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We searched the lowest-energy structures of hydrated calcium ion clusters Ca2+(H2O)n
(n � 10–18) in the whole potential energy surface by the comprehensive genetic algorithm
(CGA). The lowest-energy structures of Ca2+(H2O)10–12 clusters show that Ca2+ is always
surrounded by six H2O molecules in the first shell. The number of first-shell water
molecules changes from six to eight at n � 12. In the range of n � 12–18, the number
of first-shell water molecules fluctuates between seven and eight, meaning that the cluster
could pack the water molecules in the outer shell even though the inner shell is not full.
Meanwhile, the number of water molecules in the second shell and the total hydrogen
bonds increase with an increase in the cluster size. The distance between Ca2+ and the
adjacent water molecules increases, while the average adjacent O-O distance decreases
as the cluster size increases, indicating that the interaction between Ca2+ and the adjacent
water molecules becomes weaker and the interaction between water molecules becomes
stronger. The interaction energy and natural bond orbital results show that the interaction
between Ca2+ and the water molecules is mainly derived from the interaction between
Ca2+ and the adjacent water molecules. The charge transfer from the lone pair electron
orbital of adjacent oxygen atoms to the empty orbital of Ca2+ plays a leading role in the
interaction between Ca2+ and water molecules.

Keywords: hydrated calcium ion cluster, genetic algorithm, hydrogen bond, coordination number, natural bond
orbital

INTRODUCTION

It is well acknowledged that most of the biochemistry reactions accomplished by ions happen in the
water environment. The activation of water by metal ions and charge transfer to solvent originating
from a metal ion are of fundamental importance for understanding the hydrogen bond formation in
aqueous environments (Kistenmacher et al., 1974; Rudolph and Irmer, 2013; Chen and Ruckenstein,
2015; Hadad et al., 2019). By the end of the last century, a series of works used molecular dynamics
(MD) or density functional theory (DFT) to study the hydrated ion clusters. These research focused
on the structures, the coordination number (CN) of the metal ion, the interaction of ion–solvent or
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solvent–solvent, and the influential factors of hydration bond
structures (Caldwell et al., 1990; Hall et al., 2000; Hofer et al.,
2005; Fujiwara et al., 2010; Boda et al., 2012; Yoo et al., 2016;
Delgado et al., 2020). For example, Fujiwara et al. used the
fragment molecular orbital–based molecular dynamics (FMO-
MD) method to investigate the hydration structure of the droplet
containing a divalent zinc ion and 64 water molecules and
provided the CN of 6 (Fujiwara et al., 2010). Hofer et al. made
the comparison of ab initio quantum mechanical/molecular
mechanical (QM/MM) molecular dynamics (MD) simulations
with those of classical simulations based on the pair potential
added by three-body interaction potentials to accentuate the
difference of the “quantum effect” in the hydrated Ba (II) ion
(Hofer et al., 2005). The investigation from microhydration to
bulk hydration of the Sr2+ ion has been accomplished by Anil
Boda et al. using DFT, MP2, and the molecular dynamics study
(Boda et al., 2012). The experimental studies could yield
considerable results and make the structural and physical
properties obtained from theoretical studies more credible
(Misaizu et al., 1995; Siu et al., 2002; Buck et al., 2007; Gao
and Liu, 2007; Carrera et al., 2009; Zhang and Liu, 2011). All these
make us understand much deeper the actual reactions outside the
laboratory and inside organisms.

Calcium, as one of the most important ions in the tissue fluid,
participates in many biochemical reactions such as exocytosis,
neurotransmitter release, and many vital movements such as
muscle contraction or electrical conduction of the heart
(Prendergast and Mann, 1977; Hewish et al., 1982; Chizhik
et al., 2016). The fundamental study is to describe the CN and
microstructures of the hydrated calcium ion clusters since the
biological or chemical properties are determined by the structures
of hydrated calcium ion clusters (Bakó et al., 2002; González et al.,
2005).

In experiments, the CN of the calcium ion varies largely from 5
to 10 by using X-ray diffraction, neutron diffraction, extended
X-ray absorption fine structure spectroscopy, and other
techniques (Hewish et al., 1982; Probst et al., 1985; Marcus,
1988; Yamaguchi et al., 1989; Peschke et al., 1998; Jalilehvand
et al., 2001; Fulton et al., 2003; Megyes et al., 2004). It should be
ascribed to the different conditions and environments of water
molecules. The ratio between water molecules and ions also could
change the CN. For example, when the ion concentration is
smaller, the number of first-shell water molecules will be larger
(Hewish et al., 1982; Yamaguchi et al., 1989; Jalilehvand et al.,
2001; Megyes et al., 2004). Moreover, infrared (IR) spectra could
help provide the evolution information of the structures of the
hydrated calcium ion clusters (Butler et al., 2014). Williams and
colleagues conducted a series of IR spectroscopy of Ca2+(H2O)n
with n � 4–69 in experiments (Bush et al., 2007; Bush et al., 2008;
Bush et al., 2009). Their results revealed that there are six water
molecules adjacent to the calcium dication for Ca2+(H2O)n with
n � 6–10 clusters (Bush et al., 2007), and the number of water
molecules in the first hydration shell changes from six to eight at
n ≈ 12 (Bush et al., 2008). Recently, the binding energy of hydrated
calcium ion clusters with up to n � 20 was measured by Bruzzi and
Stace using the pick-up technique in conjunction with finite heat
bath theory to characterize the interaction between calcium ionswith

the multi-outer shell water molecules (Bruzzi and Stace, 2017). Their
results showed that there are six water molecules in the first
hydration shell, and the 2+ charge on the calcium cation has an
influence on the molecular interactions that extends far beyond the
first hydration shell.

Meanwhile, the CN of the calcium ion and the structures of the
hydrated calcium ion attracted lots of attention on the theoretical
side. Using a semiempirical coupling method with a basin-
hopping global optimization approach, Wales and co-workers
searched the low-lying structures of Ca2+(H2O)n with n � 1–20
clusters, showing that Ca2+ prefers to locate at the center of the
cluster surrounded by eight adjacent water molecules (González
et al., 2005). The CN of the calcium ion attained by Monte Carlo
(MC) (Bernal-Uruchurtu and Ortega-Blake, 1995) andMD (Obst
and Bradaczek, 1996; Tongraar et al., 1997; Todorova et al., 2008;
Wanprakhon et al., 2011; León-Pimentel et al., 2018) studies
varies from 6 to 10. However, the results from DFT calculations
showed that there are six water molecules in the first hydration
shell (Megyes et al., 2004; Peschke et al., 2000; Carl et al., 2007; Lei
and Pan, 2010). For example, the work by Lei and Pan at the
BLYP/6-311+G(d,p) level of theory showed that the first and
second hydration shells of the lowest-energy structures of
Ca2+(H2O)n with n � 1–20 and 27 are fully occupied by six
and nine water molecules, respectively (Lei and Pan, 2010). The
discrepancy may be caused by the different computational
methods. All the studies imply that still there is some
controversy about the ground state structures of medium-sized
hydrated calcium ion clusters, especially for the influence of the
interaction between Ca2+ and the second- or even the third-shell
water molecules on the number of first-shell water molecules. The
evolution process of the first and second hydration shells mainly
occurs in the range of n � 10–18. Therefore, more efforts are
needed to search the potential energy surface (PES) of
Ca2+(H2O)n clusters with n � 10–18.

In this work, we use the comprehensive genetic algorithm
(CGA) (Zhao et al., 2016) combined with DFT to globally search
the PES of hydrated calcium ion clusters Ca2+(H2O)n with n �
10–18. The contrast with the structures given by precedent works
and the evolution of the structures with the growth of size is also
shown. Finally, we present the interaction between Ca2+ and the
water molecules using natural bond orbital (NBO) analyses. This
work concentrates on the competition between the first- and
second-shell water molecules and shows some new low-energy
structures of hydrated calcium ion clusters. Our theoretical
results provide useful guidance for analyzing the hydrated
calcium ion clusters in experiments.

METHOD

The CGA (Zhao et al., 2016) has been proved to be outstanding
for searching the lowest-energy structures of protonated water
clusters and fluoride anion–water clusters (Shi et al., 2017; Shi
et al., 2018a; Shi et al., 2018b). We used the CGA combined with
the DMol3 program (Delley, 1990; Delley, 2000) based on DFT
to globally search the PES of Ca2+(H2O)n with n � 10–18. All
structures generated by the CGA were fully relaxed with DFT
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without any symmetry constraint. The double-numerical basis
including p- and d-polarization functions (DNP) and the
Becke’s exchange functional (Becke, 1988) and the
correlation functional by Lee, Yang, and Parr (BLYP) (Lee
et al., 1988) were adopted. The self-consistent field (SCF)
density calculations were carried out with a convergence
criterion of 10–6 a.u. on the total energy.

BLYP and B3LYP (Stephens et al., 1994) as well as 6-
311++G(d,p), 6-311+G(d,p), or 6-31+G(d,p) basis set are
usually used to describe the hydrated calcium ion clusters
(Bakó et al., 2002; Bush et al., 2008; Bush et al., 2009; Lei and
Pan, 2010). Meanwhile, MP2 (Møller and Plesset, 1934) is treated
as a replacement of CCSD(T) to get more accurate results with
low cost for hydrogen bond systems (Shi et al., 2017; Wang et al.,
2019; Shi et al., 2020). Thus, we chooseMP2 combined with high-
level basis set 6-311++G(2d,2p) to evaluate these methods and
basis set for describing the geometries of hydrated calcium ion
clusters. All the calculations were done with Gaussian 09 package
(Frisch et al., 2009). The differences of average adjacent O-O
distances and average adjacent O-Ca distances of Ca2+(H2O)10
cluster isomers between several methods and MP2/6-
311++G(2d,2p) results are shown in Supplementary Table S1.
First, the results of MP2 with 6-311++G(d,p), 6-311+G(d,p), and
6-31+G(d,p) basis set show that the 6-311+G(d,p) basis set could
give the most similar results to the 6-311++G(2d,2p) basis set.
Thus, we choose 6-311+G(d,p) basis set to optimize hydrated
calcium ion clusters. Then the results from BLYP/6-311+G(d,p)
and B3LYP/6-311+G(d,p) reveal that B3LYP is outstanding.
Finally, we evaluated the dispersion correction on the B3LYP
method.We can see from the results of B3LYP/6-311+G(d,p) and
B3LYP-D3/6-311+G(d,p) that B3LYP-D3 could give a better
geometry of Ca2+(H2O)10 clusters. Considering the
computational cost and accuracy, we chose B3LYP-D3/6-
311+G(d,p) to optimize the structures of hydrated calcium ion
clusters.

Frequency calculations were carried out at the B3LYP-D3/6-
311+G(d,p) level of theory, which is same with optimization to
ensure each cluster is the true local minimum without imaginary
frequency as well as to obtain the zero-point energy (ZPE) and
thermal correction at 298 K. Furthermore, the single-point energy
(SPE) was calculated at the MP2/6-311++G(2d,2p) level of theory
to get more accurate energy. The basis set superposition error
(BSSE) correction is considered for the interaction energy. The
BSSE correction (ΔEBSSE) is based on the site–site function
counterpoise method proposed by Wells and Wilson (1983),
which is defined as:

ΔEBSSE � ∑
m

i�1
[Efull(fragm) − Efragm(fragm)], (1)

where superscript full or fragm is the energy calculated in the full
basis set or in the fragment basis set, and m is the number of
fragment for a given cluster. Moreover, NBO analyses were
performed at the MP2/6-311++G(2d,2p) level of theory based
on the B3LYP-D3/6-311+G(d,p) optimization to obtain the
charge transfer between calcium ion and water molecules as
well as the natural charge of the clusters.

RESULTS AND DISCUSSION

Lowest-Energy Structures
Figure 1 shows the lowest-energy structures and symmetry of
Ca2+(H2O)n clusters with n � 10–18 obtained from the CGA
global search. The number of water molecules in the first (N1),
second (N2), and third (N3) hydration shells and the number of
hydrogen bonds of the lowest-energy structures are listed in
Table 1. For comparison, the lowest-energy structures of
Ca2+(H2O)n with n � 10–18 taken from Lei and Pan (2010) as
well as Wales and co-workers (González et al., 2005) optimized at
the B3LYP-D3/6-311+G(d,p) level of theory are shown in
Supplementary Figure S1. The structures taken from Lei and
Pan as well as Wales and co-workers are described as n-Lei and
n-Wales, respectively.

From Figure 1, we can see that, for all the lowest-energy
structures, there are no hydrogen bonds between the water
molecules in the first hydration shell and Ca2+ prefers to stay
inside the cluster, in agreement with n-Lei, n-Wales, and the
results of molecular dynamics simulations (Egorov et al., 2003;
González et al., 2005; Lei and Pan, 2010). The relatively intensive
electronic field makes the water molecules more relaxed andmore
difficult to form hydrogen bonds (González et al., 2005). For n �
10, there are no hydrogen bonds between the water molecules in
the second shell. While from n � 11, there are hydrogen bonds
between the water molecules in the second hydration shell.
Meanwhile, only Ca2+(H2O)15 and Ca2+(H2O)16 have a water
molecule in the third hydration shell.

As shown in Table 1, in the beginning, the first hydration shell
of the calcium ion is fully occupied with six water molecules,
which is a distorted octahedral core. As the number of water
molecules increases, N1 increases to eight. The transition of N1

from six to eight begins at about n � 12, which is corresponding to
the experimental results of Bush et al. (2008). As the number of
water molecules increases, N1 fluctuates between seven and eight.
The number of water molecules in the second shell increases
monotonously with the number of water molecules increasing.
Like the number of water molecules in the second shell, the
number of hydrogen bonds increases as the number of water
molecules increases. Thus, in the range of n � 10–18, N1 and N2

are not exactly six and nine, respectively, which is not the same as
the simulation of Lei and Pan (2010). There is a strong
competition between the first and second hydration shell
water molecules.

The average adjacent O-O distance and the average Ca-O
distance between Ca2+ and oxygen atoms of the water molecules
in the first, second, and third hydration shells of the lowest-
energy structures of Ca2+(H2O)10–18 clusters are shown in
Table 2. As the number of water molecules increases, the
average adjacent O-O distance decreases, meaning that as the
cluster size increases, the average interaction between water
molecules becomes stronger. The average distance between
Ca2+ and O in the first hydration shell water molecules varies
from 2.38 to 2.521 Å, which are consistent with the results of MD
simulation (Schwenk et al., 2001). Meanwhile, the variation
trends of the coordination number of the first hydration shell
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as well as the average distance between Ca2+ and O in the first
hydration shell with the cluster size are the same, as shown in
Figure 2. Thus, the average distance between Ca2+ and O in the

water molecules of the first hydration shell increases as the
number of first-shell water molecules increases, which have
the same trend with the previous works (Bakó et al., 2002;
Carl et al., 2007; Lei and Pan, 2010). The average distance
between Ca2+ and O in the second hydration shell increases as
the cluster size increases for n � 10–14, while it decreases as the
cluster size increases for 14 < n ≤ 18. Thus, the distance between
the first and second hydration shells decreases as the number of
water molecules increases. Meanwhile, from n � 14, when the
number of water molecules in the first hydration shell remains
seven or eight, the number of water molecules in the second
hydration shell still increases, and the water molecules in the
second hydration shell generate hydrogen bonds. The geometric

FIGURE 1 | The lowest-energy structures of Ca2+(H2O)n clusters with n � 10–18. The symmetries in parentheses are the symmetries of clusters without hydrogen
atoms. The green, red, and white balls denote Ca, O, and H atoms, respectively. The dashed black lines represent the hydrogen bonds.

TABLE 1 | The number of water molecules in the first (N1), second (N2), and third
(N3) hydrated shells, and the number of hydrogen bonds (NHB) of the lowest-
energy structures of Ca2+(H2O)10–18 clusters.

n N1 N2 N3 NHB

10 6 4 0 8
11 6 5 0 10
12 6 6 0 12
13 7 6 0 12
14 8 6 0 12
15 7 7 1 15
16 7 8 1 20
17 8 9 0 23
18 8 10 0 25

TABLE 2 | Average adjacent O-O distance (RO−O) and the average Ca-O distance
between Ca2+ and oxygen atoms in the first (R

1
Ca−O ), second (R

2
Ca−O), and third

(R
3
Ca−O) shell water molecules of the lowest-energy structures of Ca2+(H2O)10–18

clusters.

n RO−OÅ R
1
Ca −OÅ R

2
Ca −OÅ R

3
Ca−OÅ

10 2.818 2.385 4.257 —

11 2.825 2.381 4.275 —

12 2.839 2.380 4.281 —

13 2.852 2.426 4.350 —

14 2.822 2.477 4.528 —

15 2.843 2.425 4.411 6.149
16 2.791 2.446 4.169 5.005
17 2.775 2.518 4.083 —

18 2.781 2.521 4.106 —

FIGURE 2 | Comparison between the number of water molecules in the
first hydration shell (N1) and the average adjacent Ca-O distance as a function
of the number of water molecules.
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characteristic of Ca2+(H2O)10–18 clusters reveals that as the cluster
size increases, the interaction between Ca2+ and water molecules
decreases and the interaction between water molecules increases.

Relative Energy and Stability
The energy differences at the MP2/6-311++G(2d,2p) level of
theory between the structures obtained from the CGA and
n-Lei and n-Wales are shown in Table 3. As shown in
Figure 1, Supplementary Figure S1, and Table 3, for
Ca2+(H2O)10, the number of first hydration shell water
molecules is six. The structure is different from 10-Lei and 10-
Wales, while has the same number of hydrogen bonds with 10-
Lei. Ca2+(H2O)10 has higher symmetry and lower total energy by
3.87 kJ/mol compared with 10-Lei and 10-Wales. Ca2+(H2O)11 is
also different from 11-Lei and 11-Wales with lower energy. There
are hydrogen bonds between the water molecules in the second
shell. Ca2+(H2O)12 is the same with 12-Lei, which is 6.69 kJ/mol
lower in energy than 12-Wales. For Ca2+(H2O)13, there are seven
water molecules in the first hydration shell. Ca2+(H2O)13 is
2.10 kJ/mol higher in energy than 13-Lei and 7.31 kJ/mol
lower in energy than 13-Wales, respectively. Ca2+(H2O)14 has
eight water molecules in the first shell and is 1.87 kJ/mol higher in
energy than 14-Lei as well as 0.12 kJ/mol higher in energy than
14-Wales. For Ca2+(H2O)15, the third-shell water molecule

appears. Meanwhile, Ca2+(H2O)15 is 0.17 kJ/mol lower in
energy than 15-Lei and 0.11 kJ/mol higher in energy than 15-
Wales. Ca2+(H2O)16 is 0.33 kJ/mol lower in energy than 16-Lei,
while is 3.57 kJ/mol higher in energy than 16-Wales. Ca2+(H2O)17
and Ca2+(H2O)18 only have two hydration shells, and several
water molecules in the second shell hydrogen bonded to three
water molecules in the first shell. Ca2+(H2O)17 and Ca2+(H2O)18
are both more stable than the corresponding ones taken from the
work of Lei and Pan, and higher in energy than the ones taken
from the work of Wales and co-workers.

The above-mentioned energy differences are all at 0 K, while
the thermal effect could change the relative stability of clusters
(Lei and Pan, 2010; Shi et al., 2018b). Thus, we also provide the
energy difference at room temperature in Table 3. For n � 10–12,
the structures obtained from the CGA are the most stable ones
both at 0 K and room temperature. For n � 13, 13-Lei are the most
stable ones both at 0 and 298 K. The structures obtained from the
CGA are more stable than the 13-Wales. However, for n � 14 and
15, n-Lei and n-Wales become more stable than Ca2+(H2O)n
from the CGA at room temperature. For n � 16–18, the structures
obtained from the CGA are more stable than the n-Lei, while
more unstable than the n-Wales at 0 K. As the temperature arises

TABLE 3 | The energy differences (in units of kJ/mol) between the structures
obtained from the CGA and n-Lei as well as n-Wales calculated at MP2/
6–311++G(2d,2p)//B3LYP-D3/6–311+G(d, p) level of theory with thermal
correction at different temperature.

n 0K 298K

GA Lei Wales GA Lei Wales

10 0 3.87 3.87 0 3.41 5.40
11 0 1.70 8.77 0 2.24 12.91
12 0 0 6.69 0 0 9.25
13 0 −2.10 7.31 0 −5.67 7.31
14 0 −1.87 −0.12 0 −5.01 −0.22
15 0 0.17 −0.11 0 −5.90 −2.96
16 0 0.33 −3.57 0 8.93 7.28
17 0 2.83 −7.22 0 17.25 5.41
18 0 9.75 −2.22 0 27.04 14.26

TABLE 4 | The sequential water binding energy (ΔEseq., in units of kJ/mol) and the
average interaction energy (EI/N1, in units of kJ/mol) of the lowest-energy
structures of Ca2+(H2O)10–18 clusters.

n ΔEseq Eexp EI/N1

10 — — −227.7
11 56.3 48 ± 7a 55.7b −235.3
12 57.0 44 ± 6.4a 54.4b −245.7
13 55.2 43 ± 2.4a 51.9b −221.0
14 49.1 46 ± 4.3a 49.8b −198.4
15 51.8 40 ± 5.9a −234.4
16 46.7 38 ± 3.2a −211.0
17 47.7 41 ± 5.9a −179.4
18 51.5 48 ± 4.1a −182.4
aTaken from Bruzzi and Stace, 2017.
bTaken from Peschke et al., 1998.

FIGURE 3 | Comparison between the average interaction energy and
the average adjacent Ca-O distance as a function of the number of water
molecules.

TABLE 5 | Average natural charge of the calcium ion δ(Ca2+) and the oxygen
atoms in the first δ(O1), second δ(O2), and third δ(O3) solvation shells of the
lowest-energy structures of Ca2+(H2O)10–18 clusters.

δ(Ca2+) δ(O1) δ(O2) δ(O3)

10 1.900 −1.047 −0.988 —

11 1.899 −1.050 −0.990 —

12 1.898 −1.055 −0.987 —

13 1.886 −1.038 −0.982 —

14 1.880 −1.023 −0.990 —

15 1.885 −1.040 −0.988 −0.979
16 1.883 −1.052 −1.009 −1.014
17 1.873 −1.053 −1.013 —

18 1.873 −1.056 −1.013 —
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to 298 K, the structures obtained from the CGA become the most
stable structures. In general, as the temperature increases as
well as the cluster size increases, the number of water
molecules in the first hydration shell is more favored
between seven and eight, which is opposite with the trend
derived by Bai and co-workers using ab initio molecular
dynamic simulation (Bai et al., 2013). Meanwhile, as shown

in Table 3, such small energy differences indicate that the
structures obtained from the CGA, n-Lei, and n-Wales are
concomitant both at 0 K and at room temperature.

The sequential water binding energy (ΔEseq.) of a Ca2+(H2O)n
cluster is defined as follows:

ΔEseq. � E(H2O) + E[Ca2+(H2O)n−1] − E[Ca2+(H2O)n]. (2)

As shown in Table 4, the simulated sequential water binding
energy of the lowest-energy structures of Ca2+(H2O)n clusters
with n � 11–18 is almost overlapped in the error bar though
slightly larger than the corresponding experimental results
with the same cluster size (Peschke et al., 1998; Bruzzi and
Stace, 2017).

Another significant energetic property of the Ca2+(H2O)n
cluster is the interaction energy between the calcium ion and
water molecules. The average interaction energy between the
calcium ion and adjacent water molecules of a Ca2+(H2O)n cluster
(EI/N1) is defined as follows:

EI/N1 � [E[Ca2+(H2O)n] − E(Ca2+) − E[(H2O)n]]/N1, (3)

where E[(H2O)n] is the energy of all the water molecules in the
same geometry as in the cluster. The EI/N1 of the lowest-energy
structures of Ca2+(H2O)10–18 clusters are listed in Table 4.
Figure 3 also shows the comparison between the EI/N1 and
the average adjacent Ca-O distances as a function of the
number of water molecules. As the average distance
between Ca2+ and oxygen atoms in the first-shell water
molecules increases, the interaction between Ca2+ and water
molecules decreases. Furthermore, the trends of the EI/N1 and
the average adjacent Ca-O distances as a function of the
number of water molecules are similar, indicating that the
interaction between Ca2+ and water molecules mainly
originates from Ca2+ and water molecules in the first-shell
water molecules (Lei and Pan, 2010).

Natural Bond Orbital
NBO analyses could give the information about the natural charge
of every atom and charge transfer between different units and so
on. Table 5 provides the average natural charge of the calcium ion
and the oxygen atoms in the first, second, and third solvation shells.

TABLE 6 | Average second-order perturbation energy (in units of kcal/mol) of several kinds of charge transfer of the lowest-energy structures of Ca2+(H2O)10–18 clusters.
a

n LP(O)-LP*(Ca) BD(O-H)-LP*(Ca) LP*(Ca)-RY*(O) LP*(Ca)-RY*(H) LP*(Ca)-BD*(O-H) LP*(Ca)-RY*(Ca)

10 86.98 16.96 — — — —

11 87.44 17.63 — — — —

12 86.80 18.05 — — — —

13 106.19 22.04 — — — —

14 118.65 25.12 305.52 34.54 -- 58.56
15 105.86 22.28 — — — —

16 101.11 23.73 — — — —

17 109.36 29.72 267.95 17.35 43.87 92.48
18 108.12 31.26 170.70 21.08 54.17 90.04

aLP and LP* represent the lone pair electron orbital and the empty orbital, respectively. BD and BD* represent the bonding orbital and antibonding orbital, respectively. RY* is the Rydberg
orbital.

FIGURE 4 | Three-dimensional schematics of the charge transfer from
(1) to (2): the lone pair electron orbital of adjacent oxygen atoms, and (3)–(6):
the bonding orbital of adjacent O-H to the empty orbital of Ca2+ for the lowest-
energy structure of Ca2+(H2O)10.
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The average natural charge of Ca2+ becomes smaller as the number
of first-shell water molecules increases. The average natural charge
of the oxygen atoms in the first-shell water molecules is smaller
than that in the second- and third-shell water molecules.
Meanwhile, the average natural charge of the oxygen atoms in
the second and third hydration shells remains almost unchanged.
Therefore, the interaction between Ca2+ and water molecules
mainly focuses on the interplay between the calcium ion and
the first hydration shell (Lei and Pan, 2010).

Table 6 shows the second-order perturbation energy of the
charge transfer between Ca2+ and water molecules, which results in
the interaction between Ca2+ and adjacent water molecules. The
charge transfer from the lone pair electron orbital of adjacent oxygen
atoms and the bonding orbital of adjacent O-H to the empty orbital
of Ca2+ occurs in all the lowest-energy structures of Ca2+(H2O)10–18
clusters. Figure 4 provides the schematic diagrams of these two kinds
of charge transfer in the lowest-energy structure of Ca2+(H2O)10
clusters. Among them, the charge transfer from the lone pair electron
orbital of adjacent oxygen atoms to the empty orbital of Ca2+ plays a
leading role. Moreover, for the lowest-energy structures of
Ca2+(H2O)n clusters with n � 14, 17, and 18, the empty orbital of
Ca2+ is not exactly empty. There is charge transfer from the empty
orbital of Ca2+ to the Rydberg orbital of adjacent oxygen atoms,
adjacent hydrogen atoms, and Ca2+ as well as to the antibonding
orbital of adjacent O-H. Thus, the electron of Ca2+ becomes more
diffused as the number of first-shell water molecules is eight.

CONCLUSION

By means of CGA combined with DMol3 package, we search the
potential energy surface of the hydrated calcium ion clusters
Ca2+(H2O)n with n � 10–18. The low-lying structures of
Ca2+(H2O)n clusters obtained from the CGA are re-optimized
at the B3LYP-D3/6-311+G(d,p) level of theory. The lowest-energy
structures of Ca2+(H2O)10–18 clusters reveal that Ca2+ prefers to
locate at the center of the cluster. Meanwhile, the lowest-energy
structures of Ca2+(H2O)10–12 clusters revalidate the conclusion that
the coordination number of first-shell water molecules is six. The
switch of the N1 from six to eight is with up to n � 12. As the cluster
size rises to n � 18, the N1 fluctuates between seven and eight,
indicating that there is a strong competition between the first and
second hydration shell water molecules. The complexity of the
lowest-energy structures of Ca2+(H2O)10–18 clusters increases as
the cluster size increases since the number of the watermolecules in
the second shell and the total hydrogen bonds becomes more.

As the cluster size increases, the distance between Ca2+ and the
adjacent water molecules increases while the average adjacent
O-O distance decreases, implying that the interaction between
Ca2+ and the adjacent water molecules becomes weaker and the

interaction between water molecules becomes stronger. The
interaction energy between Ca2+ and the water molecules, the
natural charge, certifies that the interaction is mainly derived
from the interaction between Ca2+ and the adjacent water
molecules. Furthermore, the charge transfer from the lone pair
electron orbital of adjacent oxygen atoms to the empty orbital of
Ca2+ plays a leading role in the interaction between Ca2+ and
water molecules.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material; further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

RS contributed to conceptualization, methodology, formal
analysis, writing—original draft, project administration, and
funding acquisition. ZZ performed formal analysis,
writing—original draft, and funding acquisition. XH
performed data curation and investigation. PW contributed
to data curation and formal analysis. YS performed
conceptualization, methodology, investigation, writing—original
draft, project administration, supervision, and funding
acquisition. LS carried out the formal analysis, validation,
and funding acquisition. XL contributed to data curation,
investigation, and funding acquisition. HH performed
formal analysis, writing-original draft, and investigation.
JZ contributed to conceptualization, methodology,
writing— review and editing, funding acquisition, project
administration, and supervision.

FUNDING

This work was supported by the National Natural Science
Foundation of China (Nos. 91961204, 11674046, 11804076,
11904251, 12004094, 12004095, 21976049), the Science
Challenge Project (No. TZ2016001), and the Supercomputing
Center of Dalian University of Technology.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fchem.2021.637750/
full#supplementary-material

REFERENCES

Bai, G., Yi, H.-B., Li,H.-J., andXu, J.-J. (2013).HydrationCharacteristics of Ca2+ andMg2+:
a Density Functional Theory, Polarized Continuum Model and Molecular Dynamics
Investigation. Mol. Phys. 111, 553–568. doi:10.1080/00268976.2012.737035

Bakó, I., Hutter, J., and Pálinkás, G. (2002). Car-Parrinello Molecular Dynamics
Simulation of the Hydrated Calcium Ion. J. Chem. Phys. 117, 9838–9843.
doi:10.1063/1.1517039

Becke, A. D. (1988). Density-functional Exchange-Energy Approximation with
Correct Asymptotic Behavior. Phys. Rev. A. 38, 3098–3100. doi:10.1103/
physreva.38.3098

Frontiers in Chemistry | www.frontiersin.org June 2021 | Volume 9 | Article 6377507

Shi et al. Hydrated Calcium Ion Clusters

https://www.frontiersin.org/articles/10.3389/fchem.2021.637750/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fchem.2021.637750/full#supplementary-material
https://doi.org/10.1080/00268976.2012.737035
https://doi.org/10.1063/1.1517039
https://doi.org/10.1103/physreva.38.3098
https://doi.org/10.1103/physreva.38.3098
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Bernal-Uruchurtu, M. I., and Ortega-Blake, I. (1995). J. Chem. Phys. 103, 1588.
Boda, A., De, S., Ali, S. M., Tulishetti, S., Khan, S., and Singh, J. K. (2012). From

Microhydration to Bulk Hydration of Sr2+ Metal Ion: DFT, MP2 andMolecular
Dynamics Study. J. Mol. Liquids 172, 110–118. doi:10.1016/j.molliq.2012.05.006

Bruzzi, E., and Stace, A. J. (2017). Experimental Measurements of Water Molecule
Binding Energies for the Second and Third Solvation Shells of [Ca(H2O)N]

2+

Complexes. R. Soc. Open Sci. 4, 160671. doi:10.1098/rsos.160671
Buck, U., Dauster, I., Gao, B., and Liu, Z.-f. (2007). Infrared Spectroscopy of Small

Sodium-DopedWater Clusters: Interaction with the Solvated Electron†. J. Phys.
Chem. A. 111, 12355–12362. doi:10.1021/jp075717o

Bush, M. F., O’Brien, J. T., Prell, J. S., Wu, C.-C., Saykally, R. J., and Williams, E. R.
(2009). Hydration of Alkaline Earth Metal Dications: Effects of Metal Ion Size
Determined Using Infrared Action Spectroscopy. J. Am. Chem. Soc. 131,
13270–13277. doi:10.1021/ja901011x

Bush, M. F., Saykally, R. J., and Williams, E. R. (2007). Hydration of the Calcium
Dication: Direct Evidence for Second Shell Formation from Infrared
Spectroscopy. ChemPhysChem 8, 2245–2253. doi:10.1002/cphc.200700404

Bush, M. F., Saykally, R. J., and Williams, E. R. (2008). Infrared Action Spectra of
Ca2+(H2O)11–69 Exhibit Spectral Signatures for Condensed-phase Structures
with Increasing Cluster Size. J. Am. Chem. Soc. 130, 15482–15489. doi:10.1021/
ja804621r

Butler, M., Mañez, P. A., Cabrera, G. M., andMaı̂tre, P. (2014). Gas Phase Structure
and Reactivity of Doubly Charged Microhydrated Calcium(II)-Catechol
Complexes Probed by Infrared Spectroscopy. J. Phys. Chem. A. 118,
4942–4954. doi:10.1021/jp503789j

Caldwell, J., Dang, L. X., and Kollman, P. A. (1990). Implementation of
Nonadditive Intermolecular Potentials by Use of Molecular Dynamics:
Development of a Water-Water Potential and Water-Ion Cluster
Interactions. J. Am. Chem. Soc. 112, 9144–9147. doi:10.1021/ja00181a017

Carl, D. R., Moision, R. M., and Armentrout, P. B. (2007). Binding Energies for the
Inner Hydration Shells of Ca2+: An Experimental and Theoretical Investigation
of Ca2+(H2O)X Complexes (X � 5-9). Int. J. Mass Spectrom. 265, 308–325.
doi:10.1016/j.ijms.2007.03.008

Carrera, Á., Mobbili, M., and Marceca, E. (2009). Electric Susceptibility of Sodium-
Doped Water Clusters by Beam Deflection. J. Phys. Chem. A. 113, 2711–2714.
doi:10.1021/jp809411p

Chen, H., and Ruckenstein, E. (2015). Hydrated Ions: From Individual Ions to Ion
Pairs to Ion Clusters. J. Phys. Chem. B 119, 12671–12676. doi:10.1021/
acs.jpcb.5b06837

Chizhik, V. I., Egorov, A. V., Pavlova, M. S., Egorova, M. I., and Donets, A. V.
(2016). Structure of Hydration Shell of Calcium Cation by NMR Relaxation,
Car-Parrinello Molecular Dynamics and Quantum-Chemical Calculations.
J. Mol. Liquids 224, 730–736. doi:10.1016/j.molliq.2016.10.035

Delgado, A. A. A., Sethio, D., Munar, I., Aviyente, V., and Kraka, E. (2020). Local
Vibrational Mode Analysis of Ion-Solvent and Solvent-Solvent Interactions
for Hydrated Ca2+ Clusters. J. Chem. Phys. 153, 224303. doi:10.1063/
5.0034765

Delley, B. (1990). An All-electron Numerical Method for Solving the Local Density
Functional for Polyatomic Molecules. J. Chem. Phys. 92, 508–517. doi:10.1063/
1.458452

Delley, B. (2000). From Molecules to Solids with the DMol3 Approach. J. Chem.
Phys. 113, 7756–7764. doi:10.1063/1.1316015

Egorov, A. V., Brodskaya, E. N., and Laaksonen, A. (2003). The Effect of Ions on
Solid-Liquid Phase Transition in Small Water Clusters. A Molecular Dynamics
Simulation Study. J. Chem. Phys. 118, 6380–6386. doi:10.1063/1.1557523

Frisch, M., Trucks, G., Schlegel, H., Scuseria, G., Robb, M., Cheeseman, J., et al.
(2009). Gaussian, Inc., Wallingford CT.

Fujiwara, T., Mochizuki, Y., Komeiji, Y., Okiyama, Y., Mori, H., Nakano, T., et al.
(2010). Fragment Molecular Orbital-Based Molecular Dynamics (FMO-MD)
Simulations on Hydrated Zn(II) Ion. Chem. Phys. Lett. 490, 41–45. doi:10.1016/
j.cplett.2010.03.020

Fulton, J. L., Heald, S. M., Badyal, Y. S., and Simonson, J. M. (2003). Understanding
the Effects of Concentration on the Solvation Structure of Ca2+ in Aqueous
Solution. I: The Perspective on Local Structure from EXAFS and XANES.
J. Phys. Chem. A. 107, 4688–4696. doi:10.1021/jp0272264

Gao, B., and Liu, Z.-F. (2007). Ionization Induced Relaxation in Solvation
Structure: A Comparison between Na(H2O)n and Na(NH3)n. J. Chem. Phys.
126, 084501. doi:10.1063/1.2464109

González, B. S., Hernández-Rojas, J., and Wales, D. J. (2005). Global Minima and
Energetics of Li+(H2O)n and Ca

2+(H2O)n Clusters for n# 20. Chem. Phys. Lett.
412, 23–28. doi:10.1016/j.cplett.2005.06.090

Hadad, C., Florez, E., Acelas, N., Merino, G., and Restrepo, A. (2019).
Microsolvation of Small Cations and Anions. Int. J. Quan. Chem. 119,
e25766. doi:10.1002/qua.25766

Hall, R. J., Hillier, I. H., and Vincent, M. A. (2000). Which Density Functional
Should Be Used to Model Hydration? Chem. Phys. Lett. 320, 139–143.
doi:10.1016/s0009-2614(00)00218-9

Hewish, N. A., Neilson, G.W., and Enderby, J. E. (1982). Environment of Ca2+ Ions
in Aqueous Solvent. Nature 297, 138–139. doi:10.1038/297138a0

Hofer, T. S., Rode, B. M., and Randolf, B. R. (2005). Structure and Dynamics of
Solvated Ba(II) in Dilute Aqueous Solution - an Ab Initio QM/MM MD
Approach. Chem. Phys. 312, 81–88. doi:10.1016/j.chemphys.2004.11.023

Jalilehvand, F., Spångberg, D., Lindqvist-Reis, P., Hermansson, K., Persson, I., and
Sandström, M. (2001). Hydration of the Calcium Ion. An EXAFS, Large-Angle
X-ray Scattering, and Molecular Dynamics Simulation Study. J. Am. Chem. Soc.
123, 431–441. doi:10.1021/ja001533a

Kistenmacher, H., Popkie, H., and Clementi, E. (1974). Study of the Structure of
Molecular Complexes. VIII. Small Clusters of Water Molecules Surrounding Li+,
Na+, K+, F−, and Cl− Ions. J. Chem. Phys. 61, 799–815. doi:10.1063/1.1682019

Lee, C., Yang, W., and Parr, R. G. (1988). Development of the Colle-Salvetti
Correlation-Energy Formula into a Functional of the Electron Density. Phys.
Rev. B 37, 785–789. doi:10.1103/physrevb.37.785

Lei, X. L., and Pan, B. C. (2010). Structures, Stability, Vibration Entropy and IR
Spectra of Hydrated Calcium Ion Clusters [Ca(H2O)n]

2+ (n � 1−20, 27): A
Systematic Investigation by Density Functional Theory. J. Phys. Chem. A. 114,
7595–7603. doi:10.1021/jp102588m

León-Pimentel, C. I., Amaro-Estrada, J. I., Hernández-Cobos, J., Saint-Martin, H.,
and Ramírez-Solís, A. (2018). Aqueous Solvation of Mg(ii) and Ca(ii): A Born-
Oppenheimer Molecular Dynamics Study of Microhydrated Gas Phase
Clusters. J. Chem. Phys. 148, 144307. doi:10.1063/1.5021348

Marcus, Y. (1988). Ionic Radii in Aqueous Solutions. Chem. Rev. 88, 1475–1498.
doi:10.1021/cr00090a003

Megyes, T., Grósz, T., Radnai, T., Bakó, I., and Pálinkás, G. (2004). Solvation of
Calcium Ion in Polar Solvents: An X-ray Diffraction and Ab Initio Study.
J. Phys. Chem. A. 108, 7261–7271. doi:10.1021/jp048838m

Misaizu, F., Tsukamato, K., Sanekata, M., and Fuke, K. (1995). Photoelectron
Spectroscopy of Mass-Selected Copper-Water Cluster Negative Ions. Laser
Chem. 15, 195–207. doi:10.1155/1995/68042

Møller, C., and Plesset, M. S. (1934). Note on an Approximation Treatment for
Many-Electron Systems. Phys. Rev. 46, 618. doi:10.1103/PhysRev.46.618

Obst, S., and Bradaczek, H. (1996). Molecular Dynamics Study of the Structure and
Dynamics of the Hydration Shell of Alkaline and Alkaline-Earth Metal Cations.
J. Phys. Chem. 100, 15677–15687. doi:10.1021/jp961384b

Peschke, M., Blades, A. T., and Kebarle, P. (2000). Binding Energies for Doubly-
Charged Ions M2+ � Mg2+, Ca2+ and Zn2+ with the Ligands L � H2O, Acetone
and N-Methylacetamide in Complexes M for n � 1 to 7 from Gas Phase
Equilibria Determinations and Theoretical Calculations. J. Am. Chem. Soc. 122,
10440–10449. doi:10.1021/ja002021z

Peschke, M., Blades, A. T., and Kebarle, P. (1998). Hydration Energies and
Entropies for Mg2+, Ca2+, Sr2+, and Ba2+ from Gas-phase Ion−Water
Molecule Equilibria Determinations. J. Phys. Chem. A. 102, 9978–9985.
doi:10.1021/jp9821127

Prendergast, F. G., and Mann, K. G. (1977). Differentiation of Metal Ion-Induced
Transitions of Prothrombin Fragment 1. J. Biol. Chem. 252, 840–850.
doi:10.1016/s0021-9258(19)75174-6

Probst, M. M., Radnai, T., Heinzinger, K., Bopp, P., and Rode, B. M. (1985).
Molecular Dynamics and X-ray Investigation of an Aqueous Calcium Chloride
Solution. J. Phys. Chem. 89, 753–759. doi:10.1021/j100251a007

Rudolph, W. W., and Irmer, G. (2013). Hydration of the Calcium(ii) Ion in an
Aqueous Solution of Common Anions (ClO4

−, Cl−, Br−, and NO3
−). Dalton

Trans. 42, 3919. doi:10.1039/c2dt31718d
Schwenk, C. F., Loeffler, H. H., and Rode, B. M. (2001). Molecular Dynamics

Simulations of Ca2+ in Water: Comparison of a Classical Simulation Including
Three-Body Corrections and Born-Oppenheimer Ab Initio and Density
Functional Theory Quantum Mechanical/molecular Mechanics Simulations.
J. Chem. Phys. 115, 10808–10813. doi:10.1063/1.1419057

Frontiers in Chemistry | www.frontiersin.org June 2021 | Volume 9 | Article 6377508

Shi et al. Hydrated Calcium Ion Clusters

https://doi.org/10.1016/j.molliq.2012.05.006
https://doi.org/10.1098/rsos.160671
https://doi.org/10.1021/jp075717o
https://doi.org/10.1021/ja901011x
https://doi.org/10.1002/cphc.200700404
https://doi.org/10.1021/ja804621r
https://doi.org/10.1021/ja804621r
https://doi.org/10.1021/jp503789j
https://doi.org/10.1021/ja00181a017
https://doi.org/10.1016/j.ijms.2007.03.008
https://doi.org/10.1021/jp809411p
https://doi.org/10.1021/acs.jpcb.5b06837
https://doi.org/10.1021/acs.jpcb.5b06837
https://doi.org/10.1016/j.molliq.2016.10.035
https://doi.org/10.1063/5.0034765
https://doi.org/10.1063/5.0034765
https://doi.org/10.1063/1.458452
https://doi.org/10.1063/1.458452
https://doi.org/10.1063/1.1316015
https://doi.org/10.1063/1.1557523
https://doi.org/10.1016/j.cplett.2010.03.020
https://doi.org/10.1016/j.cplett.2010.03.020
https://doi.org/10.1021/jp0272264
https://doi.org/10.1063/1.2464109
https://doi.org/10.1016/j.cplett.2005.06.090
https://doi.org/10.1002/qua.25766
https://doi.org/10.1016/s0009-2614(00)00218-9
https://doi.org/10.1038/297138a0
https://doi.org/10.1016/j.chemphys.2004.11.023
https://doi.org/10.1021/ja001533a
https://doi.org/10.1063/1.1682019
https://doi.org/10.1103/physrevb.37.785
https://doi.org/10.1021/jp102588m
https://doi.org/10.1063/1.5021348
https://doi.org/10.1021/cr00090a003
https://doi.org/10.1021/jp048838m
https://doi.org/10.1155/1995/68042
https://doi.org/10.1103/PhysRev.46.618
https://doi.org/10.1021/jp961384b
https://doi.org/10.1021/ja002021z
https://doi.org/10.1021/jp9821127
https://doi.org/10.1016/s0021-9258(19)75174-6
https://doi.org/10.1021/j100251a007
https://doi.org/10.1039/c2dt31718d
https://doi.org/10.1063/1.1419057
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Shi, R., Huang, X., Su, Y., Lu, H.-G., Li, S.-D., Tang, L., et al. (2017). Which Density
Functional Should Be Used to Describe Protonated Water Clusters? J. Phys.
Chem. A. 121, 3117–3127. doi:10.1021/acs.jpca.7b00058

Shi, R., Li, K., Su, Y., Tang, L., Huang, X., Sai, L., et al. (2018a). Revisit the
Landscape of Protonated Water Clusters H+(H2O)n with n � 10-17: An Ab
Initio Global Search. J. Chem. Phys. 148, 174305. doi:10.1063/1.5026383

Shi, R.,Wang, P., Tang, L., Huang, X., Chen, Y., Su, Y., et al. (2018b). Structures and
Spectroscopic Properties of F−(H2O)n with n � 1-10 Clusters from a Global
Search Based on Density Functional Theory. J. Phys. Chem. A. 122, 3413–3422.
doi:10.1021/acs.jpca.7b08872

Shi, R., Zhao, Z., Liang, X., Su, Y., Sai, L., and Zhao, J. (2020). Structures and
Vertical Detachment Energies of Water Cluster Anions (H2O)

−
n with n � 6-11.

Theor. Chem. Acc. 139, 66. doi:10.1007/s00214-020-2567-2
Siu, C.-K., Liu, Z.-F., and Tse, J. S. (2002). Ab Initio Studies on Al+(H2O)n,

HAlOH+(H2O)n-1, and the Size-dependent H2 Elimination Reaction. J. Am.
Chem. Soc. 124, 10846–10860. doi:10.1021/ja0117579

Stephens, P. J., Devlin, F. J., Chabalowski, C. F., and Frisch, M. J. (1994). Ab Initio
Calculation of Vibrational Absorption and Circular Dichroism Spectra Using Density
Functional Force Fields. J. Phys. Chem. 98, 11623–11627. doi:10.1021/j100096a001

Todorova, T., Hünenberger, P. H., and Hutter, J. (2008). Car-Parrinello Molecular
Dynamics Simulations of CaCl2 Aqueous Solutions. J. Chem. Theor. Comput. 4,
779–789. doi:10.1021/ct700302m

Tongraar, A., Liedl, K. R., and Rode, B. M. (1997). Solvation of Ca2+ in Water
Studied by Born−Oppenheimer Ab Initio QM/MM Dynamics. J. Phys. Chem.
A. 101, 6299–6309. doi:10.1021/jp970963t

Wang, P., Shi, R., Su, Y., Tang, L., Huang, X., and Zhao, J. (2019). Hydrated Sodium
Ion Clusters [Na+(H2O)n (n � 1–6)]: An ab initio Study on Structures and Non-
covalent Interaction. Front. Chem. 7. doi:10.3389/fchem.2019.00624

Wanprakhon, S., Tongraar, A., and Kerdcharoen, T. (2011). Hydration Structure
and Dynamics of K+ and Ca2+ in Aqueous Solution: Comparison of

Conventional QM/MM and ONIOM-XS MD Simulations. Chem. Phys. Lett.
517, 171–175. doi:10.1016/j.cplett.2011.10.048

Wells, B. H., and Wilson, S. (1983). van der Waals interaction potentials: Many-
body basis set superposition effects. Chem. Phys. Lett. 101, 429–434.
doi:10.1016/0009-2614(83)87508-3

Yamaguchi, T., Hayashi, S., and Ohtaki, H. (1989). X-ray Diffraction Study of
Calcium(II) Chloride Hydrate Melts: CaCl2.RH2O (R � 4.0, 5.6, 6.0, and 8.6).
Inorg. Chem. 28, 2434–2439. doi:10.1021/ic00311a036

Yoo, J., Wilson, J., and Aksimentiev, A. (2016). Improved Model of Hydrated
Calcium Ion for Molecular Dynamics Simulations Using Classical
Biomolecular Force fields. Biopolymers 105, 752–763. doi:10.1002/
bip.22868

Zhang, H., and Liu, Z.-F. (2011). The Identification of a Solvated Electron Pair in
the Gaseous Clusters of Na−(H2O)n and Li

−(H2O)n. J. Chem. Phys. 135, 064309.
doi:10.1063/1.3622562

Zhao, J., Shi, R., Sai, L., Huang, X., and Su, Y. (2016). Comprehensive Genetic
Algorithm for Ab initio global Optimisation of Clusters. Mol. Simulation 42,
809–819. doi:10.1080/08927022.2015.1121386

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Shi, Zhao, Huang, Wang, Su, Sai, Liang, Han and Zhao. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Chemistry | www.frontiersin.org June 2021 | Volume 9 | Article 6377509

Shi et al. Hydrated Calcium Ion Clusters

https://doi.org/10.1021/acs.jpca.7b00058
https://doi.org/10.1063/1.5026383
https://doi.org/10.1021/acs.jpca.7b08872
https://doi.org/10.1007/s00214-020-2567-2
https://doi.org/10.1021/ja0117579
https://doi.org/10.1021/j100096a001
https://doi.org/10.1021/ct700302m
https://doi.org/10.1021/jp970963t
https://doi.org/10.3389/fchem.2019.00624
https://doi.org/10.1016/j.cplett.2011.10.048
https://doi.org/10.1016/0009-2614(83)87508-3
https://doi.org/10.1021/ic00311a036
https://doi.org/10.1002/bip.22868
https://doi.org/10.1002/bip.22868
https://doi.org/10.1063/1.3622562
https://doi.org/10.1080/08927022.2015.1121386
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	Ground-State Structures of Hydrated Calcium Ion Clusters From Comprehensive Genetic Algorithm Search
	Introduction
	Method
	Results and Discussion
	Lowest-Energy Structures
	Relative Energy and Stability
	Natural Bond Orbital

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


