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Abstract

Theoretical methods have been utilized to study the solvation of fluoride and chloride ions by water. The
number of water molecules has been varied from one to four. Geometry optimization has been performed using
B3LYP level employing two different basis sets, 6-311G++ and LanL2DZ and also HF method with 6-311G++
basis set. The results have been compared.
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1. INTRODUCTION

Solvation effects play a significant role in different spheres of chemistry viz. reaction mechanism, spectroscopy
and kinetics. Moreover, the physical and chemical properties of ions in water solution are of considerable
importance in many biological and industrial processes.! On exploring the coordination shell of ions in solution,
4t is observed that cations tend to bind to the oxygen atom of the water molecule with the hydrogen atoms
pointing away. On the other hand, anion shows a tendency to bind to only one of the two hydrogen atoms of an
adjacent water molecule in an asymmetric manner. This difference in the mode of binding of water to cations
and anions is of considerable significance. Water molecules surrounding a cation will tend to avoid each other,
where as in case of anion bound water, the free hydrogen is more favourably oriented to get associated with
other surrounding water molecules leading to a network in hydration shell. Anion-water clusters, thus, form one
of the typical solute-solvent models. Halide ions, particularly fluoride and chloride ions interact strongly with
water molecules. Therefore, fluoride and chloride ions in aqueous solution have been studied employing
experimental techniques®® and theoretical approaches.”* Many aspects remain unresolved regarding the
structure of solvent shell surrounding simple ions and accompanying chemical consequences, despite several
studies undertaken in the past.

In this study, the structure and binding energies of hydrated halide ion clusters have been investigated. Small
water clusters (n = 1 — 4) are focused upon because of computational limitation. Although the electrostatic
contribution is dominant in the total binding energy of these ionic clusters, the local structures are determined by
anion-water and water-water interactions. The O-H stretching vibrations are used as probe to address the
intermolecular rearrangement that is associated with solvation of halide ions. A comparison of structural and
energy parameters of small [X(H,O),] clusters [X = F, CI] obtained from such theoretical studies indicates a
strong dependence on the method employed.
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2. COMPUTATIONAL DETAILS

Here, geometry optimization has been performed at B3LYP using two basis sets, 6-311G++ and LanL2DZ, and
for HF level, 6-311G++ basis set has been used. The energy of the optimized structure has been taken into
consideration during calculation of total and differential binding energies for the different species. The fluoride
and chloride ions have been selected for the present study and the number of water molecules has been varied
from one to four. All the computation has been done using Gaussian 09 program package.™

3. RESULTS AND DISCUSSION
The schematic representation of optimized structures of [X(H,0),] species (n = 1 — 4) are depicted in Fig. 1 and

Fig. 2 respectively.. In the present contribution, X denotes fluoride and chloride ions. Selected structural
parameters obtained from geometry optimization are presented in Table 1.
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Figure 1: Optimised structures for F(H,0), cluster (n = 1 - 4). The first column represents geometry from 6-
311g++ basis set and second column represents that from LANL2DZ basis set at B3LYP level of calculation.
The third column displays the geometry obtained from HF level of calculation.
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Figure 2: Optimised structures for CI'(H,O), cluster (n = 1 - 4). The first column represents geometry obtained
from 6-311g++ level and second column represents that from LANL2DZ level of calculation.
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Table 1: Selected bond distances (A) and bond angles (°).

n F(HzO)n
B3LYP /6-311g++ B3LYP/LANL2DZ HF / 6-311g++
FHpwr OF-HO) | FHuw  O(F-H-O) F-Hua  O(F-HO)
1 | 1447 172.6 1.317 175.5 1.539 170.0
2 | 1.526 170.5 1.457 171.3 1.584 169.6
1.526 170.5 1.458 171.3 1.584 169.6
3 | 1.763 153.8 1.642 156.3 1.635 169.0
1.574 1711 1.643 156.2 1.754 158.4
1.556 168.4 1.644 156.1 1.625 169.5
4 | 1.766 152.6 1.538 167.9 1.551 175.5
1.737 154.8 1.731 154.1 1.751 160.9
1.617 169.9 1.419 174.5 1.646 168.9
1.761 153.9
n [ CI(H0),
B3LYP /6-311g++ B3LYP/LANL2DZ HF / 6-311g++
Cl-Huw  O(CI--H-0) | Cl--Huwr  O(CI-H-0) | Cl--Hoew 0(CI--H-0)
1 |2.203 162.0 2.088 164.5 2.424 152.1
2 |2.238 159.9 2.068 164.2 2.433 151.5
2.239 159.7 2.379 148.5 2.433 151.5
3 | 2254 161.3 2.089 162.7 2.298 160.7
2112 165.2 2.372 144.6 2.904 137.9
2.914 133.3 2.486 148.9 2.444 151.9
4 | 2.099 171.5 2.496 150.9 2.447 153.8
2.100 171.4 2.261 152.4 2.865 144.5
2412 141.7 2.788 132.5
2.317 149.3 2.299 160.6

[F(H,0).] clusters: For [F(H,O)] species, the optimized structure takes the Cs symmetry for both methods of
calculation. The F...H.s distance and the F...H-O angle are comparable in both methods of calculation. The
ionic hydrogen bonded structure is also exhibited through the lowering of stretching frequency of the O-H bond
linked to fluoride ion compared to that of unbound water molecule (Table 2). In case of [F(H,0),]’, the ion is
optimized with C; symmetry for calculations involving 6-311g++ basis set (for both B3LYP and HF level),
while it takes up Cs symmetry with LanL2DZ basis set. The structure is symmetrical considering the F...Hpear
distance and the F...H-O angle. The structures obtained from 6-311++ level possess a centre of inversion
located on the fluoride ion. The optimized geometry for [F(H,O)s;]" species takes up C; symmetry for all
computation methods. At 6-311g++ level, the bond length r(F...Hyea) is 1.556 — 1.763 A (for B3LYP), 1.625 —
1.754A (for HF) and the bond angle (F...H-O) varies between 153.8 — 171.1° (for B3LYP), 158.4° - 169.5° (for
HF). The geometry assumes an isosceles triangle with F ion located above the plane (D = 173.8/ 179.3).
However, in case of study with LanL2DZ basis set, the [F(H,0)3]  cluster is comparatively more symmetrical in
geometry. The three water molecules form an equilateral triangle, with the anion placed slightly above the
triangular plane (D = 84.1). The F...Hnes distance is ~ 1.64 A and the F...H-O angle is ~ 156°. Investigation
employing both methods show that the [F(H,O),]" anionic cluster assumes C; symmetry. The optimized
geometry from 6-311g++ basis set shows that the fluoride ion is asymmetrically surrounded by water. At
B3LYP level, three water molecules are almost equidistant (~ 1.7 A) and the fourth water molecule is located
marginally closer r(F...Hnear 1.617 A) to the central ion. The F...H-O angle is in the range 152.6 — 169.9°. It is
interesting to note that three of the four water molecules are within hydrogen bonding distance (2.5 A) of each
other with r(O...H) 2.29 — 2.41 A. The calculation using LanL2DZ basis set and at HF level also displays an
asymmetric structure with three water molecules encircling the fluoride ion, r(F...Hpea) 1.419 — 1.731 A/ 1.551
—1.751 A. The fourth H,O molecule at a distance of 3.747 A/ 3.87A from the F ion presumably forms a second
hydration shell with O...H 1.59 A/ 1.77A and O-H...0 173°.
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Table 2: Stretching frequency (in cm™) of O-H bond in free water and X (H,0O) species:

X (H,0) [ B3LYP/6-311g++ B3LYP / LANL2DZ HF / 6-311g++
O-H (water) O-Hy O-H (water) O-Hy O-H (water) O-Hy
F(H,0) 3812.42 2311.67 3865.2 1941.22 4009.29 3081.70
CI'(H,0) 3812.42 3260.69 3865.2 3148.89 4009.29 3872.47
X =F, Cl; O-Hx refers to O-H bond linked to X ion.
Table 3: Total binding energies and differential binding energies for [F(H,0),] clusters
n | Expt.? B.E. Expt.? AD,
Bk- v IE- B3LYP/ | B3LYP /|HF/ AkDeI/ , |B3LYP/ [B3LYP /[HF/
(keal/mol) | g 31194+ | LANL2DZ | 6-311g++ | (KCA/MOD) | g a110it | LANL2DZ | 6-311g++
1 |-233 -30.7 -44.1 -26.3 -23.3 -30.7 -44.1 -26.3
2 | -425 -55.5 -73.9 -49.4 -19.2 -24.8 -29.4 -23.1
3 | -57.8 -75.0 -100.3 -67.4 -15.3 -19.5 -26.8 -18.1
4 | -71.7 -925 -117.7 -82.9 -13.9 -16.2 -17.4 -15.6
2Experimental values taken from Ref. no. [15, 16]
Table 4: Total binding energies and differential binding energies for [CI(H,0),] clusters
n | Expt.” B. E. Expt.” AD,
Bk- v |E' B3LYP/ | B3LYP /| HF/ AkDeI oy | B3LYPT [ B3LYP [ THF/
(keallmol) | 6311g++ | LANL2DZ | 6-311g++ | KCa/MOD | g 31104+ | LANL2DZ | 6-311g++
1 |-147 -16.2 -23.1 -13.6 -14.7 -23.1 -23.1 -13.6
2 | -271.7 -30.8 -44.7 -26.5 -13.0 -14.7 -21.6 -12.9
3 |-395 -46.4 -63.7 -39.7 -11.8 -15.7 -19.1 -13.2
4 | -50.1 -62.9 -82.9 -52.1 -10.6 -16.4 -19.1 -12.5

P Experimental values taken from Ref. no. [15]

[CI(H,0).] clusters: At both levels of calculation, the optimized structure of [CI(H,O)] ion takes the Cs
symmetry. The lowering of O-H stretching frequency of the water molecule bound to chloride ion compared to
that of free water molecule (Table 2) substantiates ionic hydrogen bonded nature of the [CI(H,O)] species. The
[CI(H,0),] species assumes C; symmetry for geometry optimization following both methods of investigation.
The chloride ion is symmetrically located between the two water molecules in the optimized structure obtained
from 6-311g++ level with r(Cl...Hner) 2.238 A/ 2.433 A (B3LYP/ HF) and 6(Cl...H-O) 159°/ 151.5°. On the
other hand, the [CI(H,0),] ion takes up an angular structure when examined at LanL2DZ level. The [CI(H,0)s]
ionic cluster is optimized with C; symmetry. The ionic species forms an almost planar triangle (D ~ 4.4/ -178.7)
with CI" at the centre, for 6-311g++ route of investigation. The CI...Hye, distances and Cl...H-O angles are non
equivalent. For study involving LanL2DZ basis set, the structure is pyramidal with chloride ion at the apex and
nearest hydrogen atoms of the three water molecules forming the triangular base. The bond length CI...Hpe, is
in the range 2.089 — 2.486 A and the bond angle Cl...H-O varies between 144.6 — 162.7°. The water molecules
are possibly linked by O...H bond (03...H5 1.928 A and 02...H10 1.988 A). For [CI(H,0).] species, the
optimized geometry takes up C; symmetry at both levels of calculation. Two of the four water molecules are in
close proximity (r(Cl...Hpear) ~2.09 A) to the anion in the symmetrical structure obtained from B3LYP level
using 6-311g++ basis set. The remaining two water molecules probably form a second shell of hydration with
0...H 1.697 A and O...H-O angle of 174.6°. The shortest Cl...Hqer distance is observed in this structure. On
the other hand, for HF level, the CI " ion is surrounded by four H,O molecules with r(Cl...Hnear) 2.299 — 2.865 A
and 0(Cl...H-0) 132.5 — 160.6°. Three water molecules are linked by O...H bonds (010...H11 2.017A and
08...H7 2.076A). In case of LanL2DZ path, the chloride ion is bonded to all four H,O molecules having
r(CI...Hpear) 2.261 — 2.496 A and CI...H-O bond angle of 141.7 — 152.4°. The surrounding water molecules are
hydrogen bonded (O...H is in the range 1.944 — 2.15 A) to each other.

The binding energies and differential binding energies are calculated for halide ion — water clusters. The total
binding energy (B. E.) is defined as follows:
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B. E. = Exg2opn - (Ex- + NEwzo) (1)

where E refers to optimized energies of the following species, X, H,O and X'(H,O), respectively. The
differential binding energy is the energy difference for the following process:

X_(Hzo)n + Hzo —> X'(HZO)n+1 (2)

The differential binding energies (AD,) are calculated by taking the energy for X'(H,O),.; and subtracting it
from the summation of the energies of X (H,0), and one water molecule. The energy values for [F(H,0),] and
[CI(H,0),] clusters are shown in Tables 3 and 4 respectively.

The differential binding energy values obtained from both experimental and computational pathways show a
general decreasing trend. The outcome of HF route is well in agreement with the experimental results while that
from B3LYP level is slightly overestimated. Some deviations in the trend are observed for the calculated AD,
for the chloride ion. The fluctuations are not sufficiently consistent to be explained by structural differences of
the cluster anions. Both the experimental and calculated binding energies decrease with increasing n. The
calculated B.E. employing HF method (particularly for CI" ion cluster) is in good agreement with the
experimental values. The error following LanL2DZ basis set may reflect the underlying inadequacy of the
method.

4. CONCLUSION

The solvation of F~ and CI" ions was examined by DFT methods using two different levels of calculation by
varying the number of water molecules from one to four. The results suggest that the small clusters are surface
anions, with the presence of intramolecular hydrogen bonding between the surrounding water molecules. The
study provides insight into the subtle changes that take place in the water molecule in presence of halide ions.
Both routes of investigation qualitatively predict the right trend in variation of total and differential binding
energies. The results using HF method (6-311++g basis set) are more accurate when compared with the
experimentally obtained values. However, extensive computational studies with more number of water
molecules are required for analyzing complete solvation of anions.
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