Theor Chem Acc (2012) 131:1296
DOI 10.1007/s00214-012-1296-6

REGULAR ARTICLE

A computational study toward understanding the separation
of ions of potassium chloride microcrystal in water

Anik Sen - Bishwajit Ganguly

Received: 23 March 2012/ Accepted: 24 October 2012
© Springer-Verlag Berlin Heidelberg 2012

Abstract The dissolution phenomenon of potassium
chloride microcrystal in water has been studied using DFT
calculations and molecular dynamics studies. DFT study
reveals the departure of ClI™ to be more pronounced from
the edge positions compared to the corner sites of the KCl
[(KCDg(H50),,, n = 1-15] microcrystal lattice. The disso-
lution initiates through the movement of a ClI~ from the
edge of the crystal lattice (5.19 A)atn = 4 water molecules
in agreement with the separation of ions from a single KCl
molecule. This separation is more evident with the cluster of
6 water molecules (6.12 A). The characteristics of KCl
dissolution dynamics, such as the sequential departure of
ions from the crystal, the hydrated ions and the dynamical
role of the water molecules, are further studied by classical
molecular dynamics simulations employing GROMACS
force field. Molecular dynamics calculations are performed
with a larger crystal of KCl with {100} plane consisting of
108 K* and 108 ClI~ ions. The MD studies have been
extended with relatively unstable planes of KCI {110}
(consisting of 105 K* and 105 C1~ ions) and {111} (con-
sisting of 120 K* and 120 Cl~ ions). The simulations
revealed that the dissolution of {110} and {111} planes is
relatively faster than that of the stable {100} plane. A mean
square displacement analysis also supported this observa-
tion. The dissolution of the ions generally occurs from the
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top layer of {100} surface, while other layers remain intact.
However, such a definite pattern of dissolution is not
noticed with {110} and {111} planes.
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1 Introduction

The study of solvation phenomena in inorganic salts is of
fundamental importance for theoretical, experimental and
economic reasons. These studies have been performed for
decades; however, the organization of the molecules in
such solution is still not well understood. In this regard, the
dissociation of alkali halide salts has become a major
interest in solvation chemistry [1-18]. The dissolution of
sodium chloride, one of the most important alkali halides,
has been studied at both molecular and crystal levels [19—
26]. Monte Carlo simulations were performed by Asada
et al. [24] on LiCl and NaCl in water to explore the
mechanism for the dissociation phenomenon of such salts.
Ohtaki et al. [25] studied the dissolution of an NaCl crystal
with {111} and {—1—1—1} faces using molecular
dynamics simulation and concluded that repulsive forces
arising between the chloride ions and the water molecules
push the chloride ion out from the crystal surface as they
possess smaller hydration energy than the sodium ions.
When an ionic crystal is dissolved in water, the surface of
the crystal gets covered with water molecules, and the
cations and anions leave the surface of the crystal and
disperse into the aqueous phase. The dissolution process
involves a ‘tug of war’ between the ionic bonds and the
hydration of these ions. The solvation process of sodium
chloride at the molecular level showed that a cluster of six

@ Springer


http://dx.doi.org/10.1007/s00214-012-1296-6

Page 2 of 13

Theor Chem Acc (2012) 131:1296

water molecules is necessary to achieve the solvent-sepa-
rated ion pair of NaCl [19]. Furthermore, the dissolution of
sodium chloride crystal in water studied by molecular
dynamics simulations indicated that a chloride ion at the
corner of the crystal dissolves first [22]. Liu et al. [23] gave
a detailed description about the process involved behind
the dissolution of the Na* and Cl~ ions from the NaCl
crystal surface. To the best of our knowledge, theoretical
studies on the dissolution phenomenon of potassium
chloride crystals are still scarce [27].

Recently, we have reported the dissolution process of a
single potassium chloride molecule [28], finding that ori-
entations of the water molecules around the potassium
chloride seem to be important in the dissociation phe-
nomena. The separation of K* and CI~ ions with 4 water
molecules adopts a prismatic structure with the K—Cl dis-
tance of 4.4 A, while the largest separation of Kt and CI™
ions (4.97 10\) was achieved with 6 water molecules in a
cubic structure [28]. Though the progress of dissociation of
single KCl molecule has been studied, the investigation
toward the dissolution of KCl crystal is warranted. In this
article, we have explored the dissolution of KCl micro-
crystal which will also be relevant toward the study of salts
in water clusters in environmental chemistry, atmospheric
chemistry and cloud physics [29-33].

From saturation concentration, it can be deduced that on
average, 15 water molecules are necessary to dissociate a
single KCI molecule at 273 K (Supporting Information,
Scheme S1), whereas previous theoretical studies by our
group suggested that the dissolution of a single KCI mol-
ecule starts with only 4 water molecules [28]. In this arti-
cle, we have explored the number of water molecules
needed to start the dissolution and also the progressive
solvation of the ions in a microcrystal lattice. Scheme 1
shows the separation of KCl into K* and C1~ ions from the
crystal lattice in the presence of water molecules. The
dissolution process can start either from the corner or from
the edge of the microcrystal surface.

We have examined the solvation process of the micro-
crystal (KCl)g {100} cluster using DFT calculations con-
sisting of 0-15 water molecules. The progressive
dissociation of KCI microcrystal with increasing number of
water molecules at the corner and the edge sites of the
crystal lattice has been investigated in a systematic way.

The DFT results suggest that 4 is the minimum number
of water molecules required to initiate the departure of the
CI™ ions from the KCI microcrystal (KTClI” =5.19 A),
and similar to the dissolution of a single potassium chloride
molecule, six water molecules augment the situation
(6.12 A) [28]. The separation of K*Cl~ increases to
~80 A with 14 water molecules. The simultaneous
removal of more than one chloride ion from different sites
seems to be less effective in comparison with the removal
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of a single C1™ ion from the KCl lattice. The dissociation of
ions from the crystal lattice with the solvent molecules
occurs with a number of steps: first is the formation of a
solvent-shared ion pair, where only one solvent molecule
separates the two ions. Dissociation then occurs via sol-
vent-separated ion pairs, where the ion pairs are separated
with more than one solvent molecule. However, a clear
experimental distinction between these two stages is not
easily made [34]. The circumstances under which these
thermodynamically distinct species can exist in the solution
have been reviewed by Marcus [1].

The finite cluster environment toward the salt dissocia-
tion process may vary from the dissolution in the bulk
environment [35]. To examine the bulk dissolution process
of KClI, classical molecular dynamics simulation studies
are performed with the GROMACS 3.3.2 using the GRO-
MOS96 43al force field with TIP4AP water solvation model.
The KCI crystal consists of three most important planes,
{100}; {110} and {111} (Scheme 2). Molecular dynamics
calculations were performed to examine the dissolution of
{100} surface of KCI, and also extended with the less
stable surfaces {110} and {111}. The arrangements of the
potassium and chloride ions in the three different surfaces
are shown in Scheme 2.

In the initial stage of the MD simulation, the elongation
of a corner C1~ ion and a corner K* ion from the surface
lattice is observed, and subsequently, the separation of an
ion pair is noticed. The formation of ion pairs shows an
agreement with the study of dissolution of sodium chloride
in water using flicker-noise spectroscopy (FNS) [36].
Additionally, at longer time scales, the ions separate from
the crystal lattice either in the form of ion pair or indi-
vidual-solvated ions. The top layer of the KCI crystal lat-
tice seems to dissolute, while the other layers remain intact
in the crystal lattice. The {110} KCI plane shows separa-
tion of an edge ion pair, and the {111} plane showed corner
and edge Cl™ ions dissolution in the initial stage of the
simulation process. The dissolution of these surfaces is
much faster compared to the stable {100} surface. The ions
separate from the different sites of the crystal lattice much
more easily. It is known from the surface energy calcula-
tions that {100} plane of alkali halides is more stable
compared to other planes such as {110} and {111} [37-
41]. The MSD calculations also support the stability of the
{100} plane compared to other planes.

2 Computational methods

2.1 DFT calculations

DFT calculations were performed with {100} (KCl)¢(H,0),,
[n = 0-15] cluster using the generalized gradient
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Scheme 1 The separation of
ions from the corner or the edge
positions of the lattice.
Potassium—purple; chlorine—
green; oxygen—red,
hydrogen—white

Scheme 2 The arrangement of
potassium and chloride ions on
the {100}, {110} and {111} l
planes of the KCl crystal (green: I
chloride; purple: potassium)

KCl

approximations (GGAs), which includes density gradients
[42—49] along with the functional PW91 [43] employing the
density functional program DMol® in Materials Studio
version 4.1.2 of Accelrys Inc., the electronic wave functions
were expanded in atom-centered basis functions defined on
a dense numerical grid [50-53]. We used the double
numerical basis set DND which is comparable with 6-31G*
basis set. Single point calculations at Becke’s three-
parameter exchange functional with the correlation func-
tional of Lee, Yang and Parr with 6-311 4+ G (2d,p) [22,
54-56] level of theory are performed on the GGA/PW91/
DND-optimized geometries using the following equation
(Eq. 1) as performed by Yamabe et al. [22] with Gaussian
09, Revision B.01 [57]. The KCI {100} microcrystal for the
DFT calculations was prepared using X-ray crystal structure
data (Fig. 1) [58].

B.E.(AE) = [E{(KCls)(H,0), }
—{E(water)+ Eof themoststable {(KCls)(H,0),_, }]
(1)

To examine the effect of entropic contributions to the
dissolution process of KCl with water clusters, additional

Corner CI ion

Fig. 1 The KCIl microcrystal taken for the DFT calculations. All
distances are given in A (potassium—purple; chlorine—green)

free energy calculations were performed using B3LYP/6-
311 + G(2d,p)//GGA/PWI91/DND level of theory for
[(KCDe(H20),, —1_6]- The relative free energy values (AG)
for the respective clusters are shown in each figure.

2.2 Molecular Dynamics Calculations
Molecular dynamics calculations are performed with
GROMACS 3.3.2 [59] using GROMOS96 43al force field

[60]. The simulation supercell of the {100} plane consists
of 108 K* and 108 CI™ ions in a cubic box surrounded by
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3248 water molecules. The {110} and {111} KCI crystals
consist of 210 (105 K™ ions and 105 Cl~ ions) and 240
(120 K* ions and 120 CI~ ions) atoms, respectively.
Similarly, water molecules are placed around the {110}
and {111} crystal planes (3,249 water molecules sur-
rounding {110} and 3,238 water molecules surrounding
{111} planes). The water—water interaction is described by
the TIP4P solvation model [61-63] provided by GRO-
MACS 3.3.2 [59]. The initial cubic simulation boxes for
the {100}, {110} and {111} planes of the KCI microcrystal
lattice were generated with linear dimensions of 47.236,
47.216 and 47.447 A respectively. In all cases, an initial
minimization of 100 ps was followed by an equilibration at
300 K for a period of 200 ps. Harmonic restraints on the
KCI crystal coordinates are used during the equilibration
procedure. The KCl1 {111} plane is electrostatically highly
polar [64-66], and hence the ions get scattered during
initial minimization step. Therefore, the ions were kept
fixed in all directions during the initial minimization;
however, the constraints were removed during the equili-
bration process. The simulation was performed with the
NPT ensemble. The isothermal isobaric simulation (i.e.
NPT ensemble dynamics) protocol comprises three major
steps: (1) energy minimization of the KCI crystal in bulk
water, (2) equilibration run at a desired temperature with
harmonic restraints on the KCI crystals and (3) the full
molecular dynamics run or production run. The tempera-
ture was set to 300 K and at a pressure of 1 atm. Tem-
perature and pressure are kept constant with the coupling
constants of 0.1 and 0.5 ps, respectively, by the Berendsen
scheme [67]. A periodic boundary condition is applied. The
time step used in the simulations was 0.5 fs, and the total
time for the molecular dynamics run was 2.5 ns. For
electrostatic interactions, we used the particle mesh Ewald
method [68, 69]. For potassium and chloride ions, the
parameters are taken from the originally developed and
supplied within the GROMACS software [60, 70, 71].
Mean square displacement was calculated from the GRO-
MACS 3.3.2 software, as described in earlier studies [72—
74]. The KCI crystal structure with the {100}, {110} and
{111} surfaces for the MD simulations was also prepared
using the X-ray crystal structure data (Fig. 11) [58].

3 Results and discussions

The calculated geometrical parameters of K*~H,O and
Cl"H,O with GGA/PWI9I/DND and B3LYP/6-
311 4+ G(2d,p) levels of theory are given in Table 1. The
O H distance and the ZHOH angle are also given in
Table 1 so that the computational methods can be com-
pared with the available experimental data. The energies
calculated using B3LYP/6-311 4+ G(2d,p) are found to be

@ Springer

in better agreement with the available experimental results
(Table 1). To minimize the computational cost, the single
point calculations are performed with B3LYP/6-
311 + G(2d,p) on GGA/PW91/DND-optimized geome-
tries, which also provided the similar energetics to those
obtained with B3LYP/6-311 + G(2d,p)-optimized results
(Table 1). Additionally, the interactions between K* ion
and CI™ ion with water molecules were also calculated
with the GROMOS96 43al force field with GROMACS
3.3.2 software [57, 58]. The interactive distances between
the water molecule and K*; Cl~ ions are found to be
similar with the B3LYP-optimized geometries (Table 1).
The interaction of separated ions with the water molecule
provides a direct comparison of the experimental data with
the computational methods used in this study, which,
however, is not available for KCI-""H,O cluster.

3.1 DFT calculations

3.1.1 Solvation of KCI microcrystal with 1-6 water
molecules

To examine the solvation phenomenon of KCI crystals, we
have considered a microcrystal (KCl)¢ surrounded with
water molecules At first, approach of a single water mol-
ecule to the (KCl)g microcrystal is considered. Three dif-
ferent isomeric structures are observed (Fig. 2). The
relative interaction energies calculated with B3LYP/6-
311 4+ G(2d,p)//GGA/PWI1/DND using Eq. 1 suggest that
2a is more stable than 2b and 2c by 4.0 kcal/mol and
2.8 kcal/mol, respectively (Fig. 2). Furthermore, the free
energies calculated for these clusters 2a—2c also showed
the similar energetic preferences as observed with the
electronic energies. In 2a, the water molecule interacts with
K" and Cl~ ions at the corner of the (KCl)e microcrystal.
The calculated structure 2b showed the interaction of the
water molecule with a single Kt ion at the corner of the
microcrystal, whereas, in 2c, the water molecule sits in the
edge of the surface, weakly interacting with a K* ion and
forming a strong hydrogen bond with the neighboring C1™
ion (Fig. 2). The approach of single water molecule toward
the surface of KCl does not affect the K—ClI distance sig-
nificantly. The largest separation of K™ and CI* ions
(3.35 A) is observed with 2c.

Four different geometries of KCl microcrystal interact-
ing with two water molecules were predicted. In Fig. 3,
two structures of (KCl)s(H,O), are shown and the other
two isomers are given in Supporting Information (Figure
S1). In the geometry 3b, one of the water molecules binds
at the corner potassium ion and other interacts with the
edge potassium ion in the KCI microcrystal (Fig. 3). These
two water molecules form hydrogen bonds with the same
chloride ion (3b, Fig. 3). The K—ClI distance is elongated to
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Table 1 Calculated and experimental structural parameters along with energies for the interaction of KCI with water are given
Properties Optimized at GGA/ Single point calculations at Optimized at BALYP/6- Minimized with ~ Experimental
PWO91/DND B3LYP/6-311 + G(2d,p) 311 + G(2d,p) GROMOS force  values
with GGA/PW91/DND field
geometries
o 0.977 A 0.977 A 0.963 A 1.00 A 0.957 A [75]
/HOH 103.409° 103.409° 105.228° 105.00° 104.5 [31, 76, 77]
Kt OH2 2.699 A 2.699 A 2.62 A 261 A -
L. HOM 2.052 A 2.052 A 2.16 A 213 A -
B.E. (K""OH,) 21.66 kcal/mol 18.24 kcal/mol 18.08 kcal/mol 17.9 kcal/mol [78]
B.E. (CI™ 24.71 kcal/mol 12.83 kcal/mol 14.7 kcal/mol 14.9 kcal/mol [30]
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Fig. 2 B3LYP/6-311 + G(2d,p)//GGA/PWI91/DND calculated geom-
etries and binding energies (AE) of (KCl)s(H,0), are given in kcal/mol.
The relative free energies (AG) at 298 K are given in kcal/mol.
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AE = (-10.1) (-12.1)
AG = (1.7) (0.0

Fig. 3 B3LYP/6-311 4+ G(2d,p)//GGA/PW91/DND calculated geom-
etries and binding energies (AE) of (KCl)¢(H,O), are given in
kcal/mol. The relative free energies (AG) at 298 K are given in
kcal/mol. Binding energies are calculated with Eq. 1. All distances are
given in A (potassium—purple; chlorine—green; oxygen—red; hydro-
gen—white)

3.65 A from the edge potassium ion in the KClI cluster. The
isomer 3a showed a marginal separation of K—Cl distance
compared to the unhydrated KCI crystal (Figs. 1, 3).

Five different solvated structures of (KCl)s(H,O); have
been observed. In geometry 4a, all the three water molecules
interact with a single potassium ion (Fig. 4). This structure

All distances are given in A (potassium—purple; chlorine—green;
oxygen—red; hydrogen—white)

suggests the elongation of three pairs of K—Cl distance
(~3.44 A) from the KCI crystal distance of 3.13 A. Tsomer
4b is remarkable in terms of the separation of the K™ CI ™,
where the water molecules approach from the different sites
of the (KCl)g crystal (Fig. 4). The K-Cl distance in the
crystal lattice K4-Cl;(, K5—Cl ;o and K4—Cl; is elongated by
more than 4.5 A. Therefore, the increase in the K—Cl dis-
tance is ~ 1.37A compared to the unhydrated KCl micro-
crystal. These ion pairs separated with water molecules can
be considered as solvent-shared ion pair [1, 34]. The similar
approach of three water molecules at the corner of KCl
microcrystal does not show any significant separation of ions
(3.42 A) (4c, Fig. 4). The other two less stable isomers are
given in the Supporting Information (Figure S2).

Three isomeric structures of (KCl)s(H,0O), are shown in
Fig. 5. In the calculated geometry 5a, 4 water molecules
approach the same face of KCl microcrystal and the water
molecules are hydrogen bonded to each other (Fig. 5). This
arrangement of water molecules seems to provide the
overall stability of the structure, but the separation of K™
and Cl™ ions is marginal compared to the unhydrated KCI
microcrystal. In the case of 5b, 4 water molecules
approached from 3 different sites of the KCl microcrystal
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3 water

o

\ . e o
4a

AE = (-7.4) (-1.9)

AG = (2.9) 84

Fig. 4 B3LYP/6-311 + G(2d,p)/GGA/PW91/DND calculated geom-
etries and binding energies (AE) of (KCl)s(H,0); are given in kcal/mol.
The relative free energies (AG) at 298 K are given in kcal/mol. Binding

Fig. 5 B3LYP/6-
311 + G(2d,p)//GGA/PWI1/

DND calculated geometries and 24

binding energies (AE) of ';JJI"% & &__f,_v_r_ B
(KCl)(H,0)4 are given in |
kcal/mol. The relative free
energies (AG) at 298 K are
given in kcal/mol. Binding
energies are calculated with |
Eq. 1. All distances are given |
in A (potassium—purple;
chlorine—green; oxygen
hydrogen—white)

red,

Sa
AE = (-7.3)
AG = 6.4)

lattice and interacted with the two edge chloride ions,
showing a significant movement of the Cl™ ions (Fig. 5).
The K4—Cl;o and K5-Cl;, distances increase to ~5.0 A,
whereas K,—Cl;q and K4—Cl; distances elongate to over
4.0 A (Fig. 5). The geometry Sc shows the orientation of
the water molecules around the C1™ ion at the corner and it
is the most stable structure with 4 water molecules; how-
ever, no significant changes are observed in the K-Cl
distance (Fig. 5). The relative free energy calculations also
showed that 5c is more stable than 5a and 5b. The other
calculated geometries are given in the Supporting Infor-
mation (Figure S3)

The isomeric structure 6a is more stable than the other
KCl microcrystal with 5 water molecules 6b and 6c,
respectively (Fig. 6). In 6a, four of the water molecules are
hydrogen bonded with each other and the fifth one interacts
with another K* and ClI~ ion from a different site. A clear
departure of a corner Cl™ ion from the two neighboring
potassium ions (K, and K5) is observed in the case of 6b
with distance of 5.0 A and 4.1 A, respectively. The
hydrated structure 6¢ shows a similar separation of Cl™ ion
from the edge position of KCI microcrystal as observed in
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energies are calculated with Eq. 1. All distances are given in A
(potassium—purple; chlorine—green; oxygen—red; hydrogen—
white)

5b 5¢
(-2.9) (-9.9)
9.7) 0.0)

the case of 5b. In this case, all the 5 water molecules are
hydrogen bonded with the edge chloride ion on the same
surface of the KCI microcrystal lattice. This chloride ion
(Cl;) is moved away from the crystal lattice, and the dis-
tances from the four neighboring potassium ions K3, K4, K5
and K¢ being 5.87, 4.45, 4.38 and 4.35 A respectively;
thus, these can be considered as solvent-shared ion pairs [1,
34]. The other geometries are given in the Supporting
Information (Figure S4).

The separation of K* and C1~ is found to be 6.12 A with
6 water molecules (7a, Fig. 7). The chloride ion (Cl;q) is
hydrogen bonded with five water molecules, and the sixth
water molecule assists through bridging for better interac-
tion. It appears that the sixth water molecule catalyzes the
separation of ions in this case. The other separated dis-
tances of the C1™ ion from the potassium ions K;, K, and
K5 are 4.90, 4.16 and 4.50 A respectively. The more stable
structure 7b does not show any significant elongation of the
KClI distances (7b, Fig. 7). The other geometries of the
(KCI)6(H,0)¢ given in the Supporting Information showed
much smaller distances between the K* and Cl~ ions
(Figure S5).
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(-11.3)
AG = 0.0)

Fig. 6 B3LYP/6-311 + G(2d,p)/GGA/PW91/DND calculated geom-
etries and binding energies (AE) of (KCl)s(H,0)5 are given in kcal/mol.
The relative free energies (AG) at 298 K are given in kcal/mol. Binding

AE =
AG =

(-6.0)
4.8)

Fig. 7 B3LYP/6-311 + G(2d,p)/GGA/PW91/DND calculated geom-
etries and binding energies (AE) of (KCl)s(H,O)g are given in kcal/mol.
The relative free energies (AG) at 298 K are given in kcal/mol.

3.1.2 Solvation of KCI microcrystal with 7-15 water
molecules

To examine the influence of more number of water mole-
cules on the separation of ions in KCI microcrystal, inter-
actions up to 15 water molecules have been evaluated.
Solvent-shared ion pairs are observed with 7, 8 and 9 water
clusters upon interaction with the KCI microcrystal lattice.
The edge C1~ showed the separation maximum to 7.10 A
from the lattice with 9 water molecules (8c, Fig. 8).

The addition of a tenth water molecule leads to the
further separation of K™ and Cl~ ions (7.50 A) in the
microcrystal lattice of KCI (9a, Fig. 9). It has been
observed that at a cluster of at least 4 water molecules
around the K* and C1~ ions (5b) initiates the separation of
the K™ Cl~ (Fig. 5) and 6 water molecules augment the
situation (7a, Fig. 7). Therefore, there is another possibility

(2.6)

6 water

(-5.3)
(5.5)

energies are calculated with Eq. 1. All distances are given in A
(potassium—purple; chlorine—green; oxygen—red; hydrogen—white)

7b
(-8.9)
0.0)

Binding energies are calculated with Eq. 1. All distances are given in
A (potassium—purple; chlorine—green; oxygen—red; hydrogen—
white)

that two water clusters of 4 and 6 water molecules can
approach at two different sites of the microcrystal lattice
(Scheme 3). The clusters of 4 and 6 water molecules are
placed near the edge CI™ ions at the diagonal positions in
the crystal lattice in one case (a, Scheme 3) and in another
situation in the edge and a corner Cl~ ion (b, Scheme 3).
The two situations show the separation of the ions from the
KCl crystal lattice up to 6.29 A in 9b and 6.79 A in 9c,
respectively; however, such separation of ions is smaller
than that of 9a (Fig. 9). Separation of the corner C1™ ions is
not observed. The B3LYP/6-311 4+ G(2d,p) calculated
energies using Eq. 1 suggests that the separation of ions is
more preferred in 9a compared to 9b and 9c.
Furthermore, departure of the CI™ ions from the edge of
the lattice is observed with n = 11 to 13 water molecules
~7.62-7.85 A (Figure S6, Supporting Information). As
observed in the case of 10 water clusters, the separation of
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Fig. 8 B3LYP/6-
311 4+ G(2d,p)//GGA/PWI1/
DND calculated geometries and
binding energies (AE) of
(KCDo(H0)5, (KCDo(H,0)g,
(KCl)6(H,0) are given in kcal.
Binding energies are calculated A
with Eq. 1. All distances are
given in A (potassium—purple;
chlorine—green; oxygen—red,
hydrogen—white)

7 water

AE = (-8.0)

(4.2)

Fig. 9 B3LYP/6-311 + G(2d,p)//GGA/PW91/DND calculated geome}ries and binding energies (AE) of (KCl)g(H,0);o are given in kcal/mol.
Binding energies are calculated with Eq. 1. All distances are given in A (potassium—purple; chlorine—green; oxygen—red; hydrogen—white)

6 water cluster

a

—» 4 water cluster

Scheme 3 The two possible approach of 4 and 6 water clusters toward the KCI microcrystal a on two diagonal edge chloride ions and b one

edge and another corner chloride ion

ions from the microcrystal seems to be less pronounced
with the approach of water molecules from different sites
(Scheme 3). The separation of Cl™~ ions is found to be
largest for 10a (8.08 A) from the edge position of the
microcrystal with 14 water molecules (Fig. 10). The cal-
culated results performed with 15 water molecules showed
very similar hydrated structure 10b (Fig. 10). The hydrated
forms of these KCI microcrystals showed the separation of
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more polarizable CI™ ions from the lattice [79], whereas
the K™ ions are less perturbed on the lattice sites.

The separation of Cl™ ion from the crystal lattice was
also observed with the dissolution process of NaCl [23].
The metadynamics study of Liu et al. using PBE
exchange—correlation functional incorporated in the CP2K/
Quickstep package showed that the first step of the disso-
lution of the NaCl starts with an elongation of the corner



Theor Chem Acc (2012) 131:1296

Page 9 of 13

Fig. 10 B3LYP/6-

311 4+ G(2d,p)//GGA/PWI1/
DND calculated geometries and
binding energies (AE) of
(KCD(H0) 14 and
(KCl)6(H,0);5 are given in
kcal/mol. Binding energies are
calculated with Eq. 1. All
distances are given in A
(potassium—purple; chlorine—
green; oxygen—red,
hydrogen—white)

10a
(-2.8)

AE =

14 water

15 water

10b
(-4.2)

Fig. 11 The initial structures of the KCI crystals for the MD
calculations a {100} plane; b {110} plane; and ¢ {111} plane
generated from the crystal structure of KCI. The water molecules are

C1™ ion from the lattice, whereas the Na* ions resides in
the crystal lattice. The metadynamics study further showed
that Na™* in the form of adatom-like configuration is the
second ion to be separated from the NaCl lattice. Thus, this
study revealed that the electrical neutrality is conserved in
the dissolution of NaCl.

The DFT calculation performed at B3LYP/6-311 +
G(2d,p)//GGA/PWI1/DND level of theory showed a clear
departure of C1™ ion from the KCl crystal lattice. The DFT
calculations are performed with water clusters, and hence in
contrast to the metadynamics calculations for NaCl crystals
in bulk water [23], the complete dissolution of ions from the
KCl lattice was not observed. Interestingly, the use of water
clusters shows the initiation of separation of Cl1™ ion from

shown surrounding the different planes of the crystals (green:
chloride; purple: potassium; red: oxygen and black: hydrogen)

the KCl crystal lattice with 4 water molecules, whereas such
information is not easy to attain with other approach. The
separations of Cl~ ions from the KCI crystal through water
clusters are more prominent from the edge of the lattice,
which however, was observed from the corner site of NaCl
crystal [23]. Furthermore, the elongated Cl™ ion is coordi-
nated with 5 water molecules in most of the cases of
[(KCI1)¢(H20),,=1_15], which was also observed in the NaCl
metadynamics study [23].

As stated above, on average, 15 water molecules are
necessary to dissociate a single KCI molecule at 273 K at
saturation concentration (Supporting Information, Scheme
S1), and the DFT calculations also showed a well-separated
K" and CI~ ions in microcrystal lattice with ~ 15 water

@ Springer
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Fig. 12 Snapshots at a 50 ps, b 653 ps and ¢ 2.5 ns for the molecular
dynamics study of {100} plane with (KCl),;6 and 3248 water
molecules are given here. The separating K+ and C1~ ions at 50 ps
are indicated by circles. The water molecules as point structures are
shown surrounding the {100} plane of the KCl crystal (green:
chloride; purple: potassium; red: oxygen and black: hydrogen)

Cc

Fig. 13 Snapshots at a 12 ps; b 1,000 ps and ¢ 2.5 ns for the
molecular dynamics study of {110} plane of (KCl),;o microcrystal
with 3,249 water molecules are given here (green: chloride; purple:
potassium; red: oxygen and black: hydrogen)

@ Springer

Fig. 14 Snapshots at a 1 ps; b 3 ps and ¢ 2.5 ns for the molecular
dynamics study of {111} plane of (KCl),49 microcrystal with 3238
water molecules are given here (green: chloride; purple: potassium;
red: oxygen and black: hydrogen)

molecules; however, the complete dissolution of such lat-
tice may require more number of water molecules. To
examine the dissolution of KCl microcrystal, classical
molecular dynamics simulations are performed.

3.2 Molecular dynamics study

The DFT calculations predicted the departure of more
polarized C1™ ions from the crystal lattice, with edge sites
being more significant than corner sites. However, DFT
calculations are static in nature, and thus dynamic study of
separation of ions will shed further light on the dissolution
of KCI microcrystal. The DFT studies showed the forma-
tion of solvent-shared ion pairs (with water clusters con-
taining 3-9 water molecules) and solvent-separated ions
(with water clusters of 10-15 water molecules) while
interacting with different clusters of water molecules.
Nevertheless, the complete dissolution of the ions from the
KCl microcrystal lattice in the bulk solution was not
achieved. To examine the dynamical profiles of the KCl
crystal with larger number of water molecules, we have
performed classical NPT MD with GROMOS96 43al force
field with the GROMACS 3.3.2 program [58, 59]. The
molecular dynamics calculations have been performed with
a {100} plane of the (KCI) crystal with explicit water
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Fig. 15 Time-dependent mean square displacement of K (black line) and C1~ (red line) ions in the different planes a {100}; b {110} and

c {111}

molecules using TIP4P solvation model. The {100}, {110}
and {111} planes of KCI crystal taken for the MD simu-
lation have been given in Fig. 11. The unstable planes
{110} and {111} of alkali halides can be grown with the
habit modifications of salt crystals [63—65, 80-84].

3.2.1 KCI {100} surface

Figure 12 shows the progression of dissolution process of
the (KCl), ¢ crystal lattice for the {100} plane at different
time steps. The C1~ and K™ ions seem to separate from the
crystal lattice from the different corners of the crystal (a,
Fig. 12). We have also noticed that the MM approach
does not show a clear preference of Cl~ ion dissolution
from the crystal lattice in contrast to the DFT calcula-
tions. This difference seems to arise due to the fact that
MM force fields do not account for the polarization dif-
ference between the ions as observed by Liu et al. [23].
At slightly longer time steps (~653 ps), the well-sepa-
rated ion pair and a solvated K ion are observed (b,
Fig. 12 and Figure S7-S8, Supporting Information). The
departures of ions are observed from the different sides of
the crystal during the simulations of the {100} plane;
however, such ions reabsorb in the lattice at longer time
scales. At the completion of the MD run, the dissolved
ions separate out only from the top layer of the KCI
crystal lattice (c, Fig. 12).

3.2.2 KCI {110} surface

Going from KCl {100} plane to the less stable {110} plane,
the ion pair initiates to separate from the edge of the lattice
(a, Fig. 13). At longer time steps, the ions separate from
multiple sites of the {110} plane and the separation of the
ions is more pronounced compared to the {100} plane (b
and c, Fig. 13). This result suggests that the unstable {110}
plane dissolves earlier than the corresponding {100} plane,

which supports the surface energy data of alkali halides
[37-41]. The dissolution study of NaCl {001} and {011}
surfaces performed with classical MD simulations by
Shinto et al. [85] suggests that no ion is dissolved from the
surfaces within 10 ps. Our study also revealed that within
that time scale, the ions are not dissolved from the KCI
surfaces {100} and {110}. However, the dissolution of ions
starts after 10 ps. Therefore, it appears that the similar
dissolution process can also be seen for NaCl surfaces at
longer time scales.

3.2.3 KClI {111} surface

The KCI {111} plane showed the separation of 3 CI™ ions
from corner and edge of the crystal lattice during initial
MD steps (a, Fig. 14). At ~3 ps, potassium ions separate
from the crystal lattice (b, Fig. 14). This observation is
very similar to the dissolution of {111} plane of NaCl as
noticed by Ohtaki et al. [25]. Moreover, the ions separate
out in a random fashion from the lattice at longer time steps
(c, Fig. 14).

3.2.4 MSD analysis

The MSD calculations performed using the GROMACS
3.3.2 software for the {100) and {110} also showed that the
displacements of the ions from their initial positions with
time are relatively lower for {100} than {110} and {111}
planes (Fig. 15). This indicates that the {110} and {111}
plane solvate much faster than the {100} plane.

4 Conclusion
We have investigated the solubility and dissociation phe-
nomenon of (KCl)¢ microcrystal in the presence of 1-15

water molecules computationally using DFT calculations.
Molecular dynamics studies with GROMACS force field

@ Springer



Page 12 of 13

Theor Chem Acc (2012) 131:1296

have also been carried out to investigate the solvation of all
the three planes of the KCI crystal. The DFT calculations
predict the separation of the Cl™ ions from the crystal
lattice. This observation is similar to the studies performed
with NaCl crystals using ab initio MD. The departure of
CI™ has been found to be more significant from the edge of
the KCI microcrystal. At least four water molecules are
necessary to initiate the separation of the ions from KCI
microcrystal [28]. The simultaneous removal of more than
one CI™ ion seems to be less effective in comparison with
the removal of a single C1™ ion from the KCl surface. The
DFT calculations reveal that solvent-shared ion pairs are
formed with 3 to 9 water clusters, whereas solvent-sepa-
rated ion pairs are observed with 10-15 water clusters in the
hydration process of KCI microcrystal. Classical molecular
dynamics calculations performed with the stable {100}
surface containing a cluster of 108 K™ and 108 C1~ ions
revealed that both ions seem to separate from corner sites
of the crystal lattice in the initial stages of the simulation
process, and solvation of ions occurred from a single layer,
while other layers remain intact. The polarizability of ions
accounts for the preference for the separation of C1™ ions
from the crystal lattice in DFT studies, which is lacking in
the MM force field used for classical MD simulations [23].
MD studies are also performed with other unstable planes
of the KCI crystal lattice like {110} and {111}. The sep-
aration of ion pair from the crystal lattice is observed with
{110} plane, whereas Cl™ ions separate out initially for the
{111} plane. At longer time scales, solvated ions or ion
pairs separate out from different sites within these crystal
lattice and solvates much faster than the stable {100}
plane, which is also corroborated with MSD analysis.
These observations may also be relevant to studies on the
reactivity of atmospheric chemistry. Experimental studies
may be warranted to test some of the results presented here.
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