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Abstract

This paper reports on studies of the interactions of halide ions with water. The standard Hartree—Fock (HF)
method was used to calculate the interaction between each of the four halide ions and the water monomer. The
structural properties of the X —H,O systems (X=F, Cl, Br, I) are presented with a detailed comparison with
experimental energies. A new ion—water parameterised potential, derived from quantum calculations, is proposed for
the description of the X~ —H,O interactions in simulations. This potential was used in Monte Carlo (MC) studies of
the gas-phase formation of X~ (H,0), clusters (n=1, ..., 10) and of the solvation of the ions in dilute aqueous
solutions. Thermodynamic properties, such as enthalpies, AH, ,,, Gibbs free energies, AG, _,,, and entropies,
AS, _ . are presented for the gas-phase reactions: X~ (H,0), + H,O =X~ (H,0),. The results follow the general
experimental trends, but overestimate their absolute values for the smaller clusters. The structural properties of the
small clusters were found to be in good agreement with the results of quantum calculations. For small n, the so-called
surface (S) structure was found to be predominant, while for larger n the interior (I) structure is preferred. The
transition from an (S) structure to an (I) structure was found to occur for n between 4 and 6, depending on the ion.
In solution, the energy of solvation and the structural properties of each ion are reported and compared with the
experimental data available. The energy values were found to be in good agreement with estimates reported for the
three larger ions, while for fluoride they are slightly overestimated. © 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction 45]. It can be said that, in general, the results reported

exhibit a strong dependency on the methods used. In

The properties of the X~ (H,0),, systems (where X=F,
Cl, Br, I) have been the subject of many theoretical
investigations in the past. In several works the interac-
tion of halide ions with a single water molecule was
studied by quantum calculations [1-11]. The micro-
scopic features of the solvation of anions in water
clusters were analysed by quantum [1-11] as well as by
simulation [12—28] techniques. The structural and ther-
modynamic properties of the halide ions in bulk water
were widely investigated using simulation methods [29—
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the case of the quantum studies, the results obtained
depend on the choice of the basis set used to describe
the ion and the water molecule as well as on the choice
of the computational technique used. In simulations,
the choice of the potentials used for the description of
the interactions of the systems, as well as some other
initial assumptions is known to strongly affect the final
results.

For example, in the Hartree—Fock (HF) studies of
Del Bene [1] the ion—water binding energy has been
found to be — 114 kJ mol~' for the fluoride—water
dimer and — 54 kJ mol~! for the chloride—water sys-
tem. In the work of Combariza et al. [4] the values of
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— 54 kJ mol ! for chloride, —46 kJ mol~! for bro-
mide and — 39 kJ mol ~! for iodide have been reported
from calculations at the MP2 level. The relatively weak
interaction of fluoride with a water molecule ( — 87 kJ
mol ~!) has been found in the work of Zhan et al. [9]
from MP4 calculations. Combariza et al. [10] has very
recently obtained a much stronger value (— 120 kJ
mol 1) for this ion, based on DFT calculations. A very
wide range of energy values was found in the work of
Kuznetsov [6], where the interaction of the four halide
ions with the water molecule has been studied using ab
initio methods. The X -H,O energies of — 101 to
— 164 kJ mol ~! for F—, of —52to — 88 kJ mol ! for
Cl—, of —54to —68 kJ mol~! for Br— and of —40
to —49 kJ mol ! for I~, have been reported in this
latter work. These extremely different results were ob-
tained by only changing the basis sets used for the
ion—water system.

As mentioned above, a comparison of results ob-
tained for halide ions in aqueous solution and in small
clusters, clearly shows that the properties found from
theoretical studies depend strongly on the method and
potentials used. The structural and energetic properties
of small X~ (H,0), clusters were found to differ signifi-
cantly when they were investigated by quantum meth-
ods and simulation techniques. In the latter case, the
results seem to be determined by the ion—water and
water—water potentials used in simulations. Most fre-
quently, the ion—water potentials used in the simula-
tions are pairwise additive potentials derived from the
results of quantum calculations, however some attempts
to include many-body effects have been also made
[23-28,31,39]. The thermodynamic properties of the
gas-phase formation of these small clusters were found
to be very sensitive in simulations to the type of poten-
tial used for the description of the ion—water and
water—water interactions. The importance of the many-
body effects in these systems needs to be stressed [23—
28].

The properties of halides in liquid solution, reported
from Monte Carlo (MC) [29-34] and Molecular Dy-
namics (MD) [35-45] studies, have also been found to
depend on the model used. The coordination number,
the geometrical features of the first hydration shell and
the solvation energy differ significantly when results
obtained with different methods are compared. At the
same time, some additional difficulty appears in the
verification of the computed values by comparing them
with those obtained from experimental measurements
in gas-phase [46—54] and in aqueous solution [55-63].
The wide range of values reported for the same prop-
erty seems to indicate that experimental studies also
have a relatively large margin of uncertainty.

In theoretical studies of aqueous solutions of X~
ions one must make some initial assumption about the
X~-H,O dimer. In this work, to avoid the ambiguity

due to the basis set dependency of the results, quantum
calculations have been performed with the goal of
obtaining the best reconstruction of the optimal energy
values reported from experiment. In Section 2, the
results of tests performed for several different basis sets
for the optimised ion—water conformations are pre-
sented and compared with experimental data. Some
additional information about the X -H,O (X=F, Cl,
Br, I) systems, not available from experiment, is also
shown.

The basis sets which best reproduce the experimental
data while keeping an affordable computational cost
were used for the construction of potential energy
surfaces for each ion. These surfaces were then used for
fitting an analytical pairwise additive potential pro-
posed, in Section 3, for the description of the ion—water
interactions in the simulations. However, it should be
stressed that these simulations are based on HF calcula-
tions and on simple basis sets, a strategy that may take
advantage of cancelling effects.

The results of systematic studies on the properties of
halide ions in gas-phase water clusters and in liquid
water are presented in Sections 4 and 5, respectively.
These properties were studied by the MC method. For
the small clusters, the structural and the thermody-
namic properties, such as free energy of formation and
enthalpy, have been computed and compared with ex-
perimental values. For the liquid phase the structural
properties of the aqueous environment of the ions have
been characterised through radial distribution functions
(RDFs). The hydration energy for each ion in solution
has also been computed and results are compared with
theoretical and experimental data available.

This work is part of more extended studies per-
formed by the authors on the specific adsorption of
ions on metals [64—66]. This interesting electrochemical
phenomenon has been widely investigated in the past,
using quantum ([64,65] and Refs. therein) and statistical
([66] and Refs. therein) methods. In the process of
specific adsorption, one of the most important phenom-
ena is the modification of the hydration environment of
the ion (and metal) when it approaches the surface. It is
believed that the results of the present paper, in con-
junction with those reported in Ref. [66], allow for a
better analysis and understanding of the theoretical
results already reported for the interfacial region.

2. Ion—water quantum calculations
2.1. (@) Method

The interaction energies of the halide ions with the
water monomer were carried out at the standard HF
level. The basis sets used for the halide ions were the
following: for the three larger ions, Cl1—, Br~ and I,
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the inner shells were described by the effective-core
potentials (ECPs) of Hay and Wadt [67] and their
valence electrons by the double-zeta quality basis set
developed by the same authors; for fluoride, the all-
electron double-zeta quality basis set of Dunning/Huzi-
naga [68] has been used. It should be noticed that these
basis sets were the same as those used in the studies of
the specific adsorption of ions on metal surfaces [64,65].
The H,O molecule was kept rigid at its experimental
geometry, i.e. with a H-O-H angle of 104.52° and
O-H distances of 0.9572 A. Several different basis sets
for the water molecule (with different polarisation func-
tions, including f functions and diffuse functions) were
tested to obtain interaction energies for the ion—water
dimers as close as possible to the experimentally known
data. In the present work, results are shown only for
the (A) 6-31G* basis set [69,70], the (B) 6-31G(2D) and
the (C) 6-31G(3D) basis sets [69,71], these giving the
best estimates. For each case, the water—oxygen dis-
tance, r, and the tilt angle, o, between the dipole
moment of the water and the ion—oxygen vector (see
Fig. 1) have been optimised. The basis set superposition
error (BSSE) was calculated using the counterpoise
(CP) method [72]. All calculations were performed us-
ing the Gaussian92 and Gaussian98 programs [73].
Here, it should be remarked that the reason for not
using a 6-31 G* type of basis set for all the ions and the
water molecule was based on the results of Kuznetsov
[6], as the dimer energies become overestimated. For
the smaller ions, some additional tests were performed
using the 6-31G basis sets with polarisation and diffuse
functions for both ion and water, namely the 6-31 G**,
the 6-31 + G** and the 6-31 + + G™** basis sets [69—
71]. Nevertheless, the results obtained always gave
overestimated energies for F~ and either overestimated
or underestimated energies for C1~ and Br—, sometimes
showing strange behaviour. For example, when the 6-31
G** basis set was used, for both ions and the water
molecule, the energy values obtained are equal to —
58.5 kJ mol~! for CI~ and — 61.5 kJ mol ~! for Br—,
suggesting a weaker ion—water interaction for chloride
than for bromide. However, it should be stressed that
the structural properties obtained from those all-elec-
tron basis sets calculations are very close to the results

Fig. 1. Starting conformation of the X~ —H,O systems used in
the quantum optimisation calculations.

obtained with the pseudopotentials (used for ions)
which are reported in the next section.

Besides the HF level, some test calculations including
correlation effects were done (at the CCSD(T) level,
using again the 6-31G**, the 6-31 4+ G** and the 6-
31 + + G** basis sets for both ion and water), but the
improvement in the results did not justify the amount
of extra computational cost needed for the construction
of the ion—water potentials.

For the two smallest ions, which seem to be the most
problematic cases, the water—ion interaction energies
found at this level range from — 104.5 to —170.2 kJ
mol~! for F~ and from —60.8 to —65.4 kJ mol !
for C1~. As can be seen, all values computed using the
CCSD(T) method overestimate the interaction energies
and further corrections would be needed. At the same
time, other parameters such as structural parameters as
well as charges on the ions obtained with this method
are very close to those reported below (see Table 1).

2.2. (b) Results

In Table 1 the results obtained from the optimisation
at the HF level with the three different basis sets, (A),
(B) and (C), described above, are presented. For each
case, the optimal ion—oxygen, ry o, and ion—hydro-
gens, Iy 0, and ry j, distances, the tilt angle, «, the
charge on the ion Q(X) at the optimal conformation
and the interaction energy AE with and without CP
correction are given.

The optimal conformation is found for all ions to be
asymmetric, with one hydrogen of the water molecule
closer to the ion. The optimal value of « is non-zero for
all ions, even for the larger ones. A comparison of the
results obtained for the same ion but with different
basis sets shows relatively small changes in this prop-
erty, the largest fluctuation being of ca. 6° for iodide.
Similarly, small fluctuations can be observed in the
ion—oxygen and ion—hydrogen distances and in the
estimates of the charge on the ion at the optimal
conformation. The energy values are usually bigger
than those reported from experiment. It should be
stressed that most combinations of methods and basis
sets tested were found to overestimate the experimental
energies (sometimes even when corrected for the BSSE),
especially in the fluoride case.

A similar effect was reported in a recent work of
Kuznetsov [6], where comparative studies using differ-
ent basis sets for the halide ions and the water molecule
were also performed. In that work the structure of the
water molecule was in addition optimised. However,
the same overestimation of the energy values, as shown
in Table 1, was found there mainly for F~ and Cl~. At
the same time, the results obtained in that work for the
two larger ions are much closer to the experimental
values.
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Table 1
Geometrical and energetic properties * of the interaction of halide ions with water obtained from the optimisation of the ry o
distances and o angle with different water basis sets >°

Ton Basis set type s H1 <o I'x o o o(X) —AE, —AE,(CP)
F~ (A) 1.591 2.539 2.841 46.1 —0.901 119.0 102.1
(B) 1.584 2.537 2.865 479 —0.897 113.8 96.5
©) 1.562 2.516 2.858 48.8 —0.882 119.7 100.4
Exp. ¢ 97.5
Cl~ (A) 2.294 3.213 3.367 38.7 —0.919 69.6 58.0
(B) 2.287 3.223 3.429 41.9 —0.917 65.0 54.1
© 2.264 3.203 3.423 42.8 —0.906 67.3 55.8
Exp. ¢ 54.8
Br— (A) 2.561 3.462 3.554 354 —0.940 55.6 47.7
(B) 2.552 3.474 3.624 39.0 —0.938 51.2 43.8
© 2.532 3.458 3.622 39.8 —0.929 52.6 449
Exp. ¢ 527
- (A) 2.939 3.775 3.759 28.8 —0.964 429 39.9
(B) 2.915 3.804 3.849 333 —0.963 38.8 34.6
© 2.890 3.788 3.858 34.7 —0.958 394 354
Exp. ¢ 42.7

4 Distances in (A), angles in (°), charges in (a.u.) and energies in (kJ mol~!).
® The water basis sets tested are: (A) 6-31G*, (B) 6-31G(2D), (C) 6-31G(3D).

¢ The AE(CP) values are the BSSE corrected optimal energies.

d Jon-water experimental energies taken from Ref. [46].

A comparison of the geometric properties of the
X~-H,O0 systems obtained in the present study, using a
rigid water molecule, with those of Kuznetsov suggests
that a modification of the water geometry has a rather
minor influence on the other structural parameters of
the ion—water system. The largest differences between
ion—oxygen distances reported here and the ones of
Kuznetsov’s work are observed for fluoride; for the
three other ions this property is in very good
agreement.

The values presented here can additionally be com-
pared with other quantum calculations of the interac-
tion of halide ions with water [6,9]. The ion—oxygen
distances shown in Table 1 agree very well with the
results of Zhan et al. [9]. The ry_ o values, which can be
easily calculated from the data given in this paper, are
2.56, 3.21, 3.40 and 3.67 A for fluoride, chloride, bro-
mide and iodide, respectively. Although in this latter
work, as in the work of Kuznetsov mentioned above,
the geometry of the water molecule was optimised,
some similarities can be found between those published
results and the values of ry_, and the « angle listed in
Table 1. The latter property computed from reported
data [9] is found to be of 45.9, 38.2, 37.5 and 23.4° for
F~, Cl,” Br~ and I, respectively. Similar estimates of
this angle for the X —H,O systems were found in the
work of Kuznetsov [6]. Thus, the structural results
shown in Table 1, obtained with a rigid model of water,
indeed agree well with those reported in this latter

work. Also the Mulliken charge on the ions in the
optimal conformation is in good agreement with both
mentioned works, being almost constant, slightly in-
creasing when going from fluoride to iodide.

The largest differences between results shown in
Table 1 and those previously reported, are the ion—wa-
ter interaction energy values. As mentioned above, the
basis sets were chosen here so that experimental values
for the optimal ion—water conformation [46,48] are
reproduced, a somewhat difficult task for chloride. In
fact, the measured interaction energy of the ClI~—H,O
system was reported to range from —54.8 [46] to
—62.3 kJ mol~! [52]. In our studies the reference
experimental energy values were taken from the work
of Arshadi et al. [46], where a comparative study of the
four halide ions interacting with water was performed.

The combinations of basis sets that closest reproduce
the experimental data have been used for the construc-
tion of the potential energy surface for each ion. The
basis sets selected are the following: (B) for fluoride and
chloride, (C) for bromide and (A) for iodide.

For the two smallest ions CP correction is necessary
to achieve an agreement between calculated and experi-
mental energy values. In Table 2 the results obtained
from the quantum calculations with the chosen basis
sets are presented for the symmetric orientation of the
water molecule towards the ion, i.e. with an angle « (see
Fig. 1) equal to 0°. In this orientation both hydrogens
are at the same ry y distance from the ion. This ion—



A. Ignaczak et al. / Electrochimica Acta 45 (1999) 659673 663

hydrogen distance as well as the ion—oxygen distances,
s o, the charge on the ion, Q(X), and the interaction
energy in this conformation, AE,, are listed in Table 2.
The last column of this table contains the differences
between energy minima for the optimal (asymmetrical)
and the symmetrical conformations of the ion—water
system obtained.

When the geometric properties listed in Table 2 are
compared with those obtained with the same basis sets
for the asymmetric conformation, a systematic increase
of the smallest ion—hydrogen distance is seen. This is
accompanied by a very small change in the ion—oxygen
distance, which increases significantly only for the
fluoride—water system, and remains almost unchanged
for the three larger ions. The distances presented here
are somewhat larger than those reported from other
quantum calculations for this conformation [6] which is
probably associated with a weaker interaction energy
found for the symmetric conformation in the present
calculations. The energetic difference between the opti-
mal and symmetric configurations for the four ions
shown in Table 2 is somewhat larger than that reported
in previous works, especially for fluoride and chloride.
This property may be seen as a parameter describing
qualitatively the energetic changes in the systems when
some reorientation of water molecules around the ion
occurs in small gas-phase clusters or in the liquid
solution.

3. A new ion—water potential

To construct the potential energy surface of the
halide ion—water interaction, a set of additional HF
calculations has been performed using the basis sets
selected in the previous section. For each ion-water
case, eight different orientations of the water monomer
towards the ion have been studied and the interaction
energies have been computed at various distances, giv-
ing a total number of about 150—175 points, depending
on the ion. In these calculations the attractive orienta-
tions (in which the water molecule has the hydrogens
pointing towards the ion) have been favoured, the most

stable being asymmetric as described in the previous
section (see Fig. 1 and Table 1). As mentioned already,
for the four ions, the calculated energy minima for the
preferred orientations of water are in agreement with
the experimental data of Arshadi et al. [46].

A new potential has been constructed based on the
function proposed by Nguyen et al. [41] with an addi-
tional ion—oxygen exponential term. This term makes
the asymmetric configuration more stable than the sym-
metric one and reproduces the energetic difference be-
tween these structures. The final form of this new
potential is:

View = Vxo+ Vxomi + Vxenz (1)
where:
A A
VX*O = + 2 - for + A3 eXp( - A4"X70)
'xo Txo
As A
Vxm=—"+3 + A7 exp( — Agrx 1)
'x-m1 I'x-mH1
As A
Vs mp=—"+—3 + A7 exp( — Asrx 1)
'x-p2  'x-m2
Jor=exp(— A9|rX—H1 - ’”X—HZD ()
The parameters A4, ..., A, were obtained by fitting

the Vyw function to the quantum energy points. These
parameters are given in Table 3 for each ion. The good
quality of the fittings can be observed in Fig. 2, where
the quantum interaction energies for the optimal ion—
water dimer conformations are plotted against those
predicted by the Vyy potential. It should be stressed
that the pair potential proposed in this work describes
the change of the ion—water interaction energy when
the H,O monomer takes less preferred orientations in a
remarkable agreement with the quantum points. The
behaviour of this potential for those less stable orienta-
tions is discussed in detail in our work on the specific
adsorption of the halide ions on the Cu(100) surface
(Figure 4 in Ref. [66]).

This potential, together with the TIP4P potential [74]
for the water molecules, has been used in all simula-
tions described below. The TIP4P potential has been

Table 2

Geometrical and energetic properties ® obtained with the chosen basis sets ® for the symmetrical configuration of the X~ —(H,0)
complexes

Ion Basis set Fx_H rx_o oX) —AE, —(AE,,—AE,)
F- (Bep) 2.20 2.65 —0.944 63.3 33.2

Cl- (Bep) 2.77 3.25 —0.950 439 10.2

Br— ©) 2.99 3.48 —0.953 47.8 4.8

I~ (A) 3.25 3.75 —0.945 42.0 0.9

2 Distances in (A), angles in (°), charges in (a.u.) and energies in (kJ mol~!).

® Same notation for the basis sets as the one used in Table 1.
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Parameters of the Vyy potential for the interaction of halide ions with water (energies in (a.u.) when distances are in (A))

Parameters F~ Cl—

Br— 1~
A, 0.2681867 0.2896071 0.3651185 0.3905185
A, 0.1258666 0.1240294 0.1105481 0.1568753
A, 175.2743391 275.1023705 931.3769637 3955.7403573
A, 4.0248556 3.5991401 3.99244237 4.5426120
As —0.1306078 —0.1391805 —0.1745202 —0.1895202
Aq —0.0732078 —0.0838705 —0.1028106 —0.1093375
A, 5.0219748 4.5382929 3.3018965 4.8860518
Ag 4.0063619 2.9201882 2.3927183 2.2870791
A, 0.6742457 0.6371453 0.3621453 0.2301453

used in many simulations of processes occurring in
aqueous solutions and has proved to describe suffi-
ciently well the properties of bulk water.

4. Gas-phase formation of X~ (H,0), clusters
4.1. (a) Method

In this work, the gas-phase reactions:
X7 (H0), _, + H,O(vapour) - X~ (H,0), (3)

where X=F, Cl, Br, I and n=1,2, ..., 10, have been
investigated by the MC method. Thermodynamic prop-
erties as well as structural data for the above X~ (H,0),
clusters have been studied.

Assuming ideal gas behaviour for the water vapour,
the change in enthalpy, AH, _,,, was obtained from:

AH, ,,=AE, ,,—kT @)

where AE, _, stands for the change in internal energy.
This has been calculated as the difference between the
average energies of the clusters with n and n — 1 water
molecules:

AE‘nfl,nz<E}1>_<E‘nfl,n> (5)

The energy averages (E,)> and (E,_,,»> have been
obtained directly in conventional MC simulations on
the (N, V, T) ensemble at 298 K. In these simulations,
the halide ion and the n water molecules surrounding it
have been placed in the centre of a box of dimensions
18 x 18 x 18 A. The simulations have been made ac-
cording to the Metropolis algorithm and 1 x 10°
configurations have been generated for statistical equili-
bration and 2 x 10° for averaging.

In the same way, the Gibbs free energy AG, _,, of
Eq. (3) has been computed in terms of the Helmholtz
free-energy AA, _,, using the relation:

Aanl.n:AAnfl,n_kT (6)
for the standard state of 298 K and 1 atm.

AA, _,,, however, can only be computed by resort-
ing to non-conventional MC simulations and, in this
case, the thermodynamic integration method was ap-
plied according to the Mruzik et al. approach [13]. In
this approach, the potential energy of the cluster is
redefined in terms of a coupling parameter A:

U =0 =2U, 1+ 42U, + Uy o) ()

where 0 <1<1, Uy, is the potential energy of the
water molecule (monomer) that is being added to the
cluster with n — 1 water molecules, U, _, is the poten-
tial energy of the cluster with n — 1 water molecules.
The coupling parameter A provides a way of introduc-
ing the water monomer into the cluster with n — 1 water
molecules. In fact, when 4 = 1, the monomer is indistin-
guishable from all the other n — 1 water molecules, and
UA=1)=U,. As 1—0, the monomer becomes effec-
tively invisible to all other particles, and U(1=0)=
U, _ . Notice also that if parameter x is equal to 1 in
Eq. (7), the formula describes the potential energy of

401
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Fig. 2. Interaction energies of the X —~H,O systems as func-
tions of the ion—oxygen distance. The points correspond to the
quantum calculated energies and the lines to the proposed
Vxw potential.
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Table 4

Calculated and experimental enthalpies —AH,_,,, (k] mol~') for the gas-phase formation of X ~—(H,0), clusters (X=F, Cl, Br, I)

n—1,n F~ Cl— Br— 1~
- AI{calc - AHexp - AI—Icalc - A]—Iexp - AfIcalc - AHexp - AFIz:alc - Aerxp

0,1 96.2 97.5 53.1 54.8 53.6 52.7 424 42.7

1,2 91.7 69.5 53.1 53.1 53.5 51.5 42.2 41.0

2.3 86.9 57.3 52.1 49.0 53.5 48.1 43.8 39.3

34 81.4 56.5 50.3 46.4 53.0 45.6 44 .4

4,5 753 55.6 50.8 53.1 38.7

5,6 65.6 47.1 50.1 39.3

6,7 55.1 46.0 46.6 47.7

7,8 54.1 46.2 50.7 35.9

8.9 51.3 47.0 48.9 46.4

9,10 50.4 42.7 439 31.5
1 V.

the cluster as a linear function of A, but this causes AA,,I,”:J U(l)di+ kT ln(n)—J pdVv )
0 V1 atm

some numerical problems related to the sudden increase
in the U(Z) values when /—0. In fact, a more conve-
nient way of avoiding numerical integration problems
in free-energy calculations of this type is to use a
nonlinear / dependence for the potential energy (x > 1).
In the present case, x was set equal to 4 as suggested by
Mezei [75]. Anyway, the efficiency of the two (linear
versus nonlinear) methods has been tested here. It was
found that the results obtained with both methods are
very close, therefore only those obtained using the
nonlinear method are shown in this work.

In addition, parameter 4 was made to change nonlin-
early from one simulation (window) to another accord-
ing to the equation [76]:

y M (2N v\ 8
"Ny +1T 5 +tan T+ w |Wo (®)

where N,, is the window number (N, =0, ..., N—1), N
is the total number of windows, this being 200 in the
present study, and Wy[=(0.125N)~'] is a constant
value. This function results in much smaller steps of A
near the edges than in the middle region, which addi-
tionally ensures a smooth transformation of the system
from the X~ (H,0), _, stage to the X~ (H,0), one. In
each window a canonical average of the potential en-
ergy of the water molecule, (U(4)), has been obtained
and a total number of 1 x 10° configurations has been
generated. The first half of these configurations was
used for equilibrating the system and statistical aver-
ages were based upon the second half.

During the course of the simulations, the n water
molecules were restricted inside a spherical constrained
volume (V) centred on the ion. With this restriction,
the change in Helmholtz free energy, 4, ,,, is then
given by:

where V| ., is the constraining volume for a standard
state of 298 K and 1 atm. The p dV term in this
equation describes the work of expanding the con-
straining volume V_, until the unattached H,O
monomer is at a pressure of 1 atm. In the present study,
the radius of the constraining volume V, was fixed at 20
A.

Finally, with the AG, _,, and AH, _,, values, the
change in entropy, AS, _,,, for each cluster may also
be calculated according to the formula:

ASn—l,n: (AHn—l.niAGn—l,n)/T (10)
4.2. (b) Results

The studies of the gas-phase formation of X~ (H,0),
clusters, as described in the last section, can be an
important test for the ion—water potentials used in
simulations. In Table 4, the calculated values of the
enthalpy changes AH, _,, are shown together with the
experimental data available for the four halide ions.
Typically, the calculated enthalpies are very close to the
experimental values for n=1 and become overesti-
mated for n = 2. It may be said that for n up to ca. 4-5
the AH,_,, estimates are almost constant and the
decrease of their values appears for larger n than it is
predicted from experiment. For #n > 6 some asymptotic
behaviour can be observed in Table 4, as the AH, _,,
values tend to the values suggested by the experimental
measurements for small clusters.

It should be noticed that for iodide the oscillations of
enthalpy values are found to be quite large even for n
close to 10. This ion is characterised by a relatively
weak interaction with water, being of similar magnitude
to the strength of hydrogen bonds between waters.
Thus, as the properties of the hydration shell of this ion
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result from a balance of similar forces they may be
more sensitive to the type of potential used than it is
expected for the other ions. In fact, a test was per-
formed with another form of the ion—water potential
fitted to the same quantum points as described in
Section 3. The results obtained with this potential were
almost the same for the three larger ions, but very
different for iodide. Nevertheless, the large fluctuations
in the values of AH, _ , obtained for larger n, as those
observed in Table 4, were the common feature of both
potentials tested.

In most earlier theoretical studies of the gas-phase
formation of the X~ —(H,0), clusters, only relatively
small structures have been investigated. It should be
noticed that the other calculated enthalpies do not
show a similarly clear trend. However, it should be said
that the present enthalpies correlate to the experimental
data as well as those previously obtained with more
refined models [14—21]. The reported data suggest that
a better fit to the experimental enthalpy values for the
whole range of n can only be achieved by introducing
many-body effects into the model.

The Gibbs free-energies AG, _,, for the gas-phase
formation of the X~ —(H,0), clusters, computed ac-
cording to Eq. (6), are shown in Table 5. For compari-
son, the experimental values are also shown. The
AG,_,, values have been calculated only in the for-
ward direction 4=0—4=1 (formation of the cluster
with n water molecules), using a nonlinear A-depen-
dence for the potential energy. In fact, the tests made
for some chosen cases showed no particular difference
between the results in both directions (forward: A=0—
A=1 and backwards: 1=1—-4=0) or for the two
approaches (linear and nonlinear). Nevertheless, the
nonlinear A-dependence should be preferred as the er-
rors were found to be smaller by a factor of at least
two.

The absolute values of the free energies obtained
from the MC simulations, when compared with the
experimental data, exhibit similar tendencies as found
for the enthalpies. This is, for n = 1, they are very close
to the experimental estimates and for n > 1 they overes-
timate them. For chloride, bromide and iodide and for
n—10 the computed AG,_,, values tend asymptoti-
cally to a similar value (~ 9 kJ mol~"!) which is close
to the value of condensation of the water vapour [77],
while still much larger values are noted for fluoride.
This latter ion is, in general, the most difficult one to
properly describe using theoretical methods. The pecu-
liar behaviour of the experimental AG, _,, estimates,
i.e. the decrease of their absolute values up to n =4 and
then their increase, is difficult to be reconstructed.
Some slight overestimation of the free energy changes
for bromide in relation to chloride, should be noticed at
the same time. This effect is not unexpected taking into
account that the analytical potentials constructed for
these ions have similar energy minima and mostly differ
in terms of steric properties. The results of the present
work are in a qualitative way similar to those shown in
the paper of Mruzik et al. [13] where the stepwise free
energies of the ions solvation have been calculated for
fluoride and chloride, but only for clusters with n not
greater than 6.

In Table 6 the entropy values as calculated from Eq.
(10) are shown together with the experimentally re-
ported entropy estimates. Of course, the results pre-
sented here are obtained indirectly, from two relatively
large values of AH, _,, and of AG,_,,, and so their
estimates may be charged by a quite large error. Never-
theless, their good agreement with experimental data
should be noticed from the Table 6, especially for larger
ions.

Table 5
Calculated and experimental Gibbs free energies —AG,_,, (kJ mol™') for the gas-phase formation of X~ (H,0), clusters
(X=F,Cl,Br,]I)
n—1,n F~ Cl~ Br— 1~
- AGcalc - AGexp - AGcalc —AG, - AGcalc - AGexp - AGc'dlc - AGe:xp
0,1 68.0 75.7 29.7 343 31.2 29.3 21.5 22.6
1,2 61.3 46.0 26.7 27.2 27.5 23.0 18.8 17.6
23 54.0 31.8 23.1 18.8 243 17.2 16.2 13.0
3,4 473 23.0 20.8 14.2 222 12.1 14.9
4,5 384 29.7 18.7 19.3 12.9
5,6 30.3 16.2 18.1 12.3
6,7 22.1 13.4 16.1 11.0
7,8 18.5 13.3 14.8 10.6
8,9 16.3 12.7 14.0 10.3
9,10 17.7 9.6 12.3 9.1
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Table 6
Calculated and experimental entropies —AS, _, , (cal mol~' K ') for the gas-phase formation of X ~(H,0), clusters (X = F, Cl, Br,
D
n—1,n F~ Cl— Br— -

- ASca\lc - AScxp - AScalc - AScxp - AScalc - AScxp - AScz\]c —AS,
0,1 22.6 17.4 18.8 16.5 17.9 18.4 16.7 16.3
1,2 24.4 18.7 21.1 20.8 20.8 22.9 18.8 19.0
2,3 26.3 20.4 23.3 23.5 234 24.8 22.2 21.3
3.4 27.3 36.9 23.7 25.8 24.7 26.8 23.7
4,5 29.6 30.7 25.8 27.0 20.7
5,6 28.3 24.8 25.7 21.6
6,7 26.4 26.2 24.5 28.6
7.8 28.6 26.4 28.8 20.3
8,9 28.1 27.5 28.0 29.0
9,10 26.2 26.5 25.3 18.0

In order to get a better insight on the cluster struc-
tures, MC optimisations at 0 K have been performed
for each cluster. Table 7 presents the values of the
ion—water and water—water components of the interac-
tion energies calculated per water molecule for the
optimised clusters. They can be analysed in conjunction
with Figs. 3 and 4, where the structures of the fluoride
and iodide optimised clusters are shown as examples.

As can be seen in Figs. 3 and 4, the anion—water
clusters rarely adopt symmetric configurations. The
final geometry of the cluster is clearly determined by
the dominance of one of the two energy components
shown in Table 7. Two typical arrangements of the
water molecules around the anions can be distinguished
in Figs. 3 and 4: the surface (S) structure and the
interior (I) structure. The (S) structures are formed
when the hydrogen bonding between water molecules
dominates the ion—water interactions, thus water
molecules organise themselves together on one side of
the ion. In the (I) structures the cluster geometry is
determined by the stronger ion—water interactions as
well as by hydrogen bonding between subgroups of
water molecules. In this case the ion is located either
between one group of waters and another group or
between one group of waters and just one isolated H,O
molecule.

As shown in Figs. 3 and 4, for the small clusters
n =2-3, the (S) structures are preferred for both ions.
For n=4 a difference appears between the structures
found; the (I) structure is found for fluoride, while the
(S) conformation is stabilised for iodide. The changes in
water—water and ion—water energies when clusters with
three and four water molecules are compared in Table
7 confirm the dominance of the different energy
components.

For fluoride the Uy, energy becomes suddenly posi-
tive for F~(H,0),, exhibiting a sudden repulsion be-
tween waters, while for 1~ (H,O), this component is
more negative than for I~ (H,0);. At the same time, the
second component, Uyg, decreases for fluoride and
increases for iodide when clusters with three and four
waters are compared. Thus, the (I) structure for
fluoride (Fig. 3(d)) is indeed stabilised by the domi-
nance of the ion—water interaction, while an opposite
phenomenon, i.e. the dominance of the water—water
interaction over the ion—water interaction, occurs for
iodide (Fig. 4(d)). A relative decrease of the Uy
average energy when going to the next F~(H,O)s clus-
ter, together with an increase of the Uy, value, suggests
that in this case the surface structure rather than the
interior can be expected. Inspection of Fig. 3(e) confi-
rms that the surface geometry is found for this cluster.
Although the type of structure of the X~ (H,O)s cluster
is the same for both ions, namely a (S) type, their
geometry differs very significantly.

The spatial properties of the ion are decisive for the
conformation adopted by the five water molecules: for
the larger iodide it is a quasi regular planar pentagon,
while for fluoride, a first shell of four water molecules is
somewhat deformed by the fifth water molecule located
farther away from the ion. For the larger clusters with
n > 6 there is always a prevalence of (I) type structures
and the progressive process of closing the hydration
shell around the ion can be observed as n value in-
creases. Analysing the Uyyw and Uyg energy compo-
nents for chloride and bromide, one may conclude, that
the (I) structure appears for bromide when n =6, as it
was found for iodide. For chloride, the decrease in the
Uww energy occurs only for n =38, and this deviation
from the general trend may suggest that this potential
may still be improved. For the other three ions, the
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Table 7
Water-water (Uyy) and ion-water (Uys) interaction energies per water molecule (kJ mol~!) obtained for the X ~—(H,0),, clusters
at 0 K
n F~ Cl— Br— I~

Uww Uws Uww Uws Uww Uws Uww Uws
1 0.0 —97.6 0.0 —54.6 0.0 —54.9 0.0 —43.7
2 —1.3 —96.5 —-57 —53.5 —6.3 —53.7 -7.1 —42.3
3 —34 —95.0 —-7.2 —52.6 —133 —52.0 —-9.7 —41.2
4 1.3 —95.2 -7.3 —51.8 —155 —50.6 —17.7 —38.8
5 —-7.1 —81.1 -7.7 —51.0 —16.4 —46.9 —16.7 —-37.9
6 —2.5 —85.1 —14.1 —46.5 —13.8 —46.9 —104 —38.4
7 —0.3 —85.6 —15.8 —44.0 —18.0 —43.8 —16.5 —35.1
8 —2.5 —79.5 —11.3 —453 —19.5 —39.6 —124 —38.3
9 —5.7 —74.2 —17.3 —393 —13.7 —44.7 —14.4 —35.9
10 —6.5 —69.2 —16.2 —39.9 —19.3 -394 —17.7 —324

transition from the (S) to the (I) structure is found in
the present work to occur for clusters with four to six
water molecules, depending on the type of ion.

The finding that the (S) — (I) transition occurs in the
range of n between 4 for fluoride and around 6 for
larger ions, goes counter to the conclusions of earlier
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MD studies [19-21,23] where the (S) structures have
been suggested to be dominant for n <15. However,
our results do agree very well with that reported from
recent quantum calculations [2—5], where the structural
properties of the X~ (H,0), clusters (n=1, ..., 6) have
been studied by ab initio calculations.
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Fig. 3. (a—j) Optimised structures found for the F~(H,0),, clusters (n =1, ..., 10) at 0 K.
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Fig. 4. (a—j) Optimised structures found for the 1~ (H,0),, clusters (n =1, ..., 10) at 0 K.

5. Halide ions in aqueous solution
5.1. (@) Method

The studies of the aqueous solutions of halide ions
have been done by means of conventional MC simula-
tions on the (N, V, T) ensemble at a standard tempera-
ture of 298 K. For each ion, diluted solutions were
modelled by the X™—(H,0),qs system in a cubic box
with side lengths of 18.02 A. At these conditions a
density of about 1 g cm ~3 is achieved for the solutions.
The simulations have been performed according to the
Metropolis algorithm and periodic boundary conditions
were applied under the minimal image convention.
About 6 x 10° configurations have been used for statis-
tical equilibration and sampling.

5.2. (b) Results

The structure of the solution around each ion was
analysed in terms of RDFs as well as running coordina-
tion numbers. The results of these calculations are
presented in Fig. 5. Due to the role of hydrogen in the
bonding of water to the anion, the first hydration shell
of the halides is clearly defined by the RDF_;; but only
moderately by the RDFy , this being especially true
for the larger anions. The distribution of oxygens

around the ions is only well defined for fluoride, as for
the other ions it exhibits a rather broadened behaviour
beyond the first maximum of RDFy . This might
suggest that the first hydration shell has a much more
diffuse character for the larger ions than it has for
fluoride. As was mentioned before, for chloride, bro-
mide and iodide, the ion—water interaction is relatively
weak when compared with the strength of hydrogen
bonding. Given this rather unclear shape of the
RDFy o, the coordination number for all halide ions
has been obtained from the integration of the RDFy 4
functions.

It can be seen that the computed structural proper-
ties, such as the radius of the first hydration shell and
the coordination number of the ions are in quite good
agreement with experimental data considering the range
of uncertainties of this data, and the fact that the model
proposed here is relatively simple and does not include
many-body interactions. The overestimation of the co-
ordination number of fluoride is not unusual in statisti-
cal models, as can be seen by inspection of the results
obtained here and in earlier studies which are listed in
Table 8. In fact, for chloride [18], it has been shown
that the inclusion of three-body forces is necessary to
obtain a coordination number in better agreement with
experiment as an overestimation was obtained when
only two-body potentials were used.



670 A. Ignaczak et al. / Electrochimica Acta 45 (1999) 659673

n(o)

15

12

9

6

3

(© ()

.l

6 2 s 6

S

r’ "
Ly
1N
. S = <43
i
// ,’r’
M
2 3 4

5 G T A

Fig. 5. Radial hydrogen (solid lines) and oxygen (dashed lines)
distribution functions g(r) and running coordination numbers
n(r) of the four halide ions in aqueous solution at 298 K: (a)
F~, (b) CI, (c) Br—, (d) I~. Arrows in (a) show to which
scale the curve should be related.

The RDFs’ results presented here are qualitatively
similar to those shown in a very recent work of Toth
[45], where the properties of the four halide ions in
solution have been investigated using the TIP4P poten-
tial for the water—water interactions. For all halide
ions, the orientation of waters in the first hydration
shell has also been found to have one hydrogen closer
to the ion. The coordination numbers obtained here are
slightly larger than ny o values reported in that paper,
except for iodide for which a larger coordination num-
ber was found in the work of Toth. Notice that in this
work the ion—water potentials have been also parame-
terised by fitting to quantum energy points, but it
should be stressed that these quantum results strongly
underestimated the X~ —H,O interaction energy, espe-
cially for fluoride. This effect is also seen in the com-
puted solvation energies for the three larger ions, which
appear to be underestimated in comparison with the
experimental values.

In Table 9, the solvation enthalpies for the four
halide ions in aqueous solution obtained in the present
work are shown. These enthalpies have been computed
as:

AEsol =Ex w+t Eww— Eﬂ\jvfw (1 1)

where Ex w and Ey_w stand, respectively, for the
ion—water and water—water interaction energies of the
solution and E¥, y for the water—water interaction
energy of pure water.

Table 8
Positions of the maxima of the radial oxygen (rO) and hydro-
gens (rH, and rH,) distribution functions g(r) obtained for

the four halide ions in aqueous solution at 298 K @

Ion Ref. rH, rO rH, 1,0

F~  [33] 2.60 4.09
[40] 1.73 2.67 3.07 5.8
[41] 1.60 2.64 2.88 6
[34] 1.65 2.60 6.2
[42] 1.65 2.64 6.8
[78] 1.35 2.75 7.0
[45] 1.67 2.61 6.0
This work 1.625 2.575 3.025 6.7
Exp. [57] 4.5

Cl— [32] 2.50 3.20 5.7
[33] 3.25 8.36
[40] 2.35 3.29 3.73 7.2
[41] 2.32 3.28 3.68 7
[34] 2.25 3.21 7.4
[42] 2.24 3.22 8.2
[43] 2.29 3.23
[78] 2.00 3.45 11.7
[45] 2.25 3.19 7.0
This work 2.325 3.225 3.725 7.5
Exp. [58] 2.29 3.20 8-8.2
Exp. [59] 2.25 3.34 5.9

Br— [45] 2.45 3.37 7.3
This work 2.625 3.425 3.775 8.2
Exp. [60] 3.14-343

- [42] 3.40 3.68 8.7
[45] 2.77 3.71 9.7
This work 2.925 3.775 4.125 9.1
Exp. [60] 3.64-3.76 6 [54]

#In the last column the number of water molecules of the
first hydration shell of the ion is given. For comparison, the
results of other theoretical and experimental works are also
shown.

Table 9

Solvation energies AE,,,, (kJ mol~') obtained from the simu-
lations of halide ions at infinite dilution (7'=298 K), for
comparison, the results of some experimental hydration en-
thalpies are also shown

Ton This work [61] [62] [63]
F~ 620 484 473 518
Cl~ 352 341 340 376
Br— 345 314 327 345
1~ 296 273 268 300

Comparison of computed values with experimental

ones shows a very good agreement between these quan-
tities for the three larger ions, i.e. chloride, bromide and
iodide. For fluoride, the calculated solvation enthalpy is
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overestimated. On the other hand, it can be seen in
Table 9 that the uncertainty in experimental data, when
different measurements are compared, is relatively large
for all ions.

6. Conclusions

Standard HF calculations have been performed for
the interaction of halide ions with water. As it is
common practice, the basis sets were chosen to best
reproduce the experimental values in a consistent way.
The results of these calculations confirm that, for the
ion—water dimers, the water molecule interacts with the
halide ions through hydrogen bonding. Independently
of the basis sets used, the optimal conformation is
always found to be the asymmetric one, with one
hydrogen closer to the halide ion. For all tested basis
sets, the tilt angle between the dipole moment and the
ion—oxygen vector is larger for fluoride and decreases
when going to iodide. For fluoride, the F~—H-O bond
appears to be almost linear. From the comparison of
results of the present study and those reported in
literature it appears that no significant errors are intro-
duced in the calculations when using a rigid model for
the water molecule. This is also true for the basis sets
giving the best estimates in relation to the experimen-
tally known properties.

The calculations performed with the chosen basis sets
showed that for the X -H,O systems there exists a
significant decrease in the interaction energy when the
water is reoriented from the optimal asymmetric posi-
tion to the symmetric one (orientation in which the two
hydrogens are pointing towards the ion). This energetic
difference has been found to be especially large for
fluoride. This may be expected to play an important
role in processes where the structure of the first hydra-
tion shell of the ion is significantly changed, like in the
specific adsorption of ions from the solution onto the
metal surface [66]. In fact, a detailed knowledge and
understanding of all subtle effects of ions under special
conditions in aqueous environment is of great impor-
tance for the studies of the complex adsorption process.
The ion cannot be contact adsorbed on the surface
without making some significant modification of its
closest hydration shell, at least in the direction towards
the surface. This may be associated with a strong
reorientation of waters and even with the removal of
some of them from the first hydration shell, and so it
would be very important for the energetic description
of the adsorption phenomenon.

The new potential proposed in this work for the
description of the interactions of halide ions with water
has been used in MC simulations of the X~ —(H,0),
systems. It has been shown to give good quality results
in the simulations of halide ions in the gas-phase clus-

ters and in solution, considering that this simple model
does not include many-body effects. The thermody-
namic and structural properties of the X~ (H,0), sys-
tems are reproduced at a similar level of quality as in
some earlier theoretical studies using pair potentials. In
fact, the enthalpy and the free energy computed for the
gas-phase formation of small clusters exhibit tendencies
equivalent to those reported in other theoretical works.
In some cases, however, a significant improvement in
the results has been achieved in the present work.
Unlike earlier simulations performed for the small X~
(H,0),, clusters, the transition from the (S) structure to
the (I) structure was found to occur already for small #
(from 4 to 6). This is in very good agreement with the
results of recent published quantum studies (that in-
clude many-body effects), using extended basis sets
[2-5]. In those studies, it was suggested that the (S) to
(I) transition should occur at n =4-5 for fluoride, and
at n around 6 for larger ions. The same trend and the
same n values were found on the present simulations.
With respect to the ions in liquid phase, the structural
properties of their aqueous environment have been
found to be in good agreement with those reported
experimentally. Very good results are obtained using
the present new potential for estimating solvation ener-
gies, when computed values are compared with the
experimental data, especially for the three larger ions.
Anyway, it should be said that the experimental deter-
mination of the properties of halide ions in aqueous
solution depends strongly on the models assumed. The
list of the structural and thermodynamical experimental
values presented here, though incomplete, clearly shows
how large it is the margin of uncertainty of the experi-
mental data. The potential used in this work was
chosen to follow one set of proposed experimental
values, although other options certainly exist. This is an
assumption of the present work that should be taken
into account.
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