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Molecular dynamics simulations of concentrated aqueous Csl solutions have been performed for
Csl:H20 = 1:20 (2.78 molal) at 298 K and 341 K and 1:10 (5.56 molal) at 349 K. Effects of temper
ature and concentration on the structures of the hydrated ions, the ion pairs, and ionic aggregates
are discussed by comparing the results with X-ray diffraction data obtained under similar conditions
[!]•
I. Introduction
In a previous paper [1] we have reported the result
of an X-ray diffraction study on concentrated aqueous
solutions of Csl and Lil with various concentrations
at room and elevated temperatures and discussed the
effect of temperature and concentration on the hydra
tion structure of the ions. For the Csl solutions it was
found that about 80% of the ions form ion pairs in the
2.78 molal solution at 293 K and that the degree of
ion-pair formation exceeds 100% in the 5.56 molal
solution at 343 K. The result suggested that ionic ag
gregates such as [Cs2I] +, [Csl2]~, or even higher ones,
should be formed especially in a highly concentrated
solution. However, it was not possible to determine
the structure of the aggregates from the analyses of the
radial distribution functions (RDFs), because the peak
appearing at about 700 pm in the RDFs, in which
structural information on the aggregates should be
involved, was broad and not well separated from
other peaks in the curve.
In early molecular dynamics (MD) simulations of
aqueous CsF [2, 3], CsCl [2] and Lil [4] solutions and
of water microclusters containing a single ion such as
Na +, Rb +, Cs +, F~, Br- , and I- [5], empirical poten
tial functions were adopted for the ion-water interac
tions, which consisted of a Lennard-Jones term for
Reprint requests to Prof. H. Ohtaki, Coordination Chemis
try Laboratories, Institute for Molecular Science, Myodaijicho, Okazaki, 444 Japan.

short-range interactions and a Coulomb term involv
ing four point charges on a water molecule and an
elementary at the centre of the ion.
A number of MD simulations of alkali and alkaline
earth halides in water have been performed so far
[6-11], and recently lanthanum(III) chloride solu
tions were included [12]. The potential functions be
tween water molecules and metal or halide ions have
been estimated by ab initio calculations. Studies of
systems containing large and soft ions have thus not
been examined due to enormously increasing diffi
culties in the ab initio calculations. Interaction ener
gies of an iodide ion and a water molecule have been
calculated for several configurations around the mini
mum only [13], and no MD simulation of aqueous Csl
solutions has been reported so far.
In this paper we shall discuss the temperature and
concentration dependence of the hydration structure
of ions, ion pairs, and aggregates which have been
suggested to exist by the X-ray diffraction measure
ment [1].

II. Pair Potential Functions
A) Water- Water Potential
Many models of intermolecular interaction poten
tials between water molecules have been proposed
and explored in simulations. They can be classified
into two categories; the rigid models, including ST2
[14], MCY and its modifications [15], and the flexible
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models as exemplified by the central force [16] and the
Watts' models [17]. The central force model of water
has been modified to become a flexible three-site
model [18] consisting of intra- and intermolecular
parts in order to evaluate the frequency shift of the
internal vibrations on the transition from the gas
phase to the liquid state. However, in order to save
computation time, we adopted the original central
force model of water [16]. The discrepancy between
the original central force and the flexible three-site
model is very small as far as the intermolecular inter
action is concerned.
B) Ion- Water Potential
Simulations of aqueous solutions containing cae
sium or iodide ions have been performed so far for
CsF [2,3], CsCl [2], and Lil [4] aqueous solutions
using the ST2 model. As Cs +- and I "-water potentials
compatible with the central force model for water
have not been reported, they were derived here in the
following way: Firstly, the interaction energies be
tween an ion modelled as a charged Lennard-Jones
sphere [19] and an ST2-modelled water molecule were
calculated for four typical configurations: (i) the nega
tive pole of the water dipole pointing towards the ion,
(ii) the positive pole of the water dipole pointing to
wards the ion, (iii) a proton in a water molecule point
ing towards the ion, (iv) a negative charge in the ST2
model pointing towards the ion. The calculated values
for Cs +-water and 1~-water interactions are shown as
the solid lines in Figs. 1a and 1 b, respectively. Se
condly, in order to obtain the site-site potentials for
the central force model, the ion-O and ion-H poten
tials were assumed as
Vlw{r) =

Z.Zw
+ —r + ß iwexp [ - C Iwr],
4 n en r

their positions should give a reasonable agreement
with the calculated curves with the ST2 model. The
obtained potentials are shown as the dashed lines in
Figs. 1 a and 1b.
After preliminary runs extended over several thou
sand steps, it was found that the peaks for the Cs-O
and C s-I bonds appeared at slightly larger distances
than those obtained by the X-ray diffraction measure
ments [1]. Therefore, the parameter values in the third
term on the right-hand side of (1) for the Cs-water
interactions, and the size parameter, crCsCs in (2), were
reduced to some extent by a trial and error method
until the best fit was obtained between the experimen
tal and calculated peak positions in the RDFs. The
final parameter values thus evaluated are listed in
Table 1. Figure la shows a comparison among Cswater interaction energies calculated by using the ST2
model (solid lines), the curves fitted to the solid lines
by using the central force model (dashed lines), and the
curves evaluated by the CF model with the values
modified to obtain the best fit to the RDFs (dotted
lines).
C) Ion-Ion Potentials
Several ion-ion pair potentials for Csl are found in
the literature; a Born-Mayer-Huggins type function
used in a Monte Carlo simulation of molten salts [20],
a Woodcock potential used for a series of alkali halide
crystals [21], and a function of the charged LennardJones type used for a series of MD simulations for
alkali halides in water [2-4,19], etc. The potential
functions of the last example consist of a point charge
at the centre of atom and a soft core of the LennardJones type:
Z,Z,
4;I£0r

(1)

where I and w denote the ion and an interaction site
of a water molecule, respectively, and the parameter
values, Alw, ß lw, and CIw, were optimized to fit to the
energies obtained from the ST2-model calculations.
Z, is the formal charge of Cs+ or I - , and Z w is the
charge on a site of a water molecule in the central force
model, Z H= 0.32983 c and Z0 = - 2 Z H. The O -H
distance and the H -O -H bond angle were fixed at
95.72 pm and 104.5°, respectively. The most stable
configuration, namely (i) for the Cs +-water (Fig. 1 a)
and (ii) for the I ""-water (Fig. 1b), were weighted in the
fitting procedure so that the minimum energies and

I/O,-;
J l\r

+ l-f) h

(2)

where Z ; and Zj are the formal charges on ions, ei} and
ou are the Lennard-Jones parameters. The parameters
for the C s-I pair were calculated by using Kong's
combination rule [22]. Since the size parameter for the

Table 1. Parameters for the ion-water potentials.
Cs-O
/4Iw/10 Jm2
ßIw/10"13J
Qw/10 m

-2.1297
0.38292
5.076

Cs H

I-O

I-H

-0.13779 -4.1561 0.86868
2.07888
1.89501 0.12229
5.672
4.8256
5.3066
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Table 2. Lennard-Jones parameters for the ion-ion poten
tials.

£,.,/1(T23J
o.J 10"lom

Cs Cs

I I

Cs I

354.0
3.42

67.8
5.40

134.6
4.40

Table 3. The number of particles n and the side length of a
basic cube L. T0, and Tav denote the initial and the average
temperatures, respectively.
(A)
(B)
(C)

"o

"h

«Cs

h,

L pm

T0/K

F,v/K

200
200
180

400
400
360

10
10
18

10
10
18

1913
1927
1944

293
343
343

298
341
349

Cs ion, aCsCs, was slightly changed from the original
value in the literature [19], the parameters for the
C s-I interaction were also changed. The results are
given in Table 2.
----- fitted
•••• modified
U
5
rCs_0 / 100pm

j_____ i____

---- ST2model
----- fitted

3

4
5
rt_0 / 100pm

6

III. Procedures of the Simulations
In order to compare the RDFs obtained from the
present MD simulations with those from the X-ray
diffraction experiments, the MD simulations were car
ried out under conditions similar to the ones in the
X-ray diffraction studies [1]. Table 3 shows the num
ber of particles n, the side length of the basic cell F,
and the average temperature during the simulations.
According to [23], the solubility of Csl is 3.0 molal
(Csl:H20 = 1:18.3) at 293 K and 6.6 molal (1:8.4) at
343 K under atmospheric pressure. The side length of
the basic cell was calculated from the measured den
sity [1]. The integration time step was 0.5 fs. After
equilibrium had been achieved, the simulation was
continued without correcting the temperature. The
last 12,000 steps, which correspond to 6 ps, were used
for the evaluation of g (r)'s and other properties. The
Ewald summation was employed for the Coulomb
interactions. The equation of motion was solved by a
modified Verlet algorithm.
Since the number of both caesium and iodide ions
is much smaller than that of water molecules and,
<--------------------------------------------------------------Fig. 1. Fitted and modified ion-water potentials for the four
configurations (I)—(IV) mentioned in the text. Solid line: ST2
model and Lennard-Jones type potential; dashed line: fitted;
dots: modified, (a) Caesium-water, (b) iodide-water.

Y. Tamura et al. ■An MD Simulation of Concentrated Aqueous Solutions of Csl

1086

moreover, the ions have large masses compared to
that of a water molecule, the initial configuration of
ions in the basic cell should significantly affect the
succeeding configurations of ions and molecules dur
ing the calculation. In order to avoid such an influence
we first assumed the masses of all particles, including
H and O atoms, to be unity to accelerate the motions.
After the system reached an equilibrium, the atomic
weights of the particles were changed to those given in
the periodic table. This procedure saved much CPU
time. Several thousand steps were needed after chang
ing the masses of the particles in order to achieve
equilibrium.

unique, n^ at the first minimum of g (r) is frequently
adopted in order to compare the hydration numbers
of ions evaluated from simulations with those ob
tained from X-ray and neutron diffraction experi
ments [24], In this paper we use the following defini
tions for the cases that the first peak is not well
separated from others: (a) twice the value of ntj at the
position of the first maximum, rM, in gr,^(r) obtained
from the simulation, (2nij(rM)), (b) n a t the distance
r2 where <?,;(>") becomes unity after the first maximum,
(ntJ{r2))t and (c) nu at the first minimum rm, (ntJ(rm)).

IV. Results and Discussion

The structure function, s • i(s), is obtained from the
weighted sum of the functions (.^(r) —1);

1. C o m p a riso n w ith X -R ay D ata

A) Radial Distribution Functions (RDFs)
The pair correlation function for the i-j pair is cal
culated from the histogram of N^ for intervals
(r, r + Ar),
v
/ N ^ r .r + M X
------~K~r------,3)
where N{is the number of the i-th kind of particles in
the volume V of the basic cell. Nj is the number of the
j-th kind for unlike pairs, which is equal to (N, —l)/2
for like pairs by definition. The hydration number can
be estimated from the running integration number
nij(r), which is defined as
4 n N- r
nij( r ) = —- ^ \ r 2gij(r)dr.
V 0

(4)

If njj(r) does not display a plateau over a certain range
of r, the definition of the hydration number is not
Table 4. Comparison of the first peaks and the number of
interactions obtained by X-ray diffraction [1] and the present
MD simulations. The number of interactions is given as
n(r2), definition (C), see text.
rcso/ "CsO W
pm
pm
(A) MD

»10

rc J
pm

"Csl

Ref.
present
work
[1]
present
work
[1]
present
work
[1]

303

5.78

364 12.7

387

1.07

X-ray 301
(B) MD 303

5.75
5.26

367 7.2
369 12.5

388
390

0.80
0.83

X-ray 306
(C) MD 305

4.73
6.04

360 8.2
365 12.2

385
381

0.81
1.80

X-ray 302

3.04

372

385

1.18

6.8

T .H x ixj f i(s)fj{s)
s ' i (s) = - —J~z—-------- -----rmax
• j 4 n r g {gu (r) —1} sin (sr) dr,
o
where s is the scattering variable (5 = 47t A-1 sin (9,
where 0 is one half of the scattering angle at /., the
wavelength of the X-ray). x; and j\ (s) denote the mole
fraction and the X-ray scattering factor for the i-th
kind of scattering centres, respectively, g is the mean
number density of the system. By taking the Fourier
transform, the X-ray weighted radial distribution
function Gx(r), is obtained:
1 smaI
Gx( r ) - 1 = — r— f s-i(s) sin (sr)ds,
(6)
2k gr 0
where smax is a maximum value achieved in the mea
surement.
In Fig. 2 the calculated Gx(r)'s are compared with
the ones obtained from the X-ray diffraction experi
ments [1]. Table 4 summarizes the distances between
ions and water molecules and between ions, together
with the numbers of interactions as defined by n1; (r2).
Since the size parameter for the caesium ion was mod
ified in order to reproduce the experimental values,
the calculated C s-O and C s-I distances agree with
the observed ones within about 1% for all solutions.
The I-O distance coincides with the observed one
within about 2%. Although the peak positions are
well reproduced by the MD simulations, the peaks in
the simulated G*(r)'s are much sharper than those
obtained by the X-ray study.
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Fig. 3. Water-water pair correlation functions and running
integration numbers for the solutions A (solid line), B (dashed
line), and C (dotted line).
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Fig. 2. Comparison of the X-ray weighted radial distribution
functions from the simulation solid with experimental data
(dot dashed).

3

of the solute, while the running integration number
remains practically unchanged up to 320 pm.
3. H y d ra tio n o f the C a tio n

2. W a te r-W a te r P a ir C o r r e la tio n F u n c tio n
Figure 3 shows the pair correlation functions, g (r),
and the running integration numbers, n(r), for the
water-water interactions in the three solutions. The
intramolecular interactions appear as sharp peaks at
96 pm in gOH and at 150 pm in gHH. The peak posi
tions for the first neighbours are almost the same for
all the solutions. An increase in temperature causes
broadening of the first neighbour peaks. With increas
ing concentration the modulation of g00 above
320 pm is reduced, suggesting that the distribution
beyond the first neighbour shell becomes more ran
dom. It should be noted that the height of the peak at
285 pm in g00 increases with increasing concentration

The peak position for C s-O at 304 pm is practi
cally independent of both temperature and concentra
tion, as seen in Figure 4. The C s-O distance is 18 pm
shorter than that estimated in CsF solutions [2,3].
The shortening arises from the fact that the parameter
of the caesium ion was changed so as to fit the X-ray
data. The number of C s-O interactions decreases
with increasing temperature (solution A to B) and
increases with increasing concentration (solution B to
C). However, the concentration effect found in the
experiment was opposite, as seen in Table 4. The tem
perature dependence of the C s-H peak position is less
clear. With increasing concentration the peak shifts to
shorter distances, this is accompanied by an increase
in the number of contact ion pairs. Penetration of
iodide ions into the first hydration shell of the caesium

Y. Tamura et al. ■An MD Simulation of Concentrated Aqueous Solutions of Csl

r / 100pm
Fig. 4. Caesium-oxygen and caesium-hydrogen pair correlation functions and running integration numbers for the solu
tions A (solid line), B (dashed line), and C (dotted line).

ion should result in a change of orientation of the
water molecules.
In spite of the fact that the first peak is not well
separated, a loose second hydration shell seems to
cause the broad peaks in the region 420 to 550 pm at
low concentrations (solutions A and B). With an in
crease in concentration the depth of the first minimum
approaches unity, and the modulation beyond the first
peak becomes ambiguous.
4. H y d ra tio n o f the A nion
As seen in Fig. 5, the first peaks in the gxo(r) and
gm(r) functions are more diffuse than those in the
corresponding functions of the cation. In a compari
son of the hydration numbers estimated from the MD
simulation with those from the X-ray measurements,
2n1Q(rM) yields the best agreement among the three
values (see Tables 4 and 5).
With increasing temperature the position of the first
I-O peak is slightly shifted towards larger distances.

and the hydration number decreases. The peak posi
tion shifts towards shorter distances. The hydration
number decreases slightly with increasing concentra
tion, which is understandable in terms of an increase
in the ion-pair formation. The first peak in the gm (r)
function shows the same trend as that in the glo{r)
function. Since the hydration number calculated from
the area of the first peak of glH(r) is close to that of the
glo{r) curve, water molecules in the first coordination
shell orient in the way that one hydration atom points
towards the iodide ion. This result agrees with that
form an Lil solution [4],
5. Io n -Io n P air C o rre la tio n F u n c tio n
Ion-ion pair correlation functions are depicted with
their running integration numbers in Fig. 6, and the
peak data are listed in Table 6.
The C s-I interaction appears for all solutions as a
sharp peak located at about 385 pm, the bond dis
tance corresponding to the sum of the effective ionic
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5
r / 100pm

Fig. 5. Iodide-oxygen and iodide-hydrogen pair correlation functions and running integration numbers for the solutions A
(solid line), B (dashed line), and C (dotted line).

radii. The peak broadens and the number of interac
tions is reduced at the higher temperature (solu
tion B); the second peak at about 640 pm shiftes to
ward larger distances and also broadenes signifi
cantly. The small peaks in gCsCs (r) and gu (r) at about
500 pm and 550 pm, respectively, vanish completely.
The fact that the number of C s-I interactions exceedes unity at 298 K suggests the formation of aggre
gates in solution A. As the solubility of caesium iodide
in water increases with increasing temperature in the
real system, the slight disintegration of the aggregates
with increasing temperature seems to be reasonable,
although the trend was not obvious from the X-ray
diffraction measurement.
With increasing concentration the coordination
number of the C s-I interactions increases up to about
2, and the second peak at about 630 pm appears
again. A prepeak around 540 pm appears in gCsCs(r),
and in gu (r) the emergence of the first peak shifts
towards shorter distances. This means that more ag
gregates are formed in solution C than in solution B.

If it is taken into account that solutions A and C are
nearly saturated, the formation of such aggregates can
be regarded as an emergence of nuclei for crystalliza
tion. The structure of the aggregates will be discussed
later.
B) Distribution of Hydration Numbers
and Angular Correlation Functions
As the angular distribution function P(cos0) is a
function of the number of neighbours, which depends
on the distance, we used r2 as cutoff distance. The
results obtained were similar to those where the min
imum distances, rm, was used for the cutoff.
1. D is trib u tio n o f H y d ra tio n N u m b ers
and A n g u la r D is tr ib u tio n
of the F irs t N e ig h b o u rs
The histograms in Fig. 7 show the frequencies of
various nearest water molecules arrangements for the
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Fig. 6. Ion-ion pair correlation functions and running integration numbers from left to right; (A) 2.78 molal at 298 K,
(B) 2.78 molal at 341 K, and (C) 5.56 molal at 349 K.
Table 5. Characteristic values rM, r2, and r* in the ion-water
pair correlation functions and their corresponding running
integration numbers n(r).
(A)
M

2 n(rH)
n(r2)
n (rj

M

2 w(rM)
n(r2)
n (rj

303
355
385
359
425
452

(B)
4.0
5.78
7.03

14.3
19.4
22.8

364
M
9.8
2 n(rM)
•2
433
12.7
n{r2)
503
16.7
n(rm)
314
M
10.3
2 n(rM)
'2
—
n(r2)
416
19.9
«(r j

303
347
383
361
424
456
369
449
510
311

(C)
4.2
5.26
6.50

13.5
17.6
21.6
8.6
12.5
16.4
8.0

305
370
385
352
442
480
365
445
510
310

_
408

Table 6. Characteristic values rM,r2, and in the Cs I pair
correlation functions and their corresponding running inte
gration numbers n(r).

17.1

4.0
6.04
6.65
11.6

rM
r2

n(r2)
n(rm)

387
433
-510

1.07
1.2

390
440
%520

(C)
0.83
0.97

381
446
^510

1.80
2.0

* Distances are given in pm.

20.7
25.0
8.6
12.2
15.7
7.5
_

404

(B)

(A)

15.9

* Distances are given in pm.
caesium and iodide ions. At the lower temperature
and concentration (solution A), the hydration num
ber 6 is the most probable value for caesium ion, this
maximum shifts to 5 at the higher temperature (solu-

tion B). The increase in temperature causes an in
crease in the effective repulsion between the neigh
bouring water molecules due to the acceleration of
translational and rotational motions. At the high con
centration (solution C), the maximum of 6 is recovered
again. This is an unexpected finding, because the num
ber of contact ion pairs increases and the iodide ion
should exclude some of hydrated water molecules.
This can. however, be interpreted in terms of most of
neighbouring water molecules being shared between
the iodide and the caesium ion.
Angular correlation functions of water molecules
for various hydration number around the caesium
ions are depicted in Figure 8. In the solutions A and
B. a broad peak located at about 70° and a small peak
at about 50 increase their heights with increasing
hydration number. In solution C, the latter peak be-
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 n

HJ
1 2 3 A 5 6 7 8 9 10 11 12 13 14 15 16 17 n

1 2 3 U 5 6 7 8 9 10 11 12 13 14 15 16 17 n
Fig. 7. Probability histograms of the number of nearest
neighbour water molecules within a cutoff distance of r2 for
the solutions A, B, and C. Open and hatched columns indi
cate caesium and iodide ions, respectively.

comes dominant with increasing hydration number,
while the former peak flattens at CN = 8. The broad
peaks appearing at about 70° can be assigned to the
correlations of the water molecules that are not influ
enced by an iodide ion. The peaks at about 50° corre
spond to the angle where the coordinated water
molecules contact tightly with each other. As it tends
to increase in height with increasing concentration,
the penetration of iodide ions into the first hydration
shell of the caesium ion might affect this peak. Com
pared with the hydrated lithium ion [25], where a
fairly strong angular correlation was observed, the
water molecules around the caesium ion are distrib
uted rather randomly.
In the case of the iodide ion, the distribution of
hydration numbers spreads widely from 7 to 17 in all
solutions, as seen in Figure 7. The maximum appears
between 13 and 14 at the lower temperature and con
centration (solution A). With increasing temperature
(solution B), the distribution moves toward smaller
numbers and the maximum shifts to between 12 and
13. The reason for the temperature dependence can be
explained in a similar manner as for the caesium ion
discussed above. In contrast to the case of the caesium
ion, the distribution shows a small shift toward
smaller numbers with increasing concentration, but
the maximum is still between 12 and 13 (solution C).
ZO-Cs-O
i
P(cos0)

ZO-Cs-O
PfcosQ)

Z0-Cs-0

CN=7

i
CNfc8

1 .
CN=6

An.

CN=6

I

-

CN=7 "
1

rM_c

-

CN=5

CN=6

CN=4 |

CNL5

/
-

K.

r
0.5
0
-0.5
0
cosG
cosG
Fig. 8. Correlation of the angle O-Cs-O with coordination numbers CN for the solutions A, B, and C.
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A ZO-I-O
P(cos9)

ZO-I-O
P(cos9)
CN=14

ZO-I-O
PfcosG)
CN=14

CN=M

CN=13

CN=13

CN=12

CN=11

cos9
cos9
Fig. 9. Correlation of the angle O -I -O with coordination numbers CN for the solutions A, B. and C.
The angular correlation functions for the anion hy
A
B
c
i-B-i
dration shells are shown in Fig. 9 for four different
#
coordination numbers. The general shape is very sim
ft
ilar for all solutions and hydration numbers. A rather
-esharp peak appears at about 45°; beyond this first
fh
-epeak there is no appreciable correlation, although a
#
m=
-Bbroad peak can be seen around 80°. The angle 45=
m
n,
n.
corresponds to the correlation between contact water
molecules hydrating the iodide ion. The angular cor
Fig. 10. Probability histograms of the number of counter
relation for the hydrated chloride ion in a lithium ions within the cutoff distance of r2, for the solutions A, B,
chloride solution [25] shows very similar features, and C. Squares and circles indicate caesium ions around an
ion, and iodide ions around a caesium ion, respecti
notwithstanding the fact that the interaction between iodide
vely.
a chloride ion and water molecules is much stronger
than that between an iodide ion and water molecules.
The large hydration numbers and the wide range of
the distributions found for both anions may be a rea more than half of the ions form 1:1 contact pairs. The
son for this similarity.
fraction of free ions increases about twofold with in
creasing temperature; the result shows that a certain
amount of ion pairs and aggregates decomposes. This
2. A n g u la r C o rre la tio n s o f the
trend agrees with the temperature dependence of the
F irs t N e ig h b o u r Io n -Io n I n te r a c tio n s
solubility of Csl. Interestingly, higher order aggre
The distributions of the number of nearest neigh gates in solution A contain some iodide ions that have
bour ion-ion interactions are delineated with respect three neighbouring caesium ions, while none of the
to the iodide ions around a caesium ion, and vice caesium ions has three iodide ions in its neighbour
versa, in Figure 10. Here the cutoff distances are set at hood. This suggests that aggregates Cs3I exist in solu
r2. At the low concentrations (solutions A and B), tion A. At the high concentration (solution C), the
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about 120°. With increase in temperature the peak at
80° disappears completely and the correlations above
120° increase. The angular correlation function for
[Cs3I] is highly scattered due to the low statistics, and
is therefore not shown here.
The angular distribution is strongly concentration
dependent. At high concentration (solution C in
Fig. 11) the angular correlation function of iodide ions
around a caesium ion shows a broad peak at about
120° in the cases of coordination numbers of two and
three. This is not found at low concentrations (solu
tions A and B). The angular distribution function of
caesium ions around an iodide ion shows a large peak
at about 120° and a small peak at about 85° (solu
tion C in Figure 12). Although the ratio of the peak
heights is reversed, they can be compared to the peaks
appearing at the low temperature and concentration
(solution A). This might be interpreted in terms of the
decomposition of the aggregates formed in solution A
at the elevated temperature but the decomposition
was suppressed with the increase in the concentration.

1r + J ^ , ^ f
V. Concluding Remarks
C:CN=2

ft'-.?.
11 X1
ssi'^lh
'V ^ i
M J#
I'
A

ff

1
1
-1
-0.5
0
COSÖ
Fig. 11. Correlation of the angles Cs-I-Cs (solid line) and
I-C s-I (broken line) for the solutions A, B, and C.
0

0.5

concentration of the higher order aggregates increases
and that of the free ions decreases drastically. As solu
tion C is an almost saturated one, this variation can be
expected.
The angular correlation functions around the cae
sium and iodide ions are depicted in Figure 11. The
correlations between iodide ions around a caesium
ion show practically no temperature dependence (so
lutions A and B in Figure 11). The distribution tends
to increase towards 180°, where the conformation
I-C s - I is linear. On the contrary, the correlations of
caesium ions around an iodide ion change drastically
at low temperature (solution A in Fig. 11) and a large
peak appears at about 80°. A second peak is seen at

Several diffraction experiments containing either
caesium or iodide ions in water are reported in the
literature. X-ray diffraction data for the C s-O dis
tance are found in the region from 301 to 315 pm
[1, 26, 27], while a neutron diffraction study yielded a
shorter distance of 295 pm [28], The I -O distances
determined by X-ray diffraction range from 355 to
376 pm [1], This variance of the bond distances seems
to be too large in view of the experimental errors. Not
only the hydration numbers but also the bond dis
tances might thus depends on the concentration if the
number of water molecules is not enough to fill up the
hydration shells.
In the present work, the temperature and concen
tration dependence of ionic aggregations has been
discussed on the basis of the pair and angular distribu
tion functions. At the highest concentration and tem
perature the coordination number of the C s-I inter
action is about two. The angular distribution function
of iodide ions around a caesium ion has a maximum
at about 120°, and that of caesium ions around an
iodide ion has a large peak at about 120° and a small
peak at about 85°. The latter becomes the main peak
at low temperature and concentration. In an fee struc-
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ture, the angular distribution function of the first
neighbours shows two peaks at 90° and 180°. For
caesium halide crystals, except for CsF which has the
bcc structure, the angular distribution function should
have maxima at 70.5°, 109.5°, and 180°. Since the
angular distribution function of solution A has peaks

around 80° and 120°, as well as 180°, bcc-like aggre
gates may be formed in the solution. Moreover, since
the coordination numbers of the caesium and iodide
ions are two at the high concentration, aggregates
Cs2I2 seem to be formed in solution C, which can be
regarded as nuclei of caesium iodide crystals.
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