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Ab initio study of hydrated potassium halides KX(H,0)_¢ (X=F,CI,Br,l)

Adriana C. Olleta, Han Myoung Lee, and Kwang S. Kim?
Center for Superfunctional Materials, Department of Chemistry, Pohang University of Science
and Technology, San 31, Hyojadong, Namgu, Pohang 790-784, Korea

(Received 6 November 2006; accepted 15 February 2007; published online 13 April 2007)

The ionic dissociation of salts was examined with a theoretical study of KX (X=F,Cl,Br,I)
hydrated by up to six water molecules KX(H,0), (n=1-6). Calculations were done using the
density functional theory and second order Mgller-Plesset (MP2) perturbational theory. To provide
more conclusive results, single point energy calculations using the coupled cluster theory with
single, double, and perturbative triple excitations were performed on the MP2 optimized geometries.
The dissociation feature of the salts was examined in terms of K—X bond lengths and K-X stretch
frequencies. In general, the successive incorporation of water molecules to the cluster lengthens the
K-X distance, and consequently the corresponding frequency decreases. Near 0 K, the KX salt ion
pairs can be partly separated by more than five water molecules. The pentahydrated KX salt is partly
dissociated, though these partly dissociated structures are almost isoenergetic to the undissociated
ones for KF/KCI. For the hexahydrated complexes, KF is undissociated, KCl/KBr is partly
dissociated, and KI is dissociated (though this dissociated structure is nearly isoenergetic to a partly
dissociated one). On the other hand, at room temperature, the penta- and hexahydrated undissociated
structures which have less hydrogen bonds are likely to be more stable than the partly dissociated
ones because of the entropy effect. Therefore, the dissociation at room temperature could take place
for higher clusters than the hexahydrated ones. © 2007 American Institute of Physics.

[DOLI: 10.1063/1.2715565]

I. INTRODUCTION

The study of dissociation of a salt in water essentially
involves the separation of the associated ions that constitute
the salt. Despite its apparent simplicity, it is difficult to de-
scribe at the molecular level the mechanism whereby a salt
dissociates in water due to its experimental difﬁculty.lf4 The
mechanism governing the salt dissociation is highly relevant
to diverse biological, environmental, and atmospheric chemi-
cal processess’6 as well as recognition by ionophores.7

Ab initio calculations on the dissociation of alkali halides
in water clusters have scarcely been studied to date.* ' This
prompted us to undertake a theoretical study to clarify the
characteristics of the processes. Most theoretical studies per-
formed in this field have focused on the characterization of
hydrated ions. Halide ions'®?" and alkali metal cations®'°
hydrated by water clusters have been thoroughly studied
both theoretically and experimentally. In this regard, detailed
ab initio studies of the dissociation phenomena of metal ha-
lides by water clusters are particularly interesting.g’lo How-
ever, the dissociation of potassium halides by water clusters,
despite its importance in biological, environmental, and at-
mospheric chemical processes, has been the subject of much
less study.5

One way of approaching the structure and properties of
aqueous solution of salts involves using a quantum chemical
method to examine clusters of a salt formed by water mol-
ecules. Salt dissociation involves a cooperative process be-
tween salt and water molecules. As water molecules are suc-
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cessively incorporated, the cation-anion distance in the salt
increases gradually, resulting in an ion pair separated struc-
ture.

To accurately predict the relative stability of dissociated
and undissociated forms, it is essential to use reliable com-
putational methods to incorporate the electron correlation by
employing reasonably large basis sets including diffuse func-
tions. In this regard, we performed high-level ab initio cal-
culations as well as density functional theory calculations on
potassium-halide clusters hydrated by up to six water mol-
ecules [KX(H,0),-,_¢, where X=F, Cl, Br, and I].

Il. COMPUTATIONAL METHODS

Firstly, the structures of KX(H,0),_¢ water clusters were
investigated by using Becke’s three parameters with Lee-
Yang-Parr functionals®” (B3LYP) with the 6-311++G""(sp)
basis set. These low-energy conformers were further opti-
mized at the level of second order Mgller-Plesset (MP2) per-
turbational theory with the aug-cc-pVDZ+(2s2p/2s) basis
set (abbreviated as aVDZ+). Here, (sp) and (2s2p/2s) are
highly diffuse basis sets.?® In the case of potassium atom (K),
we used the energy adjusted Stuttgart effective core poten-
tials and added a d exponent of 0.48 to the valence bases.”
For X=Br and I, we used the diffuse basis set with the ef-
fective core potential of Lajohn et al. 30 For better reliability,
single point energy calculations based on the coupled cluster
theory with single, double, and perturbative triple excitations
[CCSD(T)/aVDZ+] on the MP2/aVDZ+ optimized geom-
etries were performed. Both MP2 and CCSD(T) calculations
were carried out with frozen core.”!

© 2007 American Institute of Physics
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The vibration analysis using the analytical second de-
rivative matrix was carried out to characterize the nature of
the stationary points. If an optimized structure, usually with
some symmetry constraints, has one or more imaginary fre-
quencies, we further optimized the structure along the imagi-
nary normal modes until we obtained the true local minimum
structure where all the frequencies are real.

The interaction energies (—AE,) for hydration of KX are
reported with the median value of the energies with and
without basis set superposition error (BSSE) correction,
while half BSSE is reported like an error bar.® Zero-point-
vibrational energy (ZPE) and thermal energy corrections
based on the B3LYP/6-311++G " (sp) or MP2/aVDZ+ fre-
quencies were used to obtain the ZPE-corrected binding en-
ergies
(-AE,) and the binding enthalpy (—AH5 ) and binding
Gibbs free energies (—AG5gg ) at 298 K and 1 atm.

Random phase approximation (RPA) calculations at the
B3LYP/6-311++G(sp) level and configuration interac-
tions with single excitations [CI(S)] at the MP2/aVDZ+
level of theory were carried out to obtain charge-transfer-to-
solvent (CTTS) energies. The analysis of polarization effects
and charge transfer was carried out with charges fitted to the
electrostatic potential (ESP charges). ESP charges were cal-
culated by the natural bond orbital (NBO) population
analysis.32 All the calculations were carried out with the
GAUSSIAN-03 programs.’>

lll. RESULTS AND DISCUSSION
A. Energetic properties

Table I shows that the calculated binding energies and
frequencies of the salts in isolation are in reasonable agree-
ment with the experimental values, and the variations related
to the electron affinity and polarizability of the anions are
compared very well with the experimental trend.**** Com-
pared with the B3LYP results, the MP2/aVDZ+ results ap-
pear more consistent with the CCSD(T)/aVDZ+ results.
Thus, most of our discussion will be based on the
MP2/aVDZ+ structural parameters (geometries and frequen-
cies) and on the CCSD(T)/aVDZ+ energies. At the B3LYP
level the polarizability values were underestimated with re-
spect to the experimental ones, whereas at the MP2 level
they were overestimated. However, their overall results are
consistent.

Figure 1 shows the important low-lying energy struc-
tures of KX(H,0),-;_¢. The number of water molecules and
some letters to distinguish among different structural ar-
rangements are employed to identify the structure of
clusters.” Each conformer is denoted as
anpnpr---/mqmqr---. Here, n is the number of water mol-
ecules, R stands for a ring structure, {npnpr---} is a set of
numbers of heavy atoms (excluding H atoms) present in the
rings including both K and X atoms, and {m,m,---} is a set
of numbers of the atoms in the rings where K and X atoms
are not present together. {n,n, ---} and {m,m, - -} are given
in ascending order. To provide the information of coordina-
tion for each structure, (k//) is used to denote the coordina-
tion number for the cation/anion. We also used additional
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notations: L for linear shape and “Cube” for cubical shape. In
short notation, nRn,n,:-**/mjmg--- will be simply denoted
as nRn,n, - except for Fig. 1.

In order to obtain the lowest energy structures, we inves-
tigated various hydration structures of NaX(H,0), 4,” which
included the hydration structures of salts reported in previous
papers,gf15 and also considered the hydration structures of
alkali metal cations,zl_26 halide anions,20 bases, and acids.'”
We also considered the possible structures based on the to-
pological analysis, as we previously investigated for water
clusters and excess electron-containing water clusters.*® This
topological analysis was done in consideration of various
structures depending on the coordination numbers of the al-
kali metal cation (M*) and the halide anion [cn(#y.,#x_),
where #,;, or #x_ was considered to be 2, 3, or 4]. For
example, for n=>5 (pentahydration), cn(3,3) can have two
types of H-bond relay pathways comprised of a set of differ-
ent numbers of water molecules between M* and X~. With-
out taking into account the cross-passing H bonds, the two
types of paths, path(2,2,1) and path(3,1,1), have the shapes
of 5R344 and 5R355 in Fig. 1, respectively. By taking into
account the cross-passing H bonds, path(2,2,1) generates
5R3444/34, 5R3444/44, 5R4444/444, etc. (not shown). In
this way, we can consider quite many conformers for the
clusters. However, in most cases, it is clear that certain con-
formers do not need to be considered because of their highly
strained structures. When generated structures would be con-
sidered to be low-lying energy conformers, they were tested
for their relative stabilities at the B3LYP/6-31+G" level. In
this way, for each hydrated system of KX, more than 100
conformers were investigated for the first screening test, fol-
lowed by more accurate calculations [B3LYP/6-311+
+G"(sp), MP2/aVDZ+] of ~50 low-energy conformers.
Then, for the four types of potassium halides, accurate
MP2/aVDZ+ calculations with geometry optimization and
frequency analysis were carried out on these ~200 different
conformers. Therefore, it is almost certain that the lowest
energy structures reported here would be the global mini-
mum energy structures at the given levels of theory, which
we cannot prove though. Furthermore, from our previous
study of NaX(H,0),_¢ clusters, we have obtained some use-
ful experiences for the structural changes from F to I. As the
ionic strengths and ionic radii of halide ions have large in-
fluence in the hydration,zo the fluoride ion tends to favor
internal-bound states, while the chloride, bromide, and io-
dide ions have surface-bound states for isolated ionic hydra-
tion structures. However, in the binary cation-anion hydra-
tion systems, the difference in hydration structure depending
on F to I is rather small due to the strong ion-ion interaction.
Thus, the hydration structures of potassium-halide salts are
similar to those of sodium-halide salts, though there are
some differences. Since we reported a number of structures
in our previous study of NaX(H,0),_s, we here describe only
the important low-lying energy structures of KX(H,0),_4 in
Fig. 1.

Table II describes the binding energies evaluated at
the B3LYP/6-311++G"(sp) and MP2/aVDZ+ levels of
theory. The most stable conformers for KX(H,0),, for n=6
(X=F, Cl, Br, and I) at the B3LYP/6-311++G""(sp) level

q
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TABLE I. Calculated and experimental structural parameters for water, potassium, halides, and potassium halides. (Bond lengths (r,) are in angstrom; angle

(<) in degree; frequencies (w) in cm™!

: ionization potential (IP), electron affinity (EA), and dissociation energy (D) in eV; and polarizability (@) in A3. Only

OH frequencies [w,, w,(scaled)] are scaled by a scale factor of 0.96, while other K-X frequencies are not scaled. The data for H,O and halide atoms are from

Ref. 9).
B3LYP/ MP2/ MP2/ CCSD(T)/ CCSD(T)/
6-311++G [sp] aVDZ+ aVTZ+ aVDZ+ aVTZ+ Expt. Ref.
H,O r(OH) 0.962 0.966 0.961 0.967 0.962 0.957 34
/HOH 105.0 103.9 104.1 104.0 104.2 104.5 34
[N 3817 3803 3822 3787 3812 3657 35 and 37
w, 3922 3937 3948 3905 3921 3756 35 and 37
Osentt) 3664 3651 3669 3635 3660
Deated 3765 3780 3790 3749 3764
K 1P 4.497 4.210 4.210 4.220 4.220 4.34 38
a(K) 52.77 56.65 56.74 e s 434 39
a(K*) 0.88 0.85 0.86
F EA 3.548 3.547 3.596 3.230 3.312 3.401 40
o 0.35 0.59 0.68 . 0.557 41
a(F) 2.61 1.79 1.78
KF r, 2.235 2.239 2.223 2.236 2.219 2.171 42
w, 398 403 406 418 426 42 and 43
D, 4.804 5.047 5.226 4.745 4.920 5.28 44
Cl EA 3.729 3.554 3.578 3431 3.506 3.614 45
o 1.44 2.62 2.86 2.18 41
a(CI) 3.89 4.94 5.56
KClI r, 2.692 2.739 2.714 2.746 2.719 2.667 46
w, 269 265 264 273 281 46 and 47
D, 4.265 4.203 4.367 4.058 4.223 4.39 48
Br EA 3.594 3.315 3.440 3.270 3.270 3.364 49
a 2.37 4.07 4.07 3.05 39 and 41
a(Br) 5.46 9.04 9.04
KBr T, 2.850 2.903 2.903 2913 2913 2.821 49 and 50
w, 212 202 200 200 213 46 and 51
D, 3.913 3.626 3.690 3.678 3.678 3.96 52 and 53
1 EA 3.279 3.118 3.088 3.071 3.071 3.059 54 and 55
a 4.97 6.44 6.44 o s 5.35 41 and 56
a(l7) 9.36 13.68 13.68
KI r, 3.153 3.142 3.142 3.152 3.152 3.048 49 and 53
w, 170 173 172 172 186.5 46
D, 3.144 3.262 3.261 3.195 3.195 3.31 56

are 1R3, 2R33, 3R333, 4R334, 5R344, and 6R444, respec-
tively, except for the case of KI(H,0)q which has the struc-
ture of 6R4444. At the MP2/aVDZ+ level, the most stable
conformers for KX(H,0),_4, (X=F, CI, Br, and I) are 1R3,
2R33, 3R333, and 4R334, which are consistent with the
B3LYP results. However, in the case of KX(H,0),, 4R334 is
nearly isoenergetic to 4R344. Furthermore, we note that
K-water interactions are anisotropic due to the presence of
unoccupied d orbitals in the potassium atom, and this feature
appears as the halogen atom increases its polarizability.
Thus, though the most stable conformers for KX(H,0)5 for
X=F/Cl are 5R344, similar to the case of the NaX-water
clusters, those for X=Br/I are 5SR355. However, both 5R344
and 5R355 are nearly isoenergetic for X=F/Cl/Br, while for
X =1, 5R355 is nearly isoenergetic to SR3344. In the case of

n=6, the lowest energy structure for X=CI/Br is 6R445,
whereas that for X=I is 6R335. Here, 6R4444 is nearly
isoenergetic to 6R444 and 6R3345 for X=F and X=ClI/I,
respectively. Table IIT confirms that the CCSD(T)/aVDZ+
interaction energies are consistent with and very close to the
MP2/aVDZ+ interaction energies. Therefore, we facilitate
our discussion based on the MP2 results because CCSD(T)
values for n=6 were not obtained due to the convergence
problem.

As water molecules are incorporated, the cluster binding
energy increases because of the increased strength of the
interactions and the increased number of hydrogen bonds, as
shown in Fig. 2(a). However, in Fig. 2(b) the successive
binding energy (i.e., energy change resulting from the addi-
tion of a new water molecule; AEL-AER™) increases up to
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FIG. 1. Various conformers of KX(H,0),_¢ (X=F/Cl/Br/I). The important
structures are underlined.

four water molecules but is saturated from n=4 because the
subsequent water molecule starts to build up a second solva-
tion shell. For n=3, each ion in 3R333 is tricoordinated by
three water molecules. The successive binding energies for
the first few water molecules are much larger in KF(H,0),
than in KX(H,0), (X=CI1/Br/1).

B. Structural properties

Table IV lists the selected structural parameters calcu-
lated at the MP2/aVDZ+ level. The four salts (X
=F/C1/Br/I) exhibit similar lowest energy structures for n
<4. In the case of the lowest energy -clusters of
KX(H,0),_3, the water molecules play a role in bridging
between a cation and an anion. These structures show a
water-shared ion pair. The addition of the fourth water mol-
ecule starts to build up a second solvation shell as water
molecules can no longer coordinate to both ions, and so
strong water-water interactions begin to develop. Therefore,
not only the coordination number of the halide atom but also
the hydrogen bonds between water molecules increase. The

J. Chem. Phys. 126, 144311 (2007)

structures of clusters containing five or more water mol-
ecules were examined with various conformers that yielded a
number of minima on the potential surface.

The ionic radius of fluoride ion is shorter than that of
oxygen, and so the K-F distances are shorter than the K-O
distances in mono- and dihydrated K-F systems. However,
in the trihydrated systems the K-F distances are longer than
the K-O distances. The K-O stretching frequencies are in the
range of 190—220 cm™'. The hydrated Na* and K* ions have
different coordination numbers, 4 and 4-6, respectively. The
K* ion is on the transition point from the internal-bound (Li*
and Na*) to partly surface-bound (Rb* and Cs*) structure.
The hydrated halide anions have the coordination number of
4 within the hexahydrated systems. The hydrated K-X salts
have more water-water H bonds than the hydrated Na-X
salts.” The water-water H bonding slightly decreases the
K-X distances for the tri- to pentahydrated KF and KCI sys-
tems. For the hexahydrated KX systems, 6Cube has a com-
pletely dissociated structure, but it is much less stable than
6R4444. 6R444 is partly dissociated for X=CIl/Br/I, but it is
still undissociated for X=F. In the case of X=I, 6R3345
which is regarded as a dissociated structure is more stable
than 6R4444. Here, the terms of (full) dissociation (i.e., sol-
vent separated ion pair), partial dissociation (half-
dissociation or partial contact ion pair), and undissociation
(i.e., contact ion pair) are based on our previous work of
NaX(H,0),, and the brief discussion is given in the footnote
in Table IV.

Figure 3 clarifies the above discussion. Figure 3(a)
shows the change of K-X bond length with respect to the
water cluster size n. For KF(H,0), where n<3, the bond
length increases, but for n=4 and 5 the bond length slightly
decreases as the interactions between water molecules begin
to develop and the binding energies increase. However, for
n=6, the bond length increases again. A similar trend is also
observed for other hydrated salts (KCI, KBr, and KI), while
the bond length for n=4 (and 5) is almost constant with
respect to the change of the cluster size n. For n=4/5/6, the
hydrated KX systems have two nearly isoenergetic conform-
ers except for KBr(H,0)s. A more appropriate way of com-
paring the effect of water molecules on the salt geometry is
in terms of the relative distance increase from the isolated
molecule. The largest increase in K—X distance occurs in KI
clusters followed by KCI and KBr clusters. The elongation
effect is greater in the clusters of six water molecules. This
suggests that the ion pair formed upon the dissociation is
more efficiently stabilized in the clusters for n=6. The pres-
ence of a partial second shell of water molecules between the
two ions introduces significant stabilization in the ion pair as
their dipole moments oppose that from the formation of the
ion pair. In the clusters containing four water molecules,
however, the dipole of one water molecule does not directly
oppose the dipole established by the ion pair, which results in
less efficient stabilization of the ion pair.

In Fig. 3(b), the K-O distance remains constant regard-
less of the number of water molecules. This reveals that the
characteristics of the interaction are similar in all clusters and
hence the interaction is governed by the presence of interwa-
ter hydrogen bonds and water-halide ion hydrogen bonds.
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TABLE II. MP2/aVDZ+(B3LYP/6-311++G" " [sp]) interaction energies of KX(H,0), ¢ clusters. [Values in parentheses are the B3LYP/6-311+
+G""[sp] energies. Energies are in kcal mol~'. ~AE,=—(AEY+AE?)/2+(BSSE/2), where —~AEY and —~AE? are the binding energies without and with BSSE
correction, respectively. Thus, the lower and upper values are —AEIPV and —AEf, respectively. Hydration energies with ZPE correction are denoted by —AE|,.
AH,o5 and AG,gg are the enthalpy change and Gibbs free energy change for hydration at 298 K. —AG,gg could be underestimated for n=4 because of low
frequency terms (though the magnitude would not be reliable, the relative stabilities would be useful information). The lowest energies for each cluster type
and the structures corresponding to the lowest MP2 AE|, are highlighted in bold characters.]

Conf —-AE, -AE, —AHys —AG,og Conf -AE, —AE, —AHyys —AGsog
KF(H,0) ¢ KCI(H0) ¢
1L L (9.2+0.4) 8.1)
1R3 22.1+1.3  (22.6+0.5) 20.3 (21.0) 19.5 11.1 1R3 17.2+1.0 (16.7+0.3) 155 (15.0) 144 6.5
2R33 41.0+24 (42.4+0.9) 36.9 (38.5) 34.4 17.3 2R33 33.0£1.9 (32.1+0.7) 295 (28.6) 27.1 10.8
3R34 54.6+3.0 (57.2x1.4) 48.4 (50.9) 44.3 18.8 3R34 45424  (45.0£1.3) 39.6 (39.1) 35.5 10.5
3R333 57.5+3.5 (58.8+14) 51.3 (52.7) 47.0 21.0 3R333 47.6+2.8 (46.2+x1.1) 424 (41.0) 38.5 13.9
4R44 68.0+3.4  (71.6+2.0) 59.5 (62.9) 53.8 19.4 4R44 57.5+3.1  (57.5%1.9) 49.5 (49.3) 43.7 10.2
4R344 70.4+4.3  (71.1x2.1) 61.3 (61.8) 55.1 18.8 4R344  59.4+3.6 (57.1x1.8) 514 (48.9) 45.7 10.8
4R334 70.1+4.1 (72.5+19) 61.6 (63.9) 55.7 21.1 4R334  59.2+3.3 (58.2+1.7) 517  (50.6) 46.1 129
5R4444 71043 (68.9+2.6) 60.6 (57.8)  53.1 8.4
5R444 83.5+52 (83.4%2.6) 71.5 (72.0) 63.4 16.5 5R444  71.9+4.6 (68.7x2.4) 61.4 (58.2) 53.9 9.6
5R355 83.2+5.2 (84.6x2.7) 71.8 (72.9) 63.8 18.2 5R355 72.0:t4.5 (69.6+2.4) 61.2 (58.9) 53.5 7.9
SR344 82.4x4.6 (85.6+x2.5) 71.8 (74.6) 64.2 21.2 5R344  71.0+£33 (70.0+2.3) 613  (60.1) 54.0 12.3
6Cube 94.0+6.2  (95.8+3.4) 78.6 (79.9) 68.4 10.4 6Cube 81.8+5.8 (80.7+3.3) 67.3 (65.6) 57.5 0.6
6R455 949+58  (97.2+3.2) 81.3 (83.2) 71.7 17.7 6R455 82.0+5.0 (81.0+3.0) 69.5 (67.9) 60.2 8.4
6R444 94.5+53 (98.3+£2.9) 81.6 (84.9) 72.3 20.7 6R444 81.4+x4.4 (81.5+3.0) 69.6  (69.2) 60.6 10.5
6R4444 95.6+5.9 (96.1+£3.2) 81.7 (81.7) 72.0 16.5 6R4444 83.8+53 (80.8+3.1) 71.0 (67.1) 61.6 7.2
6R3345 83.3+5.5 (80.2%3.1) 70.6 (67.0) 61.4 7.8
KBr(H,0),_ KI(H,0) ¢
1L (9.4+0.3) (8.3) 1L (10.5+0.3) (10.3)
1R3 16.8+1.2 (16.2+0.3) 150 (14.5) 13.9 5.1 1R3 16.0+1.2 (16.2+0.3) 145 (14.6) 13.5 6.4
2R33 32.5+24 (31.1+0.6) 29.1 (27.9) 26.7 10.5 2R33 31.0+24 (31.0£0.7) 27.8 (27.9) 25.5 10.2
3R34 44.6+3.1  (43.5%1.1) 39.0 (37.8) 34.9 9.9 3R34 42.8+3.0 (43.3x1.2) 374 (37.8) 334 9.5
3R333 47.0+£3.5 (44.8+1.0) 41.9 (40.0) 38.1 13.2 3R333 44.9+3.5 (44.6x1.0) 40.1 39.9) 36.5 12.9
4R55 55.5+4.4  (54.9+2.1) 47.2 (46.3) 41.4 6.1
4R44 56.5+39 (55.7+1.7) 48.6 (47.7) 42.8 9.3 4R44 54.4+3.6 (55.1x1.6) 46.3 (47.3) 40.4 6.1
4R344 58.7+4.4 (55.4+1.6) 50.9 (47.6) 45.2 10.2 4R344  56.2+4.3 (54.9+2.1) 48.8 (47.4) 434 9.4
4R334 58.4+4.2 (56.5+1.6) 51.1 (49.2) 45.6 12.6 4R334  56.0+4.1 (56.1x1.5) 49.0 (49.1) 43.6 11.5
5R344 69.5+4.8 (67.9+2.2) 60.1 (58.1) 52.9 11.7 5R344 66.8+4.7  (67.2+2.0) 57.7 (57.2) 50.6 10.3
5R4444 70.3+5.1  (67.1x£2.3) 60.0 (56.4) 52.5 7.9 SR4444  68.2+5.0 (66.8+2.4) 57.4 (55.0) 50.5 6.3
SR444 71.3+54  (67.0x2.2) 60.7 (56.7) 53.1 7.6 5R3344 68.4+55 (66.5+2.2) 58.6 (55.5) 51.2 7.6
5R355 71.2+54 (67.7+2.2) 60.9 (57.4) 53.5 9.2 5R355 68.7+53 (67.4+2.0) 588 (56.6) 51.5 8.3
6R356 (78.6+2.9) (65.9) 6R344 (78.0+2.7) (64.1)
6Cube 81.1x6.4 (78.9+3.1) 67.1 (64.1) 57.5 1.3 6Cube 78.8+6.4  (78.1+2.8) 65.0 (61.8) 55.4 -0.2
6R444 80.3+x54  (79.0+2.8) 68.8 (66.9) 59.9 10.9 6R444 773+£52  (77.9x2.7) 66.1 (64.1) 57.3 8.9
6R66 81.7£6.3  (78.6+3.2) 68.2 (64.6) 58.7 33 6R66 79.6+6.2  (78.3+3.2) 66.3 (62.5) 56.9 24
6R455  81.7+6.0 (78.7+2.8) 694 (66.1) 603 78 6R455  782+58 (78.1%2.5) 662  (652)  57.1 6.4
6R4444 83.1+6.2 (78.8+2.9) 70.5 (65.4) 61.2 6.8 6R4444 80.4+6.2 (78.0+2.7) 68.0  (65.6) 58.9 54
6R3345 82.1+x6.5 (78.6+2.9) 69.6 (65.8) 60.4 6.8 6R3345 80.2+6.4 (78.4+2.8) 68.2 (64.0) 59.2 6.7

Figure 3(c) shows that the X---H distances are almost con-
stant regardless of the cluster size. The main difference in the
X---H distance between different salts lies in the electrone-
gativity of the halide involved. Consequently, particularly
short X- --H distances correspond to the hydrated fluorine salt
clusters, which depart clearly from other hydrated halide salt
clusters.

We investigated various low-lying energy structures
based on topological analysis. The barriers between different
conformers would be around 1-2 kcal/mol [for example, for
KCI(H,0)4, the barrier between 4R344 and 4R334 is
~1.6 kcal/mol]. Since the interconversion between the vari-

ous conformers would not be significant near 0 K, their IR
frequencies would be identifiable at low temperatures. These
different conformers provide real frequency wave numbers
(not imaginary wave numbers). Therefore, they are local
minimum energy structures. These structures can be distin-
guishable at low temperature gas-phase cluster experiments.
However, as the temperature increases, the structures can
change due to the entropy effect. At room temperature, based
on the free energy AG,g, the low-energy structures of
KX(H,0),_¢ are 1R3, 2R33, 3R333, 4R334, 5R344, and
6R444, as listed in Table II. The minimum free energy struc-
tures from monohydrated to tetrahydrated systems are the
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TABLE III. CCSD(T)/aVDZ+interaction energies of KX(H,0),_s. [See the footnote of Table II. The values of nearly isoenergetic lowest energy conformers
for 5SR355 (X=F), 5R344, 5R355 (X=Cl), 5SR444 (X=Br), and 5R3344 (X =1) are not reported due to the convergence problem. The CCSD(T) values are
consistent with the MP2 values. The lowest energy structures are marked in bold characters. The BSSEs were used with the MP2/aVDZ+ values because the
difference between CCSD(T) and MP2 BSSEs is usually very small, and the thermal energies were also used with the MP2 values. ]

Conf -AE, -AE, —AH,og —AGjog Conf -AE, -AE, —AH,o3 —AG,g3
KF(H,0) 4 KCI(H,0),_¢
1R3 22.0+1.3 20.2 19.4 11.0 1R3 17.0+1.0 15.2 14.2 6.2
2R33 40.9+2.4 36.9 34.3 17.3 2R33 32.6+1.9 29.1 26.6 10.4
3R34 54.5+3.0 48.3 44.2 18.7 3R34 45.0+2.4 39.2 35.0 10.1
3R333 57.6+3.5 514 47.1 21.1 3R333 47.1+2.8 41.9 38.0 13.4
4R44 67.9+3.4 59.4 53.7 19.3 4R44 57.0+3.1 49.0 432 9.7
4R344 70.7+4.3 61.6 554 19.1 4R344 59.1+3.6 511 454 10.5
4R334 70.2+4.1 61.7 55.8 21.2 4R334 58.7+3.3 51.2 45.6 124
SR344 82.6+4.6 72.0 64.3 214
KBr(H,0), ¢ KI(H,0),_¢
1R3 16.5+1.2 14.7 13.6 4.8 1R3 16.0+1.2 14.5 13.5 6.3
2R33 32.2+2.4 28.8 26.5 10.3 2R33 30.9+2.4 27.8 25.5 10.2
3R34 44.4+3.1 38.7 34.6 9.7 3R34 42.8+3.0 374 333 9.4
3R333 46.8+3.5 41.6 37.8 13.0 3R333 44.9+3.5 40.2 36.5 12.9
4R44 56.2+3.9 48.3 42.5 9.0
4R344 58.6+4.4 50.8 45.1 10.1 4R344 56.5+4.3 49.1 43.6 9.7
4R334 58.1+4.2 50.8 45.3 12.3 4R334 56.0+4.1 49.0 43.6 11.5
SR355 71.0+5.4 60.7 53.3 9.0 5R355 68.8+5.3 58.9 51.7 8.4

same with the AE,-based ones. However, penta- and hexahy-
drated structures at room temperature are different from
those near 0 K. Conformers 5SR344 and 6R444 which have
less H bonds are more stable at the room temperature. Then,
the less-dissociated structures are favorable at room tempera-
ture than at very low temperatures. Thus, at room tempera-
ture the dissociated structures would be seen for higher clus-
ters than the hexahydrated ones. However, more conclusive
results would be obtained by using high-level ab initio mo-
lecular dynamics simulations.

C. Vibration frequencies

The K-X stretching frequencies reflect the bond length
elongation arisen from the weakening of the K—X bond as
water molecules are added to the system. Thus, the K-X
stretching frequencies in Fig. 3(d) reflect the K-X bond
lengths in Fig. 3(a), while their trends are opposite with re-
spect to the cluster size n. Table V shows that, for all the four
types of salts up to three water molecules, the O-H(X) fre-
quencies decrease as water molecules are added to the clus-
ter. However, with the addition of the fourth water molecule
to the system, the frequency is almost constant (with only

slight increase/decrease depending on the structure of isoen-
ergetic conformers), reflecting the stabilization of the system
as hydrogen bonds between water molecules begin to de-
velop. With the addition of the fifth water molecule, such
behavior of the clusters diverges depending on the halide
type of salts and the structure of isoenergetic conformers.
The incorporation of the sixth water molecule causes an ad-
ditional increase in the K—F stretching frequency for the un-
dissociate structure, while it causes a significant decrease in
the K-X frequencies (X=Cl/Br/I) for partially (or fully)
dissociated structures. The latter effect is much more signifi-
cant for the dissociated structure of KI(H,0)s.

Figure 4 shows the IR spectra for the scaled
MP2/aVDZ+ predicted O—H stretching vibrational frequen-
cies (scale factor: 0.96) of the lowest energy structures. The
full MP2/aVDZ+ frequency data (unscaled) and spectra
(scaled) for KX(H,0),_¢ (X=F, CI, Br, ) are available in the
journal’s  Electronic  Auxiliary  Publications  Service
(EPAPS).”” The KX(H,0), ¢ clusters exhibit both the O-H
frequencies involving hydrogen bonds (OH,) and the O-H
frequencies not involving hydrogen bonds (OH,). The OH,
stretching frequencies show a marked decrease with respect

(b)

FIG. 2. MP2/aVDZ+ interaction energies (AE;) (a)

AE( (keal/meol)

= KF and successive interaction energy (AES—AES'I) (b) of
- KC1 the lowest-energy structures of KX(H,0),-;_.

= KBr

—=— KI

4 5
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TABLE IV. MP2/aVDZ+structural parameters and K-X and K-O stretch frequencies for KX(H,0),_s. [Hb/co/Hd denotes the number of H bonds/
coordination number/dangling hydrogen atoms. Bond lengths, rgx, rxo, and rxy, are in angstroms. rrq and ryy indicate the smallest distances K—O and X-H,
respectively. wgy and wyg indicate the unscaled K-X and K-O stretching wave numbers in cm™. “ */ ™ denotes the half/full dissociation based on both (i)
the degree of elongation of r¢y (Argx) with respect to the pure KX without hydration (i.e., partial dissociation for 0.5 A <Argy<1.0 A and full dissociation
for Arga>1.0 A) and (ii) the degree of coupling of the KX stretch frequency modes wyy with other modes (i.e., partial dissociation for 50 cm™ < wyy
<100 cm™! and full dissociation for gy <50 cm™! for which other modes are more dominating so that this mode may not be considered as the KX stretching

mode). ]
Conf Hb/co/Hd rkx ko IxH wgx  Wgo Conf Hb/co/Hd rkx ko rxH wgx Wgo
KF(H,0),6 KCI(H,0) ¢
KF 2.24 403 KCl1 2.74 266
1R3 0/2/1 236 2.57 1.48 281 201 1R3 0/2/1 2.84 2.60 2.13 258 192
2R33 0/4/2 2.50  2.60 1.55 163 207 2R33 0/4/2 296 2.62 2.16 136 214
3R333 0/6/3 2.68 2.63 1.60 109 196 3R333 0/6/3 3.13 2.64 2.18 ‘94 203
4R344 2/5/3 270 1.58 2.65 128 220 4R344 2/5/3 3.17 2.66 2.13 79 215
4R334 1/6/4 2.64 2.65 1.56 134 188, 213 4R334 1/6/4 3.10 2.65 213 106 211, 223
5R4444 4/5/4 3.05 270 206 137 190, 210
5R444 4/5/3 273 274 1.57 126 203 5R444 4/5/3 322 273 2.12 ‘82 195
5R355° 3/5/4 276 265 156 "84 212 5R355" 3/5/4 324 267 210 72 214
S5R344 2/6/5 2.60 2.67 1.57 182 212 5R344 2/6/5 3.08 2.67 2.14 118 210
6Cube™ 6/6/3 441 266 153 48 229,244 6Cube™” 6/6/3 7506 2.65 206 47 221, 229
6R455 4/5/5 2.68 2.67 1.58 143 213 6R455 4/5/5 3.11 2.62 2.18 118 220
6R444 3/6/6 2.58 2.68 1.59 205 208 6R444 3/6/6 3.10 2.67 2.18 132 191
6R4444 5/6/4 274 2.69 1.54 131 208 6R4444" 5/6/4 325 270 2.12 83 188
6R3345™ 4/7/4 346 269 212 42 211
KBr(H,0),_¢ KI(H,0),_¢
KBr 2.90 202 KI 3.14 173
1R3 0/2/1 3.01 2.60 2.28 155 229 1R3 0/2/1 3.25  2.60 2.55 138 221
2R33 0/4/2 3.13 2.62 2.30 119 211 2R33 0/4/2 3.38 2.62 2.56 104 212, 209
3R333 0/6/3 3.28 2.65 2.33 “89 200 3R333 0/6/3 3.55 2.65 2.58 “75 198, 200
4R344 2/5/3 3.33 2.67 2.28 73 215 4R344 2/5/3 3.62 2.67 2.52 ‘62 215
4R334 1/6/4 3.28 2.65 2.27 “94 198, 217 4R334 1/6/4 3.55 2.65 2.54 ‘80 199, 216
5R344 2/6/5 3.26 2.66 2.29 103 206 5R344 2/6/5 3.52  2.66 2.55 ‘89 206
5R444° 4/6/3 340 272 226 70 202 5R3344" 3/7/3 377 268  2.54 44 211
5R355" 3/5/4 339 267 225 65 216 5R355" 3/5/4 "3.69 266  2.50 54 215
6Cube™ 6/6/3 516 265 2.22 ""37 223,238  6Cube™” 6/6/3 554 265 246 36 223,239
6R444 3/6/6 3.24 2.68 2.30 113 208 6R444 3/6/6 3.51 2.67 2.56 ‘96 207
6R455 4/5/5 3.36 2.66 2.27 70 212 6R455 4/5/5 3.55 2.66 2.57 72 210
6R4444" 5/6/4 342 271 2.27 68 189 6R4444" 5/6/4 375 271 2.52 ‘54 190, 196
6R3345" 4/6/4 349  2.68 2.31 56 205 6R3345™ 5/7/4 "3.97  2.69 2.51 29 209
4.0 - 2.8
to those of the isolated water molecule [~1000-400 cm™! in _ ; =
the case of KF(H,0),_¢ and ~400 cm™! for KX(H,0),_, § 3. é .
where X=Cl, Br, and I]. The free OH,, peaks remain constant & s %
in both frequency and intensity for all the salt-water clusters. % 2
. ° 26
These predicted frequencies would be useful for facilitating M2, 2
the future experiments because such OH stretching fre-
quency shifts have been utilized for structural identification 0 25
of various hydrated molecular clusters.”® 6! However, the IR 3.0 400
spectra of some mixed structures would be present as the g 25
temperature increases, and at room temperature the spectral 8 - 300
features of 5R344 and 6R444 could be seen for n=>5 and 6. 32 %200
m .
f‘ 1 & 100
D. Electronic properties
10 . 0
Table VI lists the electronic properties of the vozs n 458

KX (H,0),_¢ clusters calculated at MP2 and B3LYP levels of
theory. The calculated Koopman’s (IPx) and vertical ioniza-
tion potentials (IPy) of the KF(H,0),_, complexes increase
up to n=3 and become almost constant for n=3. On the

FIG. 3. MP2/aVDZ+ bond distances [(a) r¢_x, (b) r¢_o, and (c) ry_g in A]
and (d) K-X stretch frequencies (v_x in cm™") for the lowest-energy struc-
tures (including the nearly isoenergetic structures) of KX(H,0),-,_s. The
lines were drawn based on the lowest energy structures.
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TABLE V. MP2/aVDZ+predicted O---H(X) stretching frequencies (w in ¢cm™: scale factor of 0.96) and

intensities (in 10 km/mol) of KX(H,0),_g.

KF(H,0), KCI(H,0), ¢

1IR3 2569,55 1IR3 3194,

2R33 2848 5, 29715, 2R33 3250, 3290,

3R333 3049, 3049, 3178, 3R333 3318, 3318, 3357,

4R344 2991, 3055, 3189, 4R34 3267 3293, 33624

4R334 20895,  3121,s  32149;  4R334 3318y, 33544, 3383,

5R444 3003,, 30455, 3169, SR444 3269, 3299, 3337,

5R355 2936, 3024, 3197,, 5R355 32244 3259, 33704

SR344 3011, 3091, 324655 5R344 3339, 335455 34065,

6R444 3065, 30664, 3197,  6R444 336603, 336603, 3392,

6R4444 2035, 3056, 3194,  G6R4444 3237100 3285, 3354,

6R455 3020, 30475, 3176,  6R3345 3277 33315, 3417,
3513,

KBr(H,0),_ KI(H,0) ;¢

1IR3 3232, 1IR3 3299,

2R33 3284,, 3309, 2R33 3335, 3352,

3R333 3342 3342, 33745 3R333 337635, 33773 340055,

4R344 3297 3319 3379, 4R34 333655 3352, 340245

4R334 3339, 3371 3395,;  4R334 3383, 3397, 34164,

5R344 336045 33735 3413, 5R344 3399,, 3409, 3433,

SR444 3294, 3325, 33545,  5R3344 3364, 3379, 34365,

5R355 326055 3288,,s 3386, SR355 3302, 3318, 341045

6R444 33844 3385, 3406,  6R455 3352, 3428 3442,,

6R4444 32670 33115, 3372, 6R4444 33104 33474, 3389,

6R3345 3339, 33614, 3423,  6R3345 3337, 33600, 34385,

3517,

other hand, the vertical ionization potentials of the
KX(H,0),_¢ clusters with X=ClI, Br, and I increase mono-
tonically with n. This increase for n=4 becomes rather
smaller than that for n<4, indicating that the electronic
structure around the K atom is weakly affected by the fifth
and sixth water molecules after the primary coordination is
completed at n=4.

Atomic charges for the ion pair derived from a natural
population analysis was performed for the most stable struc-
tures and are shown in Table VII, where we also report the
charges for the first excited state. Figure 5(a) shows the
CI(S) polarity change of the K and halide atoms for the tran-

sition from the ground state to the first excited state for the
lowest energy structures. The total charge of the ion pair is
given as (8gcp) which is associated with the charge trans-
ferred from the ion pair to the water molecules. The positive
value of charge transfer denotes the case that the salt has
positive charge and the water cluster has the same amount of
negative charge [Fig. 5(b)]. Figure 5 shows that KF is par-
ticularly different from KX (X=Cl1/Br/I). KF shows signifi-
cant CTTS phenomena even for n=1, while KX shows sig-
nificant CTTS phenomena from n=3. For n=4, water
molecules can no longer coordinate to both cation and anion,

KF(H;0)1.4 KCH 0y 4 KBr(Hz0)1.4 KI(H;0).4
R3 ] 1
A k . _Jyk ] J\ . J\ J\ , J\
{12R33 ! .
4 k J\ ]\ | M Jﬁ ] Jk Jk ﬂ Jk FIG. 4. MP2/aVDZ+IR spectra [scaled harmonic fre-
. r v L . ot . . quencies (w,); scale factor=0.96] for the OH stretching
modes of the undissociated and dissociated
3R333 1 k ) M KX(H,0),_4 clusters.
Lo ) J'( )
4R334 4

U
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L

| —
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TABLE VI. Electronic properties of KX(H,0),_s. [IPy and w are vertical IPs (in eV) and dipole moment (in debye) at the MP2/aug-cc-pVDZ+[2s2p/2s]
level. ERFAS and Eng(Ts are charge-transfer-to-solvent energies (in eV) at RPA-B3LYP//6-311++G " [sp] and CI(S)/aug-cc-pVDZ+[2s2p/2s] levels and

their oscillator strengths (f).]

Conf P, u SERPAL (f) SESS) () Conf P, “ SERPAL () SESS) (£)
KF(H,0), KCI(H,0),
KF 9.64 9.54 368 001 731 002 KCl 8.51 11.26 347 001 542 003
1R3 11.14 7.36 492 000 843 002 1R3 8.83 9.21 408 001 615 0.3
2R33 11.11 533 5.81 0.00 874 007 2R33 9.14 7.37 469 0.1 688  0.05
3R333 11.35 3.69 653 000 884  0.00 3R333 9.51 577 532 003 752 008
4R344 11.83 2.96 674 0.1 893  0.04 4R344 9.76 423 552 003 7.68 0.09
4R334 11.61 3.24 6.41 002 888 002 4R334 9.63 5.18 545 003 7.67 0.9
5RA444 11.92 3.44 672  0.03 9.05 0.02 5R444 9.78 432 5.41 002 772 0.09
5R355 11.87 2.43 680 0.1 893  0.04 5R355 9.68 432 557 002 772 0.09
5R344 11.68 3.01 674 000 891 0.04 5R344 9.73 4.69 557 002 780 0.8
6R455 11.78 227 678 0.2 898 003 6R3345 9.98 3.30 5.65 0.03 791 0.08
6R444 1136 2.77 684 005 902 001 6R444 9.87 425 569 002 794 006
6R4444 11.92 3.64 672 004 907 003 6R44dd 9.90 291 561 003 784  0.08
KBr(H,0),6 KI(H,0) ¢

KBr 8.02 11.65 316  0.01 489 003 KI 7.41 1226 249  0.01 424 0.03
1R3 8.27 9.75 553 004 1R3 7.57 1058 3.01 0.01 480  0.04
2R33 8.56 8.03 427 001 620 007 2R33 7.79 8.99 356 002 539 0.07
3R333 8.88 6.46 484 003 680 010 3R333 8.06 7.55 410 004 594 0.11
4R344 9.12 4.81 502 004 696 0.1 4R344 8.26 5.81 426 005 607 013
4R334 9.01 5.84 499 004 694 012 4R334 8.17 6.87 426 004 607 014
5R344 9.09 530 510 0.03 706 0.0 5R344 8.26 6.29 440 005 620  0.14
5R444 9.25 347 504 004 707 009 5R3344 8.41 441 429 005 624 013
5R355 9.13 4.98 508 003 699  0.12 5R355 8.26 6.16 433 006 610  0.14
6RA444 9.23 481 520 0.03 719 0.08  6R4SS 8.32 5.73 442 004 619 0.4
6R4444 9.25 4.55 5.11 004  7.09 010 6R44dd 8.37 4.22 437 005 618 0.3
6R3345 9.40 3.2 508 004 720 010 6R3345 8.39 4.88 439 004 626 013

and strong water-water interactions start to develop. This
leads to a shortening of the K—X bond length and to a con-
sequent decrease on the charge transfer.

IV. CONCLUSION

We studied the ionic dissociation of the KF, KCI, KBr,
and KI clusters hydrated by up to six water molecules:

KX(H,0), (n=1-6). Calculations were done using B3LYP
and MP2 methods in conjunction with the 6-311+
+G™(sp) and aug-cc-pVDZ+(2s2p/2s) basis sets, respec-
tively. The results provided by both methods were similar up
to the addition of four water molecules; however, the MP2
method [which is consistent with the CCSD(T) method in the
present systems] predicted different lowest energy conform-

TABLE VII. MP2/aVDZ+charge distribution (NBO) for the ground and first excited states of KX(H,0),_¢

State KF(H,0), 4 KCI(H,0), ¢ KBr(H,0), ¢ KI(H,0), 4
Ground qx qr qx qa qx dB: qx q

KF 0.988 -0.988 KCl 0.980 -0.980 KBr 0.975 -0.975 KI 0.963 -0.963
1R3 0.992 -0.889 1R3 0.986 -0.919 1R3 0.982 -0.913 1R3 0.972 -0.910
2R33 0.994 -0.846 2R33 0.986 -0.876 2R33 0.983 -0.868 2R33 0.976 -0.868
3R333 0.989 -0.817 3R333 0.981 -0.844 3R333 0.979 -0.840 3R333 0.974 —0.840
4R334 0.986 -0.823 4R334 0.980 -0.847 4R334 0.977 —0.840 4R334 0.972 —0.841
5R344 0.983 -0.826 5R444 0.970 -0.819 5R355 0.967 -0.814 5R355 0.963 -0.812
6R4444 0.975 -0.811 6R4444 0.967 -0.824 6R4444 0.965 —0.819 6R3345 0.965 -0.816
Excited qx qr qx qal qx dr qx q

KF 0.002 —0.088 KCl 0.006 -0.057 KBr 0.007 -0.054 KI 0.009 -0.051
1R3 0.525 -0.730 1R3 0.027 -0.019 1R3 0.029 -0.020 1R3 0.039 -0.014
2R33 0.767 -0.853 2R33 0.073 -0.028 2R33 0.072 -0.019 2R33 0.060 -0.015
3R333 0.828 -0.875 3R333 0.352 -0.162 3R333 0.346 -0.166 3R333 0.304 -0.129
4R334 0.897 -0.871 4R334 0.455 -0.199 4R334 0.453 -0.217 4R334 0.424 —0.184
5R344 0.942 -0.870 5R444 0.558 -0.222 5R355 0.557 -0.258 5R355 0.525 -0.223
6R4444 0.914 -0.871 6R4444 0.731 -0.295 6R4444 0.711 -0.334 6R3345 0.748 -0.302
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FIG. 5. (a) CI(S)//MP2/aVDZ+ polarity change of the potassium atom (open symbols) and halide atom (filled symbols) for the transition from the ground
state to the first excited state for the lowest energy structures of KX(H,0),_;_¢ and (b) MP2/aVDZ+ electron transfer (8gg,__x_ in electron) from KX to the

water cluster: (8gxx=—water)-

ers for KX(H,0)s_¢ for X=ClI, Br, and 1. At very low tem-
peratures (near 0 K), the zwitterionic forms appeared with
the addition of five water molecules. For these pentahydrated
clusters, the lowest KX structures were partly dissociated,
though the partly dissociated KF and KCl structures were
nearly isoenergetic to the undissociated ones. In the case of
the hexahydrated clusters, partly dissociated structures were
observed for KCI/KBr, and a dissociated structure was
found for KI. The K-X stretching frequency tended to be
much smaller as the degree of dissociation increased. As the
temperature increases, the most highly populated structures
would change due to the entropy effect. At room tempera-
ture, for the penta- and hexahydration based on the free en-
ergy AG,gg, undissociated conformers 5R344 and 6R444
which have less H bonds were the most stable. Then, at room
temperature the dissociated structures would be seen for
higher clusters than the hexahydrated ones.
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