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ABSTRACT
Hydrated calcium ion clusters have received considerable attention due to their essential role in biological processes such as bone develop-
ment, hormone regulation, blood coagulation, and neuronal signaling. To better understand the biological role of the cation, the interactions
between the Ca2+ ions and water molecules have been frequently investigated. However, a quantitative measure for the intrinsic Ca−−O (ion–
solvent) and intermolecular hydrogen bond (solvent–solvent) interactions has been missing so far. Here, we report a topological electron
density analysis and a natural population analysis to analyze the nature of these interactions for a set of 14 hydrated calcium clusters via
local mode stretching force constants obtained at the ωB97X-D/6-311++G(d,p) level of theory. The results revealed that the strength of inner
Ca−−O interactions for [Ca(H2O)n]

2+ (n = 1–8) clusters correlates with the electron density. The application of a second hydration shell to
[Ca(H2O)n]

2+ (n = 6–8) clusters resulted in stronger Ca−−O interactions where a larger electron charge transfer between lp(O) of the first
hydration shell and the lower valence of Ca prevailed. The strength of the intermolecular hydrogen bonds, formed between the first and
second hydration shells, became stronger when the charge transfers between hydrogen bond (HB) donors and HB acceptors were enhanced.
From the local mode stretching force constants of implicitly and explicitly solvated Ca2+, we found the six-coordinated cluster to possess the
strongest stabilizations, and these results prove that the intrinsic bond strength measures for Ca−−O and hydrogen bond interactions form
new effective tools to predict the coordination number for the hydrated calcium ion clusters.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0034765., s

I. INTRODUCTION

Calcium is the fifth most abundant element in the Earth’s
crust and is the most prominent alkaline earth metal in the
human body.1 In the Earth’s crust, calcium is found in the form
of carbonates, sulfates, and minerals such as calcite, aragonite,
and gypsum.2 In the human body, calcium is found in bone tis-
sue and enamel in the form of calcium apatite or hydroxyap-
atite [i.e., HA, Ca10(OH)2(PO4)6].3,4 Moreover, calcium is also
found in intra- and extracellular fluids in the form of hydrated
calcium clusters within the concentrations of 1 μM and 1 mM,

respectively.5 The weak ion–dipole interactions, which predom-
inantly govern the interactions between the Ca2+ ion and H2O
molecules,6,7 enable fast kinetics and high flexibility, which are
both advantageous in controlling and maintaining many biologi-
cal processes.8 Hydrated calcium clusters are generally known for
their essential involvement in bone development,9–11 muscle con-
traction,12,13 blood coagulation,14 neuronal processes,15–17 hormone
and enzyme activation,18 mitosis,1 and cell death.19 The capabil-
ity of Ca2+ ions to take on many forms of coordination gives rise
to the diverse roles in structural, physiological, and biochemical
processes.20
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To illuminate the hydration process of the calcium ion, consid-
erable attention has been directed toward the determination of the
coordination number (CN). The CN is determined by the amount
of water molecules, which directly bind to the Ca2+ ion form-
ing the electrostatic Ca−−O interactions {[Ca(H2O)n]

2+, where n
is the number of H2O in the first hydration shell}. The results
from experimental studies involving infrared multiple photon dis-
sociation (IRMPD) spectroscopy,21,22 collision induced dissociation
(CID),12 high pressure ion source mass spectrometer (HPMS),23

and blackbody infrared radiative dissociation (BIRD)24 have sug-
gested a CN of 6 for the hydrated calcium clusters. The extended
x-ray absorption fine structure spectroscopy (EXAFS) and large-
angle x-ray scattering (LAXS) investigation using relatively high
concentrations of four aqueous calcium halide solutions suggested
a CN of 8 with the average Ca−−O bond distances of 2.46 Å
and 4.58 Å for the first and second hydration shells, respec-
tively.25 The EXAFS study conducted by Fulton et al. has sug-
gested a CN of 7.2 ± 1.2 alongside a mean Ca−−O bond distance of
2.44 Å.26 Bruzzi and Stace via the application of the finite heat bath
theory have reported experimental binding energies ranging from
14.8 kcal/mol to 29.9 kcal/mol for hydrated calcium clusters with a
CN of 4–8.27

Theoretical studies involving Car–Parrinello molecular dynam-
ics (CPMD) simulations,28 density functional theory (DFT),29,30 and
second-order Møller–Plesset perturbation theory (MP2)23 have sug-
gested a CN of 6. Molecular dynamics (MD) simulations utiliz-
ing a hybrid quantum mechanics/molecular mechanics (QM/MM)
method have suggested a CN in the range of 7.0–9.2.31–33 CPMD
simulations by Naor et al. concluded a CN in the range of 7–8.34 Fur-
thermore, a temperature dependent study involving DFT, MP2, and
ab initio molecular dynamics simulations in dilute aqueous solu-
tions has suggested a CN between 7 and 8 at low temperature and
a CN of 6 at the ambient temperature.35 However, a recent study
utilizing Born–Oppenheimer molecular dynamics simulations has
shown that the CN is not temperature dependent; a CN of 6 with
an average Ca−−O bond distance of 2.40 Å was observed over a wide
range of temperature in their study.36 Bai et al. and Lei et al. noted
that the Ca−−O bond distances increased along with the decrease
in the charge of the Ca2+ ion as the CN increased as revealed by
the natural bond population orbital (NBO) analysis.29,35 Merill et al.
reported that the average bond orders of Ca−−O decrease as the CN
increases in parallel with the decrease in charge transfer from the
H2O molecules to the Ca2+ ion.37 Although many experimental and
computational studies have been performed, information about the
intrinsic strength of ion–solvent (i.e., Ca−−O) and solvent–solvent
(i.e., hydrogen bonding between water molecules) interactions of
hydrated calcium clusters is poorly understood. To the best of our
knowledge, they have not been quantified due to the lack of a reliable
intrinsic bond strength measure.

Binding energy (BE) is a valuable thermodynamic parame-
ter for describing a chemical (i.e., hydration) process. It is also
widely used as a bond strength measure, where the value is cal-
culated by taking the energy differences between the cluster and
its isolated components (i.e., the Ca2+ ion and H2O molecules)
in their equilibrium geometries. However, this value is heavily
contaminated by electronic reorganizations and geometry relax-
ation of its fragments. Thus, it is of limited use as an ideal bond
strength measure.38–43 The local force constant (ka) of a stretching

vibration is the most suitable quantitative descriptor to probe the
intrinsic strength without breaking any bonds/interactions; thus,
the geometry and electronic structure are preserved.44–47 The local
stretching force constant is a reliable bond strength measure and has
been successfully employed for describing covalent bonds48–51 and
noncovalent interactions including chalcogen bonding,52 pnicogen
bonding,53 halogen bonding,54–56 tetrel bonding,57 and hydrogen
bonding.58–63

The quantitative description of the ion–solvent and solvent–
solvent interactions is important for understanding the hydration
of Ca2+ ions, and the detailed knowledge of the interactions that
stabilize the hydrated calcium clusters is key to better understand
the biological role of the cation. In this work, for the first time,
we employed the local mode analysis developed by Konkoli and
Cremer as an ideal bond strength measure to quantify the elec-
trostatic interactions between the Ca2+ ion and H2O molecules
(Ca−−O) and the hydrogen bonding between water molecules of the
first and second hydration shells. The main objectives of this work
are as follows: (i) to evaluate the intrinsic strength of ion–solvent
(Ca−−O) interactions and their modulation as the CN increases
from 1 to 8 in the first hydration shell {[Ca(H2O)n]

2+, where
n = 1–8}, (ii) to determine the effect of an additional hydra-
tion shell on the intrinsic strength of inner Ca−−O interactions
{[Ca(H2O)n]

2+
−m(H2O) with n = 1–8, m = 1–4 and n + m = 9 or

10, where m is the amount of water molecules in the second hydra-
tion shell}, and (iii) to quantify intermolecular hydrogen bonding
occurring between the first and second hydration shells.

II. COMPUTATIONAL METHODS
Equilibrium geometries and normal vibrational modes of 14

hydrated calcium clusters and reference molecules R1–R5 were
obtained using the ωB97X-D functional64–66 in combination with
Pople’s 6-311++G(d,p) basis set of triple-ζ quality.67,68 The disper-
sion corrected ωB97X-D functional was chosen as it is known to
accurately and consistently describe clusters that are governed by
noncovalent interactions (NCIs)69,70 including hydrogen bond inter-
actions.71–73 Clusters 1–8 and reference molecules R1 and R2 were
recalculated at the same level of theory where the water solvation
effects for the outer hydration shells were assessed using the explicit
conductor-like polarizable continuum model (CPCM). The explicit
CPCM model was chosen as it has shown reasonable success.74,75

The initial structures of clusters 1–8 were taken from the work of Lei
and Pan.29 The initial structures of clusters 9–14 were taken from
the work of Bai et al.35

After geometry and vibrational frequency calculations, the local
mode analysis (LMA) of Konkoli and Cremer44–47 based on vibra-
tional spectroscopy was utilized to quantify the intrinsic strength
of the ion–solvent interactions in the first hydration shell along
with the solvent–solvent interactions occurring between the first and
second hydration shells.

Vibrational spectroscopy provides invaluable information
about the electron structure of a molecule and its intrinsic strength.
However, the direct use of the information encoded within normal
vibrational modes cannot be directly used to describe the strength
of chemical bonds. This is due to the delocalized nature of normal
vibrational modes resulting from electronic and kinematic (mass)
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coupling. The electronic coupling caused by off-diagonal elements
of the force constant matrix Fq is eliminated by solving the Wilson
equation,76

FqD = G−1DΛ, (1)

where F represents the force constant matrix, which is expressed
by 3 K (K is the number of atoms) in internal coordinates q,
D is the eigenvector matrix consisting of vibrational eigenvectors
dμ(μ = 1, . . .Nvib) given in column vectors, G is the Wilson mass-
matrix, and Λ is the diagonal matrix consisting of vibrational eigen-
values λμ (λμ = 4π2c2ω2

μ, c = speed of light, and ωμ = harmonic
vibrational frequencies in cm−1 of the normal mode vectors dμ).
The solution of Eq. (1) yields the diagonal force constant matrix
K expressed in normal coordinates Q, which is free from electronic
coupling,

KQ
= D†FqD. (2)

Konkoli and Cremer showed that the remaining kinematic
(mass) coupling can be eliminated by solving mass-decouple Euler–
Lagrange equations.44–47 The resulting local vibrational modes (an),
which are free from any mode–mode coupling, can be obtained via

an =
K−1d†

n

dnK−1d†
n

, (3)

where an is the local mode vector associated with the nth internal
coordinate qn. Every local mode an corresponds to a unique local
mode force constant kan, which is derived by the following equation:

kan = a
†
nKan = (dnK

−1d†
n)
−1. (4)

Zou and Cremer showed via an adiabatic connection scheme (ACS)
that there is a one-to-one relationship between local vibrational
modes and normal vibrational modes.47,77 From the local modes kan,
the local vibrational frequencies ωa

n are obtained through

(ωa
n)

2
=

1
4π2c2 k

a
nG

a
n,n, (5)

where the mass of the local mode an is represented by Ga
n,n, which is

a diagonal element of the Wilson G matrix.
The resulting local mode force constants kan are independent of

the type of coordinates used for the molecular description in contrast
to their normal mode counterparts. Relying solely on the changes in
the electronic structure, local mode force constants provide a reliable
bond strength measure, which further can be transformed into bond
strength orders using a generalized Badger rule,78

BSO n = a(ka)b. (6)

Note that, hereafter, we use ka for representing kan (i.e., ka = kan).
The constants a and b were obtained using two reference molecules,
which have well-defined bond orders, and the assumption of ka = 0
for BSO n = 0. For the Ca−−O interactions, CaH2 (R1) and Ca==O
(R2) were used as reference molecules with corresponding BSO n

values of 1.0 and 2.0, respectively. The a and b constants derived
using R1 and R2 are 1.0137 and 0.4799. For the Ca−−O interactions
using the CPCM model, the a and b constants derived from R1 and
R2 are 1.4729 and 0.5057. For HBs, F−−H (R3) and [H⋯F⋯H]- (R4)
were used as reference molecules with BSO n values of 1.0 and 0.5,
respectively. The a and b constants derived using R3 and R4 are
0.5293 and 0.2781. For comparison, we also calculated the intrinsic
strength of hydrogen bonding of the water dimer (R5).

Binding energies (BEs) were calculated by taking the energy
differences between the hydrated calcium cluster and its isolated
components in their equilibrium geometries,

Ca2+ + nH2O→ [Ca(H2O)n]
2+,

BE = E[Ca(H2O)n]2+ − ECa2+ − n.EH2O,

[Ca(H2O)n]
2+
−m(H2O) → Ca2+ + n−mH2O,

(7)

where the binding energy of the clusters with a second hydration
shell was calculated using

BE = E[Ca(H2O)n]2+−m(H2O) − E(H2O)n−m(H2O) − ECa2+ . (8)

All DFT calculations were performed using the Gaussian 16
Rev. C.01 package.79 Geometry optimizations were carried out with
a super-fine grid integration and a tight convergence criterion for
the forces and displacements. The local vibrational force constants
were obtained via the local mode analysis using the COLOGNE2019
program.80 Natural population charges and second order pertur-
bation stabilization energy [ΔE(2)] due to orbital interactions were
obtained from the natural bond orbital (NBO) analysis using the
NBO6 program.81,82

The electron density (ρc) and energy density (Hc) at Ca−−O
and O⋯H bond critical points rc were calculated using the AIMALL
program.83 Following the Cremer–Kraka criteria, the nature of the
Ca−−O and HB interactions was characterized through the energy
density Hc at the bond critical point rc(BCP). Covalent bonding
is indicated by a negative (stabilizing) value of the energy density
(Hc < 0), while electrostatic interactions are indicated by Hc > 0.84–86

III. RESULTS AND DISCUSSION
In the following, the results of 14 hydrated calcium clusters

are presented. First, the strength of ion–solvent (Ca−−O) interac-
tions in the first hydration shell (clusters 1–8) is discussed. Second,
the strength of solvent–solvent (hydrogen bond) interactions occur-
ring between the first and second hydration shells (clusters 9–14)
is discussed in parallel to the modulation of Ca−−O bond strengths
resulting from the addition of a second hydration shell. Third, the
use of local vibrational mode analysis as a predictive tool for deter-
mining the coordination number of hydrated calcium clusters is
presented.

A. First hydration shell
Table I summarizes bond distances (R), local vibrational fre-

quencies (ωa), local mode force constants (ka), bond strength orders
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TABLE I. Bond distances (R), local mode frequencies (ωa), local mode force constants (ka), bond strength orders (BSOs n), electron densities (ρc), energy densities (Hc), and
the energy density ratios (Hc

ρc
) of Ca−−O interactions for clusters 1–14 and reference molecules R1 and R2, calculated at the ωB97X-D/6-311++G(d,p) level of theory.a

No. Molecule Sym. R (Å) ωa (cm−1) ka (mdyn/Å) BSOs n ρc (e/Å3) Hc (h/Å3) Hc
ρc

(h/e)

First Hydration Shell
1 [Ca(H2O)]2+ C2v 2.251 413 1.147 1.083 0.314 0.043 0.137
2 [Ca(H2O)2]

2+ C2 2.287 388 1.012 1.020 0.285 0.043 0.152
3 [Ca(H2O)3]

2+ D3 2.316 365 0.895 0.961 0.264 0.043 0.164
4 [Ca(H2O)4]

2+ S4 2.339 360 0.873 0.950 0.247 0.044 0.176
5 [Ca(H2O)5]

2+ C2v 2.366 331 0.741 0.878 0.231 0.043 0.186
6 [Ca(H2O)6]

2+ Oh 2.388 296 0.589 0.786 0.217 0.042 0.192
7 [Ca(H2O)7]

2+ C2 2.440 253 0.432 0.678 0.192 0.040 0.207
8 [Ca(H2O)8]

2+ D4 2.486 225 0.341 0.605 0.170 0.035 0.209
Second Hydration Shell

9 [Ca(H2O)6]
2+
− 3(H2O) D3 2.376 316 0.671 0.837 0.224 0.043 0.190

10 [Ca(H2O)6]
2+
− 4(H2O) C1 2.377 290 0.573 0.770 0.224 0.042 0.190

11 [Ca(H2O)7]
2+
− 2(H2O) C2 2.427 263 0.468 0.704 0.196 0.040 0.205

12 [Ca(H2O)7]
2+
− 3(H2O) C1 2.426 263 0.468 0.704 0.197 0.040 0.204

13 [Ca(H2O)8]
2+
− (H2O) C2 2.480 218 0.323 0.587 0.172 0.036 0.209

14 [Ca(H2O)8]
2+
− 2(H2O) D2 2.476 224 0.339 0.601 0.174 0.036 0.208

Ca−−O bond references
R1 CaH2 D∞h 2.051 1296 0.972 1.000 0.320 −0.044 −0.137
R2 Ca−−O C∞v 1.825 782 4.120 2.000 0.967 −0.220 −0.277

aThe values were taken as averages over all Ca−−O interactions.

(BSOs n), electron densities (ρc), energy densities (Hc), and energy
density ratios (Hc/ρc) for Ca−−O interactions taken as averages
over all Ca−−O interactions of clusters 1–14. Calculated molecular
geometries, point group symmetries, and selected NBO charges are
depicted in Fig. 1. To differentiate the water molecules in the first
and second hydration shells, we use the [Ca(H2O)n]

2+
−m(H2O)

notation, where n and m refer to the number of water molecules
in the first and second hydration shells, respectively. In regard to
the plots, red points correspond to [Ca(H2O)n]

2+ clusters, and
green points refer to [Ca(H2O)n]

2+
−m(H2O) clusters. Although

the CN of hydrated calcium clusters has been suggested to range
between 5 and 9, for the sake of completeness, we investigate clus-
ters where the CN ranges from 1 to 9. It is noteworthy that the
optimization of the [Ca(H2O)9]

2+ cluster resulted in the migra-
tion of one water molecule from the first hydration shell to
the second hydration shell, which is in agreement with previous
findings.30,35,87

The Ca−−O bond lengths for clusters 1–8 increase from 2.251 Å
in cluster 1 to 2.486 Å in cluster 8. This observation agrees
with previous findings where Ca−−O bond lengths of clusters 1–
8 steadily increase from 2.24 to 2.57 Å as the amount of water
molecules in the first hydration shell increase. It is worth not-
ing that the Ca−−O bond distances of clusters 6–8 are in agree-
ment with the experimental Ca−−O bond distances determined
by EXAFS and LAXS.26 In addition, according to the Cremer–
Kraka criterion,84–86 all Ca−−O interactions are electrostatic in
nature.

The average BSO n values of the Ca−−O interactions for clus-
ters 1–8 are compared in Fig. 2. The average BSO n values of
Ca−−O interactions range from 1.083 to 0.605; as the CN of hydrated
calcium clusters increases, the BSO n of the Ca−−O interactions
decreases. The Ca−−O interactions of clusters 3–8 become weaker,
where those of 6–8 are significantly weaker than the Ca−−H bond
of the reference molecule (CaH2, R1). The second order pertur-
bation of the Fock matrix analysis reveals that the charge transfer
from the lone pair (lp) of the O atom of the H2O molecule to the
lower valence (lv) of the Ca ion is responsible for the decrease in the
NBO charge for Ca and O atoms. The NBO charges of the Ca and
O atoms decrease steadily as the CN increases due to larger charge
transfers between lp(O) and the Ca ion (see Table S4), which trans-
lates to weaker Ca−−O electrostatic interactions. Moreover, as the
CN increases, the electron density at the Ca−−O bond critical point
decreases, correlating with a decrease in the Ca−−O bond strength
(see Figs. 3).

B. Second hydration shell
Table II summarizes bond distances (R), local vibrational fre-

quencies (ωa), local mode force constants (ka), bond strength orders
(BSOs n), electron densities (ρc), energy densities (Hc), and their
ratio (Hc/ρc) for hydrogen bonds taken as averages over all hydro-
gen bonds of clusters 9–14. Clusters 9–14 possess both ion–solvent
(Ca−−O) and solvent–solvent (hydrogen bonding) interactions. The
H2O molecules of the first water shell interact with those of the
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FIG. 1. Natural bond orbital (NBO) charges for the Ca atom and Ca−−O bond distances for all clusters obtained at the ωB97X-D/6-311++G(d,p) level of theory.

FIG. 2. BSO n (Ca−−O) values and Ca−−O force constants ka for clusters 1–14
and R1 calculated at the ωB97X-D/6-311++G(d,p) level of theory. BSO n (Ca−−O)
values were calculated via Eq. (6). R2 was excluded from the plot to improve
visibility of the data.

FIG. 3. The Ca−−O force constants ka vs the Ca−−O electron densities ρc for
clusters 1–14 calculated at the ωB97X-D/6-311++G(d,p) level of theory.
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TABLE II. Bond distances (R), local mode frequencies (ωa), local mode force constants (ka), bond strength orders (BSOs n), electron densities (ρc), energy densities (Hc), and
the energy density ratios (Hc

ρc
) for hydrogen bonds (O⋯H) of clusters 9–14 and reference molecules R3 and R5, calculated at the ωB97X-D/6-311++G(d,p) level of theory.a

No. Molecule Sym. R (Å) ωa (cm−1) ka (mdyn/Å) BSOs n ρc (e/Å3) Hc (h/Å3) Hc
ρc

(h/e)

9 [Ca(H2O)6]
2+
− 3(H2O) D3 1.858 592 0.196 0.336 0.197 0.010 0.051

10 [Ca(H2O)6]
2+
− 4(H2O) C1 1.877 555 0.173 0.324 0.189 0.012 0.062

11 [Ca(H2O)7]
2+
− 2(H2O) C2 1.862 599 0.200 0.338 0.195 0.011 0.054

12 [Ca(H2O)7]
2+
− 3(H2O) C1 1.872 577 0.186 0.331 0.191 0.012 0.060

13 [Ca(H2O)8]
2+
− (H2O) C2 1.873 575 0.185 0.331 0.190 0.011 0.060

14 [Ca(H2O)8]
2+
− 2(H2O) D2 1.878 563 0.177 0.327 0.188 0.012 0.064

HB references
R3 [FH2]− D∞v 1.142 1202 0.815 0.500 1.180 −1.316 −1.115
R4 FH C∞v 0.917 4180 9.854 1.000 2.544 −5.471 −2.150

HB of the water dimmer
R5 (H2O)2 Cs 1.916 615 0.211 0.343 0.173 0.015 0.089

aThe values were taken as averages over all hydrogen bonds.

second hydration shell through hydrogen bonds (HBs). As shown
in Fig. 1, the HBs occur between an electropositive H atom of the
H2O molecule in the first hydration shell and an electronegative O
atom of the H2O molecule in the second hydration shell,12 where
the H atom in the first hydration shell acts as a HB donor and
the O atom in the second hydration shell acts as a HB acceptor.
For clusters 9–14, the distance of inner and outer Ca−−O inter-
actions ranges from 2.376 Å to 2.480 Å and 4.200 Å to 5.029 Å,
respectively, which are in good agreement with the previous experi-
mental study by EXAFS and LAXS experiments [inner: 2.46(1) Å–
2.46(2) Å and outer: 4.58(5) Å].25 Moreover, our results are also
in agreement with the computational work of Bai et al., which
suggests inner Ca−−O bond distances for 9–14 to range between
2.381 and 2.493 Å.35

Cluster 9 possesses six and three water molecules in the first
and second hydration shells {[Ca(H2O)6]

2+
− 3(H2O)}, respec-

tively. The three water molecules of the second hydration shell
are bonded to the water molecules of the first hydration shell
via six O−−H⋯O HB interactions with a BSO n average of 0.336
(ka = 0.196 mdyn/Å). According to the Cremer–Kraka criterion,84–86

all HBs in cluster 9 are electrostatic in nature. The HBs of clus-
ter 9 are weaker, on average, than the HB of the water dimer
(BSO n: 0.343, ka: 0.211 mdyn/Å). The NBO analysis reveals that
the charge transfer from second shell water molecules to the first
shell water molecules increases the charge belonging to the O
atoms of the inner hydration shell; this increase in the charge
strengthens the Ca−−O electrostatic interactions of 9. The aver-
age (inner) Ca−−O bond distance for cluster 9 is shorter by 0.012
Å and stronger by 0.082 mdyn/Å in contrast to that of clus-
ter 6. As well, the Ca−−O interactions of 9 are the strongest
among clusters, which posses two hydration shells (clusters 9–14)
(see Table I).

Cluster 10 contains six and four water molecules in the first and
second hydration shells {[Ca(H2O)6]

2+
− 4(H2O)}, respectively.

The four water molecules of the outer hydration shell are bonded
to the inner hydration shell by forming eight HB interactions with

average BSO n values of 0.324 (ka = 0.173 mdyn/Å). The HB inter-
actions of cluster 10 are longer and weaker compared to the HBs
of cluster 9 (see Table II). Previous study by Tao et al. has shown
that the interaction between lp(O) of the HB acceptor and σ∗(O−−H)
of the HB donor of the water dimer is the most stabilizing factor
and that the strength of HB interactions for hydrogen bonded com-
plexes is governed by push–pull effects, which can be elucidated via
enhanced charge transfer.88 In general, the more charge transfer a
HB has, the stronger the HB interaction.88 The average stabilization
energy values [ΔE(2)], due to the charge transfer from the O atoms
of the second hydration shell to the σ∗(O−−H) orbitals of the first
hydration shell, reveal that HBs of cluster 10 are weaker than those of
cluster 9 due to smaller electron charge transfers [ΔE(2) = 4.290 (9);
3.940 kcal/mol (10)]. Furthermore, the HB electron density values
are greater for cluster 9 with respect to 10 [ρc = 0.197 (9), 0.189 e/Å3

(10)]. The Ca−−O interactions of cluster 10 (R: 2.377 Å, BSO n:
0.770) are longer and weaker than those of cluster 9 (R: 2.376 Å, BSO
n: 0.837) as a result of weaker electrostatic interactions between the
Ca ion and O atoms of the first hydration shell, which is attributed to
a smaller amount of electron charge transfer from lp(O) of H2O to
the lower valence (lv) of the Ca ion [ΔE(2) = 14.94 (9); 13.57 kcal/mol
(10)].

Cluster 11 consists of seven water molecules in the first hydra-
tion shell and two water molecules in the second hydration shell
{[Ca(H2O)7]

2+
− 2(H2O)}. Two water molecules of the second shell

form four HB interactions with water of the first shell with an aver-
age BSO n of 0.338 (ka = 0.200 mdyn/Å). The HBs in cluster 11 are
the strongest HBs among clusters 9–14. The results of the NBO anal-
ysis show that the charge of O atoms in the first hydration shell of
cluster 11 is greater than the charge of O atoms of cluster 7, due to a
larger amount of charge transfer between water of the outer hydra-
tion shell and water of the inner hydration shell. As a result, the
natural charges for O atoms of the inner hydration shell in cluster 11
strengthen the electrostatic interactions between the Ca ion and the
inner water shell; this strengthening of the electrostatic interactions
causes Ca−−O interactions in cluster 11 to be shorter and stronger
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than those of cluster 7 [R: 2.440 Å, BSO n: 0.678 (7); R: 2.427 Å, BSO
n: 0.704 (11)].

Cluster 12 accommodates seven inner shell water molecules
and three outer shell water molecules {[Ca(H2O)7]

2+
− 3(H2O)};

the interactions between the two hydration shells forge six HBs
with average BSO n values of 0.331 (ka = 0.186 mdyn/Å). The HBs
of cluster 12 are weaker than the HBs in cluster 11 as revealed
by the NBO analysis, where the charge transfer between outer
shell water molecules and inner shell water molecules is slightly
larger for cluster 11 than 12 [ΔE(2) = 4.170 (11); 3.979 kcal/mol
(12)]. The Ca−−O interactions of cluster 12 are comparable in
length and strength to those of cluster 11; for cluster 12, bond
distances and electron density values of inner Ca−−O interactions
are slightly shorter and larger than those of 11. In comparison
to cluster 11, the average stabilization energy (ΔE) resulting from
the charge transfers between the lone pairs of O atoms that com-
prise the first shell and lv of Ca is slightly larger for cluster 12
[ΔE = 15.029 (11), 15.043 kcal/mol (12)].

The Ca ion of cluster 13 has eight water molecules compris-
ing the first hydration shell and a water molecule in the second
hydration shell {[Ca(H2O)8]

2+
− (H2O)}; two HBs form between

the first and second water shells with an average BSO n of 0.331
(ka = 0.185 mdyn/Å). In comparison to cluster 8, the average
strength and length of (inner) Ca−−O bonds for cluster 13 decrease
(see Table I). Cluster 14 has eight and two water molecules in
the first and second hydration shells {[Ca(H2O)8]

2+
− 2(H2O)};

the two water molecules of the second shell form four HBs with
water of the inner shell with an average BSO n value of 0.327
(ka = 0.177 mdyn/Å). The HBs of 13 are slightly stronger than those
of 14 due to a greater amount of stabilization energy that results
from the charge transfer between the O atoms of the second hydra-
tion shell and the O atoms of the first hydration shell [ΔE(2) = 3.990
(13), 3.875 kcal/mol (14)]. The slightly stronger Ca−−O interactions
in 14 result from a slightly larger average stabilization energy for the
electron charge transfer between the O atoms of the first hydration
shell and the Ca ion [ΔE(2) = 14.61 (13), 14.76 kcal/mol (14)].

C. Cumulative local mode force constants as a
predictive tool for determining the CN of hydrated
calcium clusters

To determine the CN of the first hydration shell, clusters 1–
8 were recalculated using the implicit CPCM solvation model; in
this way, the first hydration shell around the Ca2+ ion is mod-
eled explicitly, while a second hydration shell and beyond are
represented by the dielectric continuum. For these clusters, we
employed the local mode analysis to determine the primary fac-
tor behind their stabilization. As shown in Table III, in terms of
cumulative Ca−−O and HB force constants for each cluster, the
local mode analysis reveals that the six-coordinated cluster (6)
has the strongest stabilization from the Ca−−O and HB interac-
tions compared to the other clusters. Experimental12,21–24 and com-
putational28–30,36 studies essentially agree on a CN of 6 for the
hydrated calcium ion cluster, as suggested from the local mode anal-
ysis results. Due to electronic reorganization and geometry relax-
ation, the corresponding BE values tabulated for these clusters sug-
gest that the eight-coordinated structure is the most preferable
(see Table III).

TABLE III. The sum of the local mode force constants ka and binding energies (BEs)
for clusters 1–8 at the ωB97X-D/6-311++G(d,p) level of theory using the implicit
CPCM solvation model.a

Cluster ka (mdyn/Å) BE (kcal/mol)

1 0.657 −5.341
2 1.140 −10.516
3 1.779 −15.002
4 2.317 −21.012
5 3.052 −26.570
6 4.404 −32.362
7 3.015 −38.843
8 3.072 −41.943

aThe sum of the local mode force constant ka values for clusters 1–8 incorporates all
corresponding ka(Ca−−O) values.

As shown from Table IV, the cumulative force constants,
among explicitly solvated clusters 9–14, are largest for cluster 9 and
second largest for cluster 10 (see Table IV and Fig. 4). The cumula-
tive force constants for explicitly solvated clusters indicate a coordi-
nation number of 5. However, the presence of additional hydration
shells with explicit and implicit solvation models show that an addi-
tional hydration shell further stabilizes the hydrated calcium clusters
primarily when the CN is 6; this result agrees with experimental
results.

Moreover, because the largest cumulative ka values result for
[Ca(H2O)n]

2+
−m(H2O) clusters, where n + m = 9 (9, 11, and 13),

such clusters are more likely to exist than [Ca(H2O)n]
2+
−m(H2O)

clusters, where n + m = 10 (10, 12, and 14). Because the BE val-
ues tabulated for explicitly solvated clusters 9–14 propose the CN
to have a value of 6 in the presence of a secondary hydration shell,

TABLE IV. The sum of the local mode force constants ka and binding energies (BEs)
for clusters 1–14 at the ωB97X-D/6-311++G(d,p) level of theory.a

Cluster ka (mdyn/Å) BE (kcal/mol)

1 1.147 −55.144
2 2.024 −103.215
3 2.685 −145.787
4 3.492 −182.743
5 3.705 −212.913
6 3.534 −240.471
7 3.023 −258.236
8 2.728 −271.730
9 5.202 −300.519
10 4.822 −317.053
11 4.077 −297.622
12 4.393 −314.890
13 2.950 −291.084
14 3.416 −309.897

aThe sum of the local mode force constant ka values is the sum of all ka(Ca−−O) values for
corresponding clusters 1–8; for clusters 9–14, the sum of the local mode force constants
ka considers all ka(Ca−−O) and ka(HB) values.
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FIG. 4. The binding energy (BE) and the corresponding local mode force constant
ka summations of clusters 1–14 calculated at the ωB97X-D/6-311++G(d,p) level of
theory.

while the implicit solvation (CPCM) of clusters 1–8, which models a
secondary hydration shell, suggests a CN of 8, it is apparent that BE
is not consistent as the BE values for explicit and implicit solvation
of the calcium ion give different answers. Overall, the results support
the notion that BE values are not adequate bond strength descriptors
for hydrated calcium ion clusters as geometrical relaxation and elec-
tronic relaxation cause molecular fragments to be lower in energy
than their bonded analog.

IV. CONCLUSION
We investigated a set of 14 hydrated calcium clusters with the

aim of elucidating the factors that govern the intrinsic strength of
inner Ca−−O (ion–solvent) and HB (solvent–solvent) interactions
based on accurate ωB97X-D/6-311++G(d,p) calculations of the local
stretching force constant and an analysis of NBO charges, electron
density distributions, charge transfer values, and relative BSO val-
ues n all calculated at the ωB97X-D/6-311++G(d,p) level of theory.
In this way, a clear understanding of the nature of Ca−−O and HB
emerged. In this study, local stretching force constants rather than
BEs have been taken into account to determine the CN for the Ca2+

ion.

1. The intrinsic strength of inner Ca−−O interactions for
[Ca(H2O)n]

2+ (n = 1–8) clusters weakens, on average, as the
CN increases. The intrinsic bond strength of the inner Ca−−O
interactions weakens as the size of the solvation shell expands
due to a decrease in electron density in the Ca−−O bond region,
resulting from increased charge transfer from lp(O)→ lv(Ca),
which weakens the electrostatic interactions between the Ca
ion and O atoms of H2O.

2. The strength of the HB interactions occurring between the first
and second hydration shells within [Ca(H2O)n]

2+
−m(H2O)

(n = 6–8, m = 1–4, n + m = 9–10) clusters becomes stronger
when larger amount of charge transfer occurs between HB
donor atoms and HB acceptor atoms [lp(O) → σ∗(O−−H)].
The HB bond interactions between the two solvent shells for
hydrated calcium ion clusters were observed to be weaker than
those of the water dimer by as little as 0.011 mdyn/Å and as
much as 0.038 mdyn/Å.

3. The NBO charge of O atoms that comprise the first hydra-
tion shell increases due to a larger amount of charge transfer
occurring between solvent shells. The increase in the charge
for the O atoms of the first hydration shell strengthens the
electrostatic interactions between the Ca ion and inner water
molecules, enabling the Ca−−O interactions to be stronger. The
Ca−−O bond strength for clusters involving a secondary hydra-
tion shell becomes stronger from enhanced charge transfer
occurring between lp(O)→ lv(Ca).

4. The cumulative local mode force constants, derived for the
explicit and implicit hydration of the Ca2+ ion, predict a CN
of 6 to possess the strongest stabilization from Ca−−O and HB
interactions.

Comprehending the nature of Ca−−O and HB intrinsic bond
strengths is key to enlightening the biological roles of hydrated Ca2+.
The results of the local mode analysis confirmed that the interac-
tions between Ca2+ and the O atom of H2O molecules are relatively
weak, allowing the hydrated calcium clusters to have fast kinetics
and high flexibility, which is advantageous in controlling and main-
taining many biological processes. While BE is typically used as a
measure of bond strength, they are of limited use due to geometrical
relaxation and electronic reorganization; thus, BE values stray away
from understanding the nature of the Ca−−O and HB interactions.
On the other hand, the local stretching force constant, derived from
the local mode analysis, is a valuable tool that adequately describes
the nature of a bond. Cumulative stretching force constants can
be used as a predictive tool for determining the preferred CN of
hydrated calcium ion clusters.

SUPPLEMENTARY MATERIAL

See the supplementary material for the following: The tabulated
values for the calculated binding energies (BEs) for clusters 1–14,
which involve explicit water molecules, obtained at the ωB97X-D/6-
311++G(d,p) level of theory, are expressed in Table S1. In Table S2,
the BE values calculated in this work for clusters 9–14, which possess
explicit water molecules, are listed alongside the BE values deter-
mined for the same clusters within the work of Bai et al. at the
B3LYP/aVDZ and MPZ/aVDZ level of theory.35 Equations S1 and
S2 were used to calculate BE values. Calculated values for interac-
tion energies (Eint) for clusters 1–14, which involve explicit water
molecules, obtained at the ωB97X-D/6-311++G(d,p) level of theory,
are expressed in Table S3. Equations S3 and S4 were used to calcu-
late Eint values. Table S4 shows the sum of the stabilization energy
values for the charge transfer between the lone pair (lp) of the O
atom of the H2O molecule and the lower valence (lv) of the Ca
ion for clusters 1–8 where explicit solvation was applied. Table S5
lists the bond distances R, local mode frequencies, local mode force
constants, bond strength orders, electron densities, energy densi-
ties, and energy density ratios of all OH bonds within molecules
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1–14, calculated at the ωB97X-D/6-311++G(d,p) level of theory
using explicit solvation. Table S6 lists the bond distances R, local
mode frequencies, local mode force constants, bond strength orders,
electron densities, energy densities, and energy density ratios of all
CaO bonds that result from the interaction between the Ca ion and
H2O molecules of the second solvent shell for clusters 9–14, calcu-
lated at the ωB97X-D/6-311++G(d,p) level of theory using explicit
solvation. Table S7 lists the dipole moments, bond distances R, local
mode frequencies, local mode force constants, bond strength orders,
electron densities, energy densities, and energy density ratios of clus-
ters 1–14, calculated at the ωB97X-D/6-311++G(d,p) level of theory
using implicit solvation via the application of the CPCM solvent
model. Table S8 lists the dipole moments, bond distances R, local
mode frequencies, local mode force constants, bond strength orders,
electron densities, energy densities, and energy density ratios for
molecules 9–14, calculated at the ωB97X-D/6-311++G(d,p) level of
theory using implicit solvation via the application of the CPCM
solvent model. Table S9 and Table S10 list the energy differences
ΔEcorr (kcal/mol) (evaluated with zero-point correction), the change
in enthalpy ΔH (kcal/mol), and the change in ΔG (kcal/mol) for
all clusters 1–14 where Table S9 represents clusters with explicit
water molecules and Table S10 depicts clusters with implicit solva-
tion via the CPCM model; the energy difference, change in enthalpy,
and change in Gibbs free energy were taken with respect to clus-
ter 10 in both tables. Table S11 lists the atomic Cartesian coordi-
nates in Å for clusters 1–14 having explicit water molecules; the
coordinate values were calculated at the ωB97X-D/6-311++G(d,p)
level of theory. The relationship between the averaged CaO local
mode force constant values ka and corresponding BE values for clus-
ters 1–14 is plotted in Fig. S1. The relationship between the CaO
local mode force constant values ka and corresponding R(Ca−−O)
values for clusters 1–14 is plotted in Fig. S2. Figure S3 plots BSO
n (Ca−−O) vs ka(CaO) for 1–14 and R1-R2. The relationship
between ka(CaO) and Hc/ρc(CaO) for 1–14 is shown in Fig. S4.
Figure S5 depicts the relationship between ka(CaO) and ka(HB) val-
ues for clusters 9–14. In Fig. S6, the cumulative ka(CaO) values are
plotted against corresponding Eint values for clusters 1–14. The BE
values are plotted against corresponding Eint in Fig. S7 for clusters
1–14. In Fig. S8, the cumulative ka(CaO) values are plotted against
corresponding Ecorr values for clusters 1–14. Figures S9 and S10
plot the ka(HB) values against the HB bond lengths and HB elec-
tron densities for 1–14. Figure S11 shows the relationship between
BE and the corresponding local mode force constant ka summa-
tions of clusters 1–8 calculated at the ωB97X-D/6-311++G(d,p) level
of theory using the implicit conductor-like polarizable continuum
model (CPCM). The natural bond orbital charges for all atoms of
clusters 1–14 that have explicit water molecules are depicted in
Figs. S12–S15.
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