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Abstract: Information resulting from a comprehensive investigation into the intrinsic strengths of
hydrated divalent magnesium clusters is useful for elucidating the role of aqueous solvents on the
Mg2+ ion, which can be related to those in bulk aqueous solution. However, the intrinsic Mg–O
and intermolecular hydrogen bond interactions of hydrated magnesium ion clusters have yet to be
quantitatively measured. In this work, we investigated a set of 17 hydrated divalent magnesium
clusters by means of local vibrational mode force constants calculated at the wB97X-D/6-311++G(d,p)
level of theory, where the nature of the ion–solvent and solvent–solvent interactions were interpreted
from topological electron density analysis and natural population analysis. We found the intrinsic
strength of inner shell Mg–O interactions for [Mg(H2O)n]2+ (n = 1–6) clusters to relate to the electron
density at the bond critical point in Mg–O bonds. From the application of a secondary hydration
shell to [Mg(H2O)n]2+ (n = 5–6) clusters, stronger Mg–O interactions were observed to correspond
to larger instances of charge transfer between the lp(O) orbitals of the inner hydration shell and
the unfilled valence shell of Mg. As the charge transfer between water molecules of the first and
second solvent shell increased, so did the strength of their intermolecular hydrogen bonds (HBs).
Cumulative local vibrational mode force constants of explicitly solvated Mg2+, having an outer
hydration shell, reveal a CN of 5, rather than a CN of 6, to yield slightly more stable configurations in
some instances. However, the cumulative local mode stretching force constants of implicitly solvated
Mg2+ show the six-coordinated cluster to be the most stable. These results show that such intrinsic
bond strength measures for Mg–O and HBs offer an effective way for determining the coordination
number of hydrated magnesium ion clusters.

Keywords: divalent magnesium ion; solvation; coordination number; vibrational spectroscopy; local
mode theory; local mode force constants

1. Introduction
Magnesium, being the eighth most abundant element and second most abundant

alkaline earth metal, accounts for 2% of the Earth’s crust [1]. As a result, magnesium (Mg2+)
is heavily prevalent in ground water and sea water as a result of rock and mineral dissolution
(i.e., calcium magnesium carbonate CaMg(CO3)3). Chemical [2–4], automotive/aircraft [5–9],
agricultural [10], and energy storage [11–13] industries have also contributed to the presence
of magnesium in water. As the production and application of magnesium increase, the
amount of magnesium waste increases [14], having been noted to pose dangerous environ-
mental effects [15]. High concentrations of such mineral-based ions have resulted in hard
water where the hydration of the Mg2+ ion yields insoluble precipitates.

The structure and reactivity of hydrated divalent magnesium (i.e., Mg2+) has been a
topic of notable investigation, as such information is useful for understanding the role a
solvent has on such physical properties. The determination of the coordination number
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(CN) has been highly sought after to understand the nature of hydrated magnesium ion
clusters, where such information can be related to the bulk form of the metal cation in
an aqueous solvent. The CN is based upon the number of inner shell water molecules
(n) bounded to the Mg2+ ion by the formation of Mg–O bonds ([Mg(H2O)n]2+); the Mg–O
interactions are primarily electrostatic, where the dipole of these interactions are pointed
from the water molecules towards the metal ion [16]. Experimental work based on X-ray
diffraction (XRD) [17,18], Raman spectroscopy [19,20] X-ray Raman scattering (XRS) spec-
troscopy [21], infrared action spectroscopy [22], small angle X-ray scattering (SAXS) [21],
black body infrared radiative dissociation (BIRD) [23], and neutron diffraction [24] have
proposed a CN of 6 (i.e., [Mg(H2O)6]2+), in an octahedral arrangement (Oh), for hydrated
divalent magnesium ion clusters; and the BIRD experiments showed that two constitu-
tional isomers of [Mg(H2O)6]2+ ([Mg(H2O)5]2+–H2O and [Mg(H2O)6]2+) may exist [23].
The XRS and SAXS work of Waluyo and co-workers estimated the Mg–O distances for
the [Mg(H2O)6]2+ cluster to be 2.1 Å, approximately [21]. Moreover, the Infrared Action
Spectroscopy work of Bush et al. [22] and the High-Pressure Mass Spectrometry work
of Peschke et al. [25] reported that the inner shell holds up to a maximum of six water
molecules with additional water molecules moving towards outer shells. On the other
hand, the XRD work of Albright and co-workers, involving hydrated divalent magnesium
clusters in concentrated chloride solutions, reported a CN of 6.8 [26]. It is widely recognized
that the second hydration shell of hydrated Mg2+ clusters accommodates up to 12 water
molecules [18,27–29], where, determined via X-ray diffraction, the bond distance between
the metal ion and water molecules of the second solvent shell range from 4.10 to 4.28 Å
and the bond distance between the inner and outer solvent shell falls between 2.75 and
2.81 Å [18,29]. The X-ray absorption spectra of 2 and 4 M concentrations of the Mg2+ cation
in chloride solution, generated by Cappa et al., revealed that a large amount of charge
transfer occurs between the water molecules of the first solvent shell and the Mg2+ ion [30].

Numerous solid-state structures of inorganic composites have validated the existence
of the six-coordinated structure ([Mg(H2O)6]2+) [31]. Theoretical investigations into the
solvation of Mg2+ span across molecular dynamic (MD) simulations [20,32–35], Monte
Carlo simulations [32,36–38], Car Parrinello molecular dynamic simulations (CPMD) [39],
effective fragment potential (EFP) calculations [40], ab initio molecular dynamics
(AIMD) [28,41–43], density functional theory (DFT) [41,44–50], Møller–Plesset second-
order perturbation theory (MP2) [41,44,47,49], coupled cluster theory with singles, double,
and perturbative triples (CCSD(T)) [47,49], and Born–Oppenheimer molecular dynamics
(BOMD) [51]; among these studies, a CN of 6 has been reported. However, the DFT study
of Pavlov and co-workers has suggested that the Mg2+ ion forms stable configurations
when coordinated to seven water molecules [52]. The recent work of Lynes et al. observed
CN values of 5 and 6 to be present 0.35% and 99.65% of the time with average inner
Mg–O bond lengths between 2.13 and 2.14 Å [42]. The calculated binding enthalpies for
[Mg(H2O)n]2+ (n = 18) clusters, obtained by Markham and co-workers via MP2 and DFT,
affirmed that the complete occupancy of the first shell for [Mg(H2O)n]2+ (n = 5 and 6)
clusters lead to more stable configurations in contrast to configurations where the water
molecules were spread across multiple solvation shells and that the [Mg(H2O)6]2+ cluster
is lower in energy than its constitutional isomer [Mg(H2O)5]2+–H2O [16]. Examined via
natural bond orbital analysis (NBO), Rao et al. and Bai et al. observed Mg–O bond lengths
stretching and the charge of the metal ion to decrease steadily as the CN increased [41,47];
Bai et al. also reported that the first hydration shell influences the charge transfer between
the divalent magnesium cation and outer solvent shells [41]. Furthermore, the work of
Neela et al. noted that as inner shell ion–solvent bond lengths (i.e., Mg–O) increased,
the charge transfer between the inner shell water molecules and the magnesium di-cation
also increased [44]. Even though numerous experimental and computational analysis have
been conducted, details regarding the intrinsic strengths of the ion–solvent (i.e., Mg–O)
and solvent–solvent (i.e., hydrogen bonding between solvent shells) interactions within
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hydrated magnesium clusters remain unexplored due to a lack of reliant measures for the
intrinsic bond strength.

The binding energy (BE) is a thermodynamic measure that provides structural and
energetic information for molecular systems and their chemical reactions (e.g., hydrated
divalent magnesium clusters). BE values are based upon the energy difference between
the hydrated magnesium cluster and their fragments (i.e., Mg2+, H2O), where all systems
are at a local minima. However, the BE is notably tainted with electron reorganizations
and the geometrical relaxation of the fragments, causing the measure to be short of ideally
describing intrinsic bond strength [53–57]. In this work, we used local mode stretching force
constants, obtained from the local mode analysis (LMA) of Konkoli and Cremer [58–61],
to directly assess the strength of a particular bond [62,63]. The local stretching force
constant (ka), characteristic of the stretching vibration of a bond, preserves the geometry and
electronic structure to precisely expresses the intrinsic bond strength. The local stretching
force constant has had success in describing covalent bonds [63–68] and noncovalent
interactions such as tetrel bonds [69], pnicogen bonds [70], chalcogen bonds [71], halogen
bonds [72–74], and hydrogen bonds [75–80].

Acquiring quantitative explanations for the ion–solvent and solvent–solvent inter-
actions of hydrated Mg2+ clusters would provide a comprehensive understanding of the
hydration of divalent Mg ions and the interactions that are involved in stabilizing such
clusters. In this work, we quantified, for the first time, the bond strength of the electrostatic
interactions for the hydrated magnesium clusters, being Mg–O interactions (ion–solvent)
and hydrogen bonds (solvent–solvent), via the local mode stretching force constants of
Konkoli and Cremer [58]. The main goals of this work were: (i) to assess the intrinsic bond
strengths of the ion–solvent interactions (Mg–O) and their variation as the CN, of the first
hydration shell, expands from 1 to 6 ([Mg(H2O)n]2+, where n = 1–6); (ii) to establish how
the addition of a secondary hydration shell affects the intrinsic bond strength of inner
ion–solvent (Mg–O) interactions ([Mg(H2O)n]2+–m(H2O) with n = 5 and 6, m = 1–5 with n
+ m = 6–10 and where m = 12, where m represents the number of water molecules in the
second hydration shell); and (iii) to quantitatively measure the intermolecular hydrogen
bonding established between inner and outer solvent shells.

2. Computational Methods
Minimum geometries and normal vibrational modes of 17 hydrated magnesium clus-

ters and reference molecules R1–R5 were obtained using the wB97X-D functional [81–83] in
combination with the Pople’s 6-311++G(d,p) basis set of triple-z quality [84–86]. The wB97X-
D functional was used as it is well known for accurately describing clusters dictated by
non-covalent interactions (NCIs) [43,86,87] such as hydrogen bond interactions [88–90].
To account for the solvation effects of the outer hydration shells, clusters 1–6 and reference
molecules R1 and R2 were recalculated, at the same level of theory, using the implicit
conductor-like polarizable continuum model (CPCM). The implicit CPCM model was uti-
lized as it has been demonstrated to comprehensively account for solvent effects [43,91,92].
The initial configurations of clusters 1–6 were extracted from the work of Rao et al. [47]
and those of clusters 7–17 were based off the work of Bai et al. [41]. Following geometry
optimization and frequency calculations, the LMA of Konkoli and Cremer [58–61] was
employed to quantify the intrinsic strength of Mg–O and HB interactions. Because a com-
prehensive background on LMA has been elaborated in Ref. [93], we summarize only the
main essence of LMA below.

Vibrational spectroscopy provides a comprehensive overview on the electronic struc-
ture and bonding of a molecule in the form of normal vibrational modes. However, normal
modes tend to delocalize over the molecule due to the presence of electronic and kinematic
(mass) coupling, hampering the direct description of the intrinsic strength of chemical
bonds. The fundamental equation of vibrational spectroscopy (Wilson’s secular equation
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of molecular vibration) is used to eliminate the electronic coupling resulting from the
off-diagonal elements of the force constant matrix (Fx):

FxL = MLL (1)

where Fx is expressed in Cartesian coordinates and M depicts the mass matrix. The L
matrix accumulates the 3N normal mode vibrational eigenvectors Iµ and L is a diagonal
matrix consisting of vibrational eigenvalues lµ. From lµ = 4p2c2w2

µ (c = speed of light)
normal mode vibrational frequencies (i.e., wµ) are retrieved. To solve the equation, the force
constant matrix Fx undergoes diagonalization which requires that Cartesian coordinates be
transformed into normal coordinates Q to yield in:

KQ = D†Fqn D (2)

where the force constant matrix K is expressed by Q. The electronic decoupling of vibra-
tional modes is a general procedure for the derivation of harmonic vibrational frequencies
where the mass coupling between the resultant normal modes remains.

The remaining kinematic (mass) coupling can be eliminated by using a mass-decoupled
equivalent of the Euler–Lagrange equation, as demonstrated by Konkoli and Cremer [58–61].
The proceeding local vibrational modes (an) are liberated from all mode–mode cou-
pling (an):

an =
K�1d†

n
dnK�1d†

n
(3)

where the local mode vector corresponding to the n-th internal coordinate qn is represented
by an. Each local mode an corresponds to a distinct local mode force constant ka

n and local
vibrational frequency wa

n through:

ka
n = a†

nKan = (dnK�1d†
n)

�1 (4)

and:
(wa

n)
2 =

1
4p2c2 ka

nGa
n,n (5)

where Ga
n,n is the mass of the local mode an which is a diagonal element out of the Wilson

G matrix. Hereafter, ka is used instead of ka
n (i.e., ka = ka

n).
Via an adiabatic connection scheme (ACS), a one-to-one relation between local and

normal vibrational modes is established [61,62]. Unlike normal modes, the local modes do
not depend on the kind of coordinates used to describe a molecular system. Because the
local mode force constants ka only rely upon electronic structure change, as they are
independent of atomic masses, they capture pure electronic effects and adequately describe
chemical bond strength. The measures of bond strength order can be acquired from local
mode force constants ka through the generalized Badger rule [94]:

BSO n = a(ka)b (6)

From the ka values of two reference compounds of known bond orders, constants a
and b can be obtained following the specification that BSO n = 0 when ka = 0. For the Mg–O
interactions, reference molecules MgH2 (R1) and Mg –– O (R2) were used alongside BSO n
values of 1.0 and 2.0, respectively. Using R1 and R2, the a and b, constants values of 0.7074
and 0.7968 were obtained. For HBs, references molecules F – H (R3) and [H···F···H]– (R4)
were utilized and assigned BSO n values of 1.0 and 0.5, respectively. Using R3 and R4,
the a and b constants of 0.5293 and 0.2781 were derived. The HB of the water dimer (R5)
was also included as to assess the magnitude of intrinsic HB strengths.

All DFT calculations were carried out using the Gaussian 16 Rev. A.03 program pack-
age [95]. Geometry optimizations were conducted using a superfine grid integration and a
tight convergence criterion for the forces and displacements. The local force constants were
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calculated using the LModeA program [93,96]. The NBO6 program was utilized to obtain
natural population charges and second order perturbation stabilization energy (DE(2))
values through natural bond orbital (NBO) analysis [97,98]. DE(2) values correspond to
the stabilization energy resulting from intermolecular charge transfer events (i.e., orbital
interactions). Electron densities (rc) and energy densities (Hc) at Mg–O and O···H bond
critical points rc were determined using the AIMAll program [99]. The nature of the Mg–O
and HB interactions were distinguished following the Cremer–Kraka criteria where a
negative (stabilizing) value of the energy density (Hc < 0) at the bond critical point rc(BCP)
denotes the covalent bonding while a positive value (i.e., Hc > 0) indicates electrostatic
interaction [100–102].

3. Results and Discussion
First hydration shell. Table 1 collects the bond distances (R), local vibrational frequen-

cies (wa), local mode force constants (ka), bond strength orders (BSO n), electron densities
(rc), energy densities (Hc), and energy density ratios (Hc/rc) taken at the Mg–O bond
critical points rc, all values were taken as averages over all Mg–O bonds of clusters 1–17.
Optimized geometries, point groups, and the natural bond orbital (NBO) charge of the
Mg atom are depicted in Figure 1. The water molecules of the first and second hydration
shells are distinctly notated by [Mg(H2O)n]2+–m(H2O), where n refers to the amount of
water molecules in the first hydration shell and m is the amount in the second hydration
shell. Regarding the plots, [Mg(H2O)n]2+ clusters (1–6) are depicted by red points and
[Mg(H2O)n]2+–m(H2O) clusters (7–17) by blue points. Though a CN of 6 has been sug-
gested to result in the most stable configurations for hydrated magnesium clusters, for the
sake of completeness, we investigated clusters where the CN ranges from 1 through 7. It
is noted that the optimization of [Mg(H2O)7]2+ results in the migration of a single water
molecule from the first hydration shell to the second hydration shell, as observed in previ-
ous theoretical works [41,45,50]. Note that the initial coordinates in Ref. [45] were taken
from X-ray crystallographic studies. In addition, as mentioned earlier, the experimental
work of Peschke et al. and Bush et al. showed that a CN of 7 for hydrated magnesium
clusters was unstable leading to a CN of 6 [22,25].

[Mg(H2O)2]2+ (D2d)
2

[Mg(H2O)3]2+ (D3)
3

Clusters with 1st Water Shell  
[Mg(H2O)n]2+ (n=1-6)

Clusters with 2nd Water Shell
[Mg(H2O)n]2+·m(H2O) (n= 6 & 5; m= 1-5, where n + m = 6-10 H2O)

[Mg(H2O)5]2+ ●2(H2O) (C1)
8

[Mg(H2O)5]2+ ●H2O (C1)
7

[Mg(H2O)5]2+ ●3(H2O) (C1)
9 [Mg(H2O)5]2+ ●4(H2O) (C1)

10 [Mg(H2O)5]2+ ●12(H2O) (C1)
12

[Mg(H2O)6]2+ ●H2O (C1)
13

[Mg(H2O)6]2+ ●3(H2O) (C1)
15

[Mg(H2O)6]2+ ●4(H2O) (C1)
16

[Mg(H2O)]2+ (C2v)
1

[Mg(H2O)4]2+ (S4)
4

[Mg(H2O)5]2+ (C2v)
5

[Mg(H2O)6]2+ (Oh)
6

[Mg(H2O)6]2+ ●2(H2O) (C2)
14

1.996 Å 2.052 Å 2.074 Å 2.108 Å 2.067 Å 2.060 Å

2.056 Å 2.046 Å 2.045 Å
2.110 Å

2.104 Å 2.102 Å

Mg(+1.584)Mg(+1.610) Mg(+1.597)

Mg(+1.734)

Mg(+1.658) Mg(+1.588)

Mg(+1.862)

1.957 Å 1.972 Å

Mg(+1.568)Mg(+1.573)

Mg(+1.580)
Mg(+1.560)Mg(+1.563)Mg(+1.573)

Mg(+1.581)

Mg(+1.557)
2.043 Å

[Mg(H2O)6]2+ ●12(H2O) (C1)
17

[Mg(H2O)5]2+ ●5(H2O) (C1)
11

2.094 Å
Mg(+1.561)

2.088 Å
Mg(+1.555)

Figure 1. A summary of the natural bond orbital (NBO) charges of the Mg atom alongside average Mg–O bond distances
for clusters 1–17 obtained at the wB97X-D/6-311++G(d,p) level of theory.
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Table 1. Bond distances (R), local mode frequencies (wa), local mode force constants (ka), bond strength orders (BSO n),
electron densities (rc), energy densities (Hc), and the energy density ratios ( Hc

rc
) of Mg–O interactions for clusters 1–17 and

reference molecules R1–R2, calculated at the wB97X-D/6-311++G(d,p) level of theory a.

# Molecule Sym. R wa
k

a BSO rc Hc
Hc

rc

(Å) (cm�1) (mdyn/Å) n (e/Å3) (h/Å3) (h/e)

First Hydration Shell
1 [Mg(H2O)]2+ C2v 1.957 556 1.748 1.104 0.325 0.098 0.301
2 [Mg(H2O)2]2+ D2d 1.972 538 1.636 1.047 0.314 0.091 0.289
3 [Mg(H2O)3]2+ D3 1.996 487 1.342 0.894 0.286 0.092 0.321
4 [Mg(H2O)4]2+ S4 2.052 460 1.194 0.815 0.261 0.087 0.333
5 [Mg(H2O)5]2+ C2v 2.074 393 0.875 0.636 0.229 0.075 0.327
6 [Mg(H2O)6]2+ Oh 2.108 357 0.722 0.546 0.208 0.067 0.322

Second Hydration Shell
7 [Mg(H2O)5]2+–H2O C1 2.067 386 0.845 0.618 0.233 0.077 0.330
8 [Mg(H2O)5]2+–2(H2O) C1 2.060 406 0.931 0.668 0.237 0.078 0.330
9 [Mg(H2O)5]2+–3(H2O) C1 2.056 407 0.939 0.673 0.241 0.079 0.327
10 [Mg(H2O)5]2+–4(H2O) C1 2.046 418 0.989 0.701 0.249 0.080 0.324
11 [Mg(H2O)5]2+–5(H2O) C1 2.045 418 0.988 0.700 0.249 0.081 0.324
12 [Mg(H2O)5]2+–12(H2O) C1 2.043 417 0.984 0.698 0.252 0.080 0.318
13 [Mg(H2O)6]2+–H2O C1 2.110 356 0.718 0.543 0.208 0.066 0.320
14 [Mg(H2O)6]2+–2(H2O) C2 2.104 365 0.757 0.565 0.212 0.068 0.320
15 [Mg(H2O)6]2+–3(H2O) C1 2.102 360 0.732 0.551 0.213 0.068 0.320
16 [Mg(H2O)6]2+–4(H2O) C1 2.094 368 0.769 0.573 0.219 0.069 0.317
17 [Mg(H2O)6]2+–12(H2O) C1 2.088 381 0.822 0.605 0.221 0.070 0.318

Mg–O Bond References
R1 MgH2 D•h 1.708 1646 1.000 1.544 0.357 �0.022 �0.061
R2 Mg–O C•v 1.755 807 3.685 2.000 0.526 0.101 0.191

a All values were taken as averages over all Mg–O interactions.

As the cluster size increases from 1–6, the Mg–O bond distance increases from 1.957 Å
(1) to 2.108 Å (6). These results agree with the previous literature as the Mg–O bond length
increases as n within the [Mg(H2O)n]2+ clusters increases from 1 to 6 [41,47]. We note that
the Mg–O bond distances for clusters 1–6 (1.96 to 2.11 Å) agree well with experimentally
determined lengths which range from 2.10 to 2.12 Å [17–20,24,26,103]. As verified by the
Cremer–Kraka criterion [100–102], all Mg–O interactions have an electrostatic character,
reflected by positive Hc values.

Figure 2 shows the average BSO n values for the Mg–O bonds of clusters 1–6. The av-
erage BSO n (MgO) values vary from 1.104 to 0.546 units; decreasing in parallel to an
increase in the CN for hydrated magnesium clusters. Furthermore, the Mg–O bonds within
clusters 3–6 become weaker, where the MgO bond strengths of clusters 5 and 6 are notably
weaker in contrast to the MgH bond within MgH2 (i.e., R1). Stabilization energies DE(2),
based upon the second order perturbation analysis of the Fock matrix, show that the charge
transfers between the lp⇤ orbital (i.e., unfilled valence-shell) of the the Mg ion and the
s⇤(O–H) orbitals of inner shell water molecules cause the NBO charges of Mg and O atoms
to decrease. The charges of Mg and O atoms steadily decline alongside a rise in the CN due
to larger charge transfers occuring from lp⇤(Mg) ! s⇤(O–H) orbitals (see Figures S1 and
S2, Supporting Information), inferring that the electrostatic interactions between Mg and O
atoms become weaker alongside an increase in the CN. Furthermore, as shown in Figure 3,
there exists a correlation between the electron density at the Mg–O bond critical point rc
and the Mg–O bond strength, where a decrease in the electron density rc corresponds to a
weakening of the Mg–O interaction.
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molecule (R1).
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and clusters 7–17 are depicted by blue points.

Second hydration shell. Table 2 compiles the HB distances (R), local vibrational
frequencies (wa), local mode force constants (ka), bond strength orders (BSO n), electron
densities (rc), energy densities (Hc), and their ratio (Hc/rc), taken as averages over all HBs,
for clusters 7–17. Both ion–solvent (Mg–O interactions) and solvent–solvent interactions
(i.e., hydrogen bonds, O···H) are prevalent for clusters 7–17. As exhibited via dashed lines
within clusters of Figure 1, HBs occur between hydrogen bond donor atoms (H atoms)
in the first hydration shell and hydrogen bond acceptor atom (O atoms) in the second
hydration shell. For clusters 7–17, the distance of inner Mg–O bonds varies between 2.043
and 2.110 Å (see Table 1). These results are in line with the work of Bai et al., which suggests
that the inner Mg–O bond lengths, for clusters of similar configurations to 7–17, range
between 2.045 and 2.109 Å [41]. As well, the HB distances between the solvent shells within
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[Mg(H2O)n]2+–m(H2O) clusters vary, on average, between 1.806 and 1.928 Å; experimental
values obtained by Vanhouteghem et al., via neutron diffraction analysis, were reported
within the range of 1.815 to 2.008 Å, respectively [104]. In the following, we evaluated
clusters 7–17 to assess how the intermolecular hydrogen bonding occurring between first
and second hydration shells modulates the strength of inner Mg–O interactions. NBO
charges can be found for clusters 7–17 in Figures S3–S8 of the Supporting Information.

Table 2. Bond distances (R), local mode frequencies (wa), local mode force constants (ka), bond strength orders (BSO n),
electron densities (rc), energy densities (Hc), and the energy density ratios ( Hc

rc
) for the hydrogen bonds (O···H) of clusters

7–17 and reference molecules R3–R5, calculated at the wB97X-D/6-311++G(d,p) level of theory a.

# Molecule Sym. R wa
k

a BSO rc Hc
Hc

rc

(Å) (cm�1) (mdyn/Å) n (e/Å3) (h/Å3) (h/e)

7 [Mg(H2O)5]2+–H2O C1 1.806 593 0.197 0.337 0.225 0.002 0.009
8 [Mg(H2O)5]2+–2(H2O) C1 1.815 572 0.183 0.330 0.220 0.004 0.017
9 [Mg(H2O)5]2+–3(H2O) C1 1.844 536 0.162 0.318 0.206 0.007 0.034
10 [Mg(H2O)5]2+–4(H2O) C1 1.887 473 0.125 0.297 0.186 0.011 0.059
11 [Mg(H2O)5]2+–5(H2O) C1 1.867 512 0.153 0.309 0.197 0.007 0.047
12 [Mg(H2O)5]2+–12(H2O) C1 1.811 626 0.221 0.346 0.225 0.002 0.014
13 [Mg(H2O)6]2+–H2O C1 1.829 549 0.169 0.323 0.212 0.006 0.028
14 [Mg(H2O)6]2+–2(H2O) C2 1.864 539 0.163 0.319 0.208 0.007 0.034
15 [Mg(H2O)6]2+–3(H2O) C1 1.857 574 0.184 0.330 0.198 0.009 0.048
16 [Mg(H2O)6]2+–4(H2O) C1 1.928 474 0.126 0.297 0.170 0.013 0.079
17 [Mg(H2O)6]2+–12(H2O) C1 1.834 611 0.209 0.342 0.202 0.007 0.079

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 dimer
R5 (H2O)2 Cs 1.916 615 0.211 0.343 0.173 0.015 0.089

a All values were taken as averages over all HB interactions.

Cluster 7 involves five water molecules in the first hydration shell and one water
molecule in the second hydration shell ([Mg(H2O)5]2+–H2O). Two HBs (i.e., O–H···O) are
established between the first and second water shell (see Figure 1), where the average BSO
n is 0.337 (ka = 0.197 mdyn/Å). Following the Cremer–Kraka criterion [100–102], the HBs
of cluster 7 are primarily electrostatic in nature. The inner Mg–O bond length for cluster 7,
on average, is shorter and weaker by 0.007 Å and 0.030 mdyn/Å in comparison to cluster
5. Moreover, the Mg–O bonds within 7, on average, are the weakest among secondly
hydrated clusters with a CN of 5 (7–12).

Cluster 8 has five inner shell water molecules interacting with two outer shell wa-
ter molecules ([Mg(H2O)5]2+–2(H2O)) to form four HBs with a BSO n average of 0.330,
respectively. The strength and length of the HBs of cluster 8 are weaker and longer than
those of 7 (see Table 2). As demonstrated in the work of Tao et al., the orbital interaction
occurring between the oxygen lone pair (i.e., lp(O)) of the acceptor water molecule and the
anti-bonding s⇤ orbital of the donor water molecule (i.e., s⇤(O–H)) plays an instrumental
role behind HB stabilization; the HB strength is determined by push–pull effects which are
interpreted from augmented charge transfer events [105]. As the magnitude of HB charge
transfer becomes greater, the HB interaction becomes stronger [105]. Average stabilization
energy values (DE(2)), which represent the extent of charge transfer happening between
the lp(O) of the second hydration shell and s⇤(O–H) of the first hydration shell, unveil that
cluster the 8 obtains weaker HBs in contrast to cluster 7 due to smaller charge transfers
(average DE(2) = 15.27 (7); 14.77 kcal/mol (8)). Cluster 8 obtains, on average, shorter and
stronger MgO bonds in contrast to those of 7 (see Table 1). The Mg–O bonds of 8 possess
larger electrostatic contributions due to more charge being transferred from the lp(O) of
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inner shell H2O molecules to the lp⇤(Mg) orbital (lp⇤ represents unfilled valence shell)
(DE(2) = 137.93 (7); 141.83 kcal/mol (8)).

Cluster 9 contains five water molecules in the first shell and three water molecules
in the second shell ([Mg(H2O)5]2+–3(H2O)), and the six HBs that form between the two
solvent shells (see Figure 1) have an average BSO n value of 0.318 (ka = 0.162 mdyn/Å).
The HBs of 9 are longer and weaker in contrast to the HBs of clusters 7 and 8 (See Table 2)
due to a smaller amount of stabilization energy resulting from the charge transfer between
outer ! s⇤(O–H) and inner shell orbitals (average DE(2) = 13.398 kcal/mol (9)). Similarly
to cluster 8, cluster 9, in comparison to cluster 7, involves a greater amount of electron
charge transfer from inner lp(O) ! lp⇤(Mg) (DE(2) = 146.92 kcal/mol (9)) which increases
the electrostatic interactions between the Mg ion and the inner water shell within 9; this
strengthening of the electrostatic interactions causes the Mg–O bonds of 9 to be shorter and
stronger than those of 8 (see Table 1).

Cluster 10 is composed of five water molecules in the first hydration shell and
four water molecules in the second hydration shell ([Mg(H2O)5]2+–4(H2O)), and eight
HBs are formed between the two hydration shells where the average BSO n is 0.297
(ka = 0.125 mdyn/Å). In contrast to clusters 7–9, the HBs of 10 are weaker due to a
smaller amount of charge transfer occurring between the two hydration shells (average
DE(2) = 11.350 kcal/mol (10)). Furthermore, 10 possesses the weakest HBs (see Table 1).
As a consequence, the strength of the electrostatic interactions between the Mg ion and
inner water molecules of cluster 10 increases and in turn strengthens and shortens the
Mg–O bonds beyond that of clusters 6, 7, 8, and 9 (see Table 1). Cluster 11 has a total of ten
water molecules across both hydration shells ([Mg(H2O)5]2+–5(H2O)), and nine HBs were
detected between the inner and outer hydration shell where the average BSO n value is
0.309 (ka = 0.153 mdyn/Å). The HBs of 11 are stronger than those of 10 because of a greater
charge transfer from the outer lp(O) to the inner s⇤(O–H) orbitals (average DE(2) = 12.427
kcal/mol (11)). In comparison to cluster 10, the Mg–O bond length and the strength of 11,
on average, are shorter and stronger (see Table 1). Furthermore, in comparison to cluster
10, the DE(2) based off the charge transfer between inner lp(O) and the lp⇤(Mg) orbital is
slightly larger for cluster 11 (DE(2) = 154.29 (10, 154.53 kcal/mol (11)).

Cluster 12 is a five-coordinated structure that is surrounded by a second solvent shell
composed of 12 water molecules ([Mg(H2O)5]2+–12(H2O)), and 22 HBs are established
between the two solvent shells having an average ka(HB) value greater than that of the water
dimer by 0.010 mdyn/Å (R5). Moreover, the HBs within cluster 12 are the strongest HBs
amongst all clusters having a secondary hydration shell (7–17) (see Table 1), the amount of
charge delocalization occurring between both hydration shells is the largest for 12 (average
DE(2) = 14.672 kcal/mol (12)). Thus, for cluster 12, the electrostatic interactions between the
Mg ion and inner H2O molecules become stronger and enable the charge transfer between
the inner lp(O) orbitals and the lp⇤(Mg) orbital to be greater in magnitude in comparison to
clusters 6–11 (DE(2) = 557.56 kcal/mol (12)). This large amount of charge transfer between
the Mg2+ ion and inner shell water molecules of 12 yields Mg–O bond distances that are
smaller than those of clusters 6–11 (see Table 1).

Cluster 13 has six water molecules within the first solvent shell and one water molecule
in the second solvent shell ([Mg(H2O)6]2+–H2O); two HBs form between the two solvent
shells with an average BSO n value of 0.323 (ka = 0.169 mdyn/Å). The HB interactions of 13
are the weakest amongst [Mg(H2O)6]2+–m(H2O) clusters (13–17). In comparison to cluster
6, the inner Mg–O interactions of 13 elongate and weaken slightly (See Table 1). The Mg ion
within cluster 14 is coordinated to six inner shell water molecules and has a outer hydration
shell holding two water molecules ([Mg(H2O)6]2+–2(H2O)), and four HBs form between
the hydration shells with an average BSOn value of 0.319. The HBs of 14 are weaker
than those of 13 due to smaller charge transfers between outer lp(O) orbitals and inner
shell s⇤(O–H) orbitals (average DE(2) = 13.96 (13), 12.35 kcal/mol (14)). In comparison
to clusters 6 and 13–16, the inner Mg–O interactions of 14 are shorter and stronger (see
Table 1). The Mg–O bonds of 14 are stronger than those of 13 due to stronger electrostatic
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interactions as shown from the larger stabilization energy DE(2) value stemming from
the charge transfer between inner shell lp(O) to the lp⇤(Mg) orbital (DE(2) = 144.35 (13),
148.58 kcal/mol (14)).

Cluster 15 ([Mg(H2O)6]2+–3 (H2O)) acquires six HBs which are formed between the
two water shells, with an average BSO n (HB) value of 0.330. The HB bond strengths
between the inner and outer hydration shells of cluster 15 are in the closest proximity to
that of the water dimer with regard to [Mg(H2O)6]2+–m(H2O) clusters (m = 1–4; 13–16)
(see Table 2). The average HB strength within 15 is stronger than that of 14 due to a
greater electronic charge transfer between the outer shell lp(O) orbitals and the inner
shell s⇤(O–H) orbitals (average DE(2) = 12.535 kcal/mol (15)). As a result, the decrease
in the electrostatic interaction between the Mg ion and O atoms of the inner hydration
shell slightly strengthen and shorten the Mg–O bonds of 15 with respect to that of 14 (see
Table 1). Cluster 16 has six water molecules in the first shell and four water molecules in
the second shell ([Mg(H2O)6]2+–4 (H2O)); the two shells form nine HBs where the average
BSO n value is 0.317 (ka = 0.159 mdyn/Å). The HBs for 16 are the weakest with regard to
clusters 13–15 and 17. The weaker HBs of 16 yield stronger Mg–O interactions, on average,
for cluster 16 in comparison to clusters 13–15) and 17. The Mg–O interactions are stronger
within cluster 16 than those of clusters 13–15 and 17 due to a smaller amount of charge
transfer from the lp(O) of the inner shell to the lp⇤(Mg) orbital (DE(2) = kcal/mol (16)).

Cluster 17 is a six-coordinated structure that is surrounded by a secondary shell
comprised of 12 water molecules ([Mg(H2O)6]2+ – 12 (H2O)); a HB network involving
24 HBs between the inner and outer hydration shell are established where the BSO n
is nearly exact to that of the water dimer (R5) (see Table 1). Furthermore, cluster 17
has the second strongest HBs amongst clusters with a secondary hydration shell (see
Table 1), where the magnitude of charge transfer between the two hydration shells is
smaller in comparison to that of cluster 12 (average DE(2) = 14.672 (12), 13.587 kcal/mol
(17). In comparison to clusters 6 and 13–16, the Mg–O bonds are shorter and stronger (see
Table 1) due to an increase in the electrostatic interactions between the Mg ion and inner
shell water molecules. The DE(2) values resulting from charge transfers from lp(O) !
lp⇤(Mg) are the largest for 17 with regard to clusters 13–16 (DE(2) = 652.16 kcal/mol (17)).

Utilizing cumulative local mode force constants to determine the CN for hydrated
magnesium clusters. The cumulative local mode force constant ka

cum, which is the sum
of the local mode force constants for targeted bonds (i.e., multiple bonds) of a system,
can be used to understand the stability of a molecule (i.e., cluster) in retrospect to a
complementary set of molecules. In this work, the cumulative local mode force constants
ka

cum for clusters 1–17 are based upon the sum of all accompanying ion–solvent (i.e., Mg–O)
and solvent–solvent (i.e., HBs) local mode stretching force constants. As demonstrated in
Table 3, the ka

cum values of explicitly solvated clusters 1–6 indicate a CN of 5 to acquire a
slightly greater amount of stabilization in comparison to a CN of 6. In addition, the ka

cum
values for clusters 7–17, which contain explicitly modeled secondary hydration shells,
demonstrate that the application of a second hydration shell to [Mg(H2O)n]2+ clusters
(n = 5 and 6) further stabilizes the Mg–O interactions due to HB interactions between
first and second hydration shells. Weighted BE values can be found in Table S1 of the
Supporting Information.

Moreover, the ka
cum values of 6 (i.e., [Mg(H2O)6]2+) and 7 (i.e., [Mg(H2O)5]2+–H2O)

suggest that cluster 7 acquires a greater stability than 6 (see Table 3), being in opposite
viewpoint to the results disclosed by Markhem et al. (see Figure 4) [16]. It is mentioned
that the ka

cum values of 7 ([Mg(H2O)5]2+–H2O) and 13 ([Mg(H2O)6]2+–H2O) suggest the
six-coordinated structure to be preferred over the five-coordinated structure (ka = 4.617 (7),
4.644 mdyn/Å (13)).
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Table 3. The cumulative local mode force constants ka
cum and binding energies (BE) for clusters 1–17

at the wB97X-D/6-311++G(d,p) level of theory.

Cluster k
a
cum (mdyn/Å) BE (kcal/mol)

1 1.748 �75.595
2 3.272 �143.372
3 4.026 �198.088
4 4.776 �243.485
5 4.377 �275.652
6 4.332 �305.297
7 4.617 �300.834
8 5.388 �324.944
9 5.669 �345.949

10 5.944 �365.531
11 6.316 �382.337
12 9.788 �478.727
13 4.644 �326.223
14 5.191 �347.678
15 5.492 �368.393
16 5.616 �383.631
17 9.941 �504.860

a The cumulative local mode force constants ka
cum are based upon the sum of all ka(Mg–O) values for the

corresponding clusters 1–6; for clusters 7–17, the cumulative local mode force constants ka
cum consider all ka(Mg–

O) and ka(HB) values.
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Figure 4. The binding energy (BE) and the corresponding cumulative local mode force constants
ka

cum of the clusters 1–17 calculated at the wB97X-D/6-311++G(d,p) level of theory. Clusters 1–6 are
represented by red points and clusters 7–17 are depicted by blue points.

The ka
cum values for 8 (i.e., [Mg(H2O)5]2+–2 (H2O)) are larger than those for 14 (i.e.,

[Mg(H2O)6]2+–2 (H2O)), revealing that, in the case where two water molecules comprise the
second hydration shell, a CN of five results in a more stable configuration in contrast to a CN
of 6 (see Table 3). Moreover, by comparing the ka

cum values of cluster 9 (i.e., [Mg(H2O)5]2+–
3 (H2O)) and 10 (i.e., [Mg(H2O)5]2+–4 (H2O)) to clusters 15 (i.e., [Mg(H2O)6]2+–3 (H2O))
and 16 (i.e., [Mg(H2O)6]2+–4 (H2O)) (see Table 3), a CN of 5, with respect to a CN of 6, is
observed to result in more stable configurations. It is noted that current ab initio molecular
dynamics simulations conducted by Lynes and co-workers revealed a small percentage
of the CN for Mg2+ to be 5 [42]. Because 9–11 ([Mg(H2O)5]2+–m(H2O), m = 2–4) clusters
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possess larger ka
cum values than 14–16 clusters ([Mg(H2O)6]2+–m(H2O), m = 2–4), it is

inferred that clusters 9–11 are more likely to be present.
However, a CN of 6 is shown to be preferred over a CN of 5 when a single wa-

ter molecules occupies the second hydration shell (see values for clusters 7 and 13 in
Table 3). In agreement with the results from implicit solvation and previous studies on
[Mg(H2O)n]2+–12 (H2O) (n = 5 and 6) clusters [41], the ka

cum values for the explicit model of
[Mg(H2O)6]2+–12 (H2O) (17), in which the second hydration shell holds the maximum of
12 water molecules, reveal that cluster 17 acquires the strongest bond stabilizations in com-
parison to all other explicitly modeled clusters (7–16). We note that clusters [Mg(H2O)5]2+–
12 (H2O) (12) have the second largest bond stabilizations (see Table 3 and Figure 4). Each
of the six inner shell water molecules of cluster 17 form two HBs with water molecules of
the second hydration shell and that second shell water molecules form a total of 12 HBs
among themselves (see Figure 1) as demonstrated in previous works [16,41].

The implicit hydration of clusters 1–6 was assessed through the application of the
CPCM solvation model as to determine the CN, here the water molecules of the first
hydration shell were modeled explicitly while outer hydration shells are represented by a
dielectric continuum. We derived ka

cum values, via local mode analysis, for these clusters
in order to establish the key element responsible for their chemical stability. From the
ka

cum values of the implicitly solvated clusters, as shown in Table 4, we observed the
implicit addition of outer shells to [Mg(H2O)n]2+ (n = 1–6) clusters to increase in stability
alongside increasing CN, the results revealing a CN of 6 to result in the most stable
configuration due to the Mg–O and HB interactions. The CN of 6, as suggested from
local mode analysis, agrees with recent experimental [16,19,21,22,24] and computational
works [20,32,34,39,41–44,46,47,49,51].

Table 4. The cumulative local mode force constants ka
cum and binding energies (BE) for clusters 1–6 at

the wB97X-D/6-311++G(d,p) level of theory using the implicit CPCM solvation model.

Cluster k
a
cum (mdyn/Å) BE (kcal/mol)

1 0.434 �8.431
2 1.313 �17.367
3 2.584 �25.834
4 2.874 �35.927
5 3.887 �45.209
6 4.960 �57.247

a The cumulative local mode force constants ka
cum are the sum of all ka(Mg–O) values for the corresponding

clusters 1–6.

Overall, the local mode analysis of explicitly solvated [Mg(H2O)5]2+–12 (H2O) (15) and
[Mg(H2O)5]2+–12 (H2O) (16) is in agreement with our results from the implicitly solvated
[Mg(H2O)5]2+ and [Mg(H2O)6]2+ clusters showing that a CN of 6, surrounded by a fully
occupied second hydration shell, yielded the strongest bond stabilizations among the
clusters investigated in this work.

Comparison of hydrated Mg2+ clusters with hydrated Ca2+ clusters.
In this work, via the utilization of cumulative local mode stretching force constants

ka
cum, we observed the divalent Mg ion to coordinate with up to six water molecules,

whereas in our previous work regarding hydrated calcium clusters, the divalent Ca ion
was observed to undergo coordination with up to eight water molecules [106].

The more restricted CN of the Mg2+ has previously been attributed to the smaller ion
size [39,107,108], whereas the larger size of the Ca2+ ion has been linked to weaker inner
ion–solvent interactions in retrospect to that of the hydrated Mg2+ ion [51]. As shown
by Tables 3 and 5, the ka

cum values of explicitly hydrated systems, based upon inner ion–
solvent interactions, are larger for [Mg(H2O)n]2+ (n = 1–6) (1–6) clusters in comparison
to that of their Ca2+ counterparts by differences of 0.601 to 1.341 mdyn/Å (i.e., 1a–6a in
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Table 5) [106]; where the ka
cum value for [Mg(H2O)6]2+ (6) is larger than that of [Ca(H2O)6]2+

(6a) by 0.788 mdyn/Å.

Table 5. Cumulative local mode force constants ka
cum for the implicit and explicit solvation of

[Ca(H2O)n]2+ (n = 1–6) (1a–6a), calculated at the wB97X-D/6-311++G(d,p) level of theory, from the
work of Delgado et al. [106].

Cluster k
a

cum;implicit
(mdyn/Å) k

a

cum;explicit
(mdyn/Å)

1a 0.657 1.147
2a 1.140 2.024
3a 1.779 2.685
4a 2.317 3.492
5a 3.052 3.705
6a 4.404 3.534

Cumulative local mode force constants ka
cum for clusters 1a–6a incorporate all corresponding ka(Ca – O) values.

From the addition of explicitly modeled secondary solvation shells, we observed that the
same amount of HBs form between the inner and outer solvent shell for both [Mg(H2O)6]2+–
3 (H2O) (15) and [Ca(H2O)6]2+–3 (H2O) and for both [Mg(H2O)6]2+–4 (H2O) (16) and
[Ca(H2O)6]2+–4 (H2O) [106], from ka

cum values, which consider all Mg–O/Ca–O and HB
interactions, we found that larger values are obtained for clusters [Mg(H2O)6]2+–3 (H2O)
(15) and [Mg(H2O)6]2+–4 (H2O) (16) in contrast to their Ca2+ equivalents (ka

cum = 5.202 for
[Ca(H2O)6]2+–3 (H2O) and 4.822 mdyn/Å for [Ca(H2O)6]2+–4 (H2O)) [106] (see Table 3). We
note that the HB interactions, on average, are bigger for [Ca(H2O)6]2+–3 (H2O)
(ka(HB) = 0.196 mdyn/Å) and [Ca(H2O)6]2+ – 4 (H2O) (ka(HB) = 0.173 mdyn/Å) clusters in
comparison to their Mg2+ analogs [106] (see HB ka values for 15 and 16 in Table 2). Therefore,
the hydrated magnesium clusters, 15 and 16, acquire a greater stability than their Ca2+ coun-
terparts primarily due to stronger ion–solvent interactions between the first solvent shell and
the Mg2+ ion.

4. Conclusions
Herein, 17 hydrated divalent magnesium clusters were investigated at the wB97X-

D/6-311++G(d,p) level of theory to reveal how electronic effects influence the intrinsic
strengths of the ion–solvent and solvent–solvent interactions. Local mode analysis was
employed to obtain local stretching force constants as an intrinsic bond strength measure,
where the results were complemented with NBO charges, electron and energy densities,
and stabilization energies. In such a way, a deeper understanding about the nature of
Mg–O and HB interactions was acquired.

1. For inner Mg–O bonds within [Mg(H2O)n]2+ (n = 1–6) clusters, the average intrinsic
bond strength becomes weaker as the CN increases. As the size of the hydration shell
becomes larger, the intrinsic Mg–O bond strength decreases alongside a weakening
of the electrostatic interaction between the divalent Mg ion and O atoms by means
of a decrease in the electron density allocated at the Mg–O bond critical point region
caused by increased electron transfer between lp(O) and lp⇤(Mg).

2. The strength of HB interactions occurring between the first and second hydration
shell within [Mg(H2O)n]2+–m(H2O) (n = 6–8, m = 1–4, n + m = 9 to 10, and where
m = 12) clusters increase due to a greater extent of electron transfer occurring between
the inner hydration shell HB donors and the HB acceptors of the outer hydration shell.
The HB bonds of [Mg(H2O)n]2+–m(H2O) (n = 6–8, m = 1–4, n + m = 9 to 10, and where
m = 12) clusters were observed, on average, to be weaker than that of the water dimer
by as much as 0.086, and stronger, on average, by as much as 0.010 mydn/Å.

3. An increase in the NBO charges of O atoms belonging to the first hydration shell is
due to a greater magnitude of charge transfer between the inner and outer hydra-
tion shell and leads to a strengthening of the ion–solvent interactions (i.e., Mg–O
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bonds). The ion–solvent interactions, for clusters with a secondary hydration shell,
are strengthened from a larger amount of charge transfer between lp(O) ! lp⇤(Mg)
orbitals.

4. From the explicit and implicit solvation of the Mg2+ ion, cumulative local mode force
constants ka

cum, which consider both Mg–O and HB interactions, were derived and
suggested a CN of 5 and 6 to be prevalent among the clusters investigated, where a
CN of 6 is primarily preferred in the instance where the second shell allocates 1 and
12 water molecules.

Understanding the structure and reactivity of hydrated divalent magnesium clusters is
key to elucidating the effect of aqueous solvents on the Mg2+ ion. Shedding light upon the
nature underlying Mg–O and HB intrinsic bond strengths is essential for elucidating such
effects. The cumulative stretching force constant ka

cum considers the strength of multiple
bonds within a system, allowing one to assess the bond properties of a cluster by a single
value. From ka

cum values, one can obtain an immediate answer about the preferred CN
among isomeric structures of hydrated divalent magnesium ion clusters.
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-6740/9/5/31/s1, Atomic Cartesian coordinates (in units Å) for the explicitly solvated clusters
1–17, calculated at the wB97X-D/6-311++G(d,p) level of theory. Table S1: Weighted BE values for
explicitly solvated clusters 1–17. Figures S1–S8: The natural bond orbital charges of explicitly solvated
clusters 1–17.
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