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Abstract: An ab initio molecular dy-
namics method was used to compare
the ionic dissolution of soluble sodium
chloride (NaCl) in water clusters with
the highly insoluble silver chloride
(AgCl). The investigations focused on
the solvation structures, dynamics, and
energetics of the contact ion pair (CIP)
and of the solvent-separated ion pair

ture-dependent. For n = 6, both con-
figurations are present as two distinct
local minima on the free-energy profile
at 100 K, whereas SSIP is unstable at
300 K. Both configurations, separated
by a low barrier (<10kJmol™), are
identifiable on the free energy profiles
of NaCl(H,0), for n = 10 and 14 at
300 K, with the Na*/Cl™ pairs being in-

ternally solvated in the water cluster
and the SSIP configuration being
slightly higher in energy (<5 kJmol ™).
In agreement with the low bulk solubil-
ity of AgCl, no SSIP minimum is ob-
served on the free-energy profiles of
finite AgCl(H,0), clusters. The AgCl
interaction is more covalent in nature,
and is less affected by the water sol-

(SSIP) in NaCl(H,0), and AgCI(H,0),
with cluster sizes of n = 6, 10 and 14.
We found that the minimum cluster
size required to stabilize the SSIP con-
figuration in NaCl(H,0), is tempera-
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vent. Unlike NaCl, AgCl is mainly sol-
vated on the surface in finite water
clusters, and ionic dissolution requires
a significant reorganization of the sol-
vent structure.

Introduction

Dissolution and precipitation of salts are fundamental proc-
esses in solution chemistry. Dissolved salts, such as sodium
chloride (NaCl), play important roles in both inorganic and
organic reactions,["? and particularly in biochemistry, for in-
stance, biological growth®*l and solubility of biomolecules
in salt buffers."” They are also important in marine chemis-
try® and for the formation and reactivity of aerosols in the
atmosphere.”'? The dissolution and precipitation of salts in
aqueous systems are widely used in our daily life, for exam-
ple, in wastewater treatment by precipitation,” wound heal-
ing," and prevention of hailstorms by providing nucleation
seeds in clouds to stimulate rain.!"") One of the most classic
reactions in analytical chemistry is the precipitation of
halide ions with silver nitrate. Therefore, the solvation of
salts has been extensively investigated experimentally,¢"]
as well as theoretically.”*%

Recent experiments have shown that ionized substances
are present not only in bulk solutions, but also in small,
finite clusters.*'*! Clearly, the stabilization energy of an ion
depends on the number of solvent molecules in its solvation
shell, and this raises the question what minimum amount of
solvent is required to stabilize the ionized substances.**
Our experiments, employing Fourier transform ion cyclotron
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resonance (FT-ICR) mass spectrometry, have demonstrated
that acids, such as HCI, or highly soluble salts, such as NaCl,
will ionically dissolve in ionic clusters of the type H*(H,0),
when n>11.1%40 Tt is interesting to compare this number
with the bulk solubility product K, = 37.9mol’L™* of
sodium chloride (at 25°C),"!! which gives a solute/solvent
molecular ratio of approximately 1:9. More recently, Castle-
man and co-workers have used femtosecond pump-probe
spectroscopy to show that dissolution of HBr in water clus-
ters to form H*(H,0),Br~ occurs with a minimum size of n
= 5.7 Jonic dissolution in small water clusters provides in-
valuable insights into the solvation chemistry at the inter-
face between droplets of airborne moisture and particles of
sea salt where molecular halogens are generated that con-
tribute to ozone formation and depletion in the tropo-
sphere.!'*"?

Establishing this minimum number of solvent molecules is
of course important for a detailed, microscopic understand-
ing of the solvation process, and the availability of experi-
mental data on ionic dissolution in clusters has motivated a
number of theoretical investigations.”>*® The addition of
water molecules to a diatomic polar species, such as NaCl,
favors charge separation and also increases the polarity of
such a contact ion pair (CIP).**! When the number of sol-
vent molecules increases, the ions can separate with the
water molecules penetrating the area between them to
result in a solvent-separated ion pair (SSIP).”**! On the
basis of his ab initio studies of NaCl, Jungwirth has come to
the conclusion that six water molecules are sufficient to
form such a SSIP."

Unlike ionic sodium chloride (NaCl), the bond in silver
chloride (AgCl) is more covalent in character and signifi-
cantly stronger. In fact, AgCl in bulk water is one of the
most insoluble salts, with a solubility product of only K, =
1.77x 107 mol’L 2 (at 25°C),P! which is why precipitation
with silver nitrate is frequently used for the quantitative de-
termination of halide ions in aqueous solution. Recent FT-
ICR mass spectrometric studies have revealed that AgCl,
similar to other transition metals in oxidation state I, be-
haves quite differently compared to soluble salts in ionic
water clusters.*”*” When an Ag* cation and a Cl~ anion are
both introduced into a cluster, they seem to immediately
“precipitate” from the solution to form a covalent AgCl
molecule, or, in other words, an AgCl CIP. Very recent theo-
retical studies of small water clusters have also shown that
the AgCl CIP is more stable than the AgCl SSIP.* AgCl-
(H,0),, aerosols are formed by volcanic activity, and under-
standing their solvation properties is important for atmos-
pheric chemistry.*!

Even though recent calculations show that the NaCl SSIP
represents a local minimum on the potential energy surface
of a cluster with six water molecules,*” it may not be stable
when thermal and entropic effects are considered.”**! Intui-
tively, molecules such as HCI are more soluble at a higher
temperature, as evidenced by its ionic dissociation on a
HCl-covered film of ice.’*%! One might expect differences
between HCI and NaCl because the H*--H,O interaction is

Chem. Eur. J. 2006, 12, 6382—-6392

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

much stronger than the Na*t--H,O interaction. Such temper-
ature effects are not only crucial when comparing calcula-
tions with laboratory experiments, but they are also critical
to the understanding of chemical reactions in the atmos-
phere. Although ab initio calculations do yield the static ge-
ometry of a cluster, they do not give a clear picture of the
thermal molecular motions. The ab initio molecular dynam-
ics (AIMD) method has been widely used to study the dy-
namics of the solvation process of ions, both in the gas
phase and in condensed phases.[** In the present work, we
use an AIMD method based on density functional theory
(DFT) to gain insights into thermal effects upon ion solva-
tion. We investigate the temperature effects on the stability
of the CIP and SSIP of NaCl(H,0), clusters, the free-energy
profiles of the ionic dissolution of NaCl and AgCl in water
clusters, NaCl(H,0), and AgCIl(H,0),, with cluster sizes of
n = 6, 10 and 14 at a temperature of 300 K, and their struc-
tural changes along the solvation reaction coordinate.

Computational Methods

The present ab initio molecular dynamics (AIMD) studies
of NaCl and AgCl hydration were carried out using the
Vienna Ab Initio Simulation Package (VASP),” which is
based on density functional theory (DFT) with planewave
basis sets. Local density approximation (LDA) with
Perdew-Wang gradient correction (PW91)" was used for
the exchange-correlation functional that employ closed-shell
electronic structure calculations for the ionic dissolution in
the water clusters. We used directly the optimized pseudo-
potentials for the H, O, Cl, Na, and Ag atoms supplied with
the VASP program,” which were constructed by means of
the projector augmented wave (PAW) method with the va-
lence wavefunctions containing all nodes in the core
region.” In order to minimize the interaction between the
periodical images imposed by the planewave basis set, the
water clusters were located in a cubic box with a large lat-
tice parameter (15 A for n = 6 and 10, and 16 A for n =
14). A planewave basis set with a cutoff energy (E o) Of
262 eV was used for the electronic wavefunctions, which
were computed by RMM-DIIS minimization for the total
electronic energy.

The structures and energies of 1:1 ion—-water complexes
calculated by VASP are in good agreement with those calcu-
lated for other levels of theory using the Gaussian98 quan-
tum chemistry program™ as well as experimental data.>""]
A summary of these benchmark calculations is provided as
Table S1 in the Supporting Information. The use of a plane-
wave basis set with a finite cutoff energy (E...;) may intro-
duce computational errors; however, the hydration energies
AE for all complexes predicted by VASP with E . =
262 eV (set]) are consistently higher by only ~12 kJmol ™
compared to those calculated with the Gaussian98 program.
Increasing the cutoff energy to E..; = 400eV (setIl in
Table S1) slightly improves the AE values, but raises the
computational costs considerably. Nevertheless, the opti-
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mized structures obtained from VASP with both setI and
set II are in good agreement with those from other levels of
theory. It is worth noting that enthalpic and entropic contri-
butions are significant for ion-water clusters with fluxional
structures (TAS =30 kJmol™', included in the AG values
listed in Table S1). The effects are even more important for
larger clusters, which will be discussed below, and may
change the relative stability of different isomers. This illus-
trates that high-level ab initio calculations, while superior in
their description of the equilibrium geometry, do not pro-
vide sufficient information about the behavior of the clusters
at elevated temperatures. AIMD simulations provide essen-
tial information on the dynamics of the system.

AIMD simulations were performed on the Born—Oppen-
heimer potential surface described by the DFT electronic
structure, solving the equations of motion with integration
timesteps of 0.5 femtoseconds (fs). For each AIMD run, the
dynamics were simulated for at least 4 picoseconds (ps),
which amounts to 8000 timesteps, in order to reduce the
fluctuation in the average total potential energy to less than
0.1 %, which roughly equals 5 kJmol™ or 2kT at T = 300 K.
The temperature of the cluster was controlled by a Nosé—
Hoover thermostat.™ The thermodynamics and mechanism
of the ionic dissolution of Na—Cl and Ag—Cl in water clus-
ters were studied by distance-constrained molecular dynam-
ics employing the RATTLE algorithm,” with the Na--Cl
and Ag-Cl distances treated as the reaction coordinates.

Results and Discussion

Temperature effects in the ionic dissolution of NaCl in
NaCl(H,0);: During the course of the ionic dissolution of a
NaCl molecule in water one
can define two important inter-
mediate states (contact ion pair
(CIP) and solvent separated ion

to C; symmetry and the SSIP geometry to C;, symmetry in
order to reduce the computational costs. Our computations
on the NaCl(H,O), clusters confirm both the CIP and the
SSIP configurations to be local minima on the overall poten-
tial surface, whose geometries are shown in Figure 1, and
whose energies relative to the energy of the most stable

CIP-1C, CIP-2 G, SSIP-1G,,
. Clau : o) Clou% cl@ %“
‘ }(.; D ‘ = A = o g
. 4 E‘./'.' 4 o_@_l\ ° Q \
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Figure 1. Optimized geometries for the NaCl(H,O), cluster, whose ener-
gies versus the most stable CIP-1 isomer are listed in Table 1. The contact
ion pair CIP-2 and the solvent-separated ion pair SSIP are similar to the
structures studied by Jungwirth.®! The CIP-1, global minimum according
to the present study at both MP2 and BPW91 levels, can be obtained at
the BPW91/BS2 or BS3 levels by geometry relaxation of CIP-2.

CIP-1 isomer are listed in Table 1. The isomer with a larger
positive relative energy is less stable compared with the
CIP-1 isomer. A complete documentation of all levels of
theory used here is provided as Table S2 in the Supporting
Information.

In agreement with Jungwirth’s results* we found the
SSIP structure, which resembles Na*t and Cl~ ions separated
by a cyclic hydrogen-bonded water hexamer. However, we
found a configuration, denoted CIP-1, for the contact ion
pair that has a lower energy than Jungwirth’s CIP structure,
shown as CIP-2. In the CIP-2 structure, Na™ is buried within

Table 1. Energy of isomers relative to that of CIP-1 for NaCl(H,O), calculated with the Gaussian98 program
or VASP. The geometries are shown in Figure 1. (A complete documentation of all theory levels used is shown
in Table S2 of Supporting Information).!

pair (SSIP)) that depend on the
distance between the two com-
ponent ions. Recent ab initio

Level of theory Basis set

calculations suggest that the in- CIP-1

terionic distance between Na™ BSI1 CIP-2

and CI~ in the CIP and the po SSIP-1
SSIP structures of }\IaCI(HzO)(, BS2 gllz:;m
differ by nearly 2 AP In this SSIP-1
section, we investigate the CIP

and the SSIP structures of CIP-1

NaCl(H,0), further, both with BS1 gSIfI;Zl
the help of the Gaussian98 pro- BPW91 CIP-i

gram employing various levels BS3 CIP-2

of theory and different basis SSIP-1
sets, and with the VASP dy-

namics simulation package that VASP PW gg;

takes account of thermal ef- SSIP-1

fects.
In the Gaussian98 studies, we
constrained the CIP geometry
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Energy [kJmol '] Na—Cl
distance [A]
AE  AE,ape AH (298K, latm) AG (298K, 1 atm)

00 0.0 0.0 0.0 2.65
-93 -36 -7.3 8.6 2.64
—54 34 —2.1 16.1 425

00 0.0 0.0 0.0 2.65
194 204 14.1 33.0 2.68
—-1.5 124 4.3 29.6 438

00 0.0 0.0 0.0 2.78

32 8.0 4.5 18.8 2.82

—-149 -63 —-122 9.0 451

00 0.0 0.0 0.0 2.80

9.8 188 12.5 34.1 4.57

0.0 2.87
2.1 4.58

[a] BS1: H and O: 6-31G**, Cl: 6-31++G**, Na: 6-31G**; BS2: H and O: 6-31++G**, Cl: 6-314++G**, Na:
6-31G**; BS3: H and O: 6-3114+4+G**, Cl: 6-311+4+G**, Na: 6-311G**; PW = Planewave; E . = 262 eV.

[b] Two degenerate imaginary frequencies (—23.2 cm ™).
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a cyclic water hexamer, with the chloride anion sticking out
towards the cluster periphery. At the MP2/BS1 level (the
combination of the basis sets (BS) used for each atom is de-
fined in Table 1), CIP-2 is slightly more stable than the SSIP
(AE, azpc in Table 1; ZPC: zero-point correction); however,
this order reverses on using BS2, including diffuse basis
functions on H as well as O atoms. At the BPW91/BS2 or
BS3 level, CIP-2 cannot even be located, but it relaxes to
another contact ion pair structure CIP-1, the most stable
configuration for all levels of theory found in our study. In
the CIP-1 structure there is no water hexamer, instead, the
structure can be described as a NaCl contact ion pair solvat-
ed by three independent water dimers.

The energies of the structures optimized with the VASP
program are comparable to the results calculated by the
MP2/BS2 method with the Gaussian98 program (AE values
in Table 1), the best level of theory in the current studies.
The CIP-1 and the SSIP structures are almost isoenergetic
in the VASP results. CIP-2 is unstable at the VASP/set II
level (Table S2) and cannot even be located at the VASP/
set I level. Similar to the 1:1 complex shown in Table 1, the
use of a larger cutoff energy for the planewave basis set had
no significant effect on both the energies and structures of
the cluster isomers investigated (setI and setII listed in
Table S2). The smaller cutoff energy (setl with E¢ =
262 eV) for the planewave basis set is therefore used for all
the MD simulations.

In general, CIP-1 is more stable than SSIP when a larger
basis set (BS2 or BS3) is used (Table 1). When thermal ef-
fects at room temperature (AH—AE,pc) are taken into ac-
count, the stability of the SSIP versus the CIP-1 increases,
whereby AH is always smaller than AE,p.. However, en-
tropic effects (AG—AH), however, strongly favor the CIP-1
configuration, where the free energy (AG) of the CIP-1
structure is ~30 kJmol ! lower than that of the SSIP struc-
ture at both the MP2 and the BPW91 levels.

The structure of water clusters is highly fluxional owing to
the presence of numerous hydrogen bonds. This makes
AIMD studies particularly useful because they consider the
thermal atomic motions in the water clusters. We first car-
ried out AIMD simulations on NaCl(H,O), at a low temper-
ature of 100 K and starting from either the CIP or the SSIP
equilibrium geometry as the initial configuration. The aver-
age structures from the AIMD simulations are described by
radial distribution functions (RDF), g, g(R), as shown in
Figure 2.

Naw = [ g s(RpnRGR

where N, is an integration of the correlation-pair A-B
with respect to the distance A-B (R). The structures of CIP-
1 and SSIP (Figure 1) both remain stable during the 100 K
AIMD runs with the C; rotational symmetry remaining un-
changed. The average structures, described by the RDFs
shown in Figure 2, underline this finding. The average
Na--Cl distance for the CIP structure (Figure 2a) remains

Chem. Eur. J. 2006, 12, 6382—-6392
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Figure 2. Radial distribution functions (RDF), and curves of their inte-
gration, of a) Na—Cl pair; b) Na-O pair; and c) CI-H pair with the CIP
(-----) and the SSIP (—) as an initial structure of AIMD simulations at
100 K. Both the CIP and the SSIP are stable with a sharp RDF peak for
Na-Cl (a). The structures are similar to CIP-1 and SSIP shown in
Figure 1 with the Na*t and CI~ being solvated by 3 water molecules (b
and c). The solvent structure of the CIP is less rigid than that of the SSIP,
which can be clearly shown by the presence of a third RDF peak of the
CI-H pair for the CIP structure (c).

~2.8 A during the entire run (dashed curve) and near 4.6 A
for the SSIP run (solid curve). The Nat ion is directly sol-
vated by three water molecules in the first solvation shell
(Ryao = 2.3 A) and three water molecules in the second
solvation shell (Ry,.o = 3.7 A), as indicated by two distinct
maxima in the Na--O RDFs (Figure 2b). Finally, three of
the water molecules are directly hydrogen-bonded to the
Cl™ anion with a Cl-+-H distance of ~2 A, as shown in Fig-
ure 2c. It is interesting that the solvent structure of the SSIP
is more compact with all the other H atoms distributed at
the second RDF peak (Rq.y = 3.6 A), while a third RDF
peak (R¢.y = 4.8 A) appears for the CIP structure.

The quantum chemical calculations suggest that entropic
effects should favor the CIP configuration, and it is there-
fore of interest to study the solvation structures of the NaCl-
(H,O); cluster as a function of temperature. An AIMD sim-
ulation was carried out starting from the SSIP configuration
at a temperature of ~100 K, and the temperature was then
gradually raised to 300 K over a period of 10 ps. The gradual
change of temperature (solid line) and the fluctuation of the
Na-Cl distance (dashed line) are shown in Figure 3, and a

-
—\,-'\\I *\,,"\,\/\'\r'\\w/"b.""-\“nv""rk\\'/"'\,‘

Na—Cl distance/ A

t/ps

Figure 3. Fluctuation in the distances (-----) of the Na—Cl bond during
AIMD simulation on NaCl(H,0O), with the temperature (—) raised
gradually from 100 to 300 K. The SSIP is unstable at high temperature
and eventually converts to the CIP after 7 ps (7>200K). A movie in
mpeg format for the trajectory is available as Supporting Information.
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movie of the simulated trajectory is provided in the Sup-
porting Information. In agreement with the AG values from
quantum chemical calculations, the SSIP configuration be-
comes unstable and eventually converts to CIP as the tem-
perature increases.

In order to have a clear picture of the instability of the
SSIP with increasing temperature, the free energies of the
dissolution of Na--Cl in NaCI(H,O)¢ at temperatures of
100 K and 300 K were determined by a series of constrained
AIMD simulations, with the Na--Cl distance (Ry, ) defined
as the reaction coordinate. The Ry, ¢ distance was first held
fixed at 2.8 A, the equilibrium distance of Na-Cl in the CIP
configuration, and the average force along the Na--Cl bond
({(FNxa_c1)) during a constrained AIMD run was computed.
The Ry, distance was then changed from 2.5 At06.0A in
steps of 0.5 A. For each constrained Ry, g distance, a short
AIMD run of 0.5 ps was performed with the temperature of
every MD step scaled to the desired value, and then a con-
stant temperature simulation controlled by a Nosé-Hoover
thermostat was run with a simulation time of typically 4-
8 ps. The simulation was stopped when the standard error of
(Fyoc1) Was reduced to ~5 kJmol ' A, as determined by a
block averaging method with a correlation time of typically
0.5 ps. The computed (Fy, ¢;) as a function of the Ry, ¢ dis-
tance is shown in Figure 4a, where by definition, a negative
force corresponds to an attractive interaction.

The reaction free energies AGy,_ ¢ can then be roughly es-
timated by integration along the curves of (Fy, ¢) with re-
spect to Ry, 1, as shown in Figure 4b:

AGnya = /_<FNa—Cl>dRNa—Cl

The AGy, ¢ of a configuration at Ry, ¢ distance is the free
energy of which relative to that of the CIP configuration,
the shortest Ry, ¢ distance with (Fy, ;) equaling to zero.

Both the CIP and the SSIP structures are apparent at the
low temperature of 100 K, with the former being separated
by a very small, ~1 kJmol !, energy barrier from the deeper
SSIP minimum, some 13 kJmol™! lower in energy than the
CIP (solid line in Figure 4b). This situation completely
changes at the higher temperature of 300 K, where the CIP
structure becomes more stable, with the SSIP minimum dis-
appearing from the free energy profile (dashed line in Fig-
ure 4b). Similar temperature-dependence effects were also
observed in previous studies on an aqueous NaCl solutions
that used the classical molecular dynamics method. These
effects were attributed to the decreasing dielectric constant
with increasing temperature.®*>"! The effect is believed to be
more pronounced in a water cluster than in a bulk aqueous
solution because in a finite cluster with only six water mole-
cules, for example, the ionic dissolution of Na--Cl cannot
take full advantage of the large solvation entropy available
in a bulk aqueous solution.

Conversely, in the SSIP geometry, the water molecules
are instrumental in keeping the Na* and Cl~ ions apart. In
the larger amplitude atomic motions at higher temperatures,
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Figure 4. Constrained AIMD simulations at 300 K on NaCl(H,0), with
cluster sizes of n = 6, 10, and 14 with the Na—Cl distance treated as the
reaction coordinate. a) Average forces along the Na-Cl bond (Fy, ) as a
function of the constrained Na—Cl distance Ry, ¢, With negative forces in-
dicating attraction. Integration of (Fy, ;) along the Na—Cl distance gives
the free energy for NaCl dissolution: b) n = 6 at 100 and 300 K, and c) n
= 10 and 14 at 300 K.

the hydrogen bonds between the water molecules and the
ions are broken resulting in a collapse of the solvent struc-
ture of the SSIP and allowing the Na* and Cl~ ions to com-
bine to form the CIP with a less rigid solvent structure. Such
dynamic nuclear motion owing to the finite temperature
plays a significant role in ionic solvation in small water clus-
ters, and probably also in the solvation chemistry at the air/
aerosol interface.’ !

Ionic dissolution of NaCl in NaCl(H,0),, n = 10 and 14, at
a temperature of 300 K: Similar to the n = 6 cluster, the
free-energy profiles for the dissolution of NaCl in the larger
clusters with n = 10 and 14, NaCI(H,0), at a temperature
of 300 K were determined by constrained AIMD simula-
tions, as shown in Figure 4c. The equilibrium Na--Cl dis-
tance of the CIP configuration, ~2.8 A according to the cur-
rent AIMD simulations, is essentially independent of cluster
size, and very close to the 2.82 A determined by X-ray dif-
fraction experiments in a concentrated solution,! or to the
values determined by theoretical methods that lie between
2.6 and 3.0 A, depending on the specific method and model
potential F234+38338 Ag expected, the free-energy profiles
for n = 10 and 14 are significantly changed compared with

Chem. Eur. J. 2006, 12, 6382—-6392
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the curve for n = 6 in Figure 4b. In the n = 10 run, the
curve (Figure 4c, dotted line) is flattened, with the free
energy remaining below 5 kImol ' over the Na--Cl distance
range between 2.8 and 4.0 A, and there is just a hint of a
second local minimum at a Na-Cl distance of ~3.8 A,
barely 1 A longer than in the CIP structure. In the simula-
tion for n = 14, the flattened section of the free-energy pro-
file is further broadened, and two distinct minima corre-
sponding to the CIP and SSIP geometries are clearly identi-
fiable.

In the first step of the ionic dissolution of NaCl in a water
cluster of n = 14, the CIP has to surmount a low barrier of
~8kJmol ™' at a Na--Cl distance of 3.9 A, before it reaches
a second, SSIP minimum at a Na--Cl distance of 4.5 A. This
secondary SSIP minimum has a free energy of ~5 kJmol ™'
higher than that of the CIP structure, with the Na--Cl dis-
tance of the SSIP structure being already much closer to the
bulk aqueous solution value of approximately 5 A.1?23+3.3]
On the basis of an error of (Fy, o) (£5kJmol 'A™") and
the incremental value of Ry, ¢, typically 0.5 A, the uncer-
tainty of the free-energy difference is estimated to be
+3 kJmol ™!, which will not have a qualitative effect on the
overall free-energy profile. However, in the relatively flat
section of the free-energy surface around the SSIP mini-
mum, the position of the stationary point cannot be deter-
mined with a high accuracy.

SSIP and CIP of AgCl(H,0), and NaCl(H,0), (n = 6, 10,
and 14) at a temperature of 300 K: To address the central
topic of this paper—a comparison between the highly solu-
ble NaCl and AgCl, one of the most insoluble salts—we
have now similarly examined the dissolution of AgCl. The
main results are summarized in Figure 5. As in the case of
NaCl, the free-energy profiles for the ionic dissolution of
AgCl in AgCl(H,0), clusters with sizes of n = 6, 10, and
14, were again explored by constrained AIMD simulations
at a temperature of 300 K, with average force errors (Fy, o)
of ~10 kJmol ' A~! along the Ag--Cl bond. Figure 5a shows
the (Fa, ), with the CIP with zero force at a distance of
~235A, fairly close to the gas-phase Ag—Cl bond length of
2.281 A It is interesting to compare this with the result of
sodium chloride, where the CIP configuration Na—Cl dis-
tance in NaCl(H,0), clusters, approximately 2.8 A, is signifi-
cantly longer than the gas-phase value of the Na—Cl bond
length, 2.361 A Clearly, the more covalent AgCl is less
strongly affected by the water molecules than the more
polar NaCl.

In agreement with the macroscopic solvation behavior—
the solubility of AgCl is roughly 10" times lower than that
of NaCl—the attractive forces between Ag* and ClI in the
AgCl(H,0), clusters (Figure 5a) are much stronger than
those between Na* and Cl~ in NaCl(H,0),. The dominant
factor governing the solubility difference between NaCl and
AgCl in aqueous solution is the ionic dissociation energy of
the Na-Cl and the Ag—Cl bonds, as can easily be shown
using appropriate Born-Haber cycles for their dissolution
processes.””! From Figure 5b, it is evident that, in the first
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Figure 5. Constrained AIMD simulations at 300 K on AgCIl(H,0), with
cluster sizes of n = 6, 10, and 14 with the Ag—Cl distance treated as the
reaction coordinate. a) Average forces along the Ag—Cl bond (Fj, ) as a
function of the constrained Ag—Cl distance R4, ¢, With negative force in-
dicating attraction. b) Integration of (Fy, ) gives the free energy profile
for Ag—Cl dissolution. The attractive force and free energy are both sig-
nificantly larger than in the case of NaCl in Figure 4.

step of the ionic dissolution of AgCl, the separation of the
Ag™* and CI™ ions would have to overcome a significant bar-
rier in the 2.3 to 3.5 A separation range. The interionic at-
traction of AgCl in this region is much stronger than that of
NaCl, which leads to a steep increase in the free energy for
the dissolution of AgCl to more than 100 kJmol™' (Fig-
ure 5b), compared with only 10kJmol™! for NaCl (Fig-
ure 4c). In agreement with very recent DFT studies,”®” the
AgCl CIP is much more stable than AgCl SSIP in water
clusters, and the dynamics of nuclear motions included in
our work further destabilize the AgCl SSIP configuration.
Beyond the 3.5 A interionic distance, the forces along the
dissolution coordinate for both NaCl(H,0), and AgCl-
(H,0), are more comparable.

From first-year chemistry, we know that the highly soluble
NaCl is easily ionized in aqueous solutions, with the Na*
and CI ions well solvated and stabilized by the solvent mol-
ecules. Our calculations also show that the dissolution of a
CIP to form a SSIP requires much less energy for NaCl than
for AgCl in water clusters. In order to explore in more
detail such solubility difference of NaCl and AgCl in water
clusters, the stability of the SSIP configuration in NaCl-
(H,0), and AgCI(H,0), were examined for cluster sizes of
n = 6, 10, and 14 at a temperature of 300 K by means of
the constraint-free AIMD method. For NaCl(H,0),,, each of
the AIMD simulations was started from the SSIP initial con-
figuration, with the Na--Cl distance longer than 4.5 A, and
the cluster was thermally equilibrated in 500 steps before
the Nosé-Hoover thermostat was activated. The simulation
then ran for 5ps. The stability of the SSIP can then be
monitored by following the fluctuations of the Na--Cl dis-
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tance along the AIMD trajectories, as shown in Figure 6a.
As expected from the calculated free-energy profile of the
ionic dissolution of NaCl in NaCl(H,O), (dashed line in Fig-

Na—Cl distance / A

Ag—Cl distance / A

t/ps

Figure 6. Fluctuation of the interionic distance during AIMD simulations
at 300 K. a) On NaCl(H,0), with n = 6 (—), 10 (-----), and 14 (++++),
starting from an initial geometry with a Na-Cl distance longer than
45 A. b) On AgCI(H,0), with n = 6 (—), 10 (-----), and 14 (-++++),
starting from an initial geometry with an Ag—Cl distance longer than
4.0 A. For NaCI(H,0),, the stability of the SSIP configuration increases
with increasing cluster size. For AgCI(H,0),, “precipitation” immediately
takes place for all the cluster sizes studied. Movies in mpeg format for
the trajectories of both NaCl(H,0),, and AgCl(H,0),, clusters are pro-
vided as Supporting Information.

ure 4b), the SSIP structure of n = 6 is not stable and “pre-
cipitates” during the simulation rapidly to form the CIP at
an Na--Cl distance of ~2.8 A (solid curve in Figure 6a), the
reverse process of the ionic dissolution studied by the above
constrained dynamics simulations. The SSIP structure of
n = 10 is relatively stable; however, the geometry intermit-
tently changes to CIP. Finally, in the n = 14 simulation, the
SSIP structure remains stable over the entire 5 ps of the sim-
ulation.

Similar to NaCl(H,0),, we have also performed con-
straint-free AIMD simulations for AgCI(H,0), clusters with
sizes of n = 6, 10, and 14. Starting from a SSIP initial struc-
ture and an Ag--Cl distance of 4.5 A, the cluster was ther-
mally equilibrated in 500 steps before the Nosé—Hoover
thermostat was activated. Actually, as discussed before, the
SSIP configuration for AgCIl(H,0), does not really exist in
the finite clusters as a local minimum on the free energy
profile. However, for the convenience of the present discus-
sion, we will still refer to Ag*/Cl~ as SSIP when the Ag—Cl
separation is greater than ~3.5 A, where the free energy
profile reaches a plateau. As expected, the SSIP configura-
tion is unstable, and a rapid “precipitation” takes place
during the AIMD run for all sizes studied to yield the CIP
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configuration, as clearly shown in Figure 6b. The rapid pre-
cipitation of the SSIP of AgCl(H,0),,, comparing with the
stable SSIP of NaCl(H,0),,, in the 5 ps AIMD simulation at
300 K can also be seen in the movies of the trajectories,
available as Supporting Information.

Solvation structures of NaCl(H,0), and AgCI(H,0),: The
dissolution of the NaCl and AgCl molecules and the solva-
tion energies are also strongly affected by differences in the
CIP and SSIP geometries in the NaCl(H,0), and AgCl-
(H,0), clusters. One useful way to describe a solvated ion
or molecule is to use the coordination number, which is the
number of solvent molecules in the first solvation shell that
are in direct contact with the ions. Obviously, in a fluxional
water cluster assigning the solvent molecules to the first sol-
vation shell is somewhat arbitrary; however, for the purpose
of the present discussion we consider a water molecule to be
in the first solvation shell if its distance from the corre-
sponding ion is less than the minimum beyond the first peak
on the respective radial distribution function (RDF).

The RDFs for Na--O, Ag--O, and Cl---H pairs of the CIP
configurations in clusters n = 6, 10, and 14, obtained from
the above constrained AIMD simulations (Na—Cl = 2.8 A
and Ag-Cl = 2.35 A), are shown in Figure 7. The coordina-
tion number of Na in the CIP for all studied cluster sizes is
about 3, which can be seen by integrating the first peak of
the Na--O RDF curve (~2.3 A, Figure 7a). Interestingly,

RDF of Na-O pair gna-o( R) and Ag-O pair gago(R)
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Figure 7. Radial distribution functions (RDF) of CIP structures with n =
6 (—), 10 (-----), and 14 (s+-++), and curves of their integration, of
a) Na-O and b) CI-H for NaCl(H,0),; of ¢) Ag-O and d) CI-H pairs for
AgCI(H,0),; taken from constrained AIMD simulations at 300 K (Fig-
ures 5 and 6). The coordination number (CN) of Na (~3) is higher than
that of Ag (=1) and the CN of Cl in NaCl(H,0), (=&3) is also higher
than that in AgCl(H,0), (=2), which indicates that the water molecules
interact more strongly with NaCl CIP than with AgCl CIP.

Ag---O distance R/ A

RDF of Cl-H pair geun(R)

471:Fv’2g ci-H(R)

o v,

Cl--H distance R/ A

Cl--H distance R/ A

Chem. Eur. J. 2006, 12, 6382—-6392


www.chemeurj.org

Tonic Dissolution and Precipitation

the coordination number of Ag obtained by integrating the
first peak of the Ag--O RDF (=x2.2 A, Figure 7c) is only
one, reflecting the formation of a quasilinear, hydrated
H,0-Ag-Cl complex. From the first RDF peak of Cl--H
(~2.1 A, Figure 7b and d), the coordination number of CI
for NaCl is ~3, which is also higher than the value of ~2
for AgCl. The higher coordination number of NaCl is again
in agreement with the fact that NaCl interacts more strongly
with water molecules.

Intuitively, one must expect the coordination number to
change during the dissolution process. The initial coordina-
tion number depends on the structure of the CIP, and as the
distance between the ions increases, additional water mole-
cules penetrate the area between them, and may enter the
first solvation shell, increasing the coordination number.
The mean coordination numbers during the constrained dy-
namic runs and their change along the reaction coordinate
as the interionic distance is increased are shown for NaCl
and AgCl in the n = 6, 10 and 14 clusters in Figure 8. For

_ 6 _6
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Figure 8. Mean coordination numbers during the constrained AIMD sim-
ulations for NaCl(H,0), and AgCI(H,0), for n = 6 (o), 10 (»), and 14
(0), and their change along the reaction coordinate as the interionic dis-
tance is increased. The coordination numbers of NaCl are generally
higher than those of AgCl.

most cluster sizes, the coordination number initially increas-
es as the salt molecule dissociates and the distance between
the ions grows. The decrease, which most curves show near
the maximum distance, is easily understandable: the ions
must eventually approach the surface of the finite clusters.
For NaCl(H,0),, the coordination number of Na* starts
close to three for the CIP configuration, at a Na--Cl dis-
tance of 2.8 A, and it gradually increases to about four at a
Na--Cl distance above 4.5 A. For AgCI(H,0),, in spite of
the higher solvation energy of Ag* compared with Na*t [
the coordination number of Ag* starts close to one for the
CIP configuration, at a Ag--Cl distance of 2.35 A, and it in-
creases for both the n = 6 and 10 clusters to about two at
longer interionic separations. Only for the largest cluster
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studied, n = 14, the coordination number gradually increas-
es to nearly four at large separations. This behavior reflects
the delicate interplay between the propensity of Ag* to un-
dergo two-fold linear coordination, and the necessity to inte-
grate such a complex into a hydrogen-bonded network.’®
Such two-fold linear coordination of Ag*, H,0-Ag-Cl,
which is attributed to sd hybridization of Ag*,**% is further
characterized by the orientation of the water ligands in the
first shell of Ag™ (Figure S1 in the Supporting Information).
The sd-hybridized orbital generates a hole of reduced elec-
tronic charge along the z axis.*** A lone pair of a water
molecule interacts with that hole and another lone pair of
the water molecule can form hydrogen bond to the water
cluster. For Na*, the cationic charge is spherically distribut-
ed, so that both lone pairs of a water molecule can interact
with the Na®, so that Na* may have a higher coordination
number than Agt.

Figures 9 (NaCl) and 10 (AgCl) show typical geometries
that have been taken from a snapshot near the end of the
constrained AIMD run at the respective distance. The NaCl
CIP is internally solvated by the water cluster for all cluster
sizes. On the other hand, the AgCl CIP is weakly solvated
at the surface of the water clusters. Similar surface-solvated
structures were suggested for Nal(H,O), clusters with the
Nal CIP being dominant even in a large cluster size of
50 water molecules.”) While the Na*/Cl~ SSIP structures

CIP ssip
Na—Cl=2.8A Na—Cl=45A
a n=6 1
[ T J’J \
Q h
i N '—"6.':.
| Cle— "
‘e oNa ' Na
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HB =0.77

HB =1.05

Figure 9. Structures of NaCl(H,0),, n = 6, 10 and 14, with the Na—Cl
distance fixed at 2.8 A and 4.5 A. The structures are taken from a snap-
shot near the end of the constrained AIMD run at the respective dis-
tance. NaCl is internally solvated for both the CIP and the SSIP configu-
rations. The number of hydrogen bonds (H--O) per water molecule (HB)
is the average obtained from the AIMD run, where a hydrogen bond is
counted when O-H lies between 1.2 A and 2.0 A.
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Figure 10. Structures of AgCl(H,0),, n = 6, 10 and 14, with the Ag-Cl
distance fixed at 2.35 and 4.0 A. The structures are taken from a snapshot
near the end of the constrained AIMD run at the respective distance.
AgCl is solvated at the surface for the CIP configuration and reluctantly
changes to internal solvation for the SSIP configuration. The number of
hydrogen bonds (H:-O) per water molecule (HB) is the average obtained
from the AIMD run, where a hydrogen bond is counted when O--H lies
between 1.2 and 2.0 A.

are again internally solvated, the Ag*/Cl~ SSIP structures
for n = 6 and 10 are still weakly solvated on the cluster sur-
face, and an internally solvated structure reluctantly forms
only for the n = 14 cluster.

The AgCl CIP is weakly solvated at the surface of a water
cluster, while the NaCl CIP is internally solvated, probably
because the less polar AgCl (6.07 D) is less hydrophilic than
the more polar NaCl (8.97 D). In addition, the more polariz-
able AgCl probably has a higher propensity than the less
polarizable NaCl to stay on the surface of a water cluster, a
similar effect to the previously described enrichment of
halide ions on the surface of water droplets.**”) This is in
agreement with the estimated average number of hydrogen
bonds H--O per water molecule (HB), where a hydrogen
bond is counted when an O--H distance Rg.yx is 1.2<
Ro.n<2.0 A. In all cases, the HB of AgCI(H,0), is larger
than that of the corresponding NaCl(H,0),, both for the
CIP and the SSIP structure. It seems that AgCl has a re-
duced hydrophilicity, although it is not hydrophobic, so that
water molecules prefer to interact with each other and do
not solvate AgCl efficiently. This may accelerate precipita-
tion reactions in the bulk and lead to the rapid precipitation
of AgCl in aqueous solutions.
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The major difference between NaCl and AgCl in their sol-
vation structure is that NaCl is always well solvated inside
the water clusters, while the dissolution of AgCl requires a
significant reorganization of the solvent structure in order to
convert the surface-solvated CIP configuration to an inter-
nally solvated SSIP. This solvent reorganization is a complex
process, which is of fundamental importance for a micro-
scopic understanding of ion solvation.

Summary

The free energy of ionic dissolution of NaCl and AgCl in
NaCl(H,0), and AgCI(H,0),, respectively, and their solva-
tion structures at cluster sizes of n = 6, 10, and 14, have
been studied by AIMD simulations. A detailed study of
NaCl(H,0), revealed that the minimum cluster size needed
to stabilize both the CIP and SSIP configurations are tem-
perature-dependent. Both the CIP and the SSIP of NaCl-
(H,O)4 are apparent at a low temperature of 100 K, while
the SSIP is unstable at a high temperature of 300 K. At the
higher temperature, the hydrogen bonds rearrange more
readily so that the more rigid solvent structure of the SSIP
can collapse and allow the Nat and CI™ ions to combine
and form the CIP with a less rigid solvent structure. Chemi-
cal intuition attributes higher entropy to the SSIP than to
the CIP structure. The calculations, however, show that a
highly ordered arrangement of water molecules is necessary
in gas-phase clusters to stabilize the SSIP, which actually
leads to a lower entropy than that of the CIP structure. Sim-
ilar arguments may apply to highly concentrated or saturat-
ed salt solutions.

The Na—Cl distance of 2.8 A for the CIP configuration is
nearly independent of the cluster size. In agreement with
the high solubility in bulk solution, the SSIP becomes more
stable with increasing cluster size, as indicated by the clearly
identifiable local minima on the free-energy surface at
Na-Cl distances of 3.8 and 4.5 A for n = 10 and 14, respec-
tively.

The interionic attraction of AgCl is much stronger than
that of NaCl for all cluster sizes studied, and the free energy
for the ionic dissolution of AgCl rises steeply to more than
100 kJmol™', compared to only 10 kImol™" for NaCl. The
large difference in ionic dissociation energies results in an
equally large difference in solvation structures between
NaCl(H,0), and AgCI(H,0),. NaCl is strongly internally
solvated by the water cluster both for the CIP and SSIP con-
figurations, while the AgCl CIP is solvated at the surface of
the water clusters because of the weaker AgCl-water inter-
action. The ionic dissolution of AgCl therefore requires a
significant rearrangement of the solvent structure in AgCl-
(H,0),. The less hydrophilic properties of AgCl may con-
tribute to the rapid precipitation of AgCl from aqueous sol-
utions.
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