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To understand the initial hydration processes of CaCl2, we performed molecular simulations employ-
ing the force field based on the theory of electronic continuum correction with rescaling. Integrated
tempering sampling molecular dynamics were combined with ab initio calculations to overcome
the sampling challenge in cluster structure search and refinement. The calculated vertical detachment
energies of CaCl2(H2O)n

− (n = 0–8) were compared with the values obtained from photoelectron spec-
tra, and consistency was found between the experiment and computation. Separation of the Cl−−Ca
ion pair is investigated in CaCl2(H2O)n

− anions, where the first Ca−−Cl ionic bond required 4 water
molecules, and both Ca−−Cl bonds are broken when the number of water molecules is larger than 7. For
neutral CaCl2(H2O)n clusters, breaking of the first Ca−−Cl bond starts at n = 5, and 8 water molecules
are not enough to separate the two ion pairs. Comparing with the observations on magnesium chloride,
it shows that separating one ion pair in CaCl2(H2O)n requires fewer water molecules than those for
MgCl2(H2O)n. Coincidentally, the solubility of calcium chloride is higher than that of magnesium
chloride in bulk solutions. Published by AIP Publishing. https://doi.org/10.1063/1.5024279

I. INTRODUCTION

The salt effects of the Hofmeister series affect chemi-
cal and biological systems in many ways.1–3 For example,
dynamical properties of both water and water/air surface ten-
sion are influenced by salts.4–6 Although salts play diverse
roles in many different and complex systems, functions of
salts need to be understood in a more fundamental way of
water-ion interaction. Dissolution of salts is a fundamental
process in chemistry to understand water-ion interaction, and
many efforts have been made to study the solvation process
of salts in water both experimentally and theoretically.7–16

Measuring solubility of salts in bulk can be readily done,
but investigation of ion-ion and ion-water interactions on
a molecular level is difficult. Salt-water clusters serve as
an important model system to investigate water-ion interac-
tion at the atomic level,17–20 including the water molecule
arrangement in the first solvation shell and the ion pair
evolution.

Ions have two typical structures, solvent-separated ion
pairs (SSIPs) and contact ion pairs (CIPs). In forming SSIPs,
the anion and cation are separated by the solvent molecules.
Otherwise, the anion and cation interact with each other
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directly through electrostatic interaction without interference
from solvents and form CIPs. In some bulk solution stud-
ies, solvent-separated ion pairs (SSIPs) and solvent-shared
(SIPs) can be distinguished. However, in clusters within ten
water molecules, the concept of SSIPs and SIPs is the same
or not differentiated too much, due to the limited number
of water molecules. Furthermore, we emphasized the sepa-
ration of ion pairing by water, and the concept and term of
sharing is not mentioned in this study. So we use CIPs and
SSIPs here also for being consistent with the previous stud-
ies.21,22 Solvent molecules can significantly affect the ionic
bond of salts, so the electronic state of a CIP would be differ-
ent from that of a SSIP. Therefore, one interesting question is
to see how many water molecules are needed to separate ionic
pairs.23

A reliable approach for studying the evolution of CIP to
SSIP structures in solvation is to probe the change of salt elec-
tronic state with the increasing number of solvent molecules
using anion photoelectron spectroscopy combined with the-
oretical calculations. Alkali halides have been extensively
studied using this approach; for example, microsolvation pro-
cesses in the first stage of LiI and CsI dissolution have been
investigated by using photoelectron spectroscopy and ab initio
calculations.22 Step by step emergence of SSIP of the NaCl
ion pair was observed in salt water clusters, and the energy
degeneration of cluster structures in NaCl(H2O)n implies the
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coexistence of CIP and SSIP in saturated NaCl solution.25

Nevertheless, alkaline earth metal halides are not well-studied,
one of the reasons is the difficulties of their accurate force field
description.

Calcium chloride is extensively used in industry, agricul-
ture, nutrition, and medicine. For example, calcium chloride is
the major ingredient of construction and building materials26

and deicing agents.27 In polymer science, calcium chloride
affects electrodialysis28 and functions of microencapsulation
materials.29 Besides applications in industry, calcium ions play
crucial roles in human physiological signaling,30 including
neurotransmitter release31 and muscle contraction32 and in
activation of enzymes and hormones.33 In medical applica-
tions, calcium chloride works as infusions in pediatric patients
with low cardiac output.34 Because of its importance in both
biological and technological contexts, calcium chloride has
been subject to various theoretical35–37 and experimental38–42

studies. While calcium is the most common dications, the
micro-solvation of this ion has not been precisely studied com-
pared to monovalent ions like alkali metal ions. The main rea-
son is that the accurate force field description of a calcium ion
within classical molecular dynamics (MD) simulations is not
well established due to its ionic polarizability.43–46 Calcium
cation can strongly polarize surrounding water molecules,47 so
capturing the complex features of calcium is rather challeng-
ing in typical nonpolarizable MD simulations. One approach
to handle this effect for calcium and magnesium is to dis-
tribute the charges and the van der Waals centers to mul-
tiple sites represented by dummy atoms.43 Recently, it has
been shown that polarization can be effectively accounted
for within nonpolarizable simulations via rescaling ionic
charges.48 We make use of this latter approach in this paper
for the classical force field simulations of the CaCl2(H2O)n

clusters.
Besides the requirement of the accuracy of the classical

molecular force field description of calcium ion, configura-
tion sampling of relatively large size clusters poses another
challenge. Because of many local minima that may exist on
the potential energy surface separated by high energy barri-
ers, the thorough sampling of the configuration space of the
clusters is difficult. In the current study, we used integrated
tempering sampling (ITS) molecular dynamics49 to increase
the sampling efficiency and to search for structures with low
potential energies.

In this article, we combine photoelectron spectroscopy
with computations in which both the classical force field and
ab initio methods are applied to study calcium chloride. This
paper is organized as follows: in Sec. II, we describe the details
of the mass selected anion photoelectron spectroscopy experi-
ments. Then we illustrate the approach for effectively account-
ing for polarization effects via ionic charge rescaling. Finally,
we briefly introduce the integrated tempering sampling (ITS)
sampling method and the details of the ab initio calculations.
The results of photoelectron spectroscopy of CaCl2(H2O)n

−

are presented in Sec. III, which are then compared to theoret-
ical results. In Sec. IV, we examine the structure of typical
anion clusters and their neutral counterparts and discuss the
evolution of Ca−−Cl distances in CaCl2(H2O)n clusters as the
cluster size increases.

II. EXPERIMENTAL AND THEORETICAL
METHODOLOGIES
A. Experimental methods

Experiments were conducted on a home-made appara-
tus consisting of a laser vaporization source, a time-of-flight
mass spectrometer, and a magnetic-bottle photoelectron spec-
trometer, as described elsewhere.21 CaCl2(H2O)n

− clusters
were generated in the laser vaporization source, in which a
rotating and translating CaCl2 target was ablated with sec-
ond harmonic (532 nm) light pulses from a nanosecond
Nd:YAG laser (Continuum Surelite II-10). Helium carrier
gas at ∼0.4 MPa backing pressure seeded with water vapor
was allowed to expand through a pulsed valve to provide
water molecules for the formation of CaCl2(H2O)n

− clus-
ters. The formed clusters were mass-analyzed using time-of-
flight mass spectrometry. The most abundant isotopologues in
the CaCl2(H2O)0-8

− clusters were mass-selected and decel-
erated before being photodetached by photons at 532 nm
from another nanosecond Nd:YAG laser (Continuum Sure-
lite II-10). The resulting electrons were energy-analyzed using
the magnetic-bottle photoelectron spectrometer. The photo-
electron spectra were calibrated with the spectra of Cs− and
Bi− taken under similar conditions. Typical instrumental res-
olution was ∼40 meV for electrons with kinetic energies
of 1 eV.

B. Theoretical methodology and simulation details

Briefly, it has been shown that polarization can be effec-
tively accounted for within nonpolarizable simulations via
rescaling ionic charges by multiplying atomic partial charges
by a coefficient and, at the same time, readjusting the van
der Waals parameters.48,50,51 This method is called electronic
continuum correction with rescaling (ECCR) which leads to
significant improvements in the description of calcium ions. In
this study, we used the charge rescaled force field developed
by Jungwirth et al.,52 in which they provided a calcium model
that could be reliably used in simulations of aqueous solutions
of calcium ions in various aqueous and biological applica-
tions.53,54 The force field format we used is based on a pairwise
additive potential that includes a Coulombic treatment of elec-
trostatic interaction and a Lennard-Jones (LJ) representation
of van der Waals interaction. In this formulation, the poten-
tial energy (Eij) between any pair of non-bonded atoms (i and
j) in a system composed of ions and water molecules is usu-
ally expressed as the sum of the van der Waals interaction
energy Evdw and the Coulombic interaction energy ECoulombic,
namely,

Eij = 4εij



(
σij

rij

)12

−

(
σij

rij

)6
+ λiλj

qiqj

4πε0rij
.

In the above equation, rij is the distance between the two atoms;
qi and qj are the point charges of the atoms; ε0 is the permittiv-
ity of vacuum; λi and λj describe the Coulombic polarizable
effect of atoms; and σij and εij are the distance at which the
inter-particle potential is zero and the well depth of the LJ
potential, respectively. Lorentz−Berthelot combination rules55

were used to describe the van der Waals interaction between
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two different kinds of atoms. The force field parameters are
taken from the previous description of calcium.52

Integrated tempering sampling (ITS) molecular dynam-
ics simulation using the AMBER12 suite of program56 was
performed for each of CaCl2(H2O)n

−/0(n = 0–8) clusters. Hun-
dreds of different low-energy configurations were obtained
from the 100 ns-long simulated trajectories. The sampled
structures were then optimized using the steepest descent and
the conjugate gradient algorithms. After molecular dynamics
calculations using the ECCR force field, optimized low-energy
structures of CaCl2(H2O)n

−(n = 0–8) clusters and their neu-
tral counterparts were re-optimized with density functional
theory employing the ωB97XD functional57 implemented in
the Gaussian09 program package. Pople-type basis set 6-
311++G(d,p)58 was used for all atoms. For all clusters, the
harmonic frequencies were calculated to confirm that the
obtained structures are real local minima and to estimate
the zero-point vibrational energies. Finally the single point
energies of the anionic and neutral clusters with n = 0–8
were also calculated by employing coupled-cluster theory,
including single, double, and non-iterative triple excitations
[CCSD(T)]59 based on structures optimized at theωB97XD/6-
311++G(d,p) level. Natural population analysis (NPA) was
performed.60

III. EXPERIMENTAL RESULTS

The photoelectron spectra of CaCl2(H2O)n
− (n = 0–8)

clusters were recorded with photons at 532 nm, as shown
in Fig. 1. The vertical detachment energies (VDEs) of these
clusters were measured from the peak apex of the correspond-
ing spectrum, while adiabatic detachment energies (ADEs)
were estimated by adding the instrument resolution to the
electron binding energy (EBE) at the crossing point of the
leading edges of the first peak and baseline. The VDEs and

FIG. 1. Photoelectron spectra of CaCl2(H2O)n
− (n = 0–8) recorded with

532 nm photons.

TABLE I. Low energy isomers of CaCl2(H2O)n
� (n = 0–8) and a comparison

of theoretical VDEs and ADEs with experimental values. ∆E, VDE, and ADE
were obtained at the CCSD(T)//ωB97XD/6-311++G(d,p) level, and ∆E and
ADE were corrected using zero-point energies calculated at the ωB97XD/
6-311++G(d,p) level. The uncertainties of the experimental VDEs and ADEs
are ±0.08 eV.

Theoretical Experimental

n Isomer ∆E (eV) VDE (eV) ADE (eV) VDE (eV) ADE (eV)

0 0a 0.000 1.35 1.12 1.28 1.08
1 1a 0.000 0.84 0.71 1.06 0.80

1b 0.007 1.22 0.70
1c 0.182 1.73 0.52

2 2a 0.000 0.96 0.56 0.98 0.64
2b 0.033 1.00 0.53
2c 0.092 0.72 0.47

3 3a 0.000 0.95 0.28 0.92 0.58
3b 0.058 0.63 0.35
3c 0.128 0.80 0.21
3d 0.203 1.00 0.35

4 4a 0.000 0.82 0.40 0.84 0.50
4b 0.009 0.92 0.31
4c 0.047 0.78 0.20
4d 0.064 0.83 0.44

5 5a 0.000 0.94 0.94 0.87 0.50
5b 0.013 1.03 0.71
5c 0.018 0.78 0.32
5d 0.018 0.71 0.78

6 6a 0.000 0.85 0.39 0.96 0.52
6b 0.017 0.89 0.37
6c 0.048 1.09 0.44
6d 0.052 1.08 0.49

7 7a 0.000 0.94 0.38 0.91 0.64
7b 0.005 0.98 0.35
7c 0.043 1.09 0.41
7d 0.048 1.31 0.50

8 8a 0.000 1.14 0.38 0.93 0.60
8b 0.012 0.95 0.39
8c 0.013 1.04 0.56
8d 0.076 0.93 0.50

ADEs determined are summarized in Table I. Each spectrum
shows only one dominant broad peak. When the number of
water molecules equals 0–4, the main peaks in the spectra of
CaCl2(H2O)n

− shift steadily from 1.30 eV to 0.84 eV, decreas-
ing with the addition of every single water molecule to the
cluster. Then, the peak position increases slightly from 0.84 eV
to 0.93 eV when the number of water molecules increases from
4 to 8.

IV. THEORETICAL RESULTS AND DISCUSSION

We found a rather large number of low-lying isomers
of CaCl2(H2O)n

−/0 clusters by theoretical calculations, which
is consistent with the broad photoelectron spectral features
of these clusters observed in the experiments, as multiple
isomers might contribute to the experimental spectra. Typ-
ical low-lying energy isomers of CaCl2(H2O)n

− (n = 0–5)
clusters and their neutral counterparts are shown in Figs. 2
and 3, respectively. The calculated relative energies, VDEs,
and ADEs of CaCl2(H2O)n

− (n = 0–8) are listed in Table I,
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FIG. 2. Typical low-lying isomers of CaCl2 (H2O)n
−

(n = 0–5). The relative energies were calculated at the
CCSD(T)//ωB97XD/6-311++G-(d,p) level of theory and
are corrected by the zero point energies calculated at
theωB97XD/6-311++G(d,p) level. The yellow and green
balls stand for the Ca and Cl atoms, respectively.

along with experimental VDEs and ADEs for comparison.
The table shows that the theoretical VDEs of the most sta-
ble isomers of CaCl2(H2O)n

− are in reasonable agreement
with the experimental values, indicating that these isomers,
found by theoretical calculations, are likely the ones detected
in the experiments. In the following discussions, we exam-
ined the structures of CaCl2(H2O)n

− and their corresponding
neutral counterparts in more detail in order to reveal their
structural evolution with the increase of the number of water
molecules.

As shown in Fig. 2, bare CaCl2− anion (0a) has a bent
structure with the ∠ClCaCl angle of 123◦ and Ca−−Cl bond
lengths of about 2.56 Å. The theoretical VDE of CaCl2−

anion (1.35 eV) is in good agreement with the experimen-
tal value (1.30 eV). Unlike the bent structure of CaCl2−

anion, neutral CaCl2 (0a′ in Fig. 3) has an almost linear
structure with ∠ClCaCl = 173◦ and Ca−−Cl bond lengths of
2.47 Å. Namely, the ∠ClCaCl angle in neutral CaCl2 is larger

and the Ca−−Cl bonds are shorter than those in the corre-
sponding anion. Similar features are observed in the larger
clusters.

Three low-lying isomers for CaCl2(H2O)− were obtained
from the structure optimization, and the structures are shown
in Fig. 2, in which H2O and CaCl2− are arranged to be head-
to-head (1a), parallel (1b), and tail-to-tail (1c), respectively.
Isomer 1a has a head-to-head quasi-planar structure formed
by H2O and CaCl2− via the Ca−−O interaction. In isomer 1b,
H2O connects to CaCl2− via one Ca−−O interaction and two
OH···Cl hydrogen bonds, in which the HOH plane is parallel
to the ClCaCl plane. Isomer 1c has a planar structure with H2O
and CaCl2− interacting through two OH···Cl hydrogen bonds,
which is in reverse to 1a and forms a tail-to-tail structure. The
∠ClCaCl angles in isomer 1a, 1b, and 1c are 125◦, 112◦, and
111◦, respectively. In addition, isomers 1b and 1c are higher in
energy than 1a by 0.007 and 0.182 eV, respectively. As for the
neutral CaCl2(H2O), after optimization, all initial structures
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FIG. 3. Typical low-lying isomers of CaCl2 (H2O)n
(n = 0–5). The relative energies were calculated at the
CCSD(T)//ωB97XD/6-311++G-(d,p) level of theory and
are corrected by the zero point energies calculated at
theωB97XD/6-311++G(d,p) level. The yellow and green
balls stand for the Ca and Cl atoms, respectively.

converge to the head-to-head structure with the oxygen atom
of H2O interacting with the Ca ion (1a′). A larger ∠ClCaCl
angle of 172◦ than that of the anion counterpart is found. As
shown in Table II, both of the Ca−−Cl bond lengths are 2.51 Å.
Compared to the anionic counterpart, the CaCl2(H2O) cluster
has a much larger ∠ClCaCl angle and shorter Ca−−Cl bond
lengths.

We calculated the VDEs of CaCl2(H2O)n
− (n = 2–8) and

found that the most stable isomers’ VDEs are all in good agree-
ment with the experimental values (Table I). The ∠ClCaCl
angles in isomers 2a and 3a are 127◦ and 125◦, respectively,
which are similar to those in CaCl2(H2O)− (1a). These similar-
ities allow us to speculate the possible pathway of the structure
evolution. It can be seen from Fig. 2 that the most stable iso-
mer of CaCl2(H2O)2

− (2a) can be derived from isomer 1a.
Isomer 2a has two water molecules connected to the Ca ion
via their O atoms which along with the two chlorine ions form
a tetra-coordinated structure. Isomer CaCl2(H2O)3

−(3a) can
be derived from isomer 2a, with the third H2O connected to

the Ca ion via an O···Ca interaction. In isomer 3a, the three
water molecules are on the opposite sides of the two chloride
ions. Nevertheless, in isomer 3b, two water molecules reside

TABLE II. The Ca−−Cl distances (Å) in the most stable isomers of anionic
and neutral CaCl2(H2O)n (n = 0–8) clusters.

Anion Neutral

n Ca−−Cl (1) Ca−−Cl (2) Ca−−Cl (1) Ca−−Cl (2)

0 2.56 2.56 2.47 2.47
1 2.54 2.54 2.51 2.51
2 2.57 2.57 2.55 2.55
3 2.67 2.58 2.66 2.57
4 2.61 3.98 2.68 2.68
5 2.67 4.04 2.66 3.84
6 2.71 4.05 2.65 3.89
7 4.24 3.97 2.76 3.85
8 4.11 4.44 2.76 4.11
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on the same side with the chloride ions. In the higher energy
isomer 3d, one Ca−−Cl ion pair is found to be separated by
two water molecules. This kind of solvent-separated ionic pair
was not found in MgCl2(H2O)3

−.61 In the most stable iso-
mer of CaCl2(H2O)4

−(4a), the angle ∠ClCaCl is changed to
111◦ which is not close to 2a or 3a. Through distance analysis,
we find that four water molecules are coordinated to the Ca
ion through O atoms, and three water molecules among them
insert into one of the Ca−−Cl bond forming three OH···Cl
hydrogen bonds. Therefore, one SSIP is found in the higher
energy state of CaCl2(H2O)3

−, whereas in CaCl2(H2O)4
−

SSIP is present in the most stable configuration.
The most stable isomer of CaCl2(H2O)5

− (5a) can be
derived from isomer 4a, with one more water molecule inter-
acting with the Ca ion. It has five water molecules coordinated
with the Ca ion via O atoms, of which three insert into a Ca−−Cl
bond to form OH···Cl hydrogen bonds. Therefore, one Ca−−Cl
bond is broken in the low-lying isomers of CaCl2(H2O)5

−.
To better understand the microscopic hydration of CaCl2, we
also calculated the structures of CaCl2(H2O)n

−(n = 6–8). As
shown in Fig. 4, the most stable isomer of CaCl2(H2O)6

−

has one SSIP and one CIP, whereas the most stable struc-
ture of CaCl2(H2O)7

− possesses two SSIPs with the Ca ion
fully coordinated by six water molecules and the seventh
water molecule staying in the second hydration shell. One
Ca−−Cl bond distance in CaCl2(H2O)7

− is elongated by the
solvent, and the other Ca−−Cl is elongated even further. Sim-
ilar to CaCl2(H2O)7

−, isomers with CIP in CaCl2(H2O)8
−

have higher energies and the low-lying isomer has two
SSIPs, with each Ca−−Cl bond separated by three water
molecules.

The neutral clusters show very different structures. In the
most stable isomer of CaCl2(H2O)5 (5a′ in Fig. 3), one Ca−−Cl
bond is separated by three water molecules and three O atoms
interact with the Cl ion via hydrogen bonds. The other Ca−−Cl
remains as a contact ionic pair. For n = 6–8, one Ca−−Cl bond
is separated by water molecules, while the other remains in the
form of a contact ionic pair (Fig. 5). In summary, no Ca−−Cl

bond is broken in the neutral CaCl2(H2O)n clusters of n ≤ 4
and Ca−−Cl starts to form solvent separated ionic pair when
n = 5.

In Table II, we summarize the results of distance analy-
sis. It shows variations of Ca−−Cl distances in the most stable
isomers of CaCl2(H2O)n

− (n = 0–8) clusters and their neu-
tral counterparts. In the CaCl2(H2O)n

− anion, the Ca−−Cl
bond distances decrease slightly from 2.56 to 2.54 Å when
n increases from 0 to 1 because the excess electron is delo-
calized to the water molecule, which enhances the Coulombic
attraction between Ca2+ and Cl− ions. The Ca–Cl bond dis-
tances then increase at n = 2 and 3. For n = 4–6, one of
the Ca−−Cl bonds is broken, resulting in their correspond-
ing Ca−−Cl distances increased significantly to 3.98, 4.04, and
4.05 Å, respectively. When n = 7, the two Ca−−Cl distances
increase to 3.97 and 4.24 Å due to the breaking of the two
Ca−−Cl bonds. The two Ca−−Cl distances in CaCl2(H2O)8

−

increase slightly to 4.11 and 4.44 Å compared with those
of n = 7. For the neutral CaCl2(H2O)n clusters, the Ca−−Cl
distances increase slightly from 2.47 to 2.68 Å with the increas-
ing number of water molecules from 0 to 4; then, when
n = 5, one of the Ca−−Cl distances is elongated to 3.84 Å,
while the other Ca−−Cl bond length is slightly decreased to
2.66 Å. This observation is the consequence of the forming of
SSIP.

So far, our structural results are energy based to include
the entropic effect. We calculated harmonic vibrational fre-
quencies and obtained the Gibbs free energies at 298 K after
the optimization. For CaCl2(H2O)n

− (n = 0–8) clusters, we
checked the order by Gibbs free energies as well as by elec-
tronic energies. In most cases, structures with the lowest elec-
tronic energies also have the lowest Gibbs free energies, such
as CaCl2(H2O)n

− (n = 0–4 and 6–7) clusters.24 In another
perspective, the broad features observed in the spectra indi-
cate that multiple isomers may coexist in the experiments.
For example, when n = 1, 1a and 1b isomers nearly degen-
erate in energy. Furthermore, the experimental VDE peak is
located nearly at the average of two theoretical values. So we

FIG. 4. Typical low-lying isomers of CaCl2 (H2O)n
−

(n = 6–8). The relative energies were calculated at the
CCSD(T)//ωB97XD/6-311++G-(d,p) level of theory and
are corrected by the zero point energies calculated at
theωB97XD/6-311++G(d,p) level. The yellow and green
balls stand for the Ca and Cl atoms, respectively.
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FIG. 5. Typical low-lying isomers of CaCl2 (H2O)n
(n = 6–8). The relative energies were calculated at the
CCSD(T)//ωB97XD/6-311++G-(d,p) level of theory and
are corrected by the zero point energies calculated at
theωB97XD/6-311++G(d,p) level. The yellow and green
balls stand for the Ca and Cl atoms, respectively.

speculate that the broad peak observed in the spectra is actually
combined with two small peaks, which means that two isomers
both contribute and coexist. Similarly, when n = 4, 5, 6, and
7, energy degeneration can be explained for the broad feature
of experimental spectra. We find that 5a-5d isomers nearly
degenerate in energy, and the relatively low energy barrier can
be overcome and isomers can coexist. As for CaCl2 (H2O)8

−,
the theoretical VDE of the lowest energy isomer (1.14 eV)
is higher than the experimental value of 0.93 eV. It suggests
that structure 8a is likely not the structure dominated in the
experiments. By examining the Gibbs free energies of struc-
tures with eight water molecules, it is found that structures
8b and 8d have lower Gibbs free energy and their theoreti-
cal VDE is more consistent with the experimental measure-
ment. We assume that 8b and 8d are likely the experimental
observed structures. The entropic effect starts to dominate
when the cluster size increases. For n = 8, although the order
may differ by energy or free energy, ion pair formation remains
unchanged.

FIG. 6. NPA charge distributions on the Ca atom and water molecules in the
most stable structures of anionic and neutral CaCl2(H2O)n (n = 0–8) clusters.

To compare the charge state of the anion and neutral
cluster, natural population analysis (NPA) on the charge dis-
tributions of the most stable structures for anionic and neutral
CaCl2(H2O)0-8 clusters (Fig. 6) was performed. The charge
on the Ca atom in CaCl2− is +0.71 e which is much smaller
than that in neutral CaCl2 (+1.62 e), indicating that the excess
electrons in CaCl2 are mainly localized on the Ca atom. Upon
addition of the first H2O molecule, the charge on the Ca atom
in CaCl2(H2O)− increases dramatically to +1.27 e, with the
H2O molecule carrying a charge of −0.63 e. Similarly, the
charges on the Ca atom of CaCl2(H2O)2-8

− are in the range
of +1.22 to +1.36 e and their water molecules carry nega-
tive charges in the range of −0.56 to −0.71 e. In the neutral
CaCl2(H2O)1-8 clusters, the charges on the Ca atom range from
+1.35 to +1.53 e and the water molecules carry positive charges
ranging from +0.08 to +0.23 e. Therefore, the Ca atom retains
its charge state in both anionic and neutral clusters, whereas
variations in charge between the anionic and neutral states
of CaCl2(H2O)n clusters are mainly presented in the water
molecules.

V. CONCLUSIONS

We studied the CaCl2(H2O)n
− clusters using size-selected

anion photoelectron spectroscopy. The newly developed
ECCR force field and integrated tempering enhanced sampling
method were employed to obtain the structures of these clusters
and their neutral counterparts. We used ab initio calculations
to refine the detailed structures of clusters and calculated their
VDEs. The most probable structures of CaCl2(H2O)n

− clusters
are determined by comparison of their theoretical VDEs to the
experimental values. To understand micro-solvation process,
we analyzed the changes of the ionic interactions and distances
as more water molecules were introduced to the clusters. Our
study showed that the solvent-separated ion pair emerges when
n = 4 and the breaking of both Ca−−Cl bonds occurs at n = 7 for
CaCl2(H2O)n

− anion clusters. For the neutral CaCl2(H2O)n

clusters, 5 water molecules are needed to separate the first
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Ca−−Cl ionic bond and this trend is consistent with our previ-
ous studies; separating the ion pair in anion clusters is easier
than in neutral clusters due to the excess electron weakening
the Coulombic attraction of the metal−halogen ion pair. In
comparison to our solvation study of magnesium chloride, the
breaking of a Ca−−Cl ion pair needs fewer water molecules in
neutral clusters than that of a Mg−−Cl ion pair.61 Separating
the first metal-Cl ion pair needs 5 and 7 water molecules for
neutral CaCl2(H2O)n and MgCl2(H2O)n clusters, respectively,
which is in coincidental agreement with the bulk solubility of
CaCl2 and MgCl2 at ambient temperature (the solubility of
CaCl2 in water at 293 K is 1.2 times to that of MgCl2).62 Our
studies of calcium and magnesium chlorides clarify microsol-
vation at the atomic level and have a consistent trend with
salt solubility. Finally, ab initio molecular dynamics provide
another reliable route toward structural predictions,63,64 so we
plan to improve our results by combining ab initio molecular
dynamics simulations with enhanced sampling methods in the
future work.
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