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Statistical geometry is employed for a quantitative description of deviations from regular octa-
hedrality of water around monovalent ions and from regular tetrahedrality of solvent water around 
water molecules. For these deviations a new criterion is presented by taking into account octahedral 
and tetrahedral spatial symmetry groups. A geometrical definition of structure making and structure 
breaking is proposed and illustrated on the basis of molecular dynamics simulations of 2.2 molal 
aqueous KCl and Lil solutions with the flexible BJH model of water. 

1. Introduction 

The description of liquid structures by methods of 
statistical geometry is a long-s tanding problem in the 
theory of the liquid state. Bernal [1] was the first who 
suggested to use Voronoi polyhedra (VP). Recently, 
Ruocco et al. [2] introduced an asphericity paramete r 
for the description of deviations f rom spherical sym-
metry. Their main aim was the investigation of the 
self-diffusion process of water based on the approach 
by Cohen and Turnbull [3], which takes into account 
both the volume and the shape of the "cage" surround-
ing the central molecule [4]. Another way to describe 
liquid structures by statistical geometrry is a ne twork 
of te t rahedra and oc tahedra which are called De-
launey simplices (DS) [5]. A generalization of DS's for 
molecular liquids has been repor ted recently [6]. With 
such an approach the deviat ion f rom an ideal struc-
ture of a molecular liquid can be described. The vital 
role of geometrical peculiarities for the description of 
the structure of water and aqueous solutions has been 
noted in a series of investigations [7 -9 ] . It remains an 
impor tan t problem to describe quanti tat ively struc-
ture deviations in solutions which are normal ly called 
structure making or s tructure breaking [10,11]. In this 
paper we try to give a quant i ta t ive measure of struc-
ture breaking a round ions and hydrophob ic species, 
which is based on the statistical geometry approach . 
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2. Measures of Deviation from Regular Octahedrality 
and Tetrahedrality 

Medvedev and Naberukhin [5] were the first w h o 
introduced quanti tat ive measures for the deviations 
f rom regular tetrahedrali ty and octahedrality. They 
defined the quanti t ies 

T ' = E ( / ; - / / / ( 1 5 P ) (1) 
i>j 

and 

Q' = ( I (h - ij)2 + £ (2 1 / 2 • /,• - u 2 ) 110 P (2) 
\ i>j i + m / / i, 

for the deviation f rom regularity of a te t rahedron an d 
a quar toc tahedron , respectively, where is the length 
of the i-th edge of the simplex, T the average length 
(lm excluded), and lm the longest distance between two 
vertices of the octahedron, lm being common to the 
four quar toc tahedra into which the oc tahedron is 
divided. The average of the four Q' values is defined as 
the deviation O' f rom regularity of the octahedron. 

It is generally accepted that the four nearest neigh-
bour water molecules a round a central one tend to 
a r range tetrahedrally. Also, for monovalent cat ions 
the six nearest water molecules prefer an octahedral 
symmetry, as is known from experiments as well as 
theoretical considerations [10]. The position of the 
water molecules is taken to be tha t of their oxygen 
atoms. 

We distinguish three kinds of water : octahedral 
water, hydra t ion water, and bulk water. Octahedra l 
water consists of the six nearest water molecules 
neighbouring the ions. Hydra t ion water is defined in 
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the convent ional way by the integral up to the first 
m i n i m u m of the ion-oxygen R D F ; the hydrat ion 
n u m b e r NH may differ f rom six. The sum of hydra t ion 
and bulk water we call total water. 

The deviat ion f rom regular octahedrali ty of octahe-
dral water is given by O = <0'>, where the average is 
t aken over all ions of the same kind. The deviation 
f rom regular te t rahedral i ty of bulk water (Tbulk) and 
hydra t ion water (Thydr) is defined by averaging, T = 
<T'>, over all bulk water molecules and all hydrat ion 
water molecules of all ions of the same kind, respec-
tively. The posi t ion of the ion is taken to be the posi-
t ion of one of the four nearerst water molecules sur-
round ing a hydra t ion water molecule. 

A check of 0 an d T shows that for real solutions 
these measures differ only little for different ions and 
do no t reflect significantly peculiarities of ionic hydra-
tion. Therefore we suggest here addit ional measures. 
Again we use pr imed and unpr imed symbols for indi-
vidual and averaged values, respectively. Fo r devia-
t ions f rom oc tahedra l symmetry we consider vectors 

, I 2 , 13, which are the sum of the vectors directed 
f rom one vertex towards its four nearest vertices plus 
the sum of the vectors directed f rom the opposite ver-
tex towards its four nearest vertices: 

F 
h= £ (rDj + rBj) , 

j = A 
j*D,B 

h= £ (rAj + rFj), (3) 
j = A 

j*F,A 
F 

h= £ (rcj + rEj), 
j=A 

j*C,E 

where A, B, C, D, E and F s tand for the vertices of the 
oc tahedron . The scalar invariant of this g roup can be 
writ ten as 

/ ' = /? + 1 1 + l \ . (4) 

Different f rom the insensitivity of O for differences 
between ions, I = < / ' ) is invariant for symmetric dila-
tat ions, for which O is sensitive. Thus, the criterion of 
deviat ion f rom regular octahedrali ty is best expressed 
by the sum of b o t h : 

Ov = / + O . (5) 

Analogously, for tetrahedral i ty one may consider 
the sum of the vectors riw directed f rom the position 

of the central water molecule of the t e t rahedron to the 
i-th vertex: 

r - i - ( 1 , 4 ,6) 

where r is the average distance between the central 
water molecule and the four vertices. It is straightfor-
ward to write down a scalar invariant as a measure of 
the deviat ions f rom regular te t rahedral i ty: 

d = \T\ + T where | 7 | = < | 7 " | > . (7) 

Deviat ions f rom Delauney simplices could also be 
defined by the deviations of the simplex angles f rom 
the ideal ones. But it is the main advantage of the 
approach p roposed here tha t Ov and 6 can be calcu-
lated much more easily f rom the simulation. In addi-
tion, the angular criterion proved to be insensitive 
when employed for the calculation of the deviation of 
water s t ructure a round hydrophob ic and hydrophil ic 
solutes [6]. 

3. Details of the Simulations 

Molecular dynamics s imulat ions of 2.2 molal Lil 
and KCl solut ions (200 water molecules and 8 ion 
pairs per periodic cube) were performed. The water-
water interact ions were described by a modified cen-
tral force potent ia l (BJH model) which has proved its 
usefulness in s imulat ions of var ious aqueous systems 
[12]. The ion-water and ion-ion potent ials for the Lil 
solution were taken f rom [13]. While the potassium-
water potent ia ls were derived f rom ab-init io calcula-
tions [14], the chloride-water and ion-ion potentials 
for the KCl s imulat ion were taken f rom [15]. F o r more 
detailed informat ions the reader is referred to the orig-
inal publ icat ions cited. The shifted force method was 
employed for the short range interact ions while the 
Ewald m e t h o d was used to calculate the C o u l o m b 
interactions. The t imestep was 2.5 • 1 0 " 4 ps. The sim-
ulat ions were extended over 7.5 ps and 5.0 ps for the 
Lil and KCl solutions at an average tempera ture of 
310 K and 299 K, and with sidelengths of the periodic 
cubes of 18.68 Ä and 18.74 Ä, respectively. 

4. Static Properties 

The Ov values of the octahedral water of Li + , K + , 
Cl~ and I~ in the 2.2 molal aqueous solutions of Lil 
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Fig. 1. Normalized distributions of 9 for pure water and bulk 
water in the 2.2 molal KCl and Lil solutions. The average 
values are marked on the abscissa. 

Table 1. Hydration number NH and average deviation Ov 
from regular octahedrality and from regular tetrahedrality 9 
with an uncertainty of ±0.02. AVDIST are average distances 
between water molecules for different subsystems. 

Total water Pure Hydration water 
water 

Lil KCl Lishell Kshel, Clshe„ Ishel l 

NH - 6.1 7.8 8.2 8.7 
Ov - 0.13 0.19 0.22 0.27 
9 0.23 0.19 0.18 0.42 0.39 0.29 0.28 
AVDIST 0.289 0.292 0.296 0.266 0.289 0.298 0.303 
[nm] 

and KCl, and 9 values of hydra t ion water, total water 
and pure water are presented in Table 1. 

It can be seen f rom Table 1 that Ov decreases with 
decreasing ionic size, I ~ > C l - > K + > L i + . The aver-
age deviation from regular tetrahedrality in pure water 
is smaller than for total water in the Lil solution but 
about the same as for the total water in the KCl 
solution. 

In Fig. 1 the dis tr ibut ions of 9 for the bulk water in 
the KCl and Lil solutions are compared with tha t for 
pure water. The existence of a shoulder for pure water 
indicates f luctuations between s t ronger and weaker 
te trahedral a r rangement in the liquid. The figure 
shows that for the KCl solution the dis tr ibut ion is 
shifted to smaller deviations f rom regular te t rahedral-
ity and that the shoulder is reduced compared with 
pure water. This result means that the chloride ion has 
a similar effect on the bulk water s t ructure as a hydro-
phobic solute particle [6]. This hydrophobic effect is 
not compensated by the hydrophilicity of the potas-
sium ion. The distr ibut ion of 9 for the Lil solut ion 
shows that the influence of the L i + on the bulk water 

leads to a more broken structure than in the case of 
pure water and the KCl solution. 

There are extensive discussions in the l i terature 
about s tructure making and structure breaking prop-
erties of ions, the main problem being a quant i ta t ive 
measure on a geometrical basis. We suggest the fol-
lowing quanti tat ive measure for the b roken s t ructure 
of hydrat ion water: 

S = NH(Ov + 9hyJ. (8) 

This definition might be explained by the following 
arguments . The effect of an ion on water s t ructure 
consists of three separate phenomena . There is an 
association of water a round the ions in accordance 
with ion-water interaction (Ov can be used as a quan-
titative measure of this kind of geometrical structure), 
a reorganisat ion of water s tructure away f rom regular 
tetrahedrali ty as an indirect effect of the influence of 
ions (9 seems to be a suitable measure for it), and 
overlap of hydrat ion spheres, which can be neglected 
for dilute solutions. The values for S calculated 
according to (8) f rom Table 1 lead to the following 
series of structure breaking in the first hydra t ion shell: 
Li + (3.3) < Cl"(4.2) < K+ (4 .5) < I~(4.9). This order is 
in accordance with the structure breaking order derived 
f rom the entropy of hydrat ion, in [6], Table 5.13: 
L i + ( - 1 4 8 J/(K mol) < C l " ( - 8 7 ) < K + ( - 80) < I~ ( - 4 7 ) . 
A quantitative correlation between these entropies and 
the 5 values cannot be expected, as in S only the effect 
of the ions on the structure of the immediate neigh-
bourhood is included. The structural changes beyond 
the first shell could be reliably calculated only from 
simulation of solutions of infinite dilution. 

The important advantage of the definition intro-
duced here is the opportunity to compute structure 
breaking as a function of distance from the ions. While 
Ov has a fixed value for a given ion, 9 can be calculated 
as a function of distance of water from the ion. These 
functions are given in Fig. 2 for the four ions investi-
gated. In addition, the maxima and minima of the 
corresponding ion-oxygen R D F s are indicated. It can 
be seen from Fig. 2 that the 9 for the two cations inves-
tigated here has reached an asymptotic value already 
beyond 4 Ä. It increases with decreasing ion-oxygen 
distance. This behaviour is quite different f rom that of 
the anions. For both of them 9 has maxima (minima) at 
the first maxima (minima) of the corresponding ion-
oxygen RDFs. The strong decrease at short distances 
can be explained by an increase in the linearity of the 
water-water bonds. Together with the shorter distances 
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this effect leads to a more pronounced regular tetra-
hedrality. The orientation of the water molecules in the 
first hydration shell of the cations is different f rom that 
of the anions [13, 15]. The dipole moment points away 
from the cations. This means that a shortening of the 
ion -oxygen distance does not improve regular tetra-
hedrality and 6 increases with decreasing distance. The 
same conclusion has been drawn f rom an analysis of 
the hydrogen bonds between water molecules and ions 
[16]. Besides the angle averaged distance dependence of 
9 as shown in Fig. 2, it is of interest to see how 6 
depends on the angle. The visualization of the average 
distribution of 6 in space with respect to an ion and its 
nearest neighbour would require a four-dimensional 
representation. We give in Fig. 3 a three-dimensional 
representation, one dimension for the average 6 values 
and the two other ones for the cartesian coordinates x 
and y of planes with an ion at the origin and its nearest 
water molecule on the positive x-axis. O n t o such planes 
we project the 0-values of the water molecules within 
distances of +1 .5 Ä f rom the plane, with the exception 
of the 0 value of the nearest neighbour to the central 
ion, the average of which, the freedom of its position 
being one-dimensional, cannot be shown in the two-
dimensional histogram. 

It can be seen f rom Fig. 3 that for the small l i thium 
ion and the large iodide ion a very clear picture of the 
deviation from regular tetrahedral i ty arises f rom the 
simulation. Fo r the I - , in accordance with Fig. 2, 
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9 has a well defined min imum in all directions at a 
distance immediately beyond the first hydrat ion shell. 
The height of the max imum of 9 at the i o d i d e - w a t e r 
first ne ighbour distance is also uniform. The result for 
L i + is very different f rom that of I - . The octahedral 
s tructure of the hydra t ion shell is reflected in the four 
peaks of 9 which correspond to the oxygen a toms of 
the first ne ighbour water molecules. The water mole-
cules not occupying vertices of the octahedron, which 
have usually slightly larger i o n - o x y g e n distances, are 
less strongly bond and can adjust easier to the energet-
ically more favourable te t rahedral arrangement . A 
cont inuous decrease of the tetrahedral i ty deviation 
down to the asymptot ic value (Fig. 2) can be found in 
all directions. In the complicated pictures for K + and 
Cl~ features f rom the relatively easy to unders tand 
deviations f rom regular tetrahedral i ty for L i + and I " 
are incorporated. They will not be discussed in detail 
here. 

An interesting problem is the relat ionship between 
the local water density and the water structure. Re-
cently, Sciort ino et al. [17] investigated the change of 
s tructural and dynamical propert ies with water den-
sity. They noted an anoma lous behaviour of the self-
diffusion coefficient which was found to decrease with 
decreasing density. The au thors showed that a de-
crease of density leads to an increase of structural 
order. This result is in accordance with an increase in 
mobility with increasing pressure [18] which in turn is 

connected with a decrease in water structure. In anal-
ogy we have found that the increase in the distances 
between the oxygen a toms of the four nearest neigh-
bour water molecules and the central one (AVDIST) 
for the total water in the Lil and KCl solutions and 
pure water is connected with a decrease of 9 (Table 1). 
Similarly, the smallest average distances between the 
water molecules in the hydra t ion shells of the ions 
correspond to the largest deviat ion form tetrahedral-
ity, and vice versa, for all ions investigated. The in-
crease in i o n - o x y g e n first ne ighbour distances leads, 
for alkali and halide ions, to a decrease in the height 
of the first peak in the ion-oxygen radial distr ibution 
function which means smaller water density in the first 
neighbour shell. Therefore, the water molecules can 
arrange, with increasing ion size, in a way which is 
more bulklike and in which 9 decreases. 
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