied former ly 
also by Molecular Dynamics (MD) s imulat ion with 
the main purpose of analyzing X-ray d i f f rac t ion 
data [2]. Empirically adjusted ion-ion potentials had 
been used in this study, while in the present work a 
combination of already known and tested potentials 
has been employed. 

Reprint requests to Dr. K. Heinzinaer. Max-Planck-Institut 
für Chemie. Saarstraße 23. P.O. Box 3060. D-6500 Mainz. 

II. Potentials and Simulation Method 

A modif ied version of the central force potent ial 
[3] has been employed, which had been used be fo re 
in several simulations of pure liquid water [4, 5] and 
aqueous solutions [6 -8 ] , It is very s imilar to the 
original central force potential in the latest version 
[9] as far as the intermolecular interactions are con-
cerned. while the description of the in t ramolecular 
interactions has been improved significantly. 

The ion-water pair potentials were based on those 
derived f rom ab initio calculat ions by Clement i et 
al. [10, 11]. As the central force potential [9] was 
used for water-water interaction, the pa ramete r s of 
the coulombic terms in the ion-water potent ia ls 
were determined by the part ial charges on the H 
and O atoms, 0.32983 e and 2 x 0.32983 e, respec-
tively, and the ionic charge. These terms have then 
been subtracted from the potentials by Clement i et 
al. and the differences were fit ted to s imple ana-
lytical functions of the ion-oxygen and ion-hydrogen 
distances. 

The resulting Li+-water and Li^-oxygen pair po-
tentials are compared in F igure 1 with those given 
by Clementi and Popkie [10]. and by Bounds and 
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Fig. 1. Li+-water (above) and Li+-oxygen (below) pair 
potentials as a function of ion oxygen distance, for the 
water molecule orientation shown in the insertion. : the 
present potential; ---; its shifted force potential; o: [101; 
A: [12], 

Table 1. Intermolecular potentials employed in the simula-
tion. Energies are given in 10_ 19 J and the distances in A. 
For intramolecular potentials see [3], 

Voo(r) = 10.04+ 1858/r8-86 — 0.01736 [exp[—4(/- — 3.4)2] 
+ exp [— 1.5 (r — 4.5)2]} 

^oh('') = - 5.019//- + 0.433//-9 2 

— 0.694/{1 + exp [40 (/- - 1.05)]} 
- 0.278/{ 1 + exp [5.493 (r - 2.2)]} 

Fh h (/') = 2.509//- + 6.94725/{ 1 + exp [29.9 (r - 1.968)]} 
Kio(r) =-15.22/ / -+ 1499 exp(— 3.93 r) — 8.109/r2 

VLiH(r) = 7.609//-+ 191 exp ( -5 .87 r) + 3.934/i2 

VQ0{r) = 15.22//-+ 6304 exp (-3.21 r) - 1.849/r2 

Fqh (/-) = - 7.609//- + 3.138 x 1024 exp ( - 34.0 r) 
VLlLl (/•) = 23.07//- + 0.992 x 10~2 [(2.37/r)12 - (2.37/r)6] 
FLlC| (/') = - 23.07//- + 0.512 x 10~2 [(3.83/r)12 - (3.83/r)6] 
FC1C1 (/-) = 23.07//- + 1.116 x 10~2 [(4.86//-)12 — (4.86/r)6] 
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Bounds [12]. which have been calculated also f rom 
the original data of Clementi and Popkie by em-
ploying energy derivatives. There is no signif icant 
difference between these potentials. The pa i r po-
tentials between Cl~ and water were those used in 
the simulation of an MgCl2 solution [13], which 
were calculated also f rom the ab initio calculat ion 
[11] on the basis of the above stated procedure . 

The ion-ion pair potentials were based on the 
model of a Lennard-Jones sphere with a unit ele-
mentary charge in the centre [14]. Al though the pai r 
potential for CI"—Cl~ has been obta ined also f rom 
ab initio calculations [13], the potential based on 
the Lennard-Jones model was adop ted here for 
consistency with the oher ion-ion potentials . T h e 
difference between these two Cl~—Cl~ potent ials is, 
in practice, very small, because at distances relevant 
in the simulation the coulombic repulsion is the 
main term in both cases. 

The pair potentials thus obtained are given in 
Table 1. 

The "shifted force potent ial" method [15, 16] was 
applied to ensure a constant-energy run. The Li+ -
water and Li+-oxygen pair potentials mod i f i ed in 
this way are also shown in Figure 1. The Ewald 
method was used for the calculation of the cou-
lombic interactions. A predictor-corrector a lgor i thm 
[17] was employed. The n u m b e r of H, O, Li+ and 
Cl~ in the periodic cube was 288, 144, 36 and 36, 
respectively, with an edge length L = 17.732 A cal-
culated from the measured density (1.2272 g e m " 3 

[18]). The time step was 2.5 x 10~16s. T h e s imula-
tion extended over 3600 t ime steps af te r equi l ibra-
tion, the initial configuration being taken f r o m the 
former M D simulation [2]. The average t e m p e r a t u r e 
was 314 K. 

III. Results and Discussion 

A) Radial distribution function (RDF) 

X-ray and neutron weighted structure funct ions 
are obtained from the partial radial d is t r ibut ion 
functions #,, (/') by 

( Z X'Zi) i 
' 1 4 nq r (g/j (r) - 1) sin (k r) dr , 
o 

where k is the scattering vector, that is k = 4^: sin 0D. 
(2 0: scattering angle, /.: wavelength of incident 
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radiation); c denotes the a tomic scattering factor 
f ( k ) for X-ray functions / (k)x and the scattering 
length b for neutron functions i(k)N; .Y is the mole 
fraction and q is the n u m b e r density def ined here as 
the number of molecules of (LiCl + H 2 0 ) per A3 , 
that is 0.0323 A"3 ; / is an upper limit of distance for 
integrations and taken here to be L/2. 

The structure function obta ined f rom the M D is 
compared with that f rom X-ray di f f ract ion [2] in 
Figure 2. Satisfactory agreement is obta ined be-
tween them, al though some discrepancies are found 
at a higher k region ( > 12 A - 1 ) where the X-ray 
diffraction data might contain relatively large un-
certainties due to low scattered intensities. This 
agreement suggests that the intermolecular con-
figurations obtained by the present s imulat ion suf-
ficiently reproduces the real system. 

The total X-ray weighted R D F G (r)x is cal-
culated from the structure funct ion by 

*max 

• j k- i(k)xM(k) sin (kr)dk , (2) 
o 

where kmdX is taken as 15 A - 1 and M{k) is a 
modification function which is put as M(k) = 
exp ( - 0 . 0 1 k2) in order to el iminate the t runcat ion 
error of the Fourier t ransform and to min imize the 
uncertainty of the k • i(k)x value at higher k values. 
The X-ray weighted radial dis tr ibut ion funct ions 
G(r)x obtained f rom the M D simulat ion and the 
experiment are compared in Figure 3. The agree-
ment between the calculated and experimental ly 
obtained radial distr ibution curves is, in general , 
satisfactory, although a di f ference is found at a 
peak around 2 A, where mainly interactions be-
tween Li+ and water molecules contr ibute (see 
below). 

In Figure 4 the neutron structure function k • i(k)N 

calculated by Eq. (1) is compared with the experi-
mental one [19]. As the scattering length of O, D, Li 
and CI atoms, the values of = 0.5805, 0.6674, 
- 0 . 1 9 0 and 0.95792 x 10"12 cm [20] are adop ted , 
respectively. The contr ibut ion only f rom the O—H 
and H - H pairs as derived f rom the M D result, is 
shown as dotted line. This indicates that in the case 
of the k • i(k)u the contr ibution is due mainly to the 
O - H ( D ) and H ( D ) - H ( D ) pairs and wholly so 
above 9 A - ' . As the agreement of the phases at a 
high k region between the M D and exper imenta l 

Fig. 2. X-ray structure functions from experiment (o) and 
MD simulation ( ). 

Fig. 3. X-ray weighted radial distribution functions from 
experiment (---) and MD simulation ( ). 
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Table 2. Characteristic values for the radial distribution functions gjAr). The distances are given in A with an uncer-
tainty of at least ± 0 . 0 2 A . r M 1 , r m l , and r M 2 are the distances at the first maximum, the first minimum, and the second 
maximum, respectively. /?, and R2 are the distances where £/,,(/") crosses unity for the first and the second time, 
respectively. For O - H and H—H only intermolecular data are given. The uncertainty in g:j (r) can be estimated from 
Figures 5-8 . n is the coordination number as defined in the text. 

/ j ' M i 9 ( ^ M l ) « 2 ' ' m i g(r m l ) '"M 2 g(rU2) n(R2) « ( ' ' m l ) 

Li 
Li 
CI 
CI 
Li 
Li 
CI 
O 

O 

O 
H 
O 
H 
Li 
CI 
CI 
O 

H 

1 . 8 1 
2 . 4 3 
2 . 8 9 
1 . 9 2 
2 . 8 
3 . 9 
4 . 4 
2 . 6 9 

2 . 8 4 

2 . 0 0 
2 . 7 0 
3 . 2 0 
2 . 2 5 
3 . 0 
2 . 8 
4 . 9 
2 . 9 8 

2 . 0 0 

9 . 9 8 
4 . 6 5 
3 . 6 6 
3 . 0 3 
2 . 9 
0 . 5 
2 . 2 
2 . 9 1 

0 . 2 4 

2 . 5 0 
3 . 0 8 
3 . 6 9 
2 . 6 3 
3 . 6 
5 . 4 
5 . 7 
3 . 5 4 

4 . 2 1 

3 . 0 2 
3 . 3 5 
4 . 1 0 
2 . 9 2 
4 . 4 
3 . 2 
6 . 4 
3 . 9 3 

2 . 2 8 

0 . 2 3 
0 . 4 5 
0 . 7 1 
0 . 6 4 
0 . 2 
0 . 1 
0 . 7 
0 . 6 9 

0 . 2 0 

4 . 2 8 
4 . 8 8 
5 . 6 0 
3 . 4 5 
6 . 1 
4 . 8 
8 . 3 
5 . 9 0 
3 . 2 0 a 

3 . 7 8 

1 . 0 5 
1 . 1 5 
1 . 3 1 
1 . 4 1 
1 . 0 
2 . 9 
1 . 3 
1 . 1 4 
1 . 3 5 
1 . 4 3 

4 . 7 
9 . 6 
6 . 5 
5 . 2 
1 . 4 
6 . 0 
4 . 4 
5 . 4 

1 7 . 6 

5 . 2 
1 0 . 7 

8 . 2 
6 . 3 
1 . 8 
0 . 1 
6 . 3 
6 . 8 

2 . 3 

H H 2 . 2 0 2 . 2 5 1 . 1 1 2 . 3 5 2 . 7 3 0 . 8 2 3 . 6 5 1 . 2 4 1 . 7 3 . 2 

a The second peak is splitted into two peaks. 

results is rather good, the in t ramolecular s t ructure 
of the water molecule is inferred to be well s imu-
lated. 

The characteristic values of the radial d i s t r ibu-
tion functions #,;(/•) for the 10 pairs are given in 
Table 2. 

In Figure 5 guo(r) a n d gu\\(r) a r e shown. T h e 
maximum of the first — very sharp — peak in guo (r) 
is positioned at 2.00 A. Da ta on first ne ighbou r 
Li+-water distances are significantly d i f fe ren t in 
X-ray and neutron diffract ion, the reason for which 
remains to be known. With one exception (see [1]) 
the neutron data [19, 2 1 - 2 3 ] ) lead to L i + - 0 dis-
tances between 1 .90-2 .00 A, while most of the X-
ray data are above 2.10 A (see Tables in [2, 24]). 
Thus, the present result is closer to that ob ta ined by 
neutron diffraction, while s imulat ions at lower con-
centrations with the ST2 and M C Y models for 
water [25, 26] lead to Li+—O distances in ag reemen t 
with X-ray data. In this highly concentrated solu-
tion, gu0 does not become zero at the first min i -
mum position /-m |, which is in contrast with the 
results obtained in dilute solutions. 

When the position of the first m a x i m u m , r M 1 , in 
gUH is compared with neutron d i f f rac t ion results at 
comparable concentrations, it agrees well with tha t 
determined by Narten et al. (2.68 ± 0 . 0 1 A at LiCl • 
4.01 H 2 0 [1]) but is appreciably greater than tha t 
obtained with the first-order d i f ference m e t h o d by 
Newsome et al. (2.50 ± 0.02 A at a 9.95 molal LiCl 
solution [21]). 

Fig. 5. Li+-oxygen ( ) and Li+-hydrogen ( — ) radial 
distribution functions and running integration numbers. 

V 

Fig. 6. CI -oxygen ( ) and CI -hydrogen ( — ) radial 
distribution functions and running integration numbers. 
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It can be seen f rom Fig. 6 and Table 2 that the 
Cl~-water First ne ighbour distance of 3.20 A is in 
excellent agreement with the value de termined so 
far by X-ray diffract ion [1, 2, 27], Since the con-
tribution of the CI—O pair to i(k) and G (/•) is 
dominant in X-ray measurements of aqueous LiCl 
solutions particularly at this high concentrat ion, the 
CI—O distance can be measured very accurately. 
Therefore, this agreement between the M D simu-
lation and the experiment indicates that the con-
Figuration simulated here reproduces the real sys-
tem well. A neutron diffract ion exper iment at a 
comparable concentration (LiCl • 5.58 H 2 0 ) yielded 
a C l - 0 distance of 3.29 ± 0.04 A [28], 

The two peaks in Qc\\\{') (H a toms within the 
same water molecule) are separated distinctively, 
consistent with the format ion of l inear hydrogen 
bonds between the water molecules and CI", as 
discussed in detail below. /-M) and rM2 in gc\w(r) 
(see Table 2) are in good agreement with the results 
of the neutron diffract ion (2.22 ± 0.02 A and 3.50 -
3.68 A, respectively, in LiCl • 5.58 H 2 0 [28]). 

Fig. 8. Oxygen-oxygen, oxygen-hydrogen, and hydrogen-
hydrogen radial distribution functions and running in-
tegration numbers. 

The ion-ion R D F s are shown in Fig. 7 along with 
the running integration numbers . It is hard to deter-
mine the peak positions of these ion pairs by X-ray 
diffraction. The first-order and the second-order 
difference method by neutron d i f f rac t ion [29] may 
be applicable for this purpose [23]. 

The position of the First peak in gLiL] (/-) appears 
at a distance shorter by as much as 2 A than in a 
2.2 molal Lil solution [30]. This peak results f rom a 
configuration where two Li+ ions are coordinated 
by the same water molecule. 

The gLlC] (/•) curve (Fig. 7) showing a small peak 
at about 2.8 A indicates the format ion of contact ion 
pairs. The amount of ion pair ing is so small that its 
existene cannot be ascertained experimental ly. The 
second big and wide peak in g L i c l (r) a round 4.5 A is 
due to two ions separated by one water molecule. 
The broad peak shows that the dis t r ibut ion of the 
dipole directions around Li+ and CI - is widely 
spread, as will be shown below. The running in-
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tegration number is 6 to 7 within the second 
minimum position, r m 2 , and nearly equal to that of 
the water molecules around a CI". This is also con-
sistent with the high probabil i ty for L i + - C l ~ pairs 
separated by one water molecule. 

The peak in gc\c\(r) around 4.9 A results ma in ly 
from two CI" linked by two hydrogen a toms wi th in 
a water molecule. 

The gooi'l, g0n(r), and gHH(r) funct ions are 
shown in Figure 8. 

The goo(r) curve has a first m a x i m u m at 2.98 A, 
a distance slightly larger than that in pure wate r 
simulated by using the same pair potent ia ls (2.85 A 
[4]). The peak height is almost the same in bo th 
cases. The coordination number is 6.8 within rm, 
(Table 2). Such a coordination n u m b e r may result , 
for example, f rom a typical case: when a wa te r 
molecule of the octahedral hydra t ion shell of an Li + 

belongs at the same t ime to the hexahedra l one of a 
Cl_ , this water molecule has a water -coord ina t ion 
number of 7 (4 f rom the fo rmer and 3 f rom the 
latter). The second peak of goo(r) is much less 
pronounced than in pure water. This may be d u e to 
breakage in the hydrogen-bond network of the 
water structure. 

The main characteristic of #OH ('') a s c o m p a r e d to 
that in pure water and in dilute solutions is the very 
low peak height at ca. 2.0 A and an appea rance of a 
peak at ca. 3.8 A. This result, together with the 
running integration number which shows only a 
slight increase around 2 A, indicates that hydrogen 
bonding between water molecules is rare. Only ca. 
0.3 hydrogen atoms of ne ighbour ing water mole-
cules are located within the distance of a no rma l 
hydrogen bond. This is in keeping with the distribu-
tion of the potential energies between pairs of water 
molecules (see below). The peak a round 3.8 A m a y 
result f rom two water molecules coord ina ted to the 
same Li+ where the rotational mot ions a round the 
dipole moments are considerably h indered . 

Additional support for a low probabi l i ty for the 
existence of normal hydrogen bonding comes f r o m 
the peak height of *7HH ( ' ) a t ca. 2.3 A, which is 
significantly smaller than that in pure water and 
dilute solutions. 

B) Hydration shell properties 

The curve of the running integrat ion n u m b e r in 
Fig. 5 shows that n u o is about 4.7 at R2 (= 2.50 A) 
and 5.2 at /"m i (= 3.02 A). Thus , even in such a 

highly concentrated solution where the molar ra t io 
of water molecules to an Li+ is 4, the coord ina t ion 
number is more than 4. This means that abou t half 
of the water molecules coordinate to more than one 
Li+ at the same time. 

The running integration number is a b o u t 5.2 
at R2 ( = 2 . 6 3 A) and 6.3 at rm] (= 2.92 A). The 
//C10 (/') has almost the same value ( = 6.5) at R2 

(=3.69 A). 
The distributions of coordinat ion n u m b e r s of 

oxygen atoms around an Li+ and a CI" within R2 

and /-ml are given in Figure 9. The dis t r ibut ion is 
peaked at 6 for an Li+ and 8 for a C l _ , when /-ml is 
defined as the limit of the coordinat ion sphere. 

The angular distribution funct ion of the co-
ordinating water molecules a round the ions wi th in 
/•ml is calculated by 

P(ys) = Cn(y)Asiny, (3) 

where /?(<//) is the number of pairs of water mole-
cules at an angle y centred on an ion; C is a nor-

180 
malization factor chosen so that j P(ys) di// = 1. 

o 
Figure 10 shows that there are two peaks at 88° 

and 180°, which indicates that water molecules are 
nearly regular-octahedrally located a round an Li+ . 

In the case of water molecules a round a Cl~ (see 
Fig. 11), there is a peak at 51° . This angle cor-
responds to an angle produced by two water mole-
cules in the first hydration shell of Cl~ and separ-
ated from each other by nearly a normal d is tance 
between neighbouring water molecules in pure water. 

C) Orientation of the water molecules 

The average dipole moment direction of water 
molecules (cos 0} is expressed as a func t ion of 
distance from the ions in Fig. 12, where 9 is the 
angle between the dipole moment direct ion and the 
vector pointing from the oxygen atom toward the ion. 

For Li+ the (cos 9 ) value is - 0 . 9 3 (0 = 158°) at 
the smallest L i + - 0 distance in guo and increases 
rather sharply in the region up to 6 A. This is in 
contrast to the case of dilute solutions. In a 2.2 molal 
Lil solution (cos 0 ) is nearly constant over the 
range 2 to 3 A [30]. The remarkable change in 
(cos 9) with distance in the present case is obviously 
due to the very high concentration of the ions in the 
solution in which a water molecule coordinates to 
more than one ion and therefore its or ienta t ion is 
necessarily affected by both ions at the same t ime. 
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Fig. 9. Distributions of coordination numbers of oxygen 
atoms around Li+ and CF. The coordination spheres are 
taken within R2 (left) and rml (right). 

P(+) 
0 . 0 4 

0 . 0 3 

0 . 0 2 

0.01 

Ph. Bopp et al. • The Structure of an LiCl • 4 H 2 0 Solution 122 

Pit! 

0.02 

0.01 
0 

3 0 150 6 0 9 0 120 

^/degree 
Fig. 11. Angular distribution function of water molecules 
within /-m, around a CI". 
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Fig. 12. Average value of cos 9 as a function of distance 
from Li+ ( ) and CI" (—). 9 is defined in the text. 
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Fig. 10. Angular distribution function of water molecules in the first hydration shells of Li+ and CI". 9 is defined in 
within /-m | around an Li+. the text. 
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For CI" <cos 9) is about 0.81 (0 = 3 6 ° ) at the 
smallest Cl~—O distance and very sharply decreases 
to 0.68 (0 = 47°) . This suggests that the n u m b e r of 
water molecules forming l inear hydrogen bonds 
with the ion is small, which is due to the inf luence 
of the neighbouring ions, as stated above. 

The distribution of cos 6 is given in Fig. 13 for 
molecules within /-m] a round Li+ and CI". The values 
of 0 are broadly distr ibuted. 

In the hydrat ion shell of Li + within r m l (= 3.02 A) 
a distribution is found with a m a x i m u m of cos 0 = 
- 1.0 and an average value of - 0 . 7 6 cor respond ing 
to 0= 139°. This is s imilar to the case of water 
molecules around Na + in a 2.2 molal N a C l solut ion 
(average value of 0 = 140°) [6, 31], a l though this 
agreement may be fortuitous. 

For the water molecules a round CI" within r m l 

(=4.10 A) a maximum is found at cos 9 = 0.60 
(9 = 53°) and an average value at 0.45 (0 = 6 3 ° ) , 
while for a certain fraction of the water molecu les 
cos 0 is even negative. The dis t r ibut ion of cos 9 over 
a wide range has also been found in d i lu te solu-
tions [13], although this trend is more p ronounced 
here. 

D) Average potential energy 
and pair interaction energy distribution 

The average potential energy of water molecu les 
(W) around Li+ and CI" is shown in Fig. 14 as a 
function of ion-oxygen distance. The ( F u w O " ) ) 
curve increases with distance in the range f r o m 1.9 
to 6.0 A. N o max imum is found in (^Liwl/*)) 
around the position of the first m i n i m u m in # L i W , 
which is in contrast to the case for 2.2 molal alkali 
halide solutions [30], In the region above 5.4 A 
(F L j w ( / - ) ) becomes positive. This is because the 
water molecules in this region are af fec ted m o r e 
strongly by other ne ighbour ing ions than by the Li + 

at the reference position. 
The positions of the first m a x i m a in the cor-

responding RDFs, which are marked by ar rows in 
Fig. 14, are found at slightly greater dis tances bo th 
for Li + and CI" than at the potential min ima . In 
dilute solutions such as a 1.1 molal a q u e o u s MgCl 2 

solution [13], the min imum of the average potent ia l 
energy and the position of /-M, for Cl"-water pairs 
coincide at 3.2 A. In the present case the pos i t ion of 
the potential min imum is located at abou t 3.0 A. 

The average potential energy ( F w w ( r ) ) for water-
water pairs has positive values in the range up to 

about 7 A (Figure 15). This is not observed in 
dilute solutions. In highly concentrated solut ions 
such as the present one the ions force the water 
molecules into orientations relative to each o ther 
which are very unfavourable f rom an energet ic 
point of view. A particularly large positive value at 
the region where two water molecules are closely 
neighboured indicates that water molecules co-
ordinating to the same Li+ are unfavourab ly orient-
ated with respect to each other f rom an energet ic 
standpoint. 

8 9 

Fig. 14. Average potential energy of a water molecule in 
the field of the Li+ ( ) and^the CI" ( ) as a func-
tion of ion-oxygen distance. 

0 . 3 -

0 1 2 3 4 5 6 7 8 9 

r / A 
Fig. 15. Average potential energy of a water molecule as a 
function of oxygen-oxygen distance. 
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P ( v ) [ 

- 0 . 5 - 0 . 4 - 0 . 3 - 0 . 2 - 0 . 1 0 0.1 0 .2 0.3 0 4 0.5 
Vwwxl0"/j 

Fig. 16. Pair interaction energy distribution P(V) for 
water-water. P( V) is given in an arbitrary unit. 

The energetically unfavourable orientat ion of 
water molecule pairs can be also inferred f rom the 
potential energy distr ibution in Figure 16. A rela-
tively large distribution in the positive energy 
region up to 0.6 x 10" I 9 J is found. In the negative 
region of <FW W( /-)) the distr ibution is small and no 
maximum is found, which indicates that a very 
small portion of water molecule pairs is linked by 
normal hydrogen bonds. 

E) Intramolecular configuration of the water molecule 

Since the water molecule is de fo rmab le under the 
potential field used in this study, the de fo rma t ion 
by the effect of surrounding particles can be ob-
served. The gOH curve has a sharp m a x i m u m at 
0.985 A, while the average O - H length is 0.9899 A, 
which is larger than 0.9755 A in pure water using 
the same model [7], The average angle H - O - H is 
97.25°. which is smaller than 100.9 to 101.4 found 

in pure water [3]. The average d ipole m o m e n t is 
6.90 x 10-30 C m (2.07 D). 

The frequency due to OH stretching v ibra t ion 
appears at 3210cm" 1 , which is calculated by Fou -
rier t ransformation f rom the velocity autocorrela-
tion function. This value is 300 c m " ' lower than tha t 
of the pure water (3510 c m - 1 [3]). As the O - H 
stretching frequency is known to decrease by 
= 20000 c i t t ' / A with increasing O —H distance [32], 
the increase of 0.0144 A f rom 0.9755 A to 0.9899 A 
corresponds to a red shift of 290 cm" 1 . Thus, the shift 
of 300 cm" ' indicates an internal consistency of the 
water potential used here. This large shift is also 
qualitatively consistent with that found for hydra-
tion water molecules of Ca 2 + in the M D s imula t ion 
of a 1.1 molal CaCli solution using the same water 
model [7], However, the result of an infrared study 
of a saturated LiCl solution shows a 5 cm"1 b lue 
shift for the O - H frequency [33], Another inf ra red 
study of concentrated LiCl solut ions under h igh 
pressure also suggests a small b lue shift [34], This 
discrepancy in the results between the s imula t ion 
and the experiments cannot be resolved at the 
moment. 
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